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Abstract:



Due to the rapidly growing bacterial antibiotic-resistance and the scarcity of novel agents in development, bacterial infection is still a global problem. Therefore, new types of antibacterial agents, which are effective both alone and in combination with traditional antibiotics, are urgently needed. In this paper, a series of antibacterial ocotillol-type C-24 epimers modified from natural 20(S)-protopanaxadiol were synthesized and evaluated for their antibacterial activity. According to the screening results of Gram-positive bacteria (B. subtilis 168 and MRSA USA300) and Gram-negative bacteria (P. aer PAO1 and A. baum ATCC19606) in vitro, the derivatives exhibited good antibacterial activity, particularly against Gram-positive bacteria with an minimum inhibitory concentrations (MIC) value of 2–16 µg/mL. The subsequent synergistic antibacterial assay showed that derivatives 5c and 6c enhanced the susceptibility of B. subtilis 168 and MRSA USA300 to chloramphenicol (CHL) and kanamycin (KAN) (FICI < 0.5). Our data showed that ocotillol-type derivatives with long-chain amino acid substituents at C-3 were good leads against antibiotic-resistant pathogens MRSA USA300, which could improve the ability of KAN and CHL to exhibit antibacterial activity at much lower concentrations with reduced toxicity.
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1. Introduction


Therapeutic control of multidrug resistant bacteria has been emphasized in the area of global public health [1]. The generation of drug-resistant bacteria, such as MRSA USA300, has developed much faster than the development of new antimicrobial drugs. As the most common bacteria in blood-borne infection, MRSA USA 300 could cause lethal diseases, including severe sepsis, necrotizing pneumonia, and necrotizing fasciitis, all of which pose a serious threat to human health [2,3,4,5,6]. The first choice for the treatment of MRSA in clinic is vancomycin. However, the unreasonable use of vancomycin has further led to the production of vancomycin resistant strains [7]. Additionally, there are many side effects associated with long-term drug use. For example, chloramphenicol (CHL) can lead to aplastic anemia, granulocyte deficiency, double infection and gray baby syndrome [8,9]. Kanamycin (KAN) has many side effects, including ototoxicity, renal toxicity, hematopoietic system toxicity and neuromuscular blocking effects etc. [10,11]. Therefore, there is an urgent need to develop novel antibacterial agents to cure antibiotic-resistant bacteria infections, which can be used alone or in combination with traditional antibiotics to enhance their effectiveness and reduce their side effects.



Natural products have been the most effective source of leading compounds for the development of drugs, particularly anticancer and anti-infective agents [12]. Natural triterpenoids, including sterols, steroids and saponins, form a wide family of compounds, biosynthesized by cyclization reactions from 2,3-epoxysqualene [13]. These compounds have been used in traditional medicine and therefore have been studied for their anti-inflammatory, antimicrobial, anticancer and anti-HIV effects [14,15,16,17].



Ocotillol (Figure 1), isolated from Fouquieria splendens engelm, bears a characteristic tetrahydrofuran ring at C-20 [18]. Studies have shown that ocotillone (Figure 1) isolated from the stem bark of ailanthus altisshima has potent antibacterial activities against P. aeruginosa and S. typhimurium, without hemolytic activity [19]. In our previous studies, ocotillol-type epimers OR and OS were synthesized from 20(S)-protopanaxadiol (PPD) (Figure 1) [20]. Many ocotillol-type analogs, such as OS, D1, D2, D3 (Figure 1), showed antibacterial activity against Gram-positive bacteria and demonstrated outstanding synergistic effects with CHL and KAN. For example, the minimum inhibitory concentrations (MIC) of KAN combining with D1 against MRSA USA300 was reduced from 0.25 µg/mL to 0.0625 µg/mL [21,22,23]. Thus, ocotillol analogs with good synergistic activity against MRSA USA300 hold the potential to become leads of novel antibiotic-resistant agents with unique mechanisms. The synthesis of new ocotillol-type derivatives, followed by antibacterial evaluations, are described in this study.


Figure 1. The structures of ocotillol and analogs.
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2. Results and Discussion


2.1. Synthesis of Ocotillol-Type Derivatives


As previously described [20], in the synthesis of epimers OS and OR, PPD was chosen as the starting material. Firstly, PPD was protected with acetic anhydride under the catalysis of DMAP, then oxidized by m-CPBA, and finally deprotected by potassium hydroxide to obtain OS and OR with the desired yields. OS was reacted with a series of carboxylic acids to give intermediates 3a–e, and finally target compounds 5a–e were obtained by deprotection using trifluoroacetic acid. Referring to the synthesis of 5a–e, 6a–e were gained from OR as the starting material (Scheme 1).




2.2. Antibacterial Activity


Initial MIC screening results are shown in Figure 2. The results showed that most of the ocotillol-type derivatives had moderate to good inhibitory activity against Gram-positive bacteria with MIC values of about 2–32 µg/mL, but had no effect on Gram-negative bacteria. The data illustrated that, with unprotected primary amine groups, all target compounds showed good inhibitory activity against B. subtilis 168 with MIC values of about 2–16 µg/mL, and against MRSA USA300 with MIC values of about 4–16 µg/mL, except 6e. The study found that, among the synthesized compounds, 5d was the most active compound against B. subtilis 168, with a MIC value of 2 µg/mL, while 6c and 6d showed the most potent activity against MRSA USA300, with a MIC value of 4 µg/mL. Among these derivatives, compound 6e had the weakest activity against Gram-positive bacteria but only a moderate inhibitory activity against A. Baum ATCC19606, with a MIC value of 32 µg/mL. Additionally, a similar inhibitory activity against Gram-positive bacteria was observed between epimers 5a–d and 6a–d, but a dramatically dissimilar one was present between 5e and 6e, which suggested that the spatial configuration of the isopropanol group at C-24 and the length of the C-3 side chain affected both its conformation and bioactivity.


Figure 2. In vitro antibacterial activity of ocotillol-type derivatives against (A) B. subtilis 168; (B) MRSA USA300; (C) P. aer PAO1 and (D) A. baum ATCC19606. “↑”: MIC > 128 µg/mL.
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As shown in Figure 3, the minimum bactericidal concentration (MBC) was measured for compounds 5a–e and 6a–e against B. subtilis 168 and MRSA USA300. The derivatives with bactericidal activities in these strains warrant further studies as anti-bacterial leads. The results showed that compounds 5a–e and 6a–e possess good bactericidal activity against B. subtilis 168 with MBC values of 4–32 µg/mL, and compounds 5a–d and 6a–d possess good bacterial activity against MRSA USA300 with MBC values of 8–16 µg/mL. Compounds 5b, 5c and 6c could be candidates since they possess the most potent activities against the community-acquired meticillin-resistant strain MRSA USA300 and laboratory strain B. subtilis 168.


Figure 3. In vitro bactericidal activity of ocotillol-type derivatives against (A) B. subtilis 168 and (B) MRSA USA300. “↑”: MIC > 128 µg/mL.
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2.3. Synergistic Antibacterial Activity


According to Figure 4, the MIC of kanamycin (KAN) and chloramphenicol (CHL) against MRSA USA300 and B. subtilis 168 significantly decreased when combining compounds 5c and 6c at half-MIC, and the synergistic effect was significant (FICI < 0.5, According to the literature [24]: FICI = FICA + FICB = (MICA+B/MICA) + (MICA+B/MICB). When FICI value was less than or equal to 0.5, it has a synergistic effect). Compounds 5c and 6c could decrease the MICs of KAN or CHL against MRSA USA300, and the MICs were all less than 0.0078 µg/mL (FICI < 0.0088, 0.0098, 0.0029, 0.0039). Synergistic activity against B. subtilis 168 was also observed during the combination of 5c and 6c with KAN or CHL (FICI = 0.2656, 0.2656, 0.0938, 0.3750). In contrast, when 5c (or 6c) was combined with KAN, the bactericidal activity of KAN against MRSA USA300 was significantly enhanced from 4 µg/mL to 0.25 (or 1) µg/mL. For B. subtilis 168, potent bactericidal effects were also observed during the combination of KAN with 5c and 6c. Surprisingly, CHL alone was bacteriostatic, but possessed bactericidal effect when combined with 6c, with MBC value of 2 µg/mL against MRSA USA 300 and 0.5 µg/mL against B. subtilis 168.


Figure 4. Synergistic effect of different antibiotics with compounds 5c and 6c against MRSA USA300 and B. subtilis 168. (A) MIC of different compounds against MRSA USA300 and (B) B. subtilis 168; (C) MBC of different compounds against MRSA USA300 and (D) B. subtilis 168; (E) FICI of different compounds against MRSA USA300 and (F) B. subtilis 168.



[image: Molecules 22 00590 g004]







2.4. The Structure-Activity Relationships (SARs) of Ocotillol-Type Derivatives


Based on the previous and present data of ocotillol-type derivatives, preliminary SARs can be summarized. The (24S)-configuration is preferred for pharmacological activity of compounds without substitution at 3-OH; substitution at 3-OH may cause changes of molecular conformation resulting in bioactive (24R)-compounds [21,25]; hydrogen donors at C-3 positions are the effective group and enhance the antibacterial activity against Gram-positive bacteria [21,23,25]; the length of 4–8 carbon atoms at the C-3 side chain is preferred if there is -NH2 on the side chain; however, the substitution of 11 carbon atoms at the C-3 side chain resulted in mild activity against Gram-negative bacteria, in particular compound 6e with (24R)-configuration showed specific activity against Gram-negative bacteria.





3. Materials and Methods


3.1. Chemical Reagents and Instruments


The majority of chemicals and reagents used in the experiment was analytically pure and was purified and dried with standard methods when necessary. 1H-NMR and 13C-NMR spectra were measured using a Bruker AV-300 spectrometer in the specific solvents (Tetramethyl silane (TMS) as internal standard): the chemical shifts are expressed with δ values (ppm) and the coupling constants (J) with Hz. High-resolution mass spectra were measured using an Agilent QTOF 6520.




3.2. General Procedure for the Synthesis of (20S,24S)-Epoxy-dammarane-3β,12β,25-triol (OS) and (20S,24R)–Epoxy-dammarane-3β,12β,25-triol (OR)


Compounds OR and OS were prepared from PPD according to the published procedures [18,21].




3.3. General Procedure for the Synthesis of Compounds 5a–e and 6a–e


To a solution of sodium hydroxide (800 mg, 19.5 mmol) and di-tert-butyl dicarbonate (4.3 g, 19.5 mmol) in tertiary butyl alcohol (11 mL) and H2O (9 mL) the corresponding amino acids 1a–e (19.5 mmol) were added. After the mixture was stirred at room temperature for 16 h, diluted with 10% HCl (100 mL), and extracted with ethyl acetate, and the organic layer was washed with water and brine successively, dried over anhydrous sodium sulfate, filtered and concentrated to give 2a–e.



To a solution of 2a–e (1.5 eq.), dry dichloromethane EDCI (1.0 eq.) and DMAP (1.0 eq.) were added, and the mixture was stirred at room temperature for 1 h. Then, OS (or OR) (1.0 eq.) was added. After stirring for 12 h, the mixture was removed in vacuo and diluted by ethyl acetate, washed with water and brine, dried over anhydrous sodium sulfate, filtered, concentrated, and purified by column chromatography over silica gel (8:1–6:1 petroleum ether: ethyl acetate) to give 3a–e (or 4a–e).



To a solution of intermediates 3a–e (or 4a–e) (1 eq.), trifluoroacetic acid (2 eq.) was added under an ice bath. After stirring at room temperature for 3 h, the mixture was removed in vacuo and purified by column chromatography over silica gel (30:1–10:1 dichloromethane: methanol) to give 5a–e (or 6a–e).



(20S,24S)-Epoxy-3β-O-(3-aminopropionyl)-dammarane-12β,25-diol (5a). Yellow oily matter, 72% yield. 1H-NMR (300 MHz, CDCl3) δ 4.51 (m, 1H, -OCH-), 3.87 (dd, J = 10.3Hz, 5.1Hz, 1H, -OCH-), 3.53 (td, J = 10.2 Hz, 4.6 Hz, 1H, -OCH-), 3.05 (t, 2H, -NCH2-), 2.56 (t, J = 6.3 Hz, 2H, -CH2CO-), 1.27 (s, 3H, CH3), 1.23 (s, 3H, CH3), 1.11 (s, 3H, CH3), 1.01 (s, 3H, CH3), 0.91 (s, 6H, CH3), 0.85 (s, 6H, CH3); 13C-NMR (75 MHz, CDCl3) δ 171.9, 87.4, 87.1, 81.4, 70.5, 70.2, 56.0, 52.1, 50.1, 48.9, 48.8, 39.8, 38.6, 37.9, 37.1, 34.7, 32.2, 31.7, 29.3, 28.9, 28.5, 28.0, 27.8, 27.4, 26.1, 25.2, 24.1, 23.7, 18.2, 17.8, 16.4, 16.3, 15.4. ESI-MS: m/z [M + H]+: 548.4.



(20S,24S)-Epoxy-3β-O-(4-aminobutyryl)-dammarane-12β,25-diol (5b). Yellow oily matter, 69% yield. 1H-NMR (300 MHz, CDCl3) δ 4.47 (m, 1H, -OCH-), 3.87 (dd, J = 10.4 Hz, 5.0 Hz, 1H, -OCH-), 3.53 (td, J = 10.1 Hz, 4.4 Hz, 1H, -OCH-), 3.07 (t, J = 7.2 Hz, 2H, -NCH2-), 2.48 (t, J = 6.9 Hz, 2H, -CH2CO-), 1.27 (s, 3H, CH3), 1.22 (s, 3H, CH3), 1.11 (s, 3H, CH3), 1.01 (s, 3H, CH3), 0.92 (s, 3H, CH3), 0.91 (s, 3H, CH3), 0.85 (s, 3H, CH3), 0.83 (s, 3H, CH3); 13C-NMR (75 MHz, CDCl3) δ 172.7, 87.4, 87.1, 81.5, 70.5, 70.2, 56.0, 52.1, 50.1, 48.9, 48.8, 39.8, 39.3, 38.6, 37.9, 37.1, 34.7, 32.2, 31.7, 31.5, 29.3, 28.9, 28.5, 28.1, 27.8, 25.2, 24.1, 23.7, 22.8, 18.2, 17.8, 16.5, 16.3, 15.5. ESI-MS: m/z [M + H]+: 562.4.



(20S,24S)-Epoxy-3β-O-(4-aminohexanoyl)-dammarane-12β,25-diol (5c). Yellow oily matter, 68% yield. 1H-NMR (300 MHz, CDCl3) δ 4.47 (m, 1H, -OCH-), 3.87 (dd, J = 10.4 Hz, 5.0 Hz, 1H, -OCH-), 3.52 (td, J = 10.1 Hz, 4.4 Hz, 1H, -OCH-), 2.99 (t, J = 7.5 Hz, 2H, -NCH2-), 2.32 (t, J = 7.1 Hz, 2H, -CH2CO-), 1.27 (s, 3H, CH3), 1.22 (s, 3H, CH3), 1.12 (s, 3H, CH3), 1.01 (s, 3H, CH3), 0.92 (s, 3H, CH3), 0.91 (s, 3H, CH3), 0.85 (s, 3H, CH3), 0.83 (s, 3H, CH3); 13C-NMR (75 MHz, CDCl3) δ 173.4, 87.4, 87.1, 80.8, 70.5, 70.2, 56.0, 52.1, 50.1, 48.9, 48.8, 39.8, 38.6, 37.9, 37.1, 34.7, 34.4, 32.2, 31.7, 31.0, 28.9, 28.5, 28.0, 27.8, 27.7, 27.1, 26.0, 25.2, 24.4, 24.1, 23.7, 18.2, 17.8, 16.5, 16.3, 15.5. ESI-MS: m/z [M + H]+: 590.4.



(20S,24S)-Epoxy-3β-O-(8-aminooctanoyl)-dammarane-12β,25-diol (5d). Yellow oily matter, 66% yield. 1H-NMR (300 MHz, CDCl3) δ 4.47 (m, 1H, -OCH-), 3.88 (dd, J = 8.3 Hz, 6.9 Hz, 1H, -OCH-), 3.53 (td, J = 10.3 Hz, 4.4 Hz, 1H, -OCH-), 2.96 (t, J = 7.2 Hz, 2H, -NCH2-), 2.29 (t, J = 7.4 Hz, 2H, -CH2CO-), 1.82–2.09 (m, 6H, CH2), 1.27 (s, 3H, CH3), 1.26 (s, 3H, CH3), 1.10 (s, 3H, CH3), 1.01 (s, 3H, CH3), 0.91 (s, 6H, CH3), 0.86 (s, 3H, CH3), 0.84 (s, 3H, CH3); 13C-NMR (75 MHz, CDCl3) δ 173.5, 87.4, 87.1, 80.6, 70.5, 70.2, 56.0, 52.1, 50.2, 48.9, 48.8, 39.9, 39.8, 38.6, 37.9, 37.1, 34.7, 32.2, 31.7, 31.2, 28.9, 28.6, 28.5, 28.0, 27.9, 27.5, 27.4, 26.3, 26.2, 25.2, 24.9, 24.1, 23.7, 18.2, 17.8, 16.5, 16.3, 15.5. ESI-MS: m/z [M + H]+: 618.5.



(20S,24S)-Epoxy-3β-O-(11-undecanoyl)-dammarane-12β,25-diol (5e). Yellow oily matter, 61% yield. 1H-NMR (300 MHz, CDCl3) δ 4.48 (dd, J = 10.1 Hz, 5.9 Hz, 1H, -OCH-), 3.88 (dd, J = 10.4 Hz, 5.0 Hz, 1H, -OCH-), 3.51 (td, J = 10.3 Hz, 5.6 Hz, 1H, -OCH-), 2.96 (t, J = 7.5 Hz, 2H, -NCH2-), 2.29 (t, J = 7.4 Hz, 2H, -CH2CO-), 1.78-2.06 (m, 6H, CH2), 1.27 (s, 3H, CH3), 1.26 (s, 3H, CH3), 1.10 (s, 3H, CH3), 1.01 (s, 3H, CH3), 0.91 (s, 6H, CH3), 0.86 (s, 3H, CH3), 0.85 (s, 3H, CH3); 13C-NMR (75 MHz, CDCl3) δ 173.6, 87.4, 87.1, 80.4, 70.5, 70.2, 56.0, 52.1, 50.1, 48.9, 48.8, 48.0, 40.0, 39.8, 38.6, 37.9, 37.1, 34.8, 32.2, 31.7, 31.4, 29.3, 29.2, 29.1, 29.0, 28.9, 28.5, 28.0, 27.8, 27.6, 26.5, 26.2, 25.2, 25.1, 24.1, 23.7, 18.2, 17.8, 16.5, 16.3, 15.4. ESI-MS: m/z [M + H]+: 660.5.



(20S,24R)-Epoxy-3β-O-(3-aminopropionyl)-dammarane-12β,25-diol (6a). Yellow oily matter, 79% yield. 1H-NMR (300 MHz, CDCl3) δ 4.51 (m, 1H, -OCH-), 3.84 (dd, J = 8.3 Hz, 6.9 Hz, 1H, -OCH-), 3.51 (td, J = 10.4 Hz, 4.4 Hz, 1H, -OCH-), 3.28 (t, 2H, -NCH2-), 2.83 (t, 2H, -CH2CO-), 1.27 (s, 3H, CH3), 1.26 (s, 3H, CH3), 1.10 (s, 3H, CH3), 0.98 (s, 3H, CH3), 0.90 (s, 3H, CH3), 0.87 (s, 3H, CH3), 0.84 (s, 6H, CH3); 13C-NMR (75 MHz, CDCl3) δ 171.1, 86.5, 85.3, 82.2, 70.9, 70.1, 56.0, 52.0, 50.4, 49.3, 48.0, 39.8, 38.6, 37.9, 37.0, 35.8, 32.6, 31.7, 31.3, 31.1, 28.6, 28.1, 27.9, 27.5, 26.1, 25.0, 24.0, 23.6, 18.2, 17.5, 16.4, 16.3, 15.4. ESI-MS: m/z [M + H]+: 548.4.



(20S,24R)-Epoxy-3β-O-(4-aminobutyryl)-dammarane-12β,25-diol (6b). Yellow oily matter, 72% yield. 1H-NMR (300 MHz, CDCl3) δ 4.47 (m, 1H, -OCH-), 3.85 (dd, J = 10.4 Hz, 5.0 Hz, 1H, -OCH-), 3.52 (td, J = 10.1 Hz, 4.4 Hz, 1H, -OCH-), 3.05 (t, J = 7.2 Hz, 2H, -NCH2-), 2.47 (t, J = 6.9 Hz, 2H, -CH2CO-), 1.27 (s, 3H, CH3), 1.23 (s, 3H, CH3), 1.11 (s, 3H, CH3), 1.01 (s, 3H, CH3), 0.92 (s, 3H, CH3), 0.91 (s, 3H, CH3), 0.85 (s, 3H, CH3), 0.83 (s, 3H, CH3). 13C-NMR (75 MHz, CDCl3) δ 172.7, 86.5, 85.3, 81.1, 70.5, 70.2, 56.0, 52.1, 50.1, 48.9, 48.8, 39.8, 39.3, 38.5, 37.9, 37.1, 34.6, 32.2, 31.7, 31.5, 29.3, 28.8, 28.5, 28.1, 27.9, 25.2, 24.1, 23.6, 22.8, 18.2, 17.9, 16.5, 16.3, 15.5. ESI-MS: m/z [M + H]+: 562.4.



(20S,24R)-Epoxy-3β-O-(4-aminohexanoyl)-dammarane-12β,25-diol (6c). Yellow oily matter, 70% yield. 1H-NMR (300 MHz, CDCl3) δ 4.46 (m, 1H, -OCH-), 3.85 (dd, J = 8.6 Hz, 6.8 Hz, 1H, -OCH-), 3.52 (td, J = 10.2 Hz, 4.2 Hz, 1H, -OCH-), 2.97 (t, J = 7.6 Hz, 2H, -NCH2-), 2.32 (t, J = 7.3 Hz, 2H, -CH2CO-), 1.89–2.11 (m, 2H, CH2), 1.27 (s, 3H, CH3), 1.27 (s, 3H, CH3), 1.10 (s, 3H, CH3), 0.98 (s, 3H, CH3), 0.90 (s, 3H, CH3), 0.88 (s, 3H, CH3), 0.84 (s, 3H, CH3), 0.83 (s, 3H, CH3); 13C-NMR (75 MHz, CDCl3) δ 173.4, 86.5, 85.3, 80.8, 70.5, 70.2, 56.0, 52.1, 50.1, 48.9, 48.8, 39.8, 38.6, 37.9, 37.1, 34.7, 34.3, 32.5, 31.3, 31.1, 29.1, 28.6, 28.0, 27.8, 27.5, 27.0, 25.8, 25.0, 24.3, 24.1, 23.7, 18.1, 17.8, 16.4, 16.3, 15.4. ESI-MS: m/z [M + H]+: 590.4.



(20S,24R)-Epoxy-3β-O-(8-aminooctanoyl)-dammarane-12β,25-diol (6d). Yellow oily matter, 70% yield. 1H-NMR (300 MHz, CDCl3) δ 4.46 (m, 1H, -OCH-), 3.84 (dd, J = 8.3 Hz, 6.9 Hz, 1H, -OCH-), 3.52 (td, J = 10.3 Hz, 4.4 Hz, 1H, -OCH-), 2.95 (t, J = 7.2 Hz, 2H, -NCH2-), 2.28 (t, J = 7.4 Hz, 2H, -CH2CO-), 1.90–2.10 (m, 2H, CH2), 1.82-1.90 (m, 2H, CH2), 1.27 (s, 3H, CH3), 1.26 (s, 3H, CH3), 1.10 (s, 3H, CH3), 0.98 (s, 3H, CH3), 0.90 (s, 3H, CH3), 0.88 (s, 3H, CH3), 0.84 (s, 3H, CH3), 0.83 (s, 3H, CH3); 13C-NMR (75 MHz, CDCl3) δ 173.6, 86.5, 85.3, 80.6, 70.9, 70.1, 56.1, 52.0, 50.4, 49.3, 48.0, 39.9, 39.8, 38.6, 37.9, 37.1, 34.8, 32.6, 31.3, 31.1, 28.8, 28.6, 28.5, 28.0, 27.9, 27.5, 27.4, 26.2, 26.1, 25.0, 24.9, 24.1, 23.7, 18.1, 17.7, 16.5, 16.4, 15.4. ESI-MS: m/z [M + H]+: 618.5.



(20S,24R)-Epoxy-3β-O-(11-undecanoyl)-dammarane-12β,25-diol (6e). Yellow oily matter, 67% yield. 1H-NMR (300 MHz, CDCl3) δ 4.47 (dd, J = 9.9 Hz, 5.6 Hz, 1H, -OCH-), 3.85 (dd, J = 8.6 Hz, 6.8 Hz, 1H, -OCH-), 3.51 (td, J = 10.2 Hz, 6.1 Hz, 1H, -OCH-), 2.96 (t, J = 7.3 Hz, 2H, -NCH2-), 2.29 (t, J = 7.4 Hz, 2H, -CH2CO-), 1.80–2.08 (m, 6H, CH2), 1.27 (s, 3H, CH3), 1.26 (s, 3H, CH3), 1.10 (s, 3H, CH3), 0.98 (s, 3H, CH3), 0.90 (s, 3H, CH3), 0.88 (s, 3H, CH3), 0.85 (s, 3H, CH3), 0.84 (s, 3H, CH3); 13C-NMR (75 MHz, CDCl3) δ 173.6, 86.5, 85.3, 80.4, 70.9, 70.1, 56.1, 52.0, 50.4, 49.3, 48.8, 48.0, 40.0, 39.8, 38.6, 37.9, 37.1, 34.8, 32.6, 31.3, 31.1, 29.3, 29.2, 29.1, 29.0, 28.6, 28.5, 28.0, 27.9, 27.5, 26.5, 26.1, 25.1, 25.0, 24.0, 23.7, 18.1, 17.6, 16.5, 16.4, 15.4. ESI-MS: m/z [M + H]+: 660.5.




3.4. Pharmacology


The antibacterial and synergistic activity experiment was carried out as described previously [23,26]. The antibacterial activity was screened in vitro, and the minimum inhibitory concentrations (MIC) were determined against Gram-positive bacteria (B. subtilis 168 and MRSA USA300) and Gram-negative bacteria (P. aeruginosa PAO1 and A. baumannii ATCC19606). These pathogens have been commonly used to screen antibacterial compounds. Compounds with good inhibitory activity were selected to determine their bactericidal activity. The minimum bactericidal concentration (MBC) was determined against B. subtilis 168 and MRSA USA300 using a standard LB medium dilution technique. B. subtilis 168 was the tool strain used to research the antibacterial mechanism. MRSA USA300 was the drug-resistant strain used to evaluate anti-drug-resistant candidates [4,22]. Kanamycin was used as a positive control.





4. Conclusions


In summary, ten novel 3-substituted ocotillol-type derivatives from natural PPD were synthesized and evaluated for antimicrobial activity. According to the results of antibacterial tests in vitro, derivatives with a primary amine at C-3 were found, and these compounds possessed good antibacterial activity against Gram-positive bacteria, such as B. subtilis 168 and MRSA USA300. The synergistic antibacterial assay showed that 5c and 6c could enhance the susceptibility of B. sub 168 and MRS USA300 to KAN and CHL (FICI < 0.5).



These results showed that ocotillol-type derivatives 5c and 6c are promising leads to develop novel antibacterial agents against many community-associated and health care-associated infections caused by MRSA USA300. Further studies will be conducted to determine the bactericidal functional mechanisms of these compounds.







Acknowledgments


The authors are grateful to Shandong Provincial Natural Science Foundation, China (No. ZR2015HQ007); Key Laboratory for the Chemistry and Molecular Engineering of Medicinal Resources (Guangxi Normal University), Ministry of Education of China (CMEMR2014-B07); Taishan Scholar Project to Fenghua Fu and an Early Career Research Grant from the University of Newcastle (CM) for financial support.




Author Contributions


Yi Bi, Jin-Yi Xu and Cong Ma conceived and designed the experiments; Xian-Xuan Liu, Heng-Yuan Zhang, Xiao Yang and Ze-Yun Liu performed the experiments; Yi Bi, Jing Lu, Peter John Lewis and Qing-Guo Meng analyzed the data; Xian-Xuan Liu, Yi Bi, Cong-Zhi Wang and Chun-Su Yuan wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Yap, P.S.X.; Lim, S.H.; Hu, C.P.; Yia, B.C. Combination of essential oils and antibiotics reduce antibiotic resistance in plasmid-conferred multidrug resistant bacteria. Phytomedicine 2013, 20, 710–713. [Google Scholar] [CrossRef] [PubMed]

	2. 
Jassim, S.A.; Limoges, R.G. Natural solution to antibiotic resistance: Bacteriophages ‘The Living Drugs’. World J. Microbiol. Biotechnol. 2014, 30, 2153–2170. [Google Scholar] [CrossRef] [PubMed]

	3. 
Carrel, M.; Perencevich, E.N.; David, M.Z. USA300 Methicillin-Resistant Staphylococcus aureus, United States, 2000–2013. Emerg. Infect. Dis. 2015, 21, 1973. [Google Scholar] [CrossRef] [PubMed]

	4. 
Boyle-Vavra, S.; Daum, R.S. Community-acquired methicillin-resistant Staphylococcus aureus: The role of Panton–Valentine leukocidin. Lab. Investig. 2007, 87, 3–9. [Google Scholar] [CrossRef] [PubMed]

	5. 
Marshall, B.M.; Ochieng, D.J.; Levy, S.B. Probing the role of commensals in propagating antibiotic resistance should help preserve the efficacy of these critical drugs. Microbe Mag. 2009, 4, 231–238. [Google Scholar] [CrossRef]

	6. 
Loomba, P.S.; Taneja, J.; Mishra, B. Methicillin and vancomycin resistant S. aureus in hospitalized patients. J. Glob. Infect. Dis. 2010, 2, 275–283. [Google Scholar] [CrossRef] [PubMed]

	7. 
Cheng, X.; Li, X.O.; Liu, X.F.; Wang, Z.J.; Gao, X.; Sun, N.N.; Huang, Y.; Liu, N. Research progress on MRSA and its resistance to vancomycin. Chin. J. Lab. Diagn. 2016, 10, 1785–1787. [Google Scholar]

	8. 
Bogusz, M.J.; Hassan, H.; Al-Enazi, E.; Ibrahim, Z.; Al-Tufail, M. Rapid determination of chloramphenicol and its glucuronide in food products by liquid chromatography-electrospray negative ionization tandem mass spectrometry. J. Chromatogr. B 2004, 807, 343–356. [Google Scholar] [CrossRef] [PubMed]

	9. 
Vivekanandan, K.; Swamy, M.G.; Prasad, S.; Mukherjee, R. A simple method of isolation of chloramphenicol in honey and its estimation by liquid chromatography coupled to electrospray ionization tandem mass spectrometry. Rapid Commun. Mass Spectrom. 2005, 19, 3025–3030. [Google Scholar] [CrossRef] [PubMed]

	10. 
Lee, J.H.; Kim, H.J.; Suh, M.W.; Ahn, S.C. Sustained Fos expression is observed in the developing brainstem auditory circuits of kanamycin-treated rats. Neurosci. Lett. 2011, 505, 98–103. [Google Scholar] [CrossRef] [PubMed]

	11. 
Kong, W.J.; Yin, Z.D.; Fan, G.R.; Li, D.; Huang, X. Time sequence of auditory nerve and spiral ganglion cell degeneration following chronic kanamycin-induced deafness in the guinea pig. Brain Res. 2010, 1331, 28–38. [Google Scholar] [CrossRef] [PubMed]

	12. 
Harvey, A.L. Natural products in drug discovery. Drug Discov. Today 2008, 13, 894–901. [Google Scholar] [CrossRef] [PubMed]

	13. 
Price, K.R.; Johnson, I.T.; Fenwick, G.R.; Malinow, M.R. The chemistry and biological significance of saponins in foods and feedingstuffs. Crit. Rev. Food Sci. Nutr. 1987, 26, 27–135. [Google Scholar] [CrossRef] [PubMed]

	14. 
Sultana, N.; Saeed Saify, Z. Naturally occurring and synthetic agents as potential anti-inflammatory and immunomodulants. Anti-Inflamm. Anti-Allergy Agents Med. Chem. 2012, 11, 3–19. [Google Scholar] [CrossRef]

	15. 
Wolska, K.; Grudniak, A.; Fiecek, B.; Kraczkiewicz-Dowjat, A.; Kurek, A. Antibacterial activity of oleanolic and ursolic acids and their derivatives. Open Life Sci. 2010, 5, 543–553. [Google Scholar] [CrossRef]

	16. 
MR Patlolla, J.; V Rao, C. Triterpenoids for cancer prevention and treatment: current status and future prospects. Curr. Pharm. Biotechnol. 2012, 13, 147–155. [Google Scholar] [CrossRef]

	17. 
Cassels, B.K.; Asencio, M. Anti-HIV activity of natural triterpenoids and hemisynthetic derivatives 2004–2009. Phytochem. Rev. 2011, 10, 545–564. [Google Scholar] [CrossRef]

	18. 
Warnhoff, E.W.; Halls, C.M.M. Desert Plant Constituents: II. Ocotillol: An Intermidiate in the Oxidation of Hydroxy Isooctenyl Side Chains. Can. J. Chem. 1965, 43, 3311–3321. [Google Scholar] [CrossRef]

	19. 
Lee, D.G.; Chang, Y.S.; Yoonkyung, P.; Hahm, K.S.; Woo, E.R. Antimicrobial effects of ocotillone isolated from stem bark of Ailanthus altisshima. J. Microbiol. Biotechnol. 2002, 12, 854–857. [Google Scholar]

	20. 
Bi, Y.; Tian, J.; Wang, L.; Zhao, F.; Zhang, J.; Wang, N.; Meng, Q. Synthesis, structural determination and protective effects on cultured anoxia/reoxygen injury myocardiocytes of ocotillol-type derivatives. J. Med. Plants Res. 2011, 5, 2424–2429. [Google Scholar]

	21. 
Bi, Y.; Ma, C.; Zhang, H.; Zhou, Z.; Yang, J.; Zhang, Z.; Xu, J. Novel 3-Substituted Ocotillol-Type Triterpenoid Derivatives as Antibacterial Candidates. Chem. Boil. Drug Des. 2014, 84, 489–496. [Google Scholar] [CrossRef] [PubMed]

	22. 
Bi, Y.; Yang, X.; Zhang, T.; Liu, Z.; Zhang, X.; Lu, J.; Lewis, P.J. Design, synthesis, nitric oxide release and antibacterial evaluation of novel nitrated ocotillol-type derivatives. Eur. J. Med. Chem. 2015, 101, 71–80. [Google Scholar] [CrossRef] [PubMed]

	23. 
Zhou, Z.; Ma, C.; Zhang, H.; Bi, Y.; Chen, X.; Tian, H.; Xu, J. Synthesis and biological evaluation of novel ocotillol-type triterpenoid derivatives as antibacterial agents. Eur. J. Med. Chem. 2013, 68, 444–453. [Google Scholar] [CrossRef] [PubMed]

	24. 
Chan, B.C.; Ip, M.; Gong, H.; Lui, S.L.; See, R.H.; Jolivalt, C.; Lau, C.B. Synergistic effects of diosmetin with erythromycin against ABC transporter over-expressed methicillin-resistant Staphylococcus aureus (MRSA) RN4220/pUL5054 and inhibition of MRSA pyruvate kinase. Phytomedicine 2013, 20, 611–614. [Google Scholar] [CrossRef] [PubMed]

	25. 
Bi, Y.; Ma, C.; Zhou, Z.; Zhang, T.T.; Zhang, H.Y.; Zhang, X.C.; Lu, J.; Meng, Q.G.; Lewis, P.J.; Xu, J.Y. Synthesis and Antibacterial Evaluation of Novel Hydrophilic Ocotillol-Type Triterpenoid Derivatives from 20(S)-Protopanaxadiol. Rec. Nat. Prod. 2015, 9, 356–368. [Google Scholar]

	26. 
Ma, C.; Yang, X.; Kandemir, H.; Mielczarek, M.; Johnston, E.B.; Griffith, R.; Lewis, P.J. Inhibitors of bacterial transcription initiation complex formation. ACS Chem. Biol. 2013, 8, 1972–1980. [Google Scholar] [CrossRef] [PubMed]






	
Sample Availability: Not available.












[image: Molecules 22 00590 sch001 550]





Scheme 1. Synthesis of ocotillol-type derivatives 5a–e and 6a–e. 






Scheme 1. Synthesis of ocotillol-type derivatives 5a–e and 6a–e.
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