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Two new patchoulene sesquiterpenoid glycosides (1–2), a natural patchoulane-type sesquiterpenoid (3) and a natural cadinene-type sesquiterpenoid (4), were isolated from the aerial parts of Pogostemon cablin (Blanco) Benth., together with eleven known sesquiterpenoids (5–15) and eleven known flavonoids (16–26). Their chemical structures were elucidated on the basis of spectroscopic methods, including NMR, HRESIMS, IR, and CD spectroscopic data analysis, as well as chemical hydrolysis. The isolated compounds 1–13 and 15–26 were tested for inhibitory effects on the proliferation of HepG2 cancer cells. Among them, compounds 17 and 19 displayed anti-proliferative effects against HepG2 cells with IC50 values of 25.59 and 2.30 μM, respectively. Furthermore, the flow cytometry analysis and Western blotting assays revealed that compound 19 significantly induced apoptosis of HepG2 cells by downregulating the ratio of Bcl-2/Bax and upregulating the expression of cleaved caspase-3 and cleaved caspase-9. Therefore, the potential pharmaceutical applications of P. cablin would be applied according to our study findings.
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INTRODUCTION
Pogostemon cablin (Blanco) Benth. is an annual herb known as patchouli, a form of traditional Chinese medicine for the treatment of upset stomach, vomiting, diarrhea, headache, and fever. The plant, a member of the genus Pogostemon, Lamiaceae family, was native to South and Southeast Asia, such as Indonesia, Malaysia, Philippines, and India, and was introduced to China in the 9th century as a spice. It was fostered in Guangdong, Guangxi, Fujian, and Taiwan provinces in China (Feng et al., 1994). In recent years, a large number of phytochemical studies on P. cablin had been carried out to concentrate on the constituents of this plant, which showed the presence of various monoterpenes and sesquiterpenoids (Hikino et al., 1968; Terhune et al., 1973), triterpenoids (Huang et al., 2009), steroids (Kongkathip et al., 2009), flavonoids (Ding et al., 2009), alkaloids (Büchi et al., 1966), and glycosides (Wang et al., 2010). The reported constituents from P. cablin possessed marked activities such as antibacterial activity, anti-influenza virus, anti-inflammation, cytotoxicity, antimutagenic activity, antiplatelet aggregation, and insecticidal activity (Li et al., 2013). In our continuous phytochemical studies on the constituents of this medicinal herb, two new patchoulene sesquiterpenoid glycosides (1–2), a natural patchoulane-type sesquiterpenoid (3) and a natural cadinene-type sesquiterpenoid (4), as well as eleven known sesquiterpenoids (5–15) and eleven known flavonoids (16–26), were isolated and characterized. In addition, the anti-proliferative activities of the isolated compounds (1–13 and 15–26) against HepG2 cancer cells were assessed in this article. Furthermore, the apoptosis-inducing effects of compound 19 in HepG2 cells were also investigated in the current study. To the best of our knowledge, the apoptosis-induced activity of compound 19 is reported for the first time.
EXPERIMENT
General Experimental Procedures
Column chromatographies (CC) were carried out with silica gel (200–300 mesh, Qingdao Marine Chemical Factory), silica gel for chromatography C18 SMB 100–20/45 (Fuji Silysia Chemical Ltd), and Sephadex LH-20 (Pharmacia Biotech AB). TLC was performed using precoated silica gel GF254 plates (Yantai Chemical Industry Research Institute). MPLC (medium pressure liquid chromatography) was carried out on a Buchi Pure C-815 apparatus. High-performance liquid chromatography (HPLC) was carried out on a Waters 1500-Series system. The semi-preparative C18 column used was the SunFire® C18 OBD (250 × 10 mm) apparatus. UPLC was carried out on a Waters Acquity UPLC-Class instrument. IR data were obtained with a KBr pellet on a Thermo Scientific Fourier Transform NICOLET iS5 Infrared Spectrometer (Waltham, USA). High-resolution electrospray ion mass (HRESIMS) was performed on a Thermo Scientific Q-Exactive mass spectrometer (Waltham, USA). 1D and 2D NMR data were recorded on a Bruker AVANCE NEO 500 spectrometer (Bremen, Germany) with chloroform-d and methanol-d4 as solvents. Chemical shift values were expressed in δ (ppm) relative to tetramethylsilane (TMS) as the internal standard. An Anton Paar MCP 200 automatic polarimeter (Graz, Austria) was used to determine optical rotations in ACN at 25°C. CD spectra were obtained on a Chirascan spectrometer (England, United Kingdom) at room temperature using a 0.2-cm standard cell. All solvents used in column chromatography and HPLC were of analytical grade (Guangzhou Chemical Reagents Company Ltd., Guangzhou, China) and chromatographic grade (Thermo Fisher), respectively.
Plant Material
The aerial parts of P. cablin were collected in September 2019, GuangXi Province, China. The plant material was identified by Professor Xiaoji Zheng, and a voucher specimen (201909PC) was deposited at Wuyi University, Jiangmen, China.
Extraction and Isolation
The air-dried aerial parts of P. cablin (13.0 kg) were powdered and extracted with 95% ethanol (3 × 30 L) at room temperature for 6 days. The extract was evaporated under reduced pressure (45°C) to afford a brown residue (2.0 kg), which was suspended in water (5 L) and extracted sequentially with petroleum ether, EtOAc (ethyl acetate), and n-BuOH at room temperature. The EtOAc fraction (178 g) was subjected to a silica gel (200–300 mesh) column using a gradient petroleum ether (PE)-EtOAc system (100:1, 50:1, 30:1, 10:1, 5:1, 1:1, and 0:1, each 15 L) as eluents to afford 19 fractions (Fr. 1–Fr. 19). Fr. 4 (2.8 g) was subjected to Sephadex LH-20 and yielded two subfractions, namely, (Fr. 4.1- Fr. 4.2) and Fr. 4.2 (1.2 g), which were further purified by using a reversed phase (C18 SMB 100–20/45, 30 g, H2O-MeOH: 40:1 to 0:100) column to obtain compound 10 (432 mg). Fr. 7 (4.5 g) was submitted to a silica gel (200–300 mesh) column using PE and EtOAc as eluents (50:1 to 0:1) to afford five subfractions (Fr. 7.1–Fr. 7.5); Fr. 7.4 (950 mg) was submitted to Sephadex LH-20 and eluted with the CHCl2–CH3OH (1:1) system to obtain compound 12 (7 mg), Fr. 7.3 (530 mg) was submitted to Sephadex LH-20 and eluted with the CHCl2–CH3OH (1:1) system to afford compounds 18 (77 mg) and 24 (44 mg). Fr. 8 (5.5 g) was subjected to Sephadex LH-20 and eluted with the CHCl2–CH3OH (1:1) system to afford two subfractions (Fr. 8.1 and Fr. 8.2), and Fr. 8.2 (1.6 g) was further purified by using a silica gel (200–300 mesh) column using PE and EtOAc as eluents (100:1 to 0:1) to obtain compound 23 (373 mg). Fr. 9 (15.5 g) was subjected to a reversed phase (C18 SMB 100–20/45, 30 g, H2O-MeOH: 30:1 to 0:100) column, and four subfractions (Fr. 9.1–Fr. 9.4) were yielded, and Fr. 9.1 (200 mg) was further purified by semi-preparative HPLC (0–60 min: isocratic 80% CH3CN in water) to yield compounds 4 (25 mg) and 5 (15 mg); Fr. 9.2 (330 mg) was purified by semi-preparative HPLC (0–60 min: isocratic 80% CH3CN in water) to obtain 6 (27 mg) and 9 (20 mg); Fr. 9.4 (500 mg) was subjected to semi-preparative HPLC (0–60 min: isocratic 80% CH3CN in water) to afford compounds 16 (4 mg), 20 (14 mg), and 25 (48 mg). Fr. 10 (4.1 g) was submitted to a silica gel (200–300 mesh) column using PE and EtOAc as eluents (30:1 to 0:1) to obtain Fr. 10.1–Fr. 10.3, and then, Fr. 10.3 (2.0 g) was further purified by Sephadex LH-20 to obtain compound 19 (75 mg). Fr. 12 (5.4 g) was subjected to Sephadex LH-20 to afford two subfractions (Fr. 12.1 and Fr. 12.2). Fr. 12.1 (1.3 g) was further purified using a reversed phase (C18 SMB 100–20/45, 30 g, H2O-MeOH: 30:1 to 0:100) column to obtain compounds 3 (20 mg) and 22 (5 mg). Fr. 12.2 (150 mg) was subjected to semi-preparative HPLC (0–60 min: isocratic 60% CH3CN in water) to afford compounds 7 (1 mg), 13 (1 mg), 14 (1 mg), and 17 (41 mg). Fr. 13 (1.3 g) was submitted to a silica gel (200–300 mesh) column using PE and EtOAc as eluents (50:1 to 0:1) to yield two subfractions (Fr. 13.1 and Fr. 13.2), and Fr. 13.1 (300 mg) was subjected to Sephadex LH-20 and a reversed phase (C18 SMB 100–20/45, 30 g, H2O-MeOH: 30:1 to 0:100) column to obtain compounds 11 (5 mg), 21 (8 mg), 8 (26 mg), and 26 (12 mg). Fr. 15 (6.3 g) was submitted to a silica gel (200–300 mesh) column using PE and EtOAc as eluents (30:1 to 0:1) and further purified by using a reversed phase (C18 SMB 100–20/45, 30 g, H2O-MeOH: 40:1 to 0:100) column to obtain compound 15 (5 mg). Fr. 19 (11.5 g) was subjected to a silica gel column (200–300 mesh, 5 × 40 cm, 120 g) using a gradient CH2Cl2-MeOH system (10:1, 5:1, 1:1, 0:1) to obtain two subfractions (Fr. 19.1 and Fr. 19.2). Fr. 19.1 (2.0 g) was submitted to a reversed phase (C18 SMB 100–20/45, 30 g, H2O-MeOH: 50:1 to 0:100) column and semi-preparative HPLC (0–60 min: isocratic 40% CH3CN in water) to yield compounds 1 (6 mg) and 2 (6 mg).
Compound Characterization
Compound 1: an amorphous white powder; [α]25 D = −35.5 (c 0.1, MeOH); IR (KBr) νmax 3,449, 1,638, 1,075, and 536 cm−1; 1H and 13C NMR data, see Table 1 and Table 2; HRESIMS m/z 427.2318 [M + HCOO]- (calcd for C22H35O8, 427.2326).
TABLE 1 | 1H NMR data of compounds 1 and 2 in CD3OD and of compounds 3 and 4 in CDCl3 (500 MHz).
[image: Table 1]TABLE 2 | 13C NMR data of compounds 1 and 2 in CD3OD and of compounds 3 and 4 in CDCl3 (125 MHz).
[image: Table 2]Compound 2: an amorphous white powder; [α]25 D = −25.3 (c 0.1, MeOH); IR (KBr) νmax 3,449, 2,947, 1,638, 1,384, 1,077, and 536 cm−1; 1H and 13C NMR data, see Table 1 and Table 2; HRESIMS m/z 427.2320 [M + HCOO]- (calcd for C22H35O8, 427.2326).
Compound 3: colorless oil; [α]25 D = −37.0 (c 0.1, MeOH); IR (KBr) νmax 3,449, 2,964, 2,956, 2,922, 2,851, 1,685, 1,603, 1,261, 1,166, 1,105 and 1,026 cm−1; 1H and 13C NMR data, see Table 1 and Table 2; HRESIMS m/z 281.2109 [M + H]+ (calcd for C17H29O3, 281.2111).
Compound 4: an amorphous white powder; [α]25 D = −38.0 (c 0.1, MeOH); IR (KBr) νmax 3,474, 2,962, 2,923, 2,856, 1707, 1,644, 1,451, and 1,394 cm−1; 1H and 13C NMR data, see Table 1 and Table 2; HRESIMS m/z 237.1849 [M + H]+ (calcd for C15H25O2, 237.1849).
Quantum Chemical ECD Calculation
Electronic circular dichroism (ECD) was applied to establish the absolute configurations of 1′ and 2′, according to the reported method (Stephens and Harada, 2010). According to the key correlations observed in the NOESY spectrum, CHEM3D software with the MM2 force field was applied to search the preliminary conformational distribution. Geometric optimization of compounds 1′ and 2′ was calculated with the density functional theory (DFT) method and time-dependent DFT (TDDFT) via the Gaussian 09 program (Gaussian, Inc., Wallingford CT, USA). The optimized conformers obtained were submitted to CD calculation by the TDDFT [B3LYP/6-31G(d)] method. The computational data were fitted in the Origin 2021 (OriginLab Corporation, Northampton, MA, USA).
Acid Hydrolysis
Each compound (1–2 mg) was hydrolyzed with 1 M HCl (4 mL) for 4 h at 80°C. The reaction mixture was extracted with ethyl acetate 3 times (Zhang et al., 2020). The water layer was evaporated repeatedly under reduced pressure with MeOH until dryness, giving a monosaccharide residue. It was dissolved in anhydrous pyridine (1 mL), and L-cysteine methyl ester hydrochloride (3 mg) was added. The mixture was kept at 60°C for 1 h. Then, 5 μL (0.5 mg) O-tolylisothiocyanate was added and stirred at 60°C for another 1 h. The reaction mixture was directly analyzed by reversed-phase HPLC. The absolute configurations of sugars of compounds 1 and 2 were determined by comparing the retention times with derivatives of standard sugars prepared in a similar manner. Retention times for derivatives were 12.2 min (L-glucose) and 12.9 min (D-glucose), respectively. Meanwhile, compounds 1 and 2 were hydrolyzed to obtain compounds 1′ and 2′, respectively.
Anti-Proliferative Activity Assay (MTT Assay)
The antiproliferative activity of the isolated compounds was evaluated against the growth of hepatocellular carcinoma cells HepG2 (cells were grown in Dulbecco’s modified Eagle medium containing 10% FBS at 37°C) using an MTT assay. HepG2 cells were seeded in 96-well plates at a density of 5,000 cells per well and cultured in a 37°C incubator for 24 h (Tang et al., 2020). After 24 h, the medium was removed, and a fresh medium containing different compounds with a series of concentration gradients was added to each well and cultured in a 37°C incubator for 72 h. A measure of 20 μL (5 mg/mL) of the MTT solution was added to each well and cultured in a 37°C incubator for 4 h. Then, the supernatant was removed, and DMSO (100 μL) was added to each well. The optical density was measured at a wavelength of 490 nm after 15 min of shaking. The IC50 values of each compound were calculated with GraphPad Prism 8.0 software (GraphPad Software Inc., San Diego, CA, USA).
Flow Cytometry
HepG2 cells were seeded in 6-well plates (1 × 106 cells/well) for 24 h. Then, the medium was removed, and a fresh medium containing different concentrations of compound 19 (1, 2.5, and 5 μM) was added and cultured again for 48 h. Gemcitabine (GEM) was used as a positive control. After culture, the cells were collected and washed twice with cold PBS; binding buffer solution was added to the collected cell precipitate to make the cell concentration reach 1 × 106/mL. Then, 100 μL of the cell suspension was reabsorbed into the new centrifuge tube, and 5 μL Annexin V-FITC and 5 μL PI were added. After incubation at room temperature for 15 min (in a dark place), 400 μL binding buffer was added to each well. Fluorescence of cells was immediately detected with a flow cytometer and used for quantitative analysis.
Western Blotting
HepG2 cells were seeded in 6-well plates (1 × 106 cells/well) for 24 h. Then, the medium was removed, and a fresh medium containing different concentrations of compound 19 (1, 2.5, and 5 μM) was cultured for another 48 h. The medium was removed and washed with cold PBS; cells were collected and lysed with RIPA buffer, left to stand in an ice bath for 30 min, and centrifuged at 4°C for 20 min at the highest speed. The protein concentration was detected by using the BCA protein assay kit. Proteins were separated by SDS-PAGE gels and transferred to the PVDF membrane. The membrane was blocked with 5% non-fat milk for 2 h. Then, specific primary antibodies were used to bind to the corresponding proteins and left for incubation at 4°C overnight, after washing thrice with TBST (5 min), followed by incubation with a second antibody at room temperature for 50 min. The protein bands were detected using the ECL detection kit, and the gray intensities of the bands were measured by ImageJ software.
Statistical Analysis
All data are presented as the mean ± SD of at least three independent experiments. The means were compared by one-way ANOVA, followed by Dunnett’s test by GraphPad Prism 8.0 software. When the p-value was less than 0.05, the difference between groups was considered statistically significant.
RESULTS AND DISCUSSION
Structure Elucidation of New Compounds
Compound 1 was afforded as an amorphous white powder. The molecular formula of compound 1 was determined to be C21H34O6 based on its HRESIMS data (m/z 427.2318 [M + HCOO]-, calcd for C22H35O8 427.2326), indicating the existence of five degrees of unsaturation. The IR spectrum showed characteristic absorptions attributable to a cyclic olefinic bond (1,638 cm−1) and a hydroxyl (3,449 cm−1) bond. The 1H NMR spectrum (Table 1) of compound 1 revealed the presence of an olefinic proton [δH 5.02 (1H, m)] and three methyl groups [δH 0.80 (3H, s), 0.90 (3H, s), and 1.02 (3H, s)]. The 13C NMR and DEPT spectra (Table 2) showed 21 carbon signals due to three methyls, six methylenes, nine methines, and three quaternary carbons. Comprehensive interpretation of the 1D and 2D NMR spectral data allowed full assignment of the 1H and 13C NMR signals of compound 1 (Table 1 and Table 2). The aforementioned data indicated the presence of a β-D-glucopyranosyl moiety (Xiao et al., 2011) [δC 104.8, 78.2, 77.9, 75.2, 71.7, and 62.8]. Acid hydrolysis of compound 1 with 1 mol/L HCl afforded compound 1′ and β-D-glucose that was identified by direct comparison with an authentic sample.
Analysis of 1H–1H COSY in combination with HSQC showed correlations from H-2 to H-9, as shown by bold lines in Figure 1. In the HMBC spectrum, as shown in Figure 1, the correlations were observed from H-15 to C-1/C-9, H-2 to C-10/C-5/C-4, H-12 to C-10/C-7, H-13 to C-10/C-7, and H-14 to C-5/C-3/C-1′. Comprehensive interpretation of 1D and 2D NMR spectra of compound 1 revealed the presence of a patchoulene-type sesquiterpene unit in 1, which was similar to δ-patchoulene (Faraldos et al., 2010). However, its carbon spectrum NMR data have not been reported in the literature. The observed key HMBC correlations between H-14 and C-1′, as well as between H-1′ and C-14, indicated that the two units were linked via the C-14–O–C-1′ bond to form a patchoulene-type sesquiterpenoid glycoside. Thus, the planar structure of compound 1 was established (Figure 1).
[image: Figure 1]FIGURE 1 | Key 1H-1H and HMBC correlations.
The relative configuration of compound 1 was established by the NOESY interactions (Figure 2). The correlations between H-14a and H-6a/H-6b and between H-14a/H-14b and H-13 indicated the β-orientation of H-4, H-5, H-7, and CH3-15. Thus, the relative configuration of the sesquiterpenoid unit in compound 1 was determined.
[image: Figure 2]FIGURE 2 | Key NOESY correlations of compounds 1 and 2.
Finally, according to the quantum chemical electronic circular dichroism (ECD) calculation, as shown in Figure 3, the absolute configuration of compound 1 was deduced to be 4R, 5R, 7S, and 10S by a comparison of the experimental ECD spectrum of compound 1′ with the calculated one. Therefore, compound 1 was determined to be (4R, 5R, 7S, 10S)-14-hydroxypatchoulene-14-O-β-D-glucopyranoside, and named Pogopatchoulene A.
[image: Figure 3]FIGURE 3 | Experimental and calculated CD spectra for compounds 1′ and 2′.
Compound 2 was afforded as an amorphous white powder. The molecular formula of compound 2 was deduced to be C21H34O6 by its HRESIMS [M + HCOO]- ion at m/z 427.2320 (calcd for C22H35O8 427.2326), corresponding to five degrees of unsaturation. The UV and IR spectra of compound 2 displayed similar signals to those of 1. The 13C NMR spectrum revealed the presence of 21 carbon signals including three methyls, seven methylenes, seven methines, and four quaternary carbons. The 1D NMR signals of compound 2 closely resembled those of 1, indicating that they possessed a similar structure except for the presence of a tetrasubstituted double-bond group in compound 2 instead of a trisubstituted double-bond group in compound 1. A comprehensive comparison of their 2D NMR data revealed that the tetrasubstituted double-bond group in compound 2 was in positions 1 and 5 instead of positions 1 and 2 in compound 1. Furthermore, compound 2 was hydrolyzed with 1 mol/L HCl to obtain compound 2′ and β-D-glucose. Hence, the planar structure of compound 2 was established.
The relative configuration of compound 2 could be suggested by the interpretation of the NOESY data, as shown in Figure 2; the cross peaks between H-14a/H-14b and H-13 and between H-14a and H-6a indicated that H-4, H-7, and CH3-15 were in β-orientation. Finally, the absolute configuration of compound 2 was determined to be 4S, 7, and 10R, according to the quantum chemical ECD calculation presented in Figure 3. In conclusion, compound 2 was determined as (4S, 7R, 10R)-14-hydroxypatchoulene-14-O-β-D-glucopyranoside, and named Pogopatchoulene B.
Compound 3 was shown to have the molecular formula C17H28O3 by its HRESIMS data (m/z 281.2109 [M + H]+, calcd for C17H29O3: 281.2111). The UV spectrum showed maximal absorption at 286 nm. The IR spectra revealed the characteristic absorptions for hydroxyl (3,449 cm−1) and carbonyl (1,685 cm−1) bonds. The 1H NMR spectrum displayed the signals for four methyl protons [δH 0.84 (3H, s, H-14), 1.07 (6H, overlapped, H-13 and H-12), and 2.04 (3H, s, H-17)]. The 13C NMR and DEPT spectra displayed 17 carbon signals including four methyls, six methylenes, three methines, and four quaternary carbons. Comparison of the NMR data of compound 3 with the known compound patchoulan-1, 15-diol (8) suggested that their NMR signals were similar except for extra acetyl [δH 2.04 (3H, s), δC 21.1, 171.4] in compound 3. With the aid of 1H-1H COSY, HSQC, and HMBC experiments, all the 1H and 13C NMR signals were assigned, as shown in Table 1 and the relative configuration is shown in Figure 4, which was in accordance with a reaction product named patchouli alcohol acetate (Niwa et al., 1987). However, no relevant nuclear magnetic data on patchouli alcohol acetate had been reported in the literature. Therefore, we reported its carbon spectrum for the first time.
[image: Figure 4]FIGURE 4 | Chemical structures of compounds 1-26.
The molecular formula of compound 4 was established as C15H24O2 by a quasi-molecular ion peak at m/z 237.1849 [M + H]+ (calcd for C15H25O2: 237.1849) in its HRESIMS. IR spectra showed the characteristic absorptions for hydroxyl (3,474 cm−1), carbonyl (1707 cm−1), and olefinic bonds (1,644 cm−1). The 1H NMR spectrum displayed two olefinic protons [δH 4.65 (1H, m) and 4.50 (1H, s)] and three methyl groups [δH 1.10 (3H, d), 1.20 (3H, d), and 1.80 (3H, s)]. We compared the NMR data on compound 4 with those of the synthetic compound (+)-[2R-(2α, 4aβ, 5α, 8β, 8aβ)]-octahydro-4a-hydroxy-2, 5-dimethyl-8-(1-methylethenyl)-1(2H)-naphthalenone (Gijsen et al., 1994), which were exactly the same. Hence, compound 4 was determined.
In a summary, two new patchoulene sesquiterpenoid glycosides (1–2), a natural patchoulane-type sesquiterpenoid (3) and a natural cadinene-type sesquiterpenoid (4) were isolated and determined from P. cablin. Other known compounds, as rel-(1S, 4R, 5R, 7R, 10R)-10-desmethyl-10-hydroxy-1-methyl-3-oxo-11-eudesmene (5) (Chavez et al., 1995), corymbolone (6) (Garbarino et al., 1985), 1β, 4β-dihydroxyeudesman-11-ene (7) (Li et al., 2005), patchoulan-1, 15-diol (8) (Ding et al., 2011), 2, 3, 4, 4α, 5, 6, 8, 8α-octayhydro-1-hydroxy-4, 8α, 9, 9-tetramethyl-1, 6-methanonaphthalen-7(1H)-one (9) (Barton et al., 1987), patchouli alcohol (10) (Barton et al., 1987), 3R-3-hydroxypatchoulol (11) (Aleu et al., 2001), pogostol (12) (Stierle et al., 2003), 1S, 4R, 5S, 6R, 7S, 10S-1 (5), 6 (7)-diepoxy-4-guaiol (13) (Chen et al., 2020), (5R, 8S)-3-hydroxy-3, 8-dimethyl-5-(prop-1-en-2-yl)-3, 4, 5, 6, 7, 8-hexahydroazulen-1(2H)-one (14) (Huang et al., 2015), 8-keto-9 (10)-α-patchoulene-4α-ol (15) (Li et al., 2013), 3,7-dihydroxy-5, 3′, 4′-trimethoxyflavone (16) (Dong et al., 1999), velutin (17) (Zahir et al., 1996), 3, 5-dihydroxy-7, 4' -dimethoxy flavone (18) (Zhang et al., 2001), 5, 4′-dihydroxy-7-methoxyflavone (19) (Zhang et al., 2001), 5-hydroxy-3, 7, 3′, 4′-tetramethoxyflavone (20) (Wang et al., 2020), (2R, 3R)-(+)-4′, 7-di-O-methyldihydroquercetin (21) (Yoon et al., 2019), 7, 3′, 4′-tri-O-methyldhq (22) (Kiehlmann and Slade, 2003), 5-hydroxy-7, 3′, 4′-trimethoxyflavanone (23) (Zhang et al., 2001), 7, 4′-dimethylapigenin (24) (Chen et al., 2017), ereiodictyol-7, 3′-dimethyl ether (5, 4′-dihydroxy-7, 3′-dimethoxyflavanone) (25) (Vasconcelos et al., 1998), and (2S)-5, 3′, 4′ trihydroxy-7-methoxy-flavanone (26) (Vasconcelos et al., 1998) were also obtained and established by comparing with reported spectroscopic data in the literature reports. Compounds 5–7, 9, 13, 16, 21, 22, and 26 were isolated from this plant for the first time.
Anti-Proliferative Effects of Isolates
An ethanol crude extract of P. cablin displayed in vitro anti-tumor potential in our preliminary experiments. Herein, most isolates (1–13 and 15–26) were evaluated for antiproliferative activities in HepG2 cells. Among the tested samples, compounds 17 and 19 displayed anti-proliferative effects against HepG2 cells with IC50 values of 25.59 and 2.30 μM, respectively. This observation was in agreement with reported data (Huong et al., 2005), in which the IC50 value of compound 19 against HepG2 cells was 1.60 μM. Previous studies have revealed that flavonoids with 2 and 3 double bonds have a higher ability to induce cell apoptosis than flavonols (Wang et al., 1999; Hui et al., 2014; Isoda et al., 2014). In addition, the presence of hydroxyl groups at the 4′ positions of the B ring is important for granulocyte differentiation (Takahashi et al., 1998; Isoda et al., 2014). According to our data, flavone compound 19 showed the best antiproliferative effects against HepG2 cells than other flavonoids; it can be concluded that 3-methoxy and 4′- hydroxyl might be important for its activity. The other compounds including sesquiterpenoids and dihydroflavones were inactive, as shown in Table 3. Our data suggest that the anti-tumor effects of P. cablin might be attributed, at least partially, to its bioactive flavonoids.
TABLE 3 | Anti-proliferative activity of compounds 1–13 and 15–26 against HepG2 cells.
[image: Table 3]Compound 19 Induce Apoptosis in HepG2 Cells
Apoptosis plays an important role in maintaining tissue homeostasis (Ma, et al., 2018). Induction of apoptosis in tumor cells is an important survival strategy against cancer pathologic progression (Rejhová, et al., 2018), and many natural products have been shown to have anticancer effects through the mitochondrial-mediated apoptosis pathway (Friedman, 2015). The cytotoxic effects of compound 19 on HepG2 have been reported, but the mechanism of action has not been studied. Therefore, the apoptosis-inducing effects of compound 19 in HepG2 cells were also investigated in the current study. As shown in Figure 5, after treatment with compound 19 (1, 2.5, and 5 μM) for 48 h, the flow cytometric apoptosis experiment showed a dose-dependent increase in the percentage of early apoptotic cells when compared with the control group, which showed significant difference (p < 0.001).
[image: Figure 5]FIGURE 5 | Impact of compound 19 on apoptosis of HepG2 cells. Cells were seeded in 6-well plates (1 × 106 cells/well) and treated with compound 19 (1, 2.5, and 5 μM) for 48 h. Gemcitabine (GEM) was used as a positive control. Annexin V-FITC/PI staining flow cytometry was used to analyze the apoptosis of HepG2 cells after treatment with compound 19; analysis is shown in (A). The experiments were run in triplicate. Data were presented as mean ± SD. The explicit analysis is shown in (B). ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 vs. the control group.
Additionally, caspase-9 is an important initiator caspase within the cascade of apoptosis transduction in the mitochondrial-mediated apoptosis pathway. Upon proapoptotic factor release into the cytosol, procaspase-9 is recruited at apoptosome and self-cleaved to caspase-9 and then stimulates downstream executioner caspases, such as caspase-3, which subsequently cause apoptotic cell death (Brentnall et al., 2013; Sadeghi et al., 2019). Our results showed that compared with the control group, compound 19 significantly upregulated the expressions of cleaved caspase-9 and cleaved caspase-3 and significantly downregulated the expressions of caspase-3 and caspase-9. Moreover, both Bcl-2 (an anti-apoptotic protein) and Bax (a proapoptotic protein) belong to the B-cell lymphoma (Bcl-2) family and are critical in the mitochondrial-mediated apoptotic pathway. Western blotting results are shown in Figure 6; compared with the control group, compound 19 significantly upregulated the expressions of Bax and downregulated the expressions of Bcl-2. Thus, compound 19 may induce apoptosis in HepG2 cells and activate the mitochondrial-mediated apoptotic pathway. Our results showed for the first time that compound 19 exerted anti-proliferative effects by inducing apoptotic cell death.
[image: Figure 6]FIGURE 6 | Impact of compound 19 on the protein expressions of cleaved caspase-3, cleaved caspase-9, caspase-3, caspase-9, Bcl-2, and Bax in HepG2 cells. Cells were seeded in 6-well plates (1 × 106 cells/well) and treated with different concentrations of compound 19 (1, 2.5, and 5 μM) for 48 h. Western blotting was used to detect the protein expression levels after compound 19 was applied to HepG2 cells (A). The ratio of the corresponding protein to β-actin is calculated in (B–G). The experiments were run in triplicate. Data were presented as mean ± SD. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 vs. the control group.
CONCLUSION
In conclusion, this study was a phytochemical investigation that explored the chemical profiles and pharmacological properties of active constituents from P. cablin. Twenty-six compounds including two new patchoulene sesquiterpenoid glycosides and two natural sesquiterpenoids were isolated from the aerial parts of P. cablin, and the absolute configurations of new compounds (1–2) were established. The antiproliferative activities against the human tumor cell line (HepG2) of the isolated compounds (1–13 and 15–26) were examined by the MTT assay. Compounds 17 and 19 displayed anti-proliferative effects with IC50 values of 25.59 and 2.30 μM against HepG2 cells, respectively. In this article, the related mechanism of the anti-proliferative activity of compound 19 has been further studied, and it was found to induce the apoptosis of HepG2 cells by downregulating the ratio of Bcl-2/Bax and upregulating the expressions of cleaved caspase-3 and cleaved caspase-9. Therefore, findings from the current study supported that the chemical constituents from P. cablin were multitudinous, which were beneficial for the further fundamental and development research of P. cablin.
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