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Abstract

:

An unreported prenylated indole derivative hydroxytakakiamide (4) was isolated, together with the previously described ergosterol (1), ergosterol acetate (2), and (3R)-3-(1H-indol-3-ylmethyl)-3, 4-dihydro-1H-1,4-benzodiazepine-2,5-dione (3), from the column fractions of the crude ethyl acetate extract of the culture of a marine sponge-associated fungus, Aspergillus fischeri MMERU 23. The structure of 4 was elucidated by the interpretation of 1D and 2D NMR spectral data and high-resolution mass spectrum. The absolute configuration of the stereogenic carbon in 3 was proposed to be the same as those of the co-occurring congeners on the basis of their biogenetic consideration and was supported by the comparison of its sign of optical rotation with those of its steroisomers. The crude ethyl acetate extract and 2 were evaluated, together with acetylaszonalenin (5) and helvolic acid (6), which were previously isolated from the same extract, for the in vivo antinociceptive activity in the mice model. The crude ethyl acetate extract exhibited antinociceptive activity in the acetic acid-induced writhing and formalin tests, while 2, 5, and 6 displayed the effects in the late phase of the formalin test. On the other hand, neither the crude ethyl acetate extract nor 2, 5, and 6 affected the motor performance of mice in both open-field and rotarod tests. Additionally, docking studies of 2, 5, and 6 were performed with 5-lipoxygenase (5-LOX) and phosphodiesterase (PDE) enzymes, PDE4 and PDE7, which are directly related to pain and inflammatory processes. Molecular docking showed that 6 has low affinity energy to PDE4 and PDE7 targets while retaining high affinity to 5-LOX. On the other hand, while 2 did not display any hydrogen bond interactions in any of its complexes, it achieved overall better energy values than 6 on the three antinociceptive targets. On the other hand, 5 has the best energy profile of all the docked compounds and was able to reproduce the crystallographic interactions of the 5-LOX complex.
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1. Introduction


The fungi of the genus Aspergillus (Family Aspergillaceae), which are widely distributed in terrestrial and marine environments, are the most studied genus as a source of secondary metabolites. In the marine environment, Aspergillus species are found to be associated with many macroorganisms such as macroalgae, marine sponges, corals, mangrove, and other marine invertebrates [1]. Members of the Aspergillus genus are producers of a myriad of secondary metabolites, including polyketides, peptides, alkaloids, and terpenoids, many of which exhibited a variety of biological and pharmacological activities such as cytotoxicity, antibacterial, antifungal, antiviral, antibiofilm, and anti-inflammatory activities, and they can also act as enzyme inhibitors [2,3].



In our ongoing search for bioactive compounds from marine-derived fungi from the Gulf of Thailand, we have investigated secondary metabolites from the solid rice culture extract of a marine sponge-associated Aspergillus fischeri MMERU 23, which was isolated from the marine sponge Hyrtios erecta, collected from Rok Nai Island in the Andaman Sea of Krabi province, Thailand, and isolated two prenylated índole derivatives, aszonalenin and acetylaszonalenin (5), a meroditerpene aszonapyrone A, and helvolic acid (6) (Figure 1). All the isolated compounds were tested for their affinity against Leishmania major pteridine reductase 1 (PTR1) via thermal shift assay [4].



Re-examination of the column fractions which had not been investigated in the first study led to the isolation of ergosterol (1), ergosterol acetate (2), (3R)-3-(1H-indol-3-ylmethyl)-3, 4-dihydro-1H-1,4-benzodiazepine-2,5-dione (3), and an unreported hydroxytakakiamide (4) (Figure 1).



In our quest for naturally occurring antinociceptive compounds from marine resources, we have noticed that most of the research works in this field have been conducted with crude extracts from marine macroalgae [5,6,7,8], marine sponges [9], and to a lesser extent, with compounds isolated from macroalgae [10,11] and marine sponges [12]. To the best of our knowledge, there has been no report on the in vivo antinociceptive activity of crude extracts of marine-derived fungi. However, Wang et al. [13] have reported the anti-inflammatory and analgesic activities of 2-(2-hydroxypropanamido) benzoic acid, which was isolated from the fermentation broth of the marine fungus Penicillium chrysogenum.



Consequently, the crude ethyl acetate extract of the culture of A. fisheri MMERU 23 and its constituents, i.e., 2 and the previously isolated 5 and 6 (Figure 1), which were isolated in sufficient quantities for in vivo assays, were tested for their antinociceptive activity via acetic acid-induced writhing and formalin tests in a mice model, while the motor performance of mice was evaluated by the rotarod and open-field tests. The effects of 2, 5, and 6 on pain were further investigated by a molecular docking study. Another reason that we chose a fungal sterol 2 and a nortriterpenoid 6 as the target compounds is that both of them share the same perhydrocyclopentanophenantrene scaffold as the higher plant sterols, β-sitosterol and stigmasterol (Figure S1), which have exhibited antinociceptive activity [14,15,16].




2. Results and Discussion


The structures of ergosterol (1) (Figures S2 and S3), ergosterol acetate (2) (Figures S4 and S5) [17], and (3R)-3-(1H-indol-3-ylmethyl)-3, 4-dihydro-1H-1,4-benzodiazepine-2,5-dione (3) (Figures S6 and S7) [18] were elucidated by comparison of their 1H and 13C NMR spectra and other physical data with those reported in the literature.



Compound 4 was isolated as a white amorphous solid, and its molecular formula, C23H23N3O3, was established based on the (-)-HRESIMS m/z 338.1657 [M-H]+ (calculated for C23H22N3O3, 338.1661) (Figure S13), indicating 14 degrees of unsaturation. The 1H and 13C NMR spectra of 4 in CDCl3 (Table 1, Figures S8 and S9) resembled those of takakiamide, a 3-[1-(3-methylbut-2-enyl)indol-3-yl]-3,4-dihydro-1H-1,4-benzodiazepine-2, 5-dione, previously isolated from the culture extract of the algicolous fungus Neosartorya takakii KUFC 7898 [19], except for those of the benzene ring of the indole moiety, which indicated the presence of 1,2,4-trisubstituted instead of 1,2-disubstituted in takakiamide. That the hydroxyl group was on C-5 in 4 was evidenced by the presence of a doublet at δH 6.95 (J = 2.0 Hz/δC 103.1, C-4), a double doublet at δH 6.79 (J = 8.5, 2.0 Hz/δC 111.9, C-6), and a doublet at δH 7.16 (J = 8.5 Hz/δC 110.5, C-7). This was supported by COSY correlations from H-6 to H-4 and H-7 and HMBC correlations from H-4 to C-5, C-6, and C-8 (δC 131.8), H-6 to C-4 and C-8, and H-7 to C-5 (δC149.7) and C-9 (δC128.5). That the 3-methylbut-2-enyl group was on N-1 of the indole moiety was corroborated by the HMBC correlation from H2-1′ (δH 4.58, J = 7.0 Hz) to C-8. Therefore, the planar structure of 4 was elucidated as 3-[1-(3-methylbut-2-enyl), 5-hydroxy-indol-3-yl]-3,4-dihydro-1H-1,4-benzodiazepine-2, 5-dione. The absolute configuration at C-11 was proposed to be the same as that of C-11 of takakiamide on the basis of the biogenetic considerations and also on the same sign of optical rotation, i.e., levorotatory ([ α ]D20 -213 (c 0.06, CHCl3) for takakiamide and [ α ]D22 -11 (c 0.05, MeOH) for 4). Moreover, Yin et al. [20], in their biosynthetic study of acetylaszonalenin (5) in Neosartorya fischeri, have identified the biosynthetic gene cluster by genomic mining. They have proven that 3 was a precursor of aszonalenin and acetylaszonalenin (5). Moreover, through the feeding experiment, they have found that L-Trp was converted to D-Trp before or during formation of the cyclic dipeptide (R)-benzodiazepinedione (3). They speculated that this happened during the dipeptide synthesis catalyzed by an epimerase domain of the non-ribosomal peptide synthetase AnaPS from N. fischeri.



Thus, the co-occurrence of 4 with 3 and 5 in A. fisheri MMERU 23 also supports the fact that the absolute configuration at C-11 in 4 is the same as that of C-11 in 3 and 5, i.e., 11R. A literature search revealed that 4 has never been previously reported, although a similar compound named asperdiazapinone D, with a hydroxyl group on C-6 and a 11S configuration, has been previously reported from the mycelial extract of the soil fungus, Aspergillus sp. PSU-RSPG185. Interestingly, asperdiazapinone D is dextrorotatory ([ α ]D25 +137.0, (c 0.50, MeOH) [21], thus corroborating the 11R configuration in 4. Therefore, 4 was named hydroxytakakiamide.



The antinociceptive effect of the crude ethyl acetate extract of A. fischeri MMERU 23 (Ext) was first evaluated by an acetic acid-induced writhing test in mice. Oral administration of Ext (50, 100, and 200 mg/kg), one hour before the injection of acetic acid, produced a significant inhibition of writhing in mice (Figure 2). Morphine, a positive control, produced a significant inhibition of the writhing response (p < 0.0001).



Since the abdominal writhing response can be also altered by muscle relaxants, neuroleptics, and other drugs, the antinociceptive effect was then confirmed via the formalin test to avoid the error of interpretation. Intraplantar injection of formalin to the mice induced a biphasic behavioral response, i.e., the first (early) phase (from 0 to 5 min) (Figure 3A) and the second (late) phase (from 15 to 30 min) (Figure 3B). The results showed that treatment with Ext (50, 100, and 200 mg/kg) did not exhibit any antinociception in the first (early) phase (Figure 3A). It is worth mentioning that in the first (early) phase, a direct chemical stimulation promoted by formalin occurs in the nociceptors of afferent fibers C and Aδ, which is associated with the release of excitatory amino acids, nitric oxide (NO) [22], and substance P [23]. On the contrary, oral administration of Ext resulted in antinociception (p ˂ 0.05) in the late phase (Figure 3B). Since several inflammatory mediators such as histamine, bradykinin, serotonin, leucotrienes, and prostaglandins, which are responsible for sensitizing and stimulating nociceptors and inducing nociceptive behavior, are released in the late phase [24,25], it is concluded that the antinociceptive effect of Ext in the late phase was due to the inhibition of the proinflammatory mediators. On the other hand, the reference compound, morphine, exhibited antinociceptive effects in both phases.



Compound 2, together with 5 and 6, which were previously isolated from the culture extract of the same fungus [4], were tested for antinociceptive activity since they were isolated in sufficient quantities for the in vivo tests. However, due to the limited quantity of 2, 5, and 6 and the fact that, for pain study, the formalin test is more specific than the acetic acid-induced writhing test, they were subject to only the formalin test.



Oral administration of 2 (90 mg/kg, p.o.) (Figure 4), 5 (60 and 90 mg/kg, p.o.) (Figure 5), and 6 (90 mg/kg, p.o.) (Figure 6) did not show any effect in the early phase (A); however, a significant antinociceptive effect in the late phase (B) of the formalin test was observed, suggesting a direct involvement of these compounds in the inhibition of proinflammatory mediators. The positive control, morphine (5 mg/kg, s.c.), produced an antinociception in both early and late phases.



In order to rule out that any motor or neurological impairments were responsible for the lack of response caused by Ext in the nociceptive tests, the effects of Ext on the motor function were evaluated via open-field and rotarod tests. The open-field test is used to study the neurobiological basis of anxiety, as well as for screening novel drug targets and anxiolytic compounds [26]. On the other hand, the rotarod test is used to assess motor coordination and balance in rodents, which provides a quick and simple estimation of neuromuscular coordination [27]. The results showed that oral administration of 200 mg/kg of Ext did not affect the motor performance of mice in both open-field and rotarod tests (Figure 7).



Compounds 2 (90 mg/kg), 5 (90 mg/kg) and 6 (10 mg/kg) were also evaluated to verify if they affected motor or neurological impairments by open field and rotarod tests. The results showed that neither of them affected the motor performance of mice in both open field and rotarod tests (Figure 8, Figure 9 and Figure 10).



Since 2, 5, and 6 displayed antinociceptive activity in the late phase of the formalin test, these compounds must have a specific inhibition of proinflammatory mediators, suggesting that they are responsible for the antinociceptive effects of the crude acetyl acetate extract of A. fischeri MMERU 23 in the mice model.



The mechanisms related to pain and inflammation have been widely discussed in the literature on drugs discovery studies [28,29,30], and they are generally associated with their role in the metabolic route of inflammation via key enzymes such as lipoxygenase, which produces effectors of pain and inflammation in osteoarthritis as well as many other diseases since they are involved in the metabolism of arachidonic acid to inflammatory fatty acids, e.g., 5-hydroperoxyeicosatetraenoic acid (5-HPETE) leading to leukotriene signaling [31], while the phosphodiesterase enzymes (PDE) metabolize the intracellular inflammatory second messengers cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP), with PDE4 specifically hydrolyzing the 3′, 5′-phosphodiester bond of cAMP to yield 5′-AMP. On the other hand, PDF7 is responsible for the final inactive metabolites of the cAMP/cGMP cycle (5′-AMP and 5′-GMP). Although the inhibition of PDF7 is unable to influence proinflammatory cells, it boosts the inhibitory effect of other cAMP-elevating drugs [32,33]. Since some phytosterols [34] and nor-triterpenenes [35] have been found to exhibit anti-inflammatory activity, computational methods can be used to hypothesize the intermolecular interactions of 2 and 6 towards these targets and can therefore help to identify promising anti-inflammatory inhibitors.



In order to further evaluate the antinociceptive activity of 2, 5, and 6, docking studies were performed with three enzymes directly related to pain and inflammatory processes, viz. 5-lipoxygenase (5-LOX), PDE4, and PDE7 [36,37,38]. As the 3D structures of 5-LOX, PDE4, and PDE7 contain crystallographic ligands, a re-docking was performed to evaluate the efficacy of Autodock Vina search parameters so that they can reproduce the experimental interaction poses. Root means square deviation (RMSD) values of less than 2 Å, which are commonly used to consider a ligand pose similar to the native state [39], were used in this study. The RMSD and energy values obtained for the complexes are shown in Table 2 and Figure 11.



The re-docking results showed that Autodock Vina software was capable of achieving docking poses that are spatially close to the experimental conformations. Therefore, the same method was used to dock 2, 5, and 6 on the targets’ active sites and also evaluated those interactions. Figure 12 shows the interaction patterns found in the most favorable poses for 2, 5, and 6 as well as on 5-LOX, PDE4, and PDE7.



Compound 6 was able to maintain its hydrophobic interactions with PHE-359, GLN-363, and TRP-599 residues and a hydrogen bond with a LEU-607 residue, similar to the interaction of 5-LOX with masoprocol (a potent inhibitor) described in the crystallographic structure used in this work (PDB: 6N2W), while also establishing a new hydrogen bond with the GLN-363 residue, which is not visible in the experimental structure.



The most favorable pose for 6 at the 5-LOX binding site had an energy score of −8.1 kcal/mol on Autodock Vina. At the PDE4 binding site, 6 only maintains an interaction with PHE-446 residue, which is in common with its crystallographic ligand (a potent and selective inhibitor), while establishing a hydrogen bond with TYR-223, an interaction that does not happen in the crystal structure. Although there are no pi-stacking interactions, it was able to interact with MET-347, ILE-450, and PHE-446 residues, with an overall energy score of -3.3 kcal/mol on Autodock Vina.



When compared to the non-selective inhibitor, 3-isobutyl-1-methylxanthine, in its crystal structure of the complex with PDE7, 6 is not only able to maintain an interaction with PHE-416 but also forms more 12 hydrophobic interactions with TYR-221, HIS-212, HIS-256, ASN-260, ILE-323, VAL-380, PHE-384, LEU-401, ILE-412, and LEU-420. The most favorable complex of 6 and PDE7 scored a value of −3.3 kcal/mol on Autodock Vina.



Molecular docking showed that 6 has low affinity energy to PDE4 and PDE7 targets while retaining high affinity to 5-LOX as it was able to reproduce some of the interaction patterns as observed in the crystallographic structures available and scored good energy results. Interestingly, there are reports suggesting that the dual inhibition of PDE4 and PDE7 is a potential therapeutic strategy for decreasing neuroinflammation [40].



When compared with the results obtained with 6, the docking routines with 2 showed that while this compound did not display any hydrogen bond interactions in any of its complexes, it achieved overall better energy values on the three antinociceptive targets. Due to the lipophilic property of 2, together with the presence of a conjugated 1, 4-cyclohexadiene moiety, this compound mainly interacts with catalytic hydrophobic residues such as LEU-607 on 5-LOX, PHE-446 on PDE4, and PHE-416 on PDE7, while maintaining interactions with other nearby hydrophobic residues. Such interactions are commonly observed for compounds that interact and modulate lipophilic pockets in proteins. The impact of these sole interactions on nociceptive activity is still unknown; however fungal sterols are known for their antioxidant properties, thus supporting the results obtained from the nociceptive tests.



On the other hand, 5 has the best energy profile among all the docked compounds. Compound 5 was able to reproduce the crystallographic interactions of the 5-LOX complex with PHE-359, GLN-363, PRO-569, and TRP-599, while also showing extra interactions with LEU-368, ALA-410, LEU-414, HIS-432, and ALA-603. Compound 5 was also able to reproduce the interaction with PHE-446 from the PDE4 complex, while also establishing a hydrophobic interaction with ILE-450 of this protein. Moreover, when compared to the PDE7 complex, 5 was able to maintain the PHE-416 catalytic interaction, while showing a wider array of interactions, including TYR-211, HIS-212, ASN-260, ILE-323, VAL-380, and PHE-384.



Integration of the in vitro/in vivo with in silico studies has showed good results in the identification of promising anti-inflammatory and antinociceptive compounds [41]. Thus, the data generated from this study indicated that 2, 6, and especially 5 have potential in the development of antinociceptive and anti-inflammatory agents.




3. Experimental Section


3.1. General Procedure


Optical rotations were measured on Digital polarimeter P-2000-Na (ABL and A-JASCO, Kraków, Poland). 1H and 13C NMR spectra were recorded at ambient temperature on a Bruker AMC instrument (Bruker Biosciences Corporation, Billerica, MA, USA) operating at 300 and 75 MHz, respectively, and on a Bruker Avance III spectrometer (Bruker Biosciences Corporation, Billerica, MA, USA) operating at 500 and 125 MHz, respectively. Chemical shifts were referenced to the residual peaks of the deuterated solvents. High-resolution mass spectra were measured with a micrOTOF (Bruker Daltonics, Bremen, Germany). A Merck (Darmstadt, Germany) silica gel GF254 was used for preparative TLC, and a Merck Si gel 60 (0.2–0.5 mm) was used for column chromatography. LiChroprep silica gel and Sephadex LH-20 were used for column chromatography.




3.2. Isolation of the Compounds


The isolation and identification of A. fischeri MMERU 23, as well as the fractionation of the ethyl acetate extract of the culture of A. fischeri MMERU 23, were previously described by Cardona et al. [4]. The fractions from the first column chromatography of the culture extract of A. fischeri MMERU 23 that had not been examined in our previous work [4] were re-examined as follows: Fraction (Fr) 1 (2.44 g) was precipitated in a mixture of petrol and CHCl3 to give 200 mg of white solid, which was purified via TLC (silica gel G254, CHCl3-Me2CO-HCO2H, 8:2:0.1) to give 19.0 mg of ergosterol (1) and 59.0 mg of ergosterol acetate (2). Fr. 21 (1.60 g) was applied over a Sephadex LH-20 column (15 g) and eluted with MeOH, wherein 32 subfractions (Sfrs) of 100 mL were collected. Sfr. 22 (160.0 mg) was purified by TLC (silica gel G254, CHCl3-Me2CO-HCO2H, 8:2:0.1) to give 5.0 mg of 3 and 7.0 mg of 4.



Hydroxytakakiamide (4)


White amorphous solid [α]22D -11 (c 0.05, MeOH) for 1H and 13C NMR (see Table 1); (-)-HRESIMS m/z 388.1657 [M-H]− (calculated for C23H22N3O3, 388.1661).





3.3. Antinociceptive Activity


3.3.1. Drugs and Reagents


Morphine sulphate was purchased from Cristália® (São Paulo, Brazil). Diazepam was purchased from União Química® (São Paulo, Brazil), formaldehyde from Synth® (São Paulo, Brazil), and saline (0.9% physiological sodium chloride solution) from Farmace® (Ceará, Brazil). A solution of 2.5% formalin was prepared with formaldehyde in saline. The extract was dissolved in DMSO and diluted with saline to give 5% v/v of DMSO concentration.




3.3.2. Animals


The experiments were carried out using male Swiss mice (two months old) with the weight of 25–35 g, which were obtained from the State University of Feira de Santana, Brazil. The mice were placed in appropriate boxes and maintained at 22 ± 2 °C under a 12 h light–dark cycle with free access to food and water ad libitum until use. All experiments were carried out according to the protocol of the International Association for the Study of Pain (IASP) for the use of animals in the investigation of pain [42] after receiving approval by the Ethics Committee (006%2013) of the State University of Feira de Santana.




3.3.3. Drug Administration


Ext and vehicle (saline + 1% v/v Tween 80) were orally administered one hour before the experiment. Reference drugs (morphine and diazepam) were dissolved in saline and administered (s.c.) 20 min after administration of Ext or vehicle.




3.3.4. Acetic Acid-Induced Writhing Test


The acetic acid-induced writhing test was performed following the previously described method [43] with modification. Briefly, mice were orally administered with Ext (50, 100, and 200 mg/kg) or vehicle (control group) or morphine (5 mg/kg, s. c.). One hour after the Ext treatment, mice were administered (i. p.) with acetic acid (0.8% v/v in saline, 10 mL/kg) and placed individually in a 24 cm-diameter chamber for observation. The intensity of nociceptive behavior was quantified by counting the total numbers of writhes (abdominal contortions) during 30 min after administration of the nociceptive stimulus. Abdominal contortions were characterized as contractions of the abdominal muscles associated with elongation of the body and extension of the hind limbs [44]. The antinociceptive activity was expressed as the writhing scores over 30 min.




3.3.5. Formalin Test


The formalin test was performed following the previously described method [43] with modification. Briefly, mice were injected in the right hind leg with 20 µL of 2.5% formalin (0.92% formaldehyde in saline) 60 min after treatment with Ext (50, 100, and 200 mg/kg, p.o.), 2 (30, 60, and 90 mg/kg, p.o.), 5 (30, 60, and 90 mg/kg, p.o.), 6 (1, 5, and 10 mg/kg, p.o.), vehicle (control group), or morphine (5 mg/kg, s. c.). After formalin administration, mice were placed in the observation chamber. The mice were observed from 0 to 5 min (early phase) and from 15–30 min (late phase). The intensity of nociception was determined by counting the time the mouse spent licking or biting the injected paw during the observation periods [24,45].




3.3.6. Open-Field Test


The open-field test was performed following the method described by Rodrigues et al. [46] with modification. In the open-field test, one hour before the observation, mice were orally administered with Ext (200 mg/kg), 2 (90 mg/kg), 5 (90 mg/kg), 6 (10 mg/kg, p.o.), vehicle, or diazepam (10 mg/kg, s.c.). The mice were placed individually in the apparatus consisting of a wooden box of 40 × 60 × 50 cm, with the floor divided into 12 identical squares. The number of squares crossed with the four paws was measured for three min.




3.3.7. Rotarod Test


The rotarod test was performed according to the method previously described by Santos et al. [7] with modification. Mice were subject to a pre-selection process to choose only the mice that remained on the rotarod apparatus (consists of a balance bar) for two min at a constant speed of 16 rpm. For the rotarod assay, the selected mice received Ext (200 mg/kg, p.o.), 2 (90 mg/kg, p.o.), 5 (90 mg/kg. p.o.), 6 (10 mg/kg, p.o.), vehicle (p.o.), or diazepam (10 mg/kg, s.c.) 40 min before the test. The coordination capacity of the mice was evaluated by recording the time spent on the apparatus with a cut-off time of two min.




3.3.8. Statistical Analysis


The results were presented as means ± SEM for 6 mice per group. The experimental groups were compared via a one-way ANOVA test, followed by Bonferroni’s test. The differences are considered statistically significant for values with p < 0.05. All data were analyzed using the GraphPad Prism® software version 5.01 (GraphPad Software Inc., La Jolla, CA, USA).





3.4. Molecular Docking Routines


3D structures of 5-LOX (PDB ID:6N2W) [47], PDE4 (PDB ID: 4KP6) [48], and PDE7 (PDB ID: 1ZKL) [49] were obtained from the Protein Bank database [50], then submitted to molecular docking on Autodock Vina 1.2.0 [51]. The docking efficiency to predict the ligand poses for each protein complex was evaluated by the re-docking of crystallographic ligands and the superimposition of the top-ranked pose based on their RMSD values. Subsequently, 2, 5, and 6 were drawn, and their 3D features were built on the MarvinSketch (version Europium 7, 2020, Chemaxon, Budapest, Hungary, http://www.chemaxon.com/marvin/ accessed on 15 December 2023). The docking grid box was centered on crystallographic ligands, with a spacing grid of 1 Å. The interaction of the protein–ligand complexes was analyzed through the protein–ligand interaction profiler (PLIP) web server [52].





4. Conclusions


Curiously, crude extracts of cultures of marine-derived fungi and their secondary metabolites have never been evaluated for in vivo antinociceptive activity in a mouse model. The isolation of ergosterol (1), ergosterol acetate (2), and helvolic acid (6) from the crude ethyl acetate extract of a marine sponge-associated A. fischeri MMERU 23 has challenged us to investigate whether this fungal extract also exhibited in vivo antinociceptive activity, since all of the three compounds possess the same perhydrocyclopentanophenantrene scaffold as the phytoterols, β-sitosterol and stigmasterol, which exhibited antinociceptive activity. Since the crude extract of A. fischeri MMERU 23 exhibited significant antinociceptive activity in mice via the acetic acid-induced writhing and formalin tests, the compounds that were isolated in limited but sufficient quantity for the in vivo assay, i.e., ergosterol acetate (2), acetylaszonalenin (5), and helvolic acid (6), were subject to the formalin test since, for pain study, this test is more specific than the acetic acid-induced writhing test. Interestingly, not only 2 and 6, which possess the perhydrocyclopentanophenantrene scaffold, but also the prenylated indole derivative 5 exhibited a significant antinociceptive effect in the formalin test.



Molecular docking of 2, 5, and 6 with 5-LOX, PDE4, and PDE7, using the Autodock Vina software, was able to identify different interactions of 2, 5, and 6 with different amino acid residues in the nociception targets. Although 2 and 6 share the same perhydrocyclopentanophenantrene scaffold, different functional groups, substituents, and lipophilicity in both compounds result in different interactions with the nociception targets. Interestingly, 5, with a pentacyclic scaffold originated from a fusion of 3-methylindole and 3,4-dihydro-1H-1,4-benzodiazepine-2,5-dione moieties, showed better interaction patterns and energy profiles than 2 and 6. Therefore, in silico studies of the bioactive compounds are useful tools with which to hypothesize the mechanisms underlying in vivo pharmacological activity.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/md22030097/s1. Figure S1: Structure of β-sitosterol and stigmasterol; Figure S2: 1H NMR spectrum of ergosterol (1); Figure S3: 13C NMR spectrum of ergosterol (1); Figure S4: 1H NMR spectrum of ergosterol acetate (2); Figure S5: 13C NMR spectrum of ergosterol acetate (2); Figure S6: 1H NMR spectrum of (3R)-3-(1H-indol-3-ylmethyl)-3, 4-dihydro-1H-1,4-benzodiazepine-2,5-dione (3); Figure S7: 13C NMR of (3R)-3-(1H-indol-3-ylmethyl)-3, 4-dihydro-1H-1,4-benzodiazepine-2,5-dione (3); Figure S8: 1H NMR spectrum of hydroxytakakiamide (4); Figure S9: 13C NMR spectrum of hydroxytakakiamide (4); Figure S10: COSY spectrum of hydroxytakakiamide (4); Figure S11: HSQC spectrum of hydroxytakakiamide (4); Figure S12: HMBC spectrum of hydroxytakakiamide (4); Figure S13: (-)-HRMS spectrum of hydroxytakakiamide (4); Figure S14: 1H NMR spectrum of acetylaszonalenin (5); Figure S15: 13C NMR spectrum of acetylaszonalenin (5); Figure S16: 1H NMR spectrum of helvolic acid (6); Figure S17: 13C NMR spectrum of helvolic acid (6).





Author Contributions


H.R.A.C. performed isolation and purification of the compounds; B.C.d.S. (Bruno Cerqueira da Silva) performed antinociceptive assays; B.C.d.S. (Bruno Cruz de Souza) performed docking studies; F.O.d.L. designed and interpreted the results of antinociceptive assays; F.H.A.L. designed and interpreted the results of docking studies; H.N.B. assisted in purification of compounds via HPLC; J.M.D. assisted in structure elucidation; C.Q.A. designed the experiments and prepared the draft of the manuscript; and A.K. conceived the experiments, revised, and edited the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


The Coordenação de Aperfeiçoamento de Pessoal de Nível Superior—Brasil (CAPES)–Finance Code 001; and national funds through the FCT—Foundation for Science and Technology, with the scope of UIDB/04423/2020 and UIDP/04423/2020.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article and Supplementary Materials.




Acknowledgments


H.R.A.C. thanks CAPES for a scholarship. We thank Josean Fechine Tavares of the Federal University of Paraíba (UFPB) for measurement of the optical rotation of the compounds.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Patyshakuliyeva, A.; Falkoski, D.L.; Wiebenga, A.; Klaas Timmermans, K.; de Vries, R.P. Macroalgae-derived fungi have high abilities to degrade algal polymers. Microorganisms 2020, 8, 52. [Google Scholar] [CrossRef] [PubMed]

	



May Zin, W.W.; Prompanya, C.; Buttachon, S.; Kijjoa, A. Bioactive secondary metabolites from a Thai collection of soil and marine-derived fungi of the genera Neosartorya and Aspergillus. Curr. Drug Deliv. 2016, 13, 378–388. [Google Scholar] [CrossRef] [PubMed]

	



Orfali, R.; Aboseada, M.A.; Abdel-Wahab, N.M.; Hassan, H.M.; Perveen, S.; Ameen, F.; Alturkia, E.; Abdelmohsen, U.R. Recent updates on the bioactive compounds of the marine-derived genus Aspergillus. RSC Adv. 2021, 11, 17116–17150. [Google Scholar] [CrossRef] [PubMed]

	



Cardona, H.R.A.; Froes, T.Q.; Souza, B.C.; Leite, F.H.A.; Brandão, H.N.; Buaruang, J.; Kijjoa, A.; Alves, C.Q. Thermal shift assays of marine-derived fungalmetabolites from Aspergillus fischeri MMERU 23against Leishmania major pteridine reductase 1 and molecular dynamics studies. J. Biomol. Struct. 2022, 40, 11968–11976. [Google Scholar] [CrossRef]

	



Matta, C.B.B.; Souza, E.T.; Queiroz, A.C.; Lira, D.P.; Araújo, M.V.; Cavalcante-Silva, L.H.A.; Miranda, G.E.C.; Araújo-Júnior, J.X.; Barbosa-Filho, J.M.; Santos, B.V.O.; et al. Antinociceptive and anti-Inflammatory Activity from algae of the genus Caulerpa. Mar. Drugs 2011, 9, 307–318. [Google Scholar] [CrossRef] [PubMed]

	



Cavalcante-Silva, L.H.A.; Matta, C.B.B.; Araújo, M.V.; Barbosa-Filho, J.M.; Lira, D.P.; Santos, B.V.O.; Miranda, G.E.C.; Alexandre-Moreira, M.S. Antinociceptive and anti-inflammatory activities of crude methanolic extract of red alga Bryothamnion triquetrum. Mar. Drugs 2012, 10, 1977–1992. [Google Scholar] [CrossRef] [PubMed]

	



Santos, A.K.F.S.; Fonseca, D.V.; Salgado, P.R.R.; Muniz, V.M.; Torres, P.A.; Lira, N.S.; Dias, C.S.; Pordeus, L.C.M.; Barbosa-Filho, J.M.; Almeida, R.N. Antinociceptive activity of Sargassum polyceratium and the isolation of its chemical componentes. Rev. Bras. Farmacogn. 2015, 25, 683–689. [Google Scholar] [CrossRef]

	



Shih, C.C.; Hwang, H.R.; Chang, C.I.; Su, H.M.; Chen, P.C.; Kuo, H.M.; Li, P.J.; Wang, H.M.D.; Tsui, K.H.; Lin, Y.C.; et al. Anti-inflammatory and antinociceptive effects of ethyl acetate fraction of an edible red macroalgae Sarcodia ceylanica. Int. J. Mol. Sci. 2017, 18, 2437. [Google Scholar] [CrossRef]

	



Hort, M.A.; Júnior, F.M.R.S.; Garcia, E.M.; Peraza, G.G.; Soares, A.; Lerner, C.; Muccillo-Baisch, A.L. Antinociceptive and anti-inflammatory activities of marine sponges Aplysina caissara, Haliclona sp. and Dragmacidon Reticulatum. Braz. Arch. Biol. Technol. 2018, 61, e18180104. [Google Scholar] [CrossRef]

	



Souza, E.T.; Lira, D.P.; Queiroz, A.C.; Silva, D.J.C.; Anansa Bezerra de Aquino, A.B.; Mella, E.A.C.; Lorenzo, V.P.; Miranda, G.E.C.; Araújo-Júnior, J.X.; Chaves, M.C.O.; et al. The antinociceptive and anti-inflammatory activities of caulerpin, a bisindole alkaloid isolated from seaweeds of the genus Caulerpa. Mar. Drugs 2009, 7, 689–704. [Google Scholar] [CrossRef]

	



Costa, L.E.C.; Brito, T.V.; Damasceno, R.O.S.; Sousa, W.M.; Barros, F.C.N.; Sombra, V.G.; Júnior, J.S.C.; Magalhães, D.A.; Souza, M.H.L.P.; Medeiros, J.V.R.; et al. Chemical structure, anti-inflammatory and antinociceptive activities of a sulfated polysaccharide from Gracilaria intermedia alga. Int. J. Biol. Macromol. 2020, 159, 966–975. [Google Scholar] [CrossRef] [PubMed]

	



Sung, C.S.; Cheng, H.J.; Chen, N.F.; Tang, S.H.; Kuo, H.M.; Sung, P.J.; Chen, W.F.; Wen, Z.H. Antinociceptive effects of aaptamine, a sponge component, on peripheral neuropathy in rats. Mar. Drugs 2023, 21, 113. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Zhao, Y.; Men, L.; Zhang, Y.; Liu, Z.; Sun, T.; Geng, Y.; Yu, Z. Secondary metabolites of the marine fungus Penicillium chrysogenum. Chem. Nat. Compd. 2014, 50, 405–407. [Google Scholar] [CrossRef]

	



Santos, A.B.S.; Niero, R.; Filho, V.C.; Yunes, R.A.; Pizzolatti, M.G.; Monache, F.D.; Calixto, J.B. Antinociceptive properties of steroids isolated from Phyllanthus corcovadensis in mice. Planta Med. 1995, 61, 329–332. [Google Scholar] [CrossRef] [PubMed]

	



Walker, C.I.B.; Oliveira, S.M.; Tonello, R.; Rossato, M.F.; Brum, E.S.; Ferreira, J.; Trevisan, G. Anti-nociceptive effect of stigmasterol in mouse models of acute and chronic pain. Naunyn Schmiedebergs Arch. Pharmacol. 2017, 390, 1163–1172. [Google Scholar] [CrossRef] [PubMed]

	



Şakul, A.A.; ve Okur, M.E. Beta-sitosterol and its antinociceptive mechanism action. J. Fac. Pharm. Ankara 2021, 46, 238–252. [Google Scholar] [CrossRef]

	



Huang, L.; Cao, Y.; Xu, H.; Chen, G. Separation and purification of ergosterol and stigmasterol in Anoectochilus roxburghii (wall) Lindl by high-speed counter-current chromatography. J. Sep. Sci. 2011, 34, 385–392. [Google Scholar] [CrossRef] [PubMed]

	



May Zin, W.W.; Buttachon, S.; Tida Dethoup, T.; Fernande, C.; Cravo, S.; Pinto, M.M.M.; Gales, L.; Pereira, J.A.; Silva, A.M.S.; Sekeroglu, N.; et al. New cyclotetrapeptides and a new diketopiperzine derivative from the marine sponge-associated fungus Neosartorya glabra KUFA 0702. Mar. Drugs 2016, 14, 136. [Google Scholar] [CrossRef]

	



May Zin, W.W.; Buttachon, S.; Buaruang, J.; Gales, L.; Pereira, J.A.; Pinto, M.M.M.; Silva, A.M.S.; Kijjoa, K. A new meroditerpene and a new tryptoquivaline analog from the algicolous fungus Neosartorya takakii KUFC 7898. Mar. Drugs 2015, 13, 3776–3790. [Google Scholar] [CrossRef]

	



Yin, W.B.; Grundmann, A.; Cheng, J.; Li, S.M. Acetylaszonalenin biosynthesis in Neosartorya fischeri: Identification of the biosynthetic gene cluster by genomic mining and functional proof of the genes bybiochemical investigation. J. Biochem. Chem. 2009, 284, 100–109. [Google Scholar] [CrossRef]

	



Rukachaisirikul, V.; Rungsaiwattana, N.; Klaiklay, S.; Pakawatchai, C.; Saithong, S.; Phongpaichit, S.; Borwornwiriyapan, K.; Sakayaroj, J. Indole-benzodiazepine-2,5-dione derivatives from a soil fungus Aspergillus sp. PSU-RSPG185. Tetrahedron 2013, 69, 11116–11121. [Google Scholar] [CrossRef]

	



Okuda, K.; Sakurada, C.; Takahashi, M.; Yamada, T.; Sakurada, T. Characterization of nociceptive responses and spinal releases of nitric oxide metabolites and glutamate evoked by different concentrations of formalin in rats. Pain 2001, 92, 107–115. [Google Scholar] [CrossRef] [PubMed]

	



Coderre, T.J.; Yashpal, K. Intracellular messengers contributing to persistent nociception and hyperalgesia induced by L-glutamate and substance P in the rat formalin pain model. Eur. J. Neurosci. 1994, 6, 1328–1334. [Google Scholar] [CrossRef] [PubMed]

	



Hunskaar, S.; Hole, K. The formalin test in mice: Dissociation between inflammatory and non-inflammatory pain. Pain 1987, 30, 103–114. [Google Scholar] [CrossRef] [PubMed]

	



Chichorro, J.G.; Lorenzetti, B.B.; Zampronio, A.R. Involvement of bradykinin, cytokines, sympathetic amines and prostaglandins in formalin-induced orofacial nociception in rats. Br. J. Pharmacol. 2004, 141, 1175–1184. [Google Scholar] [CrossRef] [PubMed]

	



Kraeuter, A.K.; Guest, P.C.; Sarnyai, Z. The open field test for measuring locomotor activity and anxiety-like behavior. Methods Mol. Biol. 2019, 1916, 99–103. [Google Scholar] [CrossRef] [PubMed]

	



Deacon, R.M.J. Measuring motor coordination in mice. J. Vis. Exp. 2013, 75, 2609. [Google Scholar] [CrossRef]

	



Yam, M.F.; Loh, Y.C.; Tan, C.S.; Adam, S.K.; Manan, N.A.; Basir, R. General pathways of pain sensation and the major neurotransmitters involved in pain regulation. Int. J. Mol. Sci. 2018, 19, 2164. [Google Scholar] [CrossRef]

	



Rashid, H.; Martines, M.A.U.; Duarte, A.P.; Jorge, J.; Rasool, S.; Muhammad, R.; Ahmad, N.; Umar, M.N. Research developments in the syntheses, antiinflammatory activities and structure–activity relationships of pyrimidines. RSC Adv. 2021, 11, 6060–6098. [Google Scholar] [CrossRef]

	



Mahesh, G.; Kumar, K.A.; Reddanna, P. Overview on the discovery and development of anti-Inflammatory drugs: Should the focus be on synthesis or degradation of PGE2? J. Inflamm. Res. 2021, 14, 253–263. [Google Scholar] [CrossRef]

	



Burnett, B.P.; Levy, R.M. 5-Lipoxygenase metabolic contributions to NSAID-induced organ toxicity. Adv. Ther. 2012, 29, 79–98. [Google Scholar] [CrossRef] [PubMed]

	



Phillips, J.E. Inhaled phosphodiesterase 4 (PDE4) inhibitors for inflammatory respiratory diseases. Front. Pharmacol. 2020, 11, 259. [Google Scholar] [CrossRef] [PubMed]

	



Matera, M.G.; Ora, J.; Cavalli, F.; Rogliani, P.; Cazzola, M. New avenues for phosphodiesterase inhibitors in asthma. J. Exp. Pharmacol. 2021, 13, 291–302. [Google Scholar] [CrossRef] [PubMed]

	



Vilahur, G.; Ben-Aicha, S.; Diaz-Riera, E.; Lina Badimon, L.; Padró, T. Phytosterols and inflammation. Curr. Med. Chem. 2019, 26, 6724–6734. [Google Scholar] [CrossRef] [PubMed]

	



León-Álvarez, E.; Pacheco, C.M.; Gesto-Borroto, R.; Acosta-Urdapilleta, M.L.; Maura Téllez-Téllez, M.; González, R.B.; Núñez-Aragón, P.N.; Villarreal, M.L.; Taketa, A.T.C. Anti-inflammatory, radical-scavenging, and chelating activities of nor-triterpenes from Galphimia species. Rev. Bras. Farmacogn. 2024, 1–11. [Google Scholar] [CrossRef]

	



Sinha, S.; Doble, M.; Manju, S.L. 5-Lipoxygenase as a drug target: A review on trends in inhibitors structural design, SAR and mechanism based approach. Bioorg. Med. Chem. 2019, 27, 3745–3759. [Google Scholar] [CrossRef] [PubMed]

	



Szczypka, M. Role of phosphodiesterase 7 (PDE7) in T cell activity. Effects of selective PDE7 inhibitors and dual PDE4/7 inhibitors on T cell functions. Int. J. Mol. Sci. 2020, 21, 6118. [Google Scholar] [CrossRef]

	



Paterniti, I.; Mazzon, E.; Gil, C.; Impellizzeri, D.; Palomo, V.; Redondo, M.; Perez, D.I.; Esposito, E.; Martinez, A.; Cuzzocrea, S. PDE 7 inhibitors: New potential drugs for the therapy of spinal cord injury. PLoS ONE 2011, 6, e15937. [Google Scholar] [CrossRef]

	



Shinada, N.K.; Schmidtke, P.; Brevern, A.G. Accurate representation of protein-ligand structural diversity in the protein data bank (PDB). Int. J. Mol. Sci. 2020, 21, 2243. [Google Scholar] [CrossRef]

	



Ponsaerts, L.; Alders, L.; Schepers, M.; Oliveira, R.M.W.O.; Prickaerts, J.; Vanmierlo, T.; Bronckaers, A. Neuroinflammation in ischemic stroke: Inhibition of cAMP-specific phosphodiesterases (PDEs) to the rescue. Biomedicines 2021, 9, 703. [Google Scholar] [CrossRef]

	



Maione, F.; Minosi, P.; Di Giannuario, A.; Raucci, F.; Chini, M.G.; De Vita, S.; Bifulco, G.; Mascolo, N.; Pieretti, S. Long-lasting anti-inflammatory and antinociceptive effects of acute ammonium glycyrrhizinate administration: Pharmacological, biochemical, and docking studies. Molecules 2019, 24, 2453. [Google Scholar] [CrossRef]

	



Zimmermann, M. Ethical guidelines for investigations of experimental pain in conscious animals. Pain 1983, 16, 109–110. [Google Scholar] [CrossRef] [PubMed]

	



Valasques Junior, G.L.; Lima, F.O.; Boffo, E.F.; Santos, J.D.G.; Silva, B.C.; Assis, S.A. Extraction optimization and antinociceptive activity of (1→3)-β-D-glucan from Rhodotorula mucilaginosa. Carbohydr. Polym. 2014, 105, 293–299. [Google Scholar] [CrossRef] [PubMed]

	



Collier, H.O.; Dinneen, L.C.; Johnson, C.A.; Schneider, C. The abdominal constriction response and its suppression by analgesic drugs in the mouse. Br. J. Pharmacol. Chemother. 1968, 32, 295–310. [Google Scholar] [CrossRef] [PubMed]

	



Dubuisson, D.; Dennis, S.G. The formalin test: A quantitative study of the analgesic effects of morphine, meperidine, and brain stem stimulation in rats and cats. Pain 1997, 4, 61–74. [Google Scholar] [CrossRef] [PubMed]

	



Rodrigues, A.L.S.; Silva, G.L.; Mateussi, A.S.; Fernandes, E.S.; Miguel, O.G.; Yunes, R.A.; Calixto, J.B.; Santos, A.R.S. Involvement of monoaminergic system in the antidepressant-like effect of the hydroalcoholic extract of Siphocampylus verticillatus. Life Sci. 2002, 70, 1347–1358. [Google Scholar] [CrossRef] [PubMed]

	



Gewald, R.; Grunwald, C.; Egerland, T. Discovery of triazines as potent, selective and orally active PDE4 inhibitors. Bioorg. Med. Chem. Lett. 2013, 23, 4308–4314. [Google Scholar] [CrossRef] [PubMed]

	



Gilbert, N.C.; Gerstmeier, J.; Schexnaydre, E.; Börner, F.; Garscha, U.; Neau, D.B.; Werz, O.; Newcome, M.E. Structural and mechanistic insights into 5-lipoxygenase inhibition by natural products. Nat. Chem. Biol. 2020, 16, 783–790. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Liu, Y.; Chen, Y.; Robinson, H.; Ke, H. Multiple elements jointly determine inhibitor selectivity of cyclic nucleotide phosphodiesterases 4 and 7. J. Biol. Chem. 2005, 280, 30949–30955. [Google Scholar] [CrossRef]

	



Burley, S.K.; Bhikadiya, C.; Bi, C.; Bittrich, S.; Chen, L.; Crichlow, G.V.; Christie, C.H.; Dalenberg, K.; Costanzo, L.D.; Duarte, J.M.; et al. RCSB Protein data bank: Powerful new tools for exploring 3D structures of biological macromolecules for basic and applied research and education in fundamental biology, biomedicine, biotechnology, bioengineering and energy sciences. Nucleic Acids Res. 2021, 49, D437–D451. [Google Scholar] [CrossRef]

	



Eberhardt, J.; Santos-Martins, D.; Tillack, A.F.; Forli, S. AutoDock Vina 1.2.0: New docking methods, expanded force field, and Python bindings. J. Chem. Inf. Model. 2021, 61, 3891–3898. [Google Scholar] [CrossRef]

	



Salentin, S.; Schreiber, S.; Haupt, V.J.; Adasme, M.F.; Schroeder, M. PLIP: Fully automated protein-ligand interaction profiler. Nucleic Acids Res. 2015, 43, W443–W447. [Google Scholar] [CrossRef]








[image: Marinedrugs 22 00097 g001] 





Figure 1. Structures of ergosterol (1), ergosterol acetate (2), (3R)-3-(1H-indol-3-ylmethyl)-3, 4-dihydro-1H-1,4-benzodiazepine-2,5-dione (3), hydroxytakakiamide (4), acetylasznalenin (5), and helvolic acid (6). 
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Figure 2. Effects of oral administration of the crude ethyl acetate extract of A. fischeri MMERU 23 (Ext) in acetic acid-induced writhing. Mice were divided in three groups, 6 mice per group (n = 6). The treatment group received 50, 100, and 200 mg/kg of Ext, p.o., the control group received a vehicle 60 min before intraperitoneal injection with 0.8% acetic acid (injected at time zero), and the third group received a reference drug, morphine (Mor, 5 mg/kg, s.c.), 40 min before intraperitoneal injection with 0.8% acetic acid. Data are expressed as mean ± SEM. ** Significantly different from control group (p < 0.05). *** Significantly different from control group (p < 0.0001) as determined by ANOVA and followed by Bonferroni’s test. 
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Figure 3. Effects of treatment with the crude extract of A. fischeri MMERU 23 (Ext) in the formalin test. Panels (A) and (B) represent the effects of Ext in the early and late phases of the formalin test in mice, respectively. Mice were orally administered with 50, 100, and 200 mg/kg of Ext or vehicle (control group) 60 min before a formalin injection (injected at time zero). Morphine (Mor, 5 mg/kg, s.c.) was used as a reference drug. Data are expressed as means ± S.E.M.; n = 6 mice per group. * Significantly different from the control group (p < 0.05), as determined by ANOVA and followed by Bonferroni´s test. 
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Figure 4. Effects of treatment with 2 in the formalin test. Panels (A) and (B) represent the effects of 2 on the early and late phases of the formalin test in mice, respectively. Mice were treated with 2 (30, 60, and 90 mg/kg) or vehicle (control group) via the oral route 60 min before a formalin injection (injected at time zero). Morphine (Mor, 5 mg/kg) was used as a reference drug. Data are expressed as means ± S.E.M.; n = 6 mice per group. *** Significantly different from the control group (p < 0.0001) as determined by ANOVA and followed by Bonferroni´s test. 
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Figure 5. Effects of treatment with 5 in the formalin test. Panels (A) and (B) represent effects of 5 on the early and late phases of the formalin test in mice, respectively. Mice were treated with 5 (30, 60, and 90 mg/kg) or vehicle (control group) via the oral route 60 min before a formalin injection (injected at time zero). Morphine (Mor, 5 mg/kg) was used as a reference drug. Data are expressed as means ± S.E.M.; n = 6 mice per group. *** Significantly different from the control group (p < 0.0001) as determined by ANOVA and followed by Bonferroni´s test. 
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Figure 6. Effects of treatment with 6 in the formalin test. Panels (A) and (B) represent the effects of 6 on the early and late phases of the formalin test in mice, respectively. Mice were orally administered with 6 (1, 5, and 10 mg/kg) or vehicle (control group) before a formalin injection. Morphine (Mor, 5 mg/kg, s.c.) was used as a reference drug. Data are expressed as means ± S.E.M.; n = 6 mice per group. ** Significantly different from the control group (p < 0.05). *** Significantly different from the control group (p < 0.0001) as determined by ANOVA followed by Bonferroni´s test. 
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Figure 7. Effects of Ext in the open field (A) and rotarod (B) tests. Mice were orally administered with 200 mg/kg of Ext or vehicle (control group) 60 min before the evaluation. Diazepam (DZP, 10 mg/kg) was used as a reference drug. Data are expressed as means ± S.E.M.; n = 6 mice per group. * Significantly different from the control group (p < 0.05), as determined by ANOVA and followed by Bonferroni’s test. 
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Figure 8. Effects of 2 in the open field (A) and rotarod (B) tests. Mice were treated with 2 (90 mg/kg) or vehicle (control group) by oral route 60 min before the evaluation. Diazepam (DZP; 10 mg/kg) was used as a reference drug. Data are expressed as means ± S.E.M.; n = 6 mice per group. *** Significantly different from the control group (p < 0.0001) as determined by ANOVA and followed by Bonferroni´s test. 
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Figure 9. Effect of 5 in the open-field (A) and rota rod (B) tests. Mice were treated with 5 (90 mg/kg) or vehicle (control group) by oral route 60 min before the evaluation. Diazepam (DZP, 10 mg/kg) was used as a reference drug. Data are expressed as means ± S.E.M.; n = 6 mice per group. *** Significantly different from the control group (p < 0.0001) as determined by ANOVA and followed by Bonferroni´s test. 
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Figure 10. Effect of 6 in the open field (A) and rotarod (B) tests. Mice were treated with 6 (10 mg/kg) or vehicle (control group) by oral route 60 min before the evaluation. Diazepam (DZP, 10 mg/kg) was used as a reference drug. Data are expressed as means ± S.E.M.; n = 6 mice per group. *** Significantly different from the control group (p < 0.0001) as determined by ANOVA and followed by Bonferroni´s test. 
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Figure 11. Re-docking of the ligands of 5-LOX [A] (PDB ID: 6N2W; RMSD = 1.79 Å), PDE4 [B] (PDB ID: 4KP6; RMSD = 1.95 Å), and PDE7 [C] (PDB ID: 1ZKL; RMSD = 0.94 Å) on Autodock Vina software. The crystallographic ligand poses are shown by green sticks while the re-docked poses are shown by blue sticks. 
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Figure 12. Comparison of the interaction patterns for the crystallographic ligands versus 2, 5, and 6 on their active sites. [A1] 5-LOX ligand (PDB: 6N2W) on green sticks, [B1] PDE4 ligand (PDB: 4KP6) on violet sticks, and [C1] PDE7 ligand (PDB: 1ZKL) on grey sticks. The compounds are paired with the most favorable pose of 6 (orange-colored sticks), 2 (salmon-colored sticks), and 5 (olive green-colored sticks) and on each target as follows: [A2] 6 on 5-LOX (−8.1 kcal/mol), [B2] 6 on PDE4 (−3.3 kcal/mol), and [C2] 6 on PDE7 (−3.0 kcal/mol); [A3] 2 on 5-LOX (−8.7 kcal/mol), [B3] 2 on PDE4 (−5.5 kcal/mol), and [C3] 2 on PDE7 (−6.8 kcal/mol); [A4] 5 on 5-LOX (−9.0 kcal/mol), [B4] 5 on PDE4 (−7.8 kcal/mol), and [C4] 5 on PDE7 (−8.6 kcal/mol). Protein residues are shown in blue; hydrogen bonds are shown in navy blue lines and hydrophobic interactions are shown in black dashed lines. 
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Table 1. 1H and 13C NMR (CDCl3, 500 MHz, and 125 MHz) and HMBC assignment for 4.
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	Position
	δC, Type
	δH (J in Hz)
	COSY
	HMBC





	2
	125.5, CH
	7.01, s
	
	C-3, 8, 9



	3
	107.2, C
	-
	
	



	4
	103.1, CH
	6.95, d (2.0)
	H-6
	C-5, 6, 8



	5
	149.7, C
	-
	
	



	6
	111.9, CH
	6.79, dd (8.5, 2.0)
	H-4, 7
	C-4, 8



	7
	110.5, CH
	7.16, d (8.5)
	H-6
	C-5, 9



	8
	131.8, C
	-
	
	



	9
	128.5, C
	-
	
	



	10a

b
	24.1, CH2
	3.14, dd (6.0, 15.5)

3.39, dd (8.0, 15.5)
	H-10b, 11

H-10a, 11
	C-2, 3, 11, 17



	11
	52.7, CH
	4.08, dt (6.0, 8.0)
	H-10a, 10b
	C-3, 13



	13
	168.9, CO
	-
	
	



	14
	125.4, C
	-
	
	



	15
	135.7, C
	-
	
	



	17
	172.0, C
	-
	
	



	18
	120.9, CH
	6.99, d (8.0)
	H-19
	C-14, 20



	19
	133.2, CH
	7.49, dd (8.0, 8.0)
	H-18, 20
	C-15, 21



	20
	125.2, CH
	7.26, dd (8.0, 8.0)
	H-19, 21
	C-14, 18



	21
	131.1, CH
	7.93, d (8.0)
	H-20
	C-13, 15, 19



	1′
	44.3, CH2
	4.58, d (7.0)
	H-2′
	C-2, 2′, 3′, 8



	2′
	119.9, CH
	5.33, t (7.0)
	H-1′
	C-4′, 5′



	3′
	136.1, C
	-
	-
	



	4′
	25.6, CH3
	1.74, s
	-
	C-2′, 3′, 5′



	5′
	18.0, CH3
	1.79, s
	-
	C-2′, 3′, 4′



	NH-16
	-
	8.32, s
	-
	C-14, 15, 17










 





Table 2. RMSD and energy values obtained through re-docking on Autodock Vina software.
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	Receptor
	RMSD (Å)
	Energy (kcal/mol)





	5-LOX (PDB ID: 6N2W)
	1.79
	−6.8



	PDE 4 (PDB ID: 4K6P
	1.95
	−6.7



	PDE7 (PDB: ID 1ZKL)
	0.94
	−5.8
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