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Phytochemical investigation on the acetone extract of Salvia mirzayanii Rech. f. and Esfand. aﬀorded seven new isoprenoids including six new sesterterpenoids salvimirzacolide A-F (1–6), and one new nor-diterpenoid (7). Their structures were established by comprehensive spectroscopic and spectrometric data analysis (1D and 2D NMR, HRMS) and DP4+ NMR chemical shift probability calculation technique. Moreover, the absolute conﬁguration of compounds was determined by using electronic circular dichroism spectroscopy. Evaluation of antiproliferative properties of compounds isolated against four human melanoma cancer cells displayed no cytotoxic activity at the concentration range used.
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1 INTRODUCTION
Sesterterpenes are a small group of terpenoids, obtained from wide-spreading sources having been isolated from terrestrial origin, lichens, marine sponges, algae, higher plants, insects, and diverse marine organisms (Liu et al., 2007; Máximo and Lourenço, 2018). Compared with di- and triterpenoids, sesterterpenoids are scarce in nature. Sesterterpenes show many interesting pharmacological properties, including cytotoxicity, anti-microbial, anti-angiogenic activities, antibioﬁlm, and platelet aggregation inhibition (Rustaiyan et al., 2007; Cabanillas et al., 2018). The genus Salvia is one of the few genera in the Lamiaceae family that produces sesterterpenes (Qingwen et al., 2021). Many of these Salvia species are medicinal plants included in some pharmacopoeias, and are also used for alimentary and cosmetic purposes. Among Salvia species, these rare and attractive sesterterpens were mainly isolated and identiﬁed from Iranian Salvia species encouraging us to undertake a systematic phytochemical investigation of some of these Iranian species (Moghaddam et al., 2010; Farimani et al., 2016; Tabefam et al., 2018).
Salvia mirzayanii is one of the important species of the Hormozgan region that is used for diarrhea, stomachache, infectious and inﬂammatory diseases, headache, wounds, and high blood cholesterol, and have been used from ancient times by native peoples (Soltanipour, 2007). In a previous phytochemical study, the sesterterpene lactone salvimirzacolide and eupatorin were reported from the aerial parts of Salvia mirzayanii (Moghaddam et al., 1998). Moreover, our previous studies on the secondary metabolites of Salvia mirzayanii led to the isolation of five new manoyloxide sesterterpenoids (Ebrahimi et al., 2014).
In the course of this work, we have undertaken a further phytochemical investigation into the aerial parts of S. mirzayanii which resulted in the isolation and structural elucidation of six new sesterterpenes, salvimirzacolide A-F (1–6), along with one nor-diterpene (7) for the first time (Figure 1).
[image: Figure 1]FIGURE 1 | Chemical structures of compounds 1-7.
2 RESULTS AND DISCUSSION
The structure elucidation was performed using extensive NMR spectroscopy and HRMS (Orbitrap), and the absolute configuration was established by comparison of calculated and experimental electronic circular dichroism (ECD) spectra.
Compound 1 was isolated as a colorless gum. The HRESIMS of 1 showed a molecular ion at m/z 831.5056 [2M–H]− (calcd 831.5053), indicating a molecular formula of C25H36O5 and 8 indices of hydrogen deficiency. The DEPTq spectrum (Table 1) showed exactly 25 carbon resonances, which were assigned with the aid of HSQC spectra as 5 methyls, 7 methylenes, 5 methines, and 8 quaternary carbons. The DEPTq spectrum showed resonances for three double bonds (δC 149.2, 116.4), (δC 107.3, 148.0), and (δC 154.5, 114.8), two carbonyl groups (δC 169.8) and (δC 180.0), and one oxygenated carbon (δC 73.0). The 1H NMR spectrum (Table 1) showed resonances of five methyl singlets at δH 0.89 (H-25), δH 1.14 (H-24), δH 1.15 (H-22), δH 1.97 (H-21), and δH 2.24 (H-20). The structure of 1 was solved by the HMBC correlations initiated from the methyl groups. HMBC correlations were observed from H-24 (δH 1.14) to C-23 (δC 180.0), C-3 (δC 36.6), C-4 (δC 45.3), and C-5 (δC 50.1), from H3-25 (δH 0.89) to C-1 (δC 38.9), C-5 (δC 50.1), and C-9 (δC 61.3), from H3-22 (δH 1.15) to C-7 (δC 43.3), C-8 (δC 73.0), and C-9 (δC 61.3), from H3-21 (δH 1.97) to C-12 (δC 42.5), C-13 (δC 149.2), and C-14 (δC 116.4), and from H3-20 (δH 2.24) to C-16 (δC 148.0), C-17 (δC 154.5), and C-18 (δC 114.8) and confirmed the gross structure of 1 as a bicyclic sesterterpenoid (Figures 1, 2). The relative conﬁguration was derived from coupling constants (3JH–H) and diagnostic NOESY correlations. NOESY cross peaks between H-24 (δH 1.14), H3-25 (δH 0.89), and H-22 (δH 1.15) confirmed their cofacial orientation (Figure 3). A coupling constant of 11.8 Hz was observed between H-14 and H-15 which is consistent with an anti-orientation between them. In addition, diagnostic NOESY correlations were observed from H-14 to H-12α and H-12β suggesting the cis relationship of H-14 with C-12. Thus, C-15 carbon should be in the trans position relative to C-12. NOESY correlation between H-15 and H-21 confirmed this geometry. Finally, the Z-geometry of the C-15-C-16 double bond was elucidated via the NOESY cross-peak between H-15 and H3-20. The ECD spectrum of 1 showed a positive Cotton eﬀect (CE) at 312 nm. The calculated ECD spectrum for the 4R, 5R, 8R, 9R, 10S stereoisomer showed excellent ﬁt with the experimental data, with a positive CE around 330 nm (π→ π* transition) of the α, β-unsaturated moiety (Figure 4). Therefore, the structure of compound 1 was elucidated to be (4R, 5R, 8R, 9R, 10S)-8α-hydroxylabd-13,15,17-trien-19,16; 23-diolide and named as salvimirzacolide A.
TABLE 1 | 1H and 13C NMR spectroscopic data of compounds 1-4 (500 MHz for 1 and 2 and 600 MHz for 3 and 4, δ in ppm, J in Hz)
[image: Table 1][image: Figure 2]FIGURE 2 | Key 1H–1H COSY (bold) and HMBC (H→C) correlations of 1-7.
[image: Figure 3]FIGURE 3 | NOESY (H↔H) correlations of compounds 1-7.
[image: Figure 4]FIGURE 4 | Comparison of experimental and calculated ECD spectra of compound 1 at TD-DFT/cam-B3LYP/6-31G(d,p) level of theory in MeOH.
Compound 2 had a molecular formula of C25H36O5, as deduced from the HRESIMS m/z 831.5054 [2M–H]− (calcd 831.5053), corresponding to 8 indices of hydrogen deficiency. Its NMR features (Table 1) were closely related to those of 1. The marked differences in the 13C NMR data of 2 in comparison to those of 1 were consistent with the diamagnetically shifted signal of C-12 (δC 36.0) with Δδ = −6.5 ppm, and paramagnetically shifted signal of C-21 (δC 23.4) with Δδ = +8.1 ppm (Table 1). Careful inspection of the HMBC and 1H–1H COSY correlations revealed that compound 2 possessed the same flat structure of 1. According to the changes mentioned above in the chemical shifts, it was assumed that 2 should be the stereoisomer of 1 in C-14, something that the NOESY spectrum confirmed (Figure 3). As compound 1, the relative conﬁguration of the rigid rings was solved by observing diagnostic cross-peaks between H3-24 (δH 1.14), H3-25 (δH 0.88), and H3-22 (δH 1.15). In the side chain a coupling constant of 11.8 Hz was observed between H-14 and H-15 similar to that of 1, and a Z-geometry was also distinguished for the C-15-C-16 double bond based on the NOESY cross-peak between H-15 and H3-20. But in contrast to 1, strong NOESY correlations were observed between H-14 and H3-21 as well as between H-15 and H-12α, and H-12β suggesting the trans relationship between H-14 and C-12. The above-mentioned up-field shift of C-12 also corresponds to the fact that C-12 and C-15 should be on the same side of the C-13-C-14 double bond, effectively in a syn geometry (Hammann et al., 1991; Suzuki et al., 2009; Jacobsen, 2017). The experimental ECD spectrum of 2 was similar to that of 1, and the configuration of stereogenic centers was thus established as 4R, 5R, 8R, 9R, 10S. The simulated ECD spectrum for proposed stereochemistry showed good fit with experimental data (Figure 5). So, the structure of compound 2 was elucidated to be (4R, 5R, 8R, 9R, 10S)-8α-Hydroxylabd-13,15,17-trien-19,16; 23-diolide and named as salvimirzacolide B.
[image: Figure 5]FIGURE 5 | Comparison of experimental and calculated ECD spectra of compound 2 at TD-DFT/cam-B3LYP/6-31G(d,p) theory in MeOH.
Compound 3 was isolated as a colorless gum. A molecular formula of C25H38O6 was deduced from HRESIMS data [m/z 457.2557 [M+H]+; calcd. 457.2560] and using NMR data, accounting for seven indices of hydrogen deficiency. The 13C NMR spectrum (Table 1) showed 25 carbon resonances, which were identified by means of HSQC data as four methyl, nine methylenes, five methines, and seven quaternary carbons. The 13C NMR data showed signals for a di-substituted double bond (δC 151.5, 111.9), a trisubstituted double bond (δC 169.3, 116.5), and two carbonyl carbons (δC 173.1, 183.1). Three carbon signals at δC 71.1, 74.5, and 82.5 indicated the presence of oxygen-bearing sp3 carbons. According to the degree of unsaturation, the structure of 3 should be tricyclic due to the absence of any other sp or sp2 carbon signals. The 1H NMR spectrum (Table 1) of 3 showed the presence of four methyl singlets at δH 0.84, 1.14, 1.15, and 2.08, as well as three vinyl protons at δH 5.79, 4.98, and 5.15. The NMR data of 3 (Table 1) suggested that its structure resembled that of lachnocalyxolide B, a sesterterpenoid previously isolated from Salvia lachnocalyx Hedge by Farimani and Mazarei (2014). Inspection of the NMR data revealed lack of the C-6 oxygenated methine group in compound 3, and rather the presence of an additional methylene group (δH-6 1.28, 1.40; δC-6 23.8). This suggested the replacement of the lactone moiety by a hydroxy acid in 3. The relative configuration of the decalin moiety was assigned to be 4R*, 5R*, 8R*, 9R*, 10S*, based on NOESY correlations between H-25, H-24, and H-22, as well as NOE between H-9 and H-5. To determine the relative configuration of centers C-14 and C-16, DP4+ NMR chemical shift probability calculation was implemented (Grimblat et al., 2015). Generated conformers for two stereoisomers, 14S, 16R and 14R, 16R, were subjected to geometrical optimization followed by NMR chemical shift calculation at CPCM/mPW1PW91/6-31+G(d,p)//B3LYP/6-31G(d) basis sets and level of theories. Calculation of DP4+ probability value indicated 14S, 16R (isomer 2) with probability of 100% to be the correct stereoisomer (Supplementary Figure S62). The results further supported by comparison of calculated total correlation coefficients for both isomers (0.99041 for isomer 1 and 0.99430 for isomer 2; Supplementary Figure S63). Additionally, calculation of ECD spectra for the aforementioned stereoisomers could further confirm both relative and absolute configuration of compound 3 (Figure 6).
[image: Figure 6]FIGURE 6 | Comparison of experimental and calculated ECD spectra of compound 3 at TD-DFT/B3LYP/6-31+G(d,p) basis set and level of theory in acetonitrile.
It is worth mentioning that due to the flexibility of molecule and lack of NOE between ring A and B with the chiral centers in the side chain, the absolute stereochemistry of a 10-membered ring (Figure 1) in both isomers was assumed as 4R, 5R, 8R, 9R, 10S, by taking into account the biosynthetic pathway of these compounds, our previous reports, as well as data obtained in the current study for similar molecules (compounds 5 and 6). Ultimately, the structure of 3 was elucidated as (4R, 5R, 8R, 9R, 10S, 14S, 16R)-8,14-Dihydroxylabd-13 (21),17-dien-16,19-olide and named as salvimirzacolide C.
Compound 4 was isolated as a colorless gum and indicated the same molecular formula as 3 (C25H38O6) based on its HRESIMS molecular ion peak at m/z 457.2557 [M+Na]+. Comprehensive analyses of the NMR spectra revealed that 4 possessed the identical planar structure as 3. The NOSEY experiment was performed to clarify the relative configuration. Compound 4 showed diagnostic NOESY correlations between H-25, H-24, and H-22, as well as NOE between H-9 and H-5, suggesting a relative conﬁguration of 4R*,5R*,8R*,9R*,10S*. Similar to 3, the relative conﬁguration of 4 at centers C-14 and C-16 was established in a similar approach described for 3, and only 14R, 16R stereoisomer (isomer 1) could be suggested for this compound. The results further supported by comparison of calculated total correlation coefficients for both isomers (0.99371 for isomer 1 and 0.99158 for isomer 2; Supplementary Figure S65). Further simulation of ECD spectrum and its comparison with experimental data displayed a great fit and resulted therefore in determining the absolute configuration of 4 as 4R, 5R, 8R, 9R, 10S, 14R, 16R (Figure 7). Thus, the structure of compound 4 was elucidated as (4R, 5R, 8R, 9R, 10S, 14R, 16R)-8,14-Dihydroxylabd-13 (21),17-dien-16,19-olide, and named as salvimirzacolide D.
[image: Figure 7]FIGURE 7 | Comparison of experimental and calculated ECD spectra of compound 4 at TD-DFT/B3LYP/6-31+G(d,p) basis set and level of theory in acetonitrile.
Compound 5 was isolated as a colorless gum. Its molecular formula determined as C25H36O6 according to HRMS spectrum (m/z 455.2400 [M+Na]+, calcd. 455.2404). The molecular formula accounted for eight degrees of unsaturation. Based on 13C NMR and HSQC spectrum (Table 2), 25 resonances were assigned to five methyl groups, seven methylenes, five methines, and eight quaternary carbons. The 13C NMR data moreover showed signals for two double bonds (δC 110.9, 150.9 and 155.4, 117.2) and two carbonyl carbons (δC 169.4, 182.4). The absence of any other sp or sp2 carbon signal implied that the structure of 5 contained four rings. Three carbon resonances at δC 70.2, 75.8, and 79.6 indicated their connection to oxygen. The 1H NMR spectrum (Table 2) of 5 illustrated resonances of five methyl singlets at δH 0.81, 1.10, 1.17, 1.20, and 2.15, as well as two vinyl protons at δH 5.33 (d, 8.7 Hz) and 5.95 (s). A doublet at δH 4.81 (H-14, J = 8.7 Hz) indicated an oxygen-bearing carbon situated near the vinylic methine H-15 (δH 5.33 d, 8.7 Hz). This was further confirmed by the COSY correlation between them, and HMBC correlation from H-14 to C-16 and from H-15 to C-17, suggesting their connectivity to the lactone moiety. HMBC correlations between H-14 and C-12, C-13, and C-8 demonstrated the foundation of a seven-membered heterocyclic ring by the connection of C-14 to C-8 through the oxygen bridge. Additionally, HMBC correlations from H-21 to C-12, C-13, and C-14 confirmed its location on C-13 adjacent to a hydroxyl group. The remaining parts of the molecule (rings A and B) were similar to those of the above-mentioned molecules. According to the NOESY spectrum the relative configurations of rings A and B were identical to those in 1–4 (Figure 3). Moreover, the NOESY spectra displayed NOEs between H-9 and H-14 (confirming their co-facial orientation) and among H-21/H-22/H-25 (Figure 3). To decipher the AC of compound 5, geometrical optimization and minimization, and subsequent ECD spectrum calculation of compound 5 were performed at CPCM/B3LYP/6-31+G(d,p)//6-31G(d) basis sets and level of theories. Overlaying calculated and experimental spectra resulted in establishing the absolute configuration of 5 as 4R, 5R, 8R, 9R, 10S, 13S, 14R (Figure 8). The structure of 5 therefore was determined as (4R,5R,8R,9R,10S,13S,14R)-8,14-Epoxy-13-hydroxylabd-15,17-dien-15(Z)-16,19-olide, and named as salvimirzacolide E. Compound 5 is the first example of a sesterterpene structure extracted from Salvia species bearing a heptagonal C-ring.
TABLE 2 | 1H and 13C NMR spectroscopic data of compounds 5–7 (600 MHz, δ in ppm, J in Hz)
[image: Table 2][image: Figure 8]FIGURE 8 | Comparison of experimental and calculated ECD spectra of compound 5 at TD-DFT/B3LYP/6-31+G(d,p) basis set and level of theory in acetonitrile.
Compound 6 was isolated as a whitish gum. Its molecular formula of C25H38O6 was derived from HRMS spectrum, displaying a pseudo-molecular ion peak at m/z 457.2579 [M+Na]+ (calcd. 457.2560). The molecular formula accounted for seven indices of hydrogen deﬁciency. The NMR data of 6 were similar to those of (4R, 5R, 8R, 9R, 10S, 13S, 16R)-14-hydroxymanoyloxide-17-en-16,19-olide, previously isolated by authors from the same plant (Ebrahimi et al., 2014). Notable diﬀerences were observed for resonances attributable to the C-9 and C-15 with the paramagnetically shifted signal of C-9 (δC 58.4) with Δδ = +3.6 and diamagnetically shifted signal of C-15 (δC 32.4) with Δδ = −4.5 (Table 2). Additionally, the resonances of H-9 (δH 1.16), H-14 (δH 3.28), and H-15a (δH 2.06) in 1H NMR spectrum were shifted (Δδ = −0.34, −0.47, and +0.48 ppm, respectively). Careful inspection of the HMBC and 1H–1H COSY correlations revealed that compound 6 possessed the same planar structure as of 14-hydroxymanoyloxide-17-en-16,19-olide. According to these alterations in chemical shifts, it was assumed that both compounds should be stereoisomers. Consequently, since in the previous study the stereochemistry of the hydroxyl group C-14 was not identified, it can be assumed that the difference could be potentially related to the stereochemistry of C-13, C-14, and C-16. The NOESY spectrum displayed correlations between H-25, H-24, and H-22; H-22 and H-21; and between H-5 and H-9, corroborating the linkage of rings A, B, and C. Strong NOESY correlations between H-14 with H-21 and H-12β suggested that the predominate conformation of 6 is that having gauche interactions of H-14 with both C-21 and C-12 (Hammann et al., 1991; Suzuki et al., 2009; Jacobsen, 2017). Nevertheless, the final confirmation was simultaneously deduced from DP4+ probability calculation for two possible isomers, 14R, 16R and 14S, 16R (Supplementary Figure S66). The results obtained illustrated that the 14R, 16R with probability of 100% to be the correct stereoisomer. Further calculation of ECD spectrum led to the determination of the absolute configuration of 6 as 4R, 5R, 8R, 9R, 10S, 13R, 14R, 16R (Figure 9). In conclusion, the structure of 6 was deﬁned as (4R, 5R, 8R, 9R, 10S, 13R, 14R, 16R)-14-Hydroxymanoyloxide-17-en-16,19-olide, and named as salvimirzacolide F.
[image: Figure 9]FIGURE 9 | Comparison of experimental and calculated ECD spectra of compound 6 at TD-DFT/B3LYP/6-31+G(d,p) basis set and level of theory in acetonitrile.
Compound 7 (Table 2) was isolated as a colorless gum. The HRESIMS of 7 showed a molecular ion at m/z 307.1914 [M+H]+ (calcd 307.1915), indicating a molecular formula of C18H28O4 and five indices of hydrogen deficiency. The 13C NMR spectrum showed 18 carbon resonances, which were assigned with the aid of the HSQC spectra as four methyl, five methylenes, four methines, and five quaternary carbons. The 1H NMR spectrum (Table 2) displayed the characteristic signals of four methyl singlets at δH 1.02, 1.17, 1.26, and 2.27, and two olefinic protons at δH 6.23 (d, 15.0 Hz) and 6.82 (dd, 15.0, 10.6 Hz). These data were reminiscent of a nor-diterpenoid scaffold. The 1H–1H COSY spectrum showed three discrete spin systems, including H2-1/H2-2/H2-3, H-5/H2-6/H2-7, and H-9/H-11/H-12. HMBC correlations originated from methyl groups, H-17, H-18, and H-15, confirmed the substructure of the rings A and B as those in the aforementioned sesterterpenoid systems. Finally, HMBC correlations from H-12 to C-9, and from H-11 and H-14 to C-13 completed the substructure of the side chain as α,β-unsaturated methyl ketone and its connection to C-9. NOESY correlations of H-18 (δH 1.02) with H-17 (δH 1.17) and H-15 (δH 1.26) indicated their co-facial orientation (Figure 3). Equally, an NOE cross peak between H-5 and H-9 corroborated the side chain to be, [image: image]-oriented. Hence, the structure of 7 was established as 8α-Hydroxy-11(E)-en-13-oxo-14,15-dinorlabdan-18-oic. Establishing the absolute configuration of this compound failed due to the lack of solubility of this compound in acetonitrile or methanol, and its minor quantity.
2.1 Investigation of Cytotoxic Activity of the Compounds 1-7
The antiproliferative activity of compounds 1-7 was evaluated on three human melanoma cancer cells: A375, WM164, and 541Lu. No significant inhibitory effects were observed at the concentration range used (up to 100 µM).
Salvia is one of the few genera in the Lamiaceae family that produces sesterterpenoids (Qingwen et al., 2021). To date, more than 130 species of Salvia have been phytochemically studied. Among them, sesterterpenes are reported only from 10 species including S. hypoleuca, S. mirzayanii, S. Lachnocalyx, S. sahendica, S. limbata, S. dominica, S. yosgadensis, S. palaestina, S. syriaca, and S. aethiopis (Rustaiyan and Sadjadi 1987; Gonzalez et al., 1989; Moghaddam et al., 1995; Linden et al., 1996; Topcu et al., 1996; Ulubelen et al., 1996; Cioffi et al., 2008; Dal Piaz et al., 2010; Hasan et al., 2016). It is noteworthy that all these species grow in the Middle East and eight of them are in flora of Iran. The reported sesterterpenoids are mainly labdane-type or their manoyloxide derivatives with a lactone moiety at the end of the chain. As a conclusion, six new sesterterpenoids together with one new nor-diterpenoid were isolated from aerial parts of S. mirzayanii and their absolute configuration was established by means of electronic circular dichroism spectroscopy. Assessing their biological activity revealed no potential cytotoxic activity of them.
3 MATERIALS AND METHODS
3.1 General Experimental Procedures
Optical rotations were measured with a Jasco P-2000 polarimeter (Japan) using a 10.0 cm tube and the suitable solvent for each compound (MeOH or CHCl3). IR spectra were recorded on a Bruker ALPHA FT-IR apparatus equipped with a Platinum ATR module, and ECD experiments conducted on a J-1500 spectrophotometer (JASCO, Japan). One- and two-dimensional NMR experiments (for compounds 3–7) were recorded on a Bruker Avance II 600 spectrometer (Bruker) operating at 600.19 MHz (1H) and 150.91 MHz (13C) at 300 K (chemical shifts δ in ppm, coupling constants J in Hz), with deuterated chloroform (chloroform-d) as the solvent, containing TMS 0.03%. The solvent was purchased from Euriso-top SAS (Saint-Aubin Cedex, France). NMR experiments for 1 and 2 were conducted on Bruker Avance III 500 spectrometer.
High-resolution mass spectra were measured with a Q-Exactive HF-X Orbitrap mass spectrometer (Thermo, United States) for compounds 3-7 and on micrOTOF-Q II (Bruker) for compounds 1 and 2. Silica gel (70–230 and 230–400 mesh, Merck) was used for column chromatography. Preparative TLC was performed on silica gel 60 GF254 (Merck). Spots were detected on TLC under UV or by heating after spraying with 5% phosphomolibdic acid in ethanol. HPLC separations were performed on a Knauer HPLC system consisting of a mixing pump with degasser module, PDA detector, and an autosampler. Knauer Eurospher П 100–5 RP C18 (5 μm, 4.6 × 250 mm i. d.) and SunFire Prep C18 ODB (5 μm, 19 × 50 mm i. d.) columns were used for analytical and semi-preparative separations, respectively. Solvents used for extraction and column chromatography were of technical grade and were distilled before use. HPLC grade solvents (Merck) were used for HPLC.
3.2 Plant Material
The aerial parts of S. mirzayanii were collected at the flowering stage in March 2015 from Geno mountain (E 56°.09′.66″, N 27°.23′.01″) Hormozgan, Iran, and identiﬁed by Dr. M. A. Soltanipoor. A voucher specimen (No. 5322) was deposited at the herbarium of the Hormozgan Agricultural and Natural Resource Research Center, Bandarabbas, Iran. Plant materials were shade-dried and stored properly until extraction.
3.3 Extraction and Isolation
The air-dried and powdered aerial parts of S. mirzayanii (5.0 kg) were extracted successively with n-hexane (3 × 20 L) and acetone (5 × 20 L) by maceration at room temperature. Extracts were concentrated in vacuo to afford dark gummy residues of n-hexane (120 g) and acetone (110 g) extracts. The acetone extract was subjected to chromatography on a silica gel column (230–400 mesh, 900 g) and eluted with a gradient of n-hexane−EtOAc (100:0 to 0:100, v/v) followed by increasing concentrations of MeOH (up to 25%). Fractions of 250 mL were collected and after screening by TLC, fractions with similar compositions were pooled to yield 28 combined fractions.
Fractions 17 and 18 were combined [3.8 g, eluted with n-hexane−EtOAc (50:50)] and subjected to silica gel column chromatography (70–230 mesh, 230 g), eluted with a gradient of CHCl3−acetone (90:10), to afford four fractions (18b, 18h, 18i, and 18k). Fraction 18k (25.0 mg) was dissolved in 0.5 mL MeOH and separated by preparative RP-HPLC (SunFire C18, 5 μm, 10 × 150.0 mm i. d.; Waters) with a step gradient consisting of H2O and 0.1% Formic acid (solvent A) and MeCN (solvent B) as follows: 40% B for (0–5 min), 40–50% B (5–12 min), 50% B (12–18 min), 50–60% B (18–30 min). The flow rate was 20 mL/min. Fraction 18k aﬀorded 1 [1.5 mg, tR = 14.0 min, >95% purity (1H NMR)] and 2 [0.5 mg, tR = 15.1 min, >95% purity (1H NMR)]. Fraction 21 (200 mg) was puriﬁed by semipreparative RP-HPLC [H2O (A), MeOH (B); 55% B (0–6 min), 55–97% B (6–60 min); ﬂow rate 4 mL/min; sample concentration 100 mg/mL in DMSO; injection volume 100 µL] to yield compounds 5 (1.5 mg, tR = 40.3 min), 6 (1 mg, tR = 42.1 min). Fraction 23 (4.0 g) was further puriﬁed by silica gel column chromatography (44 × 3.0 cm, 70–230 mesh) with CHCl3−MeOH (95:5 to 30:70, v/v) to aﬀord five subfractions (F23a to F23e). F23e (120 mg) was further puriﬁed by semipreparative RP-HPLC [H2O (A), MeCN (B); 30% B (0–5 min), 30–65% B (5–60 min); ﬂow rate 4 mL/min; sample concentration 120 mg/mL in DMSO; injection volume 100 μL] to aﬀord compound 7 (1.5 mg, tR = 13.1 min). Fraction 24 (5.35 g) was puriﬁed by silica gel column chromatography (61 × 3.5 cm, 70–230 mesh) with CHCl3−Acetone (98:2 to 30:70, v/v) to aﬀord seven subfractions (F24l to F24r). F24r (200 mg) was puriﬁed by semipreparative RP-HPLC [H2O (A), MeCN (B); 30% B (0–5 min), 30–60% B (5–60 min); ﬂow rate 4 mL/min; sample concentration 200 mg/mL in DMSO; injection volume 100 µL] to yield compounds 3 (1 mg, tR = 21.6 min) and 4 (2 mg, tR = 23.4 min).
3.4 Compounds Characterization
Salvimirzacolide A (compound 1): C25H36O5; colorless gum; [image: image]–20.15 (c 0.022, CHCl3); ECD (c 100 × 10–6 M, ACN) λmax (Δε) 320 (+2.5); for 1H NMR data (500 MHz, Methanol-d4) and 13C (125 MHz, Methanol-d4) spectroscopic data see Table 1; HRESIMS m/z 831.5056 [calcd for C50H71O10, [2M−H]−, m/z 831.5053].
Salvimirzacolide B (compound 2): C25H36O5; colorless gum; [image: image]–17.5 (c 0.018, MeOH); ECD (c 100 × 10–6 M, ACN) λmax (Δε) 300 (+1.6); for 1H NMR data (500 MHz, Methanol-d4) and 13C (125 MHz, Methanol-d4) spectroscopic data see Table 1; HRESIMS m/z 831.5056 [calcd for C50H71O10 [2M−H]−, m/z 831.5053].
Salvimirzacolide C (compound 3): C25H38O6; colorless gum; [image: image] + 21.32 (c 0.017, CHCl3); UVmax (ACN) λmax (log ε) 270 (2.1), 218 (2.95) nm; ECD (c 100 × 10–6 M, ACN) λmax (Δε) 232 (−22.58); IR νmax 2,932, 1,727, 1,643 cm−1; for 1H NMR data (600 MHz, Chloroform-d1) and 13C (150 MHz, Chloroform-d1) spectroscopic data see Table 1; HRESIMS m/z 457.2557 [calcd for C25H39O6 [M+H]+, m/z 457.2560].
Salvimirzacolide D (compound 4): C25H38O6; colorless gum; [image: image] + 43.9 (c 0.012, CHCl3); UVmax (ACN) λmax (2.15), 218 (2.90) nm; ECD (c 100 × 10–6 M, ACN) λmax (Δε) 243 (+16.61), 231 (−17); IR νmax 2,929, 1,728, 1,642 cm−1; for 1H NMR data (600 MHz, Chloroform-d1) and 13C (150 MHz, Chloroform-d1) spectroscopic data see Table 1; HRESIMS m/z 457.2557 (calcd for C25H38O6Na [M+Na]+, m/z 457.2560).
Salvimirzacolide E (compound 5): C25H36O6; colorless gum; [image: image] + 26.51 (c 0.033, CHCl3); UVmax (ACN) λmax (log ε) 270 (1.8), 200 (2.85) nm; ECD (c 100 × 10–6 M, ACN) λmax (Δε) 268 (+14.13); IR νmax 2,930, 1,719 cm−1; for 1H NMR data (600 MHz, Chloroform-d1) and 13C (150 MHz, Chloroform-d1) spectroscopic data see Table 2; HRESIMS: m/z 455.2400 [calcd. for C25H36O6Na [M+Na]+, m/z 455.2404].
Salvimirzacolide F (compound 6): C25H38O6; colorless gum; [image: image] + 41.18 (c 0.016, CHCl3); UVmax (ACN) λmax (log ε) 270 (2.0), 210 (2.78) nm; ECD (c 100 × 10–6 M, ACN) λmax (Δε) 277 (+3.22), 245 (−2.097), 228 (−5.35); IR νmax 2,931, 1,728 cm−1; for 1H NMR data (600 MHz, Chloroform-d) and 13C (150 MHz, Chloroform-d1) spectroscopic data see Table 2; HRESIMS m/z 457.2579 [calcd for C25H38O6Na [M+Na]+, m/z 457.2560].
Salvimirzacolide G (compound 7): C18H28O4; colorless gum; [image: image]–12.67 (c 0.021, CHCl3); UVmax (ACN) λmax not available; ECD (ACN) λmax (Δε) not available; IR νmax 2,929, 1,698, 1,249 cm−1; for 1H NMR data (600 MHz, Chloroform-d1) and 13C (150 MHz, Chloroform-d1) spectroscopic data see Table 2; HRESIMS m/z 307.1914 [calcd for C25H40O6 [M+H]+, m/z 307.1915].
3.5 Computational Methods
The 3D structure of selected compounds was subjected to Schrödinger MacroModel 9.1 (Schrödinger. LLC, United States) to perform conformational analysis using the OPLS-3 force ﬁeld in the gas phase and mixed tortional/low-mode sampling method. The number of steps was considered high enough to include all important conformers. Conformers occurring in the energy window of 5 kcal.mol−1 were subjected to geometrical optimization and frequency calculation using DFT/B3LYP/6-31G(d) in the gas phase with Gaussian 16 (Frisch et al., 2016). No imaginary frequencies were observed. To perform DP4+ probability calculation, the optimized conformers with population of more than 1% were subjected to NMR shielding tensors calculation (13C and 1H) using Gauge-Independent Atomic Orbital (GIAO) method at mPW1PW91/6–31+G(d,p)/CPCM basis set and level of theory in chloroform. Similar calculation was performed for TMS. The values obtained were converted to unscaled chemical shifts using unscaled chemical shift = σTMS–σx; where σx is the calculated shielding tensor for atom x. DP4+ probability calculation was ultimately conducted by using the excel sheet provided by Grimbalt et al. (2015) using only the atoms from side chains which are the most atoms configurational changes. Calculation of excitation energy (nm), rotatory strength, dipole velocity (Rvel), and dipole length (Rlen) were performed by TD-DFT/B3LYP/6-31G(d,p)/CPCM/acetonitrile for compounds 1 and 2, and were performed by TD-DFT/B3LYP/6-31+G(d,p)/CPCM/acetonitrile for compounds 3–7. All calculated spectra were Boltzmann-averaged and ECD curves were extracted by SpecDis v.1.7 software (Bruhn et al., 2017) with a half-band of 0.2–0.3 eV. UV shift of ±10 nm was applied prior to comparison to experimental ECD spectra.
3.6 Cell Culture and Cell Cytotoxicity Assay
3.6.1 Culture Conditions
The human melanoma cell lines A375, WM164, and 541Lu were grown in Dulbecco’s modified Eagle medium (DMEM) supplemented with 5% FBS, 1% PS, and 1% L-glutamine. All cells were passaged routinely by trypsinization until they attained confluence and were maintained in a humidified 5% CO2 atmosphere at 37°C.
3.6.2 Cytotoxicity Assay
The cytotoxicity assay was performed as described before (Alilou, et al., 2020) using cell counting kit-8 (WST-8, ABCAM). Briefly, cells were seeded in 96-well plates at a density of 1 × 104 per well and incubated in fresh medium at 37°C for 24 h. After 24 h incubation, compounds 1-7 were added to cells in five different concentrations (100, 75, 50, 25, and 5 µM). After 24 h of incubation, media were removed from wells and subsequently 100 µL of 10% WST-8 solution in DMEM was added and the plate was incubated for further 3 h. Then, the absorbance of the wells was measured at 450 nm using an Elisa Plate Reader (Tecan Infinite F200) and the activity calculated as percentage cell viability.
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