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            Abstract
          
        

        
          Achillea alpina L. is a medicinal herb belonging to the Asteraceae family. Its leaves are used as a vegetable and for treating stomach ailments in Korea. Our current research focused on isolating and identifying the chemical constituents from the aerial parts of this plant, leading to the discovery of 23 compounds, including 4 pentacyclic triterpenes (1‒4), 3 steroids (5, 7, and 8), 3 cycloartanes (9‒11), 5 lignans (6, 12, 14, 20, and 18), 4 flavonoids (13, 17, 21, and 22), 3 feruloyl sucroses (16, 18, and 19), and 1 caffeoyl quinic acid (23). The structures of these compounds were determined through spectral data analysis (1D and 2D NMR spectroscopy) and comparison with relevant literature. Notably, the isolated sterols (5, 7, and 8) and flavone (13) inhibited NO production in LPS-stimulated RAW 264.7 cells with IC50 values ranging from 8.69 to 43.17 μM. Additionally, sterol (5) exhibited cytotoxic effects on HeLa and HL-60 (human leukemia) cancer cell lines with ED50 values ranging from 53.57 to 78.33 μM.
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      Introduction
      The genus Achillea (the family Asteraceae) comprises over 130 species from subtropical to tropical regions, thriving in various terrains.1 Several species in this genus have a long history of use in traditional medicine across many countries. For example, A. millefolium L. is employed to treat appetite loss, skin diseases, minor wounds, urinary tract issues, and gastrointestinal problems.1,2

      Achillea alpina L. is abundant in Korea, China, Japan, Russia, and Mongolia.3 In Korean folk medicine, its young leaves are used as vegetables and to treat stomach ailments.4 Additionally, Traditional Chinese medicine uses this plant for pain relief and to promote blood circulation.5 Previous phytochemical studies have reported various metabolites from this plant, including terpenes,5–7 lignans,8,9 flavonoids,9 alkaloids,10 and polyacetylenes.8,9 The sesquiterpene lactones isolated from A. alpina exhibited antidiabetic activity by enhancing glucose consumption and reducing insulin resistance in palmitic acid-treated HepG2 cells.5,6 Meanwhile, its phenolic compounds showed anti-melanogenic and anti-oxidant effects, thereby demonstrating anti-aging and skin-whitening properties.4 In addition, alkamides isolated from this plant have demonstrated neuroprotective activity on 6-hydroxydopamine (6-OHDA)-induced cell death in human neuroblastoma SH-SY5Y cells with ED50 values of 3.16–24.75 μM.10 To further elucidate the chemical richness and pharmacological effects of this plant, our current research aimed to isolate and characterize the secondary metabolites from the aerial parts of A. alpina. We then evaluated their NO production inhibitory activity in LPS-stimulated RAW 264.7 cells and their cytotoxicity against HeLa and HL-60 cancer cell lines.

    

    

  
    
      Experimental
      General experiment procedures – Specific optical rotation was determined using a JASCO P-2000 digital polarimeter (JASCO Corporation, Tokyo, Japan). UV spectra were recorded with a Thermo spectrophotometer, while IR spectra were obtained using a JASCO FT/IR-4100 spectrometer. The 1D and 2D NMR spectra were acquired on Varian Unity Inova 400 MHz (Varian, Inc., California, USA) and Bruker Ascend™ 500 MHz (Bruker Corporation, Massachusetts, USA) spectrometers, using tetramethylsilane (TMS) as an internal standard; chemical shifts are expressed in δ values (ppm). High-performance liquid chromatography was executed on a Waters 2487 controller system with a UV detector (UV/VIS-156). Silica gel (Merck, 0.040-0.063 mm), RPC-18 (Merck, 17 mesh), and Sephadex LH-20 (Pharmacia Company) were utilized for column chromatography (CC). For thin-layer chromatography (TLC), RPC-18 F254s and silica gel F254 (Merck) plates were employed, with compounds visualized by spraying with 10% H2SO4 and heating for 5 minutes.

      Chemical and reagents – DMEM, RPMI, and DPBS originated from Thermo Fisher Scientific (Gibco Laboratories, Grand Island, NY, U.S.A). FBS was the brand of Biotechnics Research Inc. (Lake Forest, CA, U.S.A). LPS, MTT, penicillin, and doxorubicin hydrochloride belong to Sigma-Aldrich (Merck KGaA, St. Louis, Missouri, USA).

      Plant materials – The aerial parts of A. alpina were collected from the medicinal garden at the College of Pharmacy, Daegu Catholic University, Republic of Korea in July 2021. The plant materials were identified and preserved voucher specimens (CUD-3001) by Professor Byung Sun Min at the Herbarium of College of Pharmacy at Daegu Catholic University, Republic of Korea.

      Extraction and isolation – The aerial parts of A. alpina (17.7 kg) were extracted with methanol (MeOH) (20 L × 3 times). The MeOH extract (2.1 kg) was obtained by removing the MeOH under vacuum. This extract was then suspended in distilled water and sequentially partitioned using solvents of increasing polarity, including n-hexane, CH2Cl2, and EtOAc, to obtain the n-hexane (260.6 g), the CH2Cl2 (396.8 g), and the EtOAc fractions (41.6 g), respectively, along with the aqueous phase.

      The CH2Cl2 fraction (396.8 g) was preliminarily separated using silica gel column chromatography (CC) with n-hexane: acetone (stepwise, 100:1 → 100% acetone) to produce 10 fractions M1‒M10. Fractions M3 (6.1 g) and M5 (2.5 g) were further separated into smaller fractions (M3.1‒M3.6) and (M5.1‒M5.6), respectively, using silica gel CC (n-hexane:acetone, 30:1). Compound 1 (17.0 mg) was recrystallized from M3.3 (864.2 mg) in n-hexane. Compound 2 (8.0 mg) was obtained from M3.4 (500.1 mg) using a silica gel column (n-hexane:acetone, 32:1). Using silica gel CC with the mobile phase of n-hexane:acetone mixture but varying the solvent system ratio, specifically 28:1 (n-hexane:acetone) for M5.1 (67.2 mg), 25:1 for M5.3 (124.3 mg), and 20:1 for M5.5 (256.9 mg), led to the isolation of compounds 3 (1.0 mg), 4 (3.9 mg), and 5 (12.6 mg), respectively. M6 (12.4 g) was also divided into 10 sub-fractions (M6.1‒M6.10) using a silica gel column eluted with n-hexane:acetone (50:1). Compound 6 (68.2 mg) was crystallized from sub-fraction M6.2 (2.2 g) in n-hexane. M8 (9.1 g) was fractionated using silica gel CC (CH2Cl2:acetone, 50:1) to obtain 12 sub-fractions (M8.1‒M8.12). M8.1 (534.5 mg) and M8.3 (1.2 g) were separated using normal-phase CC (n-hexane:acetone, 15:1), yielding compounds 7 (8.6 mg) and 8 (12.5 mg), respectively. M8.9 (1.6 g) was purified using silica gel CC (CH2Cl2:acetone, 40:1) to obtain 9 (10.2 mg). M8.10 (42.3 mg) was a mixture of two isomers, 10 (6.0 mg) and 11 (12.0 mg), which were subsequently separated using a long normal-phase column with CH2Cl2:acetone (30:1) as the mobile phase.

      The EtOAc fraction (41.6 g) underwent silica gel CC, with elution sequentially using CH2Cl2:MeOH (20:1 → 100% MeOH), resulting in 14 distinct fractions (E1–E14). Among these, E4 (1.6 g) was further purified via silica gel CC, using CH2Cl2:MeOH (22:1) as the elution system, to yield sub-fractions E4.1‒E4.9. From E4.4 (150.2 mg), separation was carried out using RPC-18 CC with a mobile phase of MeOH:H2O (1:1), successfully isolating compound 12 (2.1 mg). Fraction E5 (3.2 g) was divided into 6 sub-fractions (E5.1‒E5.6) using a normal-phase column eluted with CH2Cl2:MeOH (15:1). E5.5 (1.2 g) was recrystallized using CH2Cl2, resulting in two portions: E5.5.1 (crystalline) and E5.5.2 (non-crystalline). Subfraction 5.5.1 (113.5 mg) was further processed by repeated washing with CH2Cl2:MeOH (1:1), yielding purified compound 13 (62.6 mg). Sub-fraction E5.5.2 (950.3 mg) underwent RPC-18 CC (MeOH:H2O, 1:4), followed by Sephadex CC using (MeOH:H2O, 1:1) to isolate compound 14 (4.8 mg). Additionally, fractions E8 (6.3 g) and E10 (5.2 g) were divided into five (E8.1‒E8.5) and six subfractions (E10.1‒E10.6), respectively, using silica gel CC with CH2Cl2:MeOH (6:1) as the eluent. Sub-fractions E8.1 (1.1 g) and E8.3 (1.2 g) were chromatographed by RPC-18 CC (MeOH:H2O,1:4), resulting in the separation of sub-fractions E8.1.1‒8.1.6 and E8.3.1‒8.3.5. E8.3.1 (181.2 mg) and E8.3.5 (56.3 mg) were further purified by HPLC using 50% MeOH in water, yielding compounds 15 (6.0 mg, tR = 21.5 minutes) and 16 (5.0 mg, tR = 26.8 minutes), respectively. Sub-fraction E10.1 (1.6 g) was then separated by RPC-18 CC (MeOH:H2O, stepwise, 1:4 → 1:1) to yield compound 17 (7.0 mg) and sub-fractions E10.1.1‒E10.1.3. Using Sephadex CC (MeOH:H2O, 1:1), compound 18 (9.8 mg) was obtained from E10.1.2 (289.1 mg) and compound 19 (3.1 mg) from E10.1.3 (92.9 mg). Fractions E11 (2.3 g), E12 (2.4 g), and E14 (3.1 g) were fractionated by silica gel CC using CH2Cl2:MeOH (5:1) to yield six (E11.1‒E11.6), four (E12.1‒E12.3), and two sub-fractions (E14.1‒E14.2), respectively. Compounds 20 (4.9 mg) and 21 (30.0 mg) were separated from subfraction E11.2 (900.2 mg), compound 22 (9.6 mg) was obtained from E12.2.2 (421.7 mg), and compound 23 (15.6 mg) was obtained from E14.1 (534.8 mg) using RPC-18 CC (MeOH:H2O, 1:2).

      Taraxasteryl acetate (1) – Colorless needle; 1H-NMR (400 MHz, CDCl3): δ 4.61 (1H, s, H-30b), 4.60 (1H, s, H-30a), 4.48 (1H, dd, J = 10.0, 6.3 Hz, H-3), 2.04 (3H, s, COCH3), 1.02 (6H, s, CH3-25, CH3-23), 0.93 (3H, s, CH3-27), 0.87 (3H, s, CH3-26), 0.84 (3H, s, CH3-24), 0.83 (6H, s, CH3-29, CH3-28); 13C-NMR (100 MHz, CDCl3) δ (ppm): 170.8 (COCH3), 154.5 (C-20), 106.9 (C-30), 80.8 (C-3), 55.3 (C-5), 50.2 (C-9), 48.5 (C-18), 41.9 (C-14), 40.8 (C-8), 39.2 (C-22), 39.0 (C-16), 38.7 (C-13), 38.2 (C-1), 38.1 (C-19), 37.6 (C-4), 36.9 (C-10), 34.4 (C-17), 33.8 (C-7), 27.8 (C-23), 26.5 (C-15), 26.0 (C-28), 25.5 (C-12), 25.3 (C-21), 23.5 (C-2), 21.3 (C-11), 21.2 (CH3CO), 19.3 (C-29), 18.0 (C-6), 16.3 (C-24), 16.2 (C-26), 15.7 (C-25), 14.6 (C-27).11

      Taraxast-20(30)-en-3-one (2) – Colorless needle; 1H-NMR (400 MHz, CDCl3): δ 4.62 (1H, s, H-30b), 4.60 (1H, s, H-30a), 1.07 (3H, s, CH3-24), 1.05 (3H, s, CH3-23), 1.02 (6H, m, CH3-28, CH3-29), 0.95 (3H, s, CH3-26), 0.94 (3H, s, CH3-27), 0.86 (3H, s, CH3-25); 13C-NMR (100 MHz, CDCl3): δ 218.3 (C-3), 154.7 (C-20), 107.4 (C-30), 55.1 (C-5), 50.0 (C-9), 48.8 (C-18), 47.5 (C-4), 42.3 (C-14), 41.0 (C-8), 39.8 (C-1), 39.5 (C-13), 39.4 (C-19), 39.0 (C-22), 38.4 (C-16), 37.0 (C-10), 34.7 (C-17), 34.3 (C-2), 33.5 (C-7), 26.9 (C-15), 26.8 (C-12), 26.3 (C-29), 25.8 (C-21), 25.6 (C-23), 22.1 (C-24), 21.2 (C-11), 19.8 (C-6), 19.7 (C-28), 16.3 (C-26), 15.9 (C-25), 14.8 (C-27).12

      Neoilexonol acetate (3) – Colorless needle; 1H-NMR (400 MHz, CDCl3): δ 5.54 (1H, s, H-12), 4.52 (1H, dd, J = 11.9, 4.8 Hz, H-3), 2.05 (3H, s, COCH3), 1.54 (3H, s, CH3-27), 1.29 (3H, s, CH3-26), 1.24 (3H, s, CH3-25), 1.19 (3H, s, CH3-23), 1.16 (3H, s, CH3-24), 0.87 (6H, m, H-28, H-30), 0.81 (3H, d, J = 6.9 Hz, H-29); 13C-NMR (100 MHz, CDCl3): δ 199.7 (C-11), 171.0 (COCH3), 165.0 (C-13), 130.4 (C-12), 80.7 (C-13), 61.5 (C-9), 59.1 (C-18), 55.1 (C-5), 45.2 (C-17), 43.7 (C-14), 41.0 (C-8), 39.4 (C-20), 39.3 (C-19), 38.9 (C-1), 38.1 (C-4), 36.9 (C-10), 34.0 (C-21), 32.9 (C-7), 30.9 (C-22), 28.9 (C-15), 28.1 (C-23), 28.1 (C-28), 27.6 (C-27), 27.3 (C-16), 23.6 (C-2), 21.4 (C-28), 21.2 (COCH3), 20.6 (C-26), 18.6 (C-6), 17.5 (C-29), 16.8 (C-24), 16.6 (C-25).13

      Epifriedelanol (4) – Colorless needle; 1H-NMR (400 MHz, CDCl3): δ 3.73 (1H, br s, H-3), 1.17 (3H, s, CH3-30), 1.01 (3H, s, CH3-26), 0.99 (3H, s, CH3-28), 0.98 (3H, s, CH3-27), 0.96 (3H, s, CH3-24), 0.94 (6H, m, CH3-23, CH3-29), 0.86 (3H, s, CH3-25); 13C-NMR (100 MHz, CDCl3): δ 72.7 (C-3), 61.3 (C-10), 53.1 (C-8), 49.1 (C-4), 42.7 (C-18), 41.7 (C-6), 39.6 (C-13), 39.2 (C-5), 38.3 (C-9), 37.8 (C-13), 37.1 (C-5), 36.0 (C-16), 35.5 (C-19), 35.3 (C-11), 35.1 (C-2), 35.0 (C-29), 32.8 (C-21), 32.3 (C-15), 32.0 (C-30), 31.7 (C-28), 30.6 (C-12), 30.0 (C-17), 28.1 (C-20), 20.1 (C-27), 18.6 (C-26), 18.2 (C-25), 17.5 (C-7), 16.4 (C-24), 15.7 (C-1), 11.6 (C-23).14

      Stigmast-7-en-3-one (5) – Colorless oil; 1H-NMR (400 MHz, CDCl3): δ 5.17 (1H, s, H-7), 1.00 (3H, s, CH3-19), 0.92 (3H, d, J = 6.4 Hz, CH3-21), 0.82 (9H, m, CH3-27, CH3-28, CH3-29), 0.55 (3H, s, CH3-18); 13C-NMR (100 MHz, CDCl3): δ 212.1 (C-3), 139.7 (C-8), 117.1 (C-7), 56.2 (C-17), 55.1 (C-14), 49.0 (C-5), 46.0 (C-9), 44.4 (C-24), 43.5 (C-13), 43.0 (C-4), 39.6 (C-10), 38.9 (C-12), 38.3 (C-1), 36.7 (C-20), 34.6 (C-20), 34.0 (C-22), 30.2 (C-25), 29.3 (C-6), 28.1 (C-16), 26.4 (C-15), 23.2 (C-23), 23.1 (C-28), 21.9 (C-11), 20.0 (C-26), 19.2 (C-27), 19.1 (C-21), 12.6 (C-19), 12.1 (C-29), 12.1 (C-18).15

      Sesamin (6) – Colorless needle; 1H-NMR (400 MHz, CDCl3): δ 6.84 (2H, s, H-2, H-2′), 6.79 (4H, m, H-5, H-6, H-5′, H-6′), 5.95 (4H, s, OCH2O x 2), 4.71 (2H, m, H-7, H-7′), 4.23 (2H, m, H-9a, H-9′a), 3.86 (2H, m, H-9b, H-9′b), 3.05 (2H, m, H-8, H-8′); 13C-NMR (100 MHz, CDCl3): δ 148.1 (C-3, C-3′), 147.2 (C-4, C-4′), 135.2 (C-1, C-1′), 119.5 (C-6, C-6′), 108.3 (C-5, C-5′), 106.2 (C-2, C-2′), 101.2 (OCH2O x 2), 85.9 (C-7, C-7′), 71.9 (C-9, C-9′), 54.5 (C-8, C-8′).16

      7-Keto-β-sitosterol (7) – Colorless oil; 1H-NMR (400 MHz, CDCl3): δ 5.65 (1H, s, H-6), 3.61 (1H, m, H-3), 1.16 (3H, s, CH3-19), 0.89 (3H, d, J = 6.9 Hz, CH3-21), 0.81 (3H, t, J = 7.3 Hz, CH3-29), 0.79 (3H, d, J = 6.9 Hz, CH3-26), 0.77 (3H, d, J = 6.9 Hz, CH3-27), 0.64 (3H, s, CH3-18); 13C-NMR (100 MHz, CDCl3): δ 202.3 (C-7), 165.4 (C-5), 125.8 (C-6), 70.2 (C-3), 54.5 (C-17), 49.8 (C-14), 49.7 (C-9), 45.6 (C-24), 45.2 (C-8), 42.9 (C-13), 41.6 (C-4), 38.5 (C-12), 38.1 (C-10), 36.2 (C-1), 35.9 (C-20), 33.7 (C-22), 30.9 (C-2), 28.9 (C-25), 28.4 (C-16), 26.1 (C-15), 25.9 (C-23), 22.9 (C-28), 21.0 (C-11), 19.6 (C-27), 18.9 (C-26), 18.7 (C-21), 17.1 (C-19), 11.8 (C-29), 11.8 (C-18).17

      Ergosterol peroxide (8) – Colorless oil; 1H-NMR (400 MHz, CDCl3): δ 6.48 (1H, d, J = 8.5 Hz, H-7), 6.22 (1H, d, J = 8.5 Hz, H-6), 5.20 (1H, dd, J = 15.2, 7.4 Hz, H-22), 5.12 (1H, dd, J = 15.2, 8.2 Hz, H-23), 3.93 (1H, m, H-3), 0.98 (3H, d, J = 6.6 Hz, CH3-21), 0.89 (3H, J = 6.8 Hz, CH3-28), 0.86 (3H, s, CH3-19), 0.80 (3H, s, CH3-18), 0.79 (6H, d, J = 3.2 Hz, CH3-26, 27); 13C-NMR (100 MHz, CDCl3): δ 135.3 (C-6), 135.1 (C-22), 132.1 (C-23), 130.6 (C-7), 82.1 (C-5), 79.3 (C-8), 66.2 (C-3), 56.0 (C-17), 51.5 (C-14), 50.9 (C-9), 44.4 (C-13), 42.6 (C-24), 39.6 (C-20), 39.2 (C-12), 36.8 (C-20), 36.7 (C-4), 34.6 (C-10), 32.9 (C-1), 29.9 (C-25), 28.5 (C-2), 23.3 (C-16), 20.7 (C-15), 20.5 (C-21), 19.8 (C-11), 19.5 (C-27), 18.0 (C-19), 17.4 (C-28), 12.7 (C-18).18

      9,19-Cyclolanost-23-ene-3β,24-diol (9) –Colorless needle; 1H-NMR (400 MHz, CDCl3): δ 5.58 (2H, m, H-23, H-24), 3.26 (1H, dd, J = 10.3, 4.2 Hz, H-3), 1.30 (6H, s, CH3-26, CH3-27), 0.95 (6H, s, CH3-18, CH3-29), 0.87 (3H, s, CH3-28), 0.84 (3H, d, J = 6.4 Hz, CH3-21), 0.79 (3H, s, CH3-30), 0.54 (1H, d, J = 3.8 Hz, H-19a), 0.31 (1H, d, J = 3.8 Hz, H-19b); 13C-NMR (100 MHz, CDCl3): δ 139.8 (C-24), 126.1 (C-23), 79.3 (C-3), 71.2 (C-25), 52.5 (C-17), 49.3 (C-14), 48.4 (C-8), 47.6 (C-5), 45.8 (C-13), 50.0 (C-4), 39.5 (C-22), 36.9 (C-20), 36.1 (C-15), 33.3 (C-12), 32.4 (C-1), 30.9 (C-2), 30.5 (C-26), 30.4 (C-19, 27), 28.5 (C-16), 26.9 (C-11), 26.6 (C-7), 26.5 (C-10), 25.9 (C-29), 21.6 (C-6), 20.5 (C-9), 19.8 (C-28), 18.8 (C-21), 18.5 (C-18), 14.5 (C-30).19

      24α-9,19-Cyclolanost-25-ene-3β,24-diol (10) – Colorless needle; 1H-NMR (400 MHz, CDCl3): δ 4.91 (1H, s, H-26a), 4.83 (1H, s, H-26b), 4.01 (1H, t, J = 6.1 Hz, H-24), 3.27 (1H, m, H-3), 1.72 (3H, s, CH3-27), 0.96 (6H, s, H-28, 30), 0.87 (3H, s, CH3-18), 0.86 (3H, d, J = 6.9 Hz, CH3-21), 0.80 (3H, s, CH3-29), 0.55 (1H, d, J = 4.1 Hz, H-19a), 0.32 (1H, d, J = 4.1 Hz, H-19b); 13C-NMR (100 MHz, CDCl3): δ 147.6 (C-25), 111.5 (C-26), 80.0 (C-3), 76.9 (C-24), 52.3 (C-17), 48.9 (C-14), 48.1 (C-8), 47.3 (C-5), 45.4 (C-13), 40.6 (C-4), 36.1 (C-20), 35.7 (C-15), 33.0 (C-12), 32.1 (C-22), 32.0 (C-1), 31.7 (C-23), 30.5 (C-2), 30.0 (C-19), 28.2 (C-16), 26.6 (C-11), 26.3 (C-10), 26.2 (C-7), 25.6 (C-29), 21.3 (C-6), 20.1 (C-9), 19.5 (C-28), 18.5 (C-21), 18.2 (C-18), 17.4 (C-27), 14.2 (C-30).19

      24β-9,19-Cyclolanost-25-ene-3β,24-diol (11) – Colorless needle; 1H-NMR (400 MHz, CDCl3): δ 4.93 (1H, s, Ha-26), 4.83 (1H, s, Hb-26), 4.02 (1H, m, H-24), 3.28 (1H, m, H-3), 1.73 (3H, s, H-27), 0.98 (6H, s, CH3-28, CH3-30), 0.88 (3H, s, CH3-18), 0.87 (3H, d, J = 6.8 Hz, CH3-21), 0.80 (3H, s, CH3-29), 0.55 (1H, d, J = 3.9 Hz, H-19a), 0.33 (1H, d, J = 3.9 Hz, H-19b); 13C-NMR (100 MHz, CDCl3): δ 147.9 (C-25), 111.0 (C-26), 80.0 (C-3), 76.5 (C-24), 52.3 (C-17), 49.0 (C-14), 48.1 (C-8), 47.3 (C-5), 45.4 (C-13), 40.6 (C-4), 36.1 (C-20), 35.7 (C-15), 33.0 (C-12), 32.1 (C-22), 32.1 (C-1), 31.8 (C-23), 30.6 (C-2), 30.0 (C-19), 28.3 (C-16), 26.6 (C-11), 26.3 (C-10), 26.2 (C-7), 25.6 (C-29), 21.3 (C-6), 20.2 (C-9), 19.5 (C-28), 18.5 (C-21), 18.2 (C-18), 17.8 (C-27), 14.2 (C-30).19

      (7S,8R,7′S,8′S)-3-Methoxy-3′,4′-methylenedioxy-7,9′-epoxylignane-4,7′,9-triol (12) – Colorless solid; 1H-NMR (400 MHz, acetone-d6): δ 7.42 (s, 4-OH), 6.90 (1H, s, H-2), 6.84 (1H, s, H-2′), 6.75 (1H, d, J = 8.2 Hz, H-6), 6.70 (3H, m, H-5, H-5′, H-6′), 5.91 (2H, d, J = 1.4 Hz, OCH2O), 4.55 (1H, d, J = 7.8 Hz, H-7), 4.52 (1H, d, J = 7.2 Hz, H-7′), 4.15 (1H, dd, J = 8.8, 4.8 Hz, H-9′a), 3.80 (1H, m, H-9′b), 3.78 (3H, s, 3-OCH3), 3.32 (1H, m, H-9a), 3.23 (1H, m, H-9b), 2.49 (1H, m, H-8′), 1.84 (1H, m, H-8); 13CNMR (100 MHz, acetone-d6): δ 148.5 (C-3′), 148.2 (C-3), 146.7 (C-4), 146.6 (C-4′), 139.4 (C-1′), 135.4 (C-1), 121.1 (C-6′), 119.9 (C-6), 115.4 (C-5), 110.7 (C-2), 108.4 (C-5′), 107.9 (C-2′), 101.9 (OCH2O), 84.2 (C-7), 75.7 (C-7′), 70.7 (C-9′), 62.0 (C-9), 56.3 (3-OCH3), 53.4 (C-8), 50.9 (C-8′).20

      Luteolin (13) – Yellow amorphous powder; 1H-NMR (400 MHz, CD3OD): δ 7.34 (2H, m, H-2′, H-6′), 6.87 (1H, d, J = 8.8 Hz, H-5′), 6.49 (1H, s, H-3), 6.40 (1H, d, J = 1.4 Hz, H-8), 6.17 (1H, d, J = 1.4 Hz, H-6); 13C-NMR (100 MHz, CD3OD): δ 182.4 (C-4), 164.8 (C-7), 164.5 (C-2), 161.7 (C-5), 157.9 (C-9), 149.5 (C-4′), 145.6 (C-3′), 122.2 (C-1′), 118.8 (C-6′), 115.3 (C-5′), 112.7 (C-2′), 103.9 (C-10), 102.4 (C-3), 98.6 (C-6), 93.5 (C-8).21

      (1S,2R)-1-(4-Hydroxy-3-methoxyphenyl)-2-(3-((1E)-3-hydroxy-1-propenyl)-5-methoxyphenoxy)-1,3-propanediol (14) – Colorless solid; 1H-NMR (400 MHz, CD3OD): δ 7.03 (1H, d, J = 1.9 Hz, H-2), 7.01 (1H, s, H-4′), 6.88 (2H, s, H-2′, H-6′), 6.85 (1H, dd, J = 8.1, 1.9 Hz, H-6), 6.74 (1H, d, J = 8.1 Hz, H-5), 6.52 (1H, d, J = 15.9 Hz, H-7′), 6.25 (1H, dt, J = 15.9, 5.8 Hz, H-8′), 4.84 (1H, d, J = 5.7 Hz, H-7), 4.37 (1H, td, J = 5.7, 3.8 Hz, H-8), 4.21 (2H, dd, J = 5.7, 1.3 Hz, H-9′), 3.86 (1H, dd, J = 12.0, 5.7 Hz, H-9a), 3.82 (3H, s, 3′-OCH3), 3.81 (3H, s, 3-OCH3), 3.78 (1H, dd, J = 11.9, 3.8 Hz, H-9b); 13C-NMR (100 MHz, CD3OD): δ 151.9 (C-3′), 148.9 (C-5′), 148.7 (C-3′), 147.0 (C-4′), 134.1 (C-1), 133.0 (C-1′), 131.5 (C-7′), 128.5 (C-8′), 121.0 (C-6), 120.7 (C-2′), 118.9 (C-6′), 115.6 (C-5), 111.9 (C-2), 111.4 (C-4′), 86.2 (C-8), 74.1 (C-7), 63.7 (C-9′), 62.2 (C-9), 56.5 (3′-OCH3), 56.3 (3-OCH3).22

      3,6-O-Diferuloyl sucrose (15) – White amorphous powder; 1H-NMR (400 MHz, CD3OD) δ 7.70 (1H, d, J = 15.9 Hz, H-7ʺ), 7.64 (1H, d, J = 15.9 Hz, H-7‴), 7.21 (1H, d, J = 1.4 Hz, H-2ʺ), 7.17 (1H, d, J = 1.5 Hz, H-2‴), 7.12 (1H, dd, J = 8.3, 1.7 Hz, H-6ʺ), 7.07 (1H, dd, J = 8.3, 1.4 Hz, H-6‴), 6.79 (2H, d, J = 8.3 Hz, H-5ʺ, H-5‴), 6.40 (2H, m, H-8ʺ, H-8‴), 5.48 (1H, d, J = 7.9 Hz, H-1′), 5.43 (1H, d, J = 3.7 Hz, H-3), 4.54 (1H, dd, J = 11.9, 7.2 Hz, H-6′a), 4.49 (1H, dd, J = 11.9, 3.8 Hz, H-6′b), 4.43 (1H, t, J = 7.8 Hz, H-2′), 4.15 (1H, m, H-6a), 3.93 (1H, m, H-5), 3.88 (3H, s, 3ʺ-OCH3), 3.87 (3H, s, 3‴-OCH3), 3.84 (1H, m, H-4ʹ), 3.78 (1H, dd, J = 11.7, 4.4 Hz, H-6b), 3.64 (2H, m, H-1a, H-4), 3.58 (1H, d, J = 12.2 Hz, H-1b), 3.41 (1H, dd, J = 9.5, 3.8 Hz, H-3′), 3.37 (1H, t, J = 9.0 Hz, H-5′); 13C-NMR (100 MHz, CD3OD): δ 168.1 (C-9ʺ), 167.3 (C-9‴), 149.7 (C-4ʺ, C-4‴), 148.4 (C-3ʺ), 148.4 (C-3‴), 146.9 (C-7ʺ), 146.3 (C-7‴), 127.7 (C-1ʺ), 127.7 (C-1‴), 123.3 (C-6ʺ), 123.3 (C-6‴), 115.5 (C-5ʺ, C-5‴), 114.2 (C-8ʺ), 114.0 (C-8‴), 111.1 (C-2ʺ), 111.0 (C-2‴), 104.1 (C-2), 92.1 (C-1′), 80.3 (C-5), 78.2 (C-3), 74.0 (C-4), 74.0 (C-2′), 73.4 (C-3′), 72.2 (C-4′), 70.5 (C-5′), 65.7 (C-1), 64.2 (C-6′), 61.6 (C-6), 55.6 (3ʺ-OCH3), 55.5 (3‴-OCH3).23

      3,6-O-Diferuloyl-6ʹ-O-acetyl sucrose (16)‒White amorphous powder; 1H-NMR (400 MHz, CD3OD): δ 7.68 (1H, d, J = 15.9 Hz, H-7ʺ), 7.61 (1H, d, J = 15.9 Hz, H-7‴), 7.21 (1H, s, H-2ʺ), 7.14 (1H, s, H-2‴), 7.09 (1H, d, J = 8.2 Hz, H-6ʺ), 7.05 (1H, d, J = 8.1 Hz, H-6‴), 6.78 (2H, m, H-5ʺ, 5‴), 6.41 (1H, dd, J = 15.9, 1.3 Hz, H-8ʺ), 6.36 (1H, dd, J = 15.9, 1.3 Hz, H-8‴), 5.48 (2H, m, H-3, H-1′), 4.51 (4H, m, H-6a, H-2′, H-6′a), 4.16 (1H, m, H-4′), 4.09 (2H, m, H-5, H-6b), 3.86 (3H, s, 3ʺ-OCH3), 3.86 (3H, s, 3‴-OCH3), 3.60 (3H, m, H-1, H-4), 3.42 (1H, dd, J = 9.7, 3.8 Hz, H-3′), 3.25 (1H, t, J = 9.4 Hz, H-5′), 2.07 (3H, s, COCH3); 13C-NMR (100 MHz, CD3OD) δ (ppm): 172.7 (COCH3), 168.1 (C-9ʺ), 168.2 (C-9‴), 150.7 (C-4ʺ), 150.6 (C-4‴), 149.3 (C-3ʺ), 149.3 (C-3‴), 147.9 (C-7ʺ), 147.1 (C-7‴), 127.7 (C-1ʺ), 127.6 (C-1‴), 124.3 (C-6ʺ), 124.2 (C-6‴), 116.5 (C-5ʺ), 116.4 (C-5‴), 115.2 (C-8ʺ), 114.8 (C-8‴), 111.9 (C-2ʺ), 111.6 (C-2‴), 104.8 (C-2), 92.5 (C-1′), 81.2 (C-5), 78.9 (C-3), 74.9 (C-4), 74.3 (C-2′), 73.0 (C-3′), 72.1 (C-4′), 71.9 (C-5′), 65.7 (C-1), 65.6 (C-6′), 65.5 (C-6), 56.5 (3ʺ-OCH3), 56.5 (3‴-OCH3), 20.7 (COCH3).23

      Luteolin 4′-O-glucoside (17) – Yellow solid; 1H-NMR (500 MHz, DMSO-d6): δ 12.90 (1H, s, 5-OH), 7.52 (1H, dd, J = 8.2, 2.3 Hz, H-6′), 7.49 (1H, d, J = 2.2 Hz, H-2′), 7.24 (1H, d, J = 8.6 Hz, H-5′), 6.82 (1H, s, H-3), 6.50 (1H, d, J = 2.1 Hz, H-8), 6.19 (1H, d, J = 2.1 Hz, H-6), 4.88 (1H, d, J = 7.3 Hz, H-1ʺ), 3.73 (1H, d, J = 10.0 Hz, H-6ʺb), 3.48 (1H, dd, J = 11.4, 5.3 Hz, H-6ʺa), 3.40‒3.16 (4H, br, H-2ʺ‒H-5ʺ); 13C-NMR (125 MHz, DMSO-d6): δ 182.3 (C-4), 164.8 (C-7), 163.7 (C-2), 162.0 (C-5), 157.9 (C-9), 149.1 (C-4′), 147.4 (C-3′), 125.2 (C-1′), 119.0 (C-6′), 116.5 (C-5′), 114.1 (C-2′), 104.5 (C-10), 104.3 (C-3), 101.7 (C-1ʺ), 99.4 (C-6), 94.5 (C-8), 77.8 (C-5ʺ), 76.3 (C-3ʺ), 73.8 (C-2ʺ), 70.3 (C-4ʺ), 61.2 (C-6ʺ).24

      7R,8R-Dihydrodehydrodiconiferyl alcohol-9-O-β-Dglucopyranoside (18) – Colorless solid; 1H--NMR (500 MHz, CD3OD): δ 7.02 (1H, d, J = 1.9 Hz, H-2), 6.87 (1H, dd, J = 8.2, 1.9 Hz, H-6), 6.82 (1H, s, H-2′), 6.78 (1H, d, J = 8.2 Hz, H-5), 6.74 (1H, s, H-6′), 5.60 (1H, d, J = 6.4 Hz, H-7), 4.38 (1H, d, J = 7.8 Hz, H-1ʺ), 4.13 (1H, dd, J = 9.6, 8.0 Hz, Ha-9), 3.90 (1H, m, H-9b), 3.86 (1H, m, Ha-6ʺ), 3.70 (1H, dd, J = 11.8, 5.3 Hz, H-6ʺb), 3.66 (1H, m, H-8), 3.87 (3H, s, 3′-OCH3), 3.85 (3H, s, 3-OCH3), 3.54 (2H, m, H-9′), 3.31‒3.23 (4H, m, H-2ʺ‒H-5ʺ), 2.64 (2H, m, CH2-7′), 1.83 (2H, m, CH2-8′); 13C-NMR (125 MHz, CD3OD): δ 149.0 (C-3), 147.4 (C-4′), 147.4 (C-4), 145.2 (C-3′), 137.0 (C-1′), 134.6 (C-1), 129.7 (C-5′), 119.8 (C-6), 118.2 (C-2′), 116.1 (C-6′), 114.1 (C-5), 110.8 (C-2), 104.2 (C-1ʺ), 89.2 (C-7), 78.2 (C-3ʺ), 78.0 (C-5ʺ), 75.1 (C-2ʺ), 72.3 (C-4ʺ), 71.6 (C-9), 62.7 (C-9′), 62.2 (C-6ʺ), 56.7 (3′-OCH3), 56.4 (3-OCH3), 52.9 (C-8), 35.8 (C-7′), 32.7 (C-8′).25

      3-O-Feruloyl-6ʹ-O-acetyl sucrose (19) – Pale yellow solid; 1H-NMR (400 MHz, CD3OD): δ 7.68 (1H, d, J = 15.9 Hz, H-7ʺ), 7.23 (1H, s, H-2ʺ), 7.11 (1H, d, J = 8.2 Hz, H-6ʺ), 6.79 (1H, d, J = 8.2 Hz, H-5ʺ), 6.41 (1H, dd, J = 15.9, 1.3 Hz, H-8ʺ), 5.44 (2H, m, H-3, H-1′), 4.49 (1H, d, J = 10.1 Hz, H-6′a), 4.33 (1H, t, J = 8.0 Hz, H-2′), 4.12 (2H, m, H-4′, H-6′b), 3.93 (1H, m, H-5), 3.88 (3H, s, 3ʺ-OCH3), 3.85 (1H, m, H-6a), 3.79 (2H, m, H-6b), 3.59 (3H, m, H-1, H-4), 3.41 (1H, dd, J = 9.7, 3.6 Hz, H-3′), 3.25 (1H, m, H-5′), 2.07 (3H, s, COCH3); 13C-NMR (100 MHz, CD3OD): δ 172.7 (COCH3), 168.1 (C-9ʺ), 150.5 (C-4ʺ), 149.2 (C-3ʺ), 147.5 (C-7ʺ), 127.5 (C-1ʺ), 124.0 (C-6ʺ), 116.2 (C-5ʺ), 114.8 (C-8ʺ), 111.9 (C-2ʺ), 104.6 (C-2), 92.7 (C-1′), 84.1 (C-5), 79.3 (C-3), 74.7 (C-4), 73.9 (C-2′), 72.8 (C-3′), 72.0 (C-4′), 71.5 (C-5′), 65.3 (C-1), 65.1 (C-6′), 63.5 (C-6), 56.3 (3ʺ-OCH3), 20.7 (COCH3).26

      7R,8R-Dihydro-9′-hydroxyl-3′-methoxyl-8-hydroxymethyl-7-(4-hydroxy-3-methoxyphenyl)-1′-benzofuranpropanol 9′-O-β-D-glucopyranoside (20) – Colorless solid; 1H-NMR (500 MHz, CD3OD): δ 6.95 (1H, s, H-2), 6.82 (1H, dd, J = 8.2, 1.7 Hz, H-6), 6.77 (1H, s, H-2′), 6.78 (1H, d, J = 8.2 Hz, H-5), 6.77 (1H, s, H-6′), 5.51 (1H, d, J = 6.1 Hz, H-7), 4.27 (1H, d, J = 7.8 Hz, H-1ʺ), 4.27 (1H, d, J = 9.6, 8.0 Hz, H-9a), 3.90 (1H, m, H-9b), 3.86 (1H, m, H-6ʺa), 3.70 (1H, dd, J = 11.8, 5.3 Hz, H-6ʺb), 3.66 (1H, m, H-8), 3.87 (3H, s, 3′-OCH3), 3.84 (3H, s, 3-OCH3), 3.60 (2H, t, J = 6.5 Hz, H-9′), 3.31‒3.20 (4H, m, H-2ʺ‒H-5ʺ), 2.70 (2H, t, J = 7.5 Hz, H-7′), 1.93 (2H, m, H-8′); 13CNMR (125 MHz, CD3OD): δ 149.1 (C-3), 147.5 (C-4′), 147.5 (C-4), 145.2 (C-3′), 136.8 (C-1′), 134.8 (C-1), 129.8 (C-5′), 119.7 (C-6), 118.0 (C-2′), 116.1 (C-6′), 114.2 (C-5), 110.6 (C-2), 104.5 (C-1ʺ), 88.9 (C-7), 78.2 (C-3ʺ), 77.9 (C-5ʺ), 75.1 (C-2ʺ), 71.7 (C-4ʺ), 69.9 (C-9′), 65.0 (C-9), 62.8 (C-6ʺ), 56.8 (3′-OCH3), 56.4 (3-OCH3), 55.4 (C-8), 32.9 (C-7′), 32.9 (C-8′).27

      Isorhamnetin-3-O-glucoside (21) – Yellow solid; 1H-NMR (400 MHz, CD3OD): δ 7.88 (1H, s, H-2′), 7.53 (1H, d, J = 8.2 Hz, H-6′), 6.86 (1H, d, J = 8.2 Hz, H-5′), 6.30 (1H, s, H-8), 6.13 (1H, s, H-6), 5.36 (1H, d, J = 7.3 Hz, H-1ʺ), 3.91 (3H, s, 3′-OCH3), 3.73 (1H, d, J = 10.1 Hz, H-6ʺb), 3.56 (1H, dd, J = 11.9, 5.3 Hz, H-6ʺa), 3.31‒3.25 (4H, br, H-2ʺ‒H-5ʺ); 13C-NMR (100 MHz, CD3OD): δ 179.2 (C-4), 165.7 (C-7), 162.8 (C-5), 158.4 (C-9), 158.2 (C-2), 150.7 (C-4′), 148.2 (C-3′), 135.2 (C-3), 123.7 (C-1′), 122.9 (C-6′), 115.8 (C-5′), 114.2 (C-2′), 105.6 (C-10), 103.7 (C-1ʺ), 99.8 (C-6), 94.7 (C-8), 78.3 (C-5ʺ), 77.9 (C-3ʺ), 75.8 (C-2ʺ), 71.4 (C-4ʺ), 62.5 (C-6ʺ), 56.6 (3′-OCH3).28

      Isorhamnetin-3-O-rutinoside (22) – Yellow solid; 1H-NMR (400 MHz, CD3OD): δ 7.91 (1H, d, J = 1.7 Hz, H-2′), 7.59 (1H, d, J = 8.5, 1.7 Hz, H-6′), 6.88 (1H, d, J = 8.5 Hz, H-5′), 6.37 (1H, d, J = 1.6 Hz, H-8), 6.18 (1H, d, J = 1 .6 Hz, H-6), 5 .21 (1H, d , J = 7.2 Hz, H-1ʺ), 4.50 (1H, s, H-1‴), 3.92 (3H, s, 3′-OCH3), 3 .79 (1H, d , J = 10.9 Hz, H-6ʺb), 3.46‒3.23 (9H, H-2ʺ‒H-6ʺa, H-2‴‒H-5‴), 1.07 (3H, d, J = 6.2 Hz, H-6‴); 13C-NMR (100 MHz, CD3OD): δ 179.2 (C-4), 165.9 (C-7), 162.9 (C-5), 158.7 (C-9), 158.7 (C-2), 150.7 (C-4′), 148.2 (C-3′), 135.3 (C-3), 123.8 (C-1′), 122.9 (C-6′), 116.0 (C-5′), 114.4 (C-2′), 105.6 (C-10), 104.3 (C-1‴), 102.4 (C-1ʺ), 99.8 (C-6), 94.8 (C-8), 78.0 (C-5ʺ), 77.3 (C-3ʺ), 75.8 (C-2ʺ), 73.7 (C-5‴), 72.3 (C-2‴), 72.0 (C-4‴), 71.5 (C-4ʺ), 69.7 (C-3‴), 68.4 (C-6ʺ), 56.6 (3′-OCH3), 17.8 (C-6‴).29

      3,5-O-Dicaffeoylquinic acid (23) – Pale yellow solid; 1H-NMR (400 MHz, CD3OD): δ 7.49 (1H, d, J = 15.8 Hz, H-7′), 7.47 (1H, d, J = 15.8 Hz, H-7ʺ), 6.97 (1H, s, H-2′), 6.94 (1H, s, H-2ʺ), 6.84 (2H, m, H-6′, H-6ʺ), 6.67 (2H, d, J = 8.1 Hz, H-5′, H-5ʺ), 6.30 (1H, d, J = 15.8 Hz, H-8′), 6.18 (1H, d, J = 15.8 Hz, H-8ʺ), 5.41 (1H, m, H-3), 5.30 (1H, m, H-5), 3.82 (1H, dd, J = 9.6, 3.3 Hz, H-4), 2.18 (1H, dd, J = 14.7, 2.4 Hz, H-6a), 2.02 (3H, m, H-2, H-6b); 13C-NMR (100 MHz, CD3OD): δ 181.2 (C-7), 169.3 (C-9′), 168.9 (C-9ʺ), 149.4 (C-4′), 149.3 (C-4ʺ), 147.0 (C-3′), 146.9 (C-3ʺ), 146.7 (C-7′), 146.7 (C-7ʺ), 128.0 (C-1′), 127.9 (C-1ʺ), 123.0 (C-6′), 123.0 (C-6ʺ), 116.5 (C-5′), 116.5 (C-5ʺ), 115.9 (C-8ʺ), 115.4 (C-8‴), 115.2 (C-2′, 2ʺ), 76.5 (C-1), 74.2 (C-5), 72.9 (C-4), 72.3 (C-3), 40.4 (C-2), 37.4 (C-6).30

      Cell culture – RAW 264.7 cells (ATCC, Rockville, MD, USA) were cultured in DMEM medium containing 10% FBS and penicillin (100 units/mL) at 37oC in a 5% CO2-humidified air environment. HeLa and HL-60 cancer cell lines (ATCC, Rockville, MD, USA) were cultured in RPMI medium containing 10% FBS and penicillin (100 units/mL) at 37oC in a 5% CO2-humidified air environment.

      Cell viability and griess assay – RAW 264.7 cells were seeded in 96-well plates at a density of 1 × 105 cells in each well. After 3 hours, the cells were pre-treated with varying concentrations of the test samples for 30 minutes, followed by incubation for 24 hours with or without 1 μg/mL of LPS. The concentration of NO in the culture supernatant was then measured using the Griess reaction.31,32 Cell viabilities (for RAW 264.7 macrophages, HeLa, and HL-60 cancer cells) were assessed using the MTT assay.32,33 Significant differences were determined by comparing the results to the untreated control group.

      Statistical analysis – All experimental bioassay data were performed as the mean ± standard error (SE) of the mean from at least three independent experiments. Oneway analysis of variance (ANOVA) and Dunnett’s test were applied to evaluate statistical significance. p values of less than 0.05 were considered to be statistically significant.

    

    

  
    
      Results and Discussion
      Twenty-three known compounds including taraxasteryl acetate (1),11 taraxast-20(30)-en-3-one (2),12 neoilexonol acetate (3),13 epifriedelanol (4),14 stigmast 7-en-3-one (5),15 sesamin (6),16 7-keto-β-sitosterol (7),17 ergosterol peroxide (8),18 9,19-cyclolanost-23-ene-3β,24-diol (9),19 (24α/β)-9,19-cyclolanost-25-ene-3β,24-diol (10/11),19 (7S,8R,7′S,8′S)-3-methoxy-3′,4′-methylenedioxy-7,9′-epoxylignane-4,7′,9-triol (12),20 luteolin (13),21 (1S,2R)-1-(4-hydroxy-3-methoxyphenyl)-2-(3-((1E)-3-hydroxy-1-propenyl)-5-methoxyphenoxy)-1,3-propanediol (14),22 3,6-O-diferuloyl sucrose (15),23 3,6-O-diferuloyl-6ʹ-O-acetyl sucrose (16),23 luteolin 4′-O-glucoside (17),24 7R,8R-dihydrodehydrodiconiferyl alcohol-9-O-β-D-glucopyranoside (18),25 3-O-feruloyl-6ʹ-O-acetyl sucrose (19),26 7R,8R-dihydro-9′-hydroxyl-3′-methoxyl-8-hydroxymethyl-7-(4-hydroxy-3-methoxyphenyl)-1′-benzofuranpropanol 9′-O-β-D-glucopyranoside (20),27 isorhamnetin-3-O-glucoside (21),28 isorhamnetin-3-O-rutinoside (22),29 and 3,5-O-dicaffeoylquinic acid (23)30 were isolated from aerial parts of A. alpina L. (Fig. 1). Their structures were determined by comparing their 1D NMR spectral data with those in the literature. Among them, compounds 2, 3, 5, 7, 12, 14, 18 and 20 were reported from A. alpina for the first time.
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          Chemical structures of compounds 1‒23 isolated from the aerial parts of A. alpina.
        
        

        

      

      Compound 8 was obtained as a colorless oil. Its 1H NMR spectrum displayed signals in the high-field region, indicating the presence of six methyl groups typical of a steroid skeleton, including four doublet methyls at δH 0.98 (3H, d, J = 6.6 Hz, H-21), 0.89 (3H, J = 6.8 Hz, CH3-28), and 0.79 (6H, d, J = 3.2 Hz, CH3-26, CH3-27) and two singlet ones at δH 0.86 (3H, s, CH3-19) and 0.80 (3H, s, H-18). An oxygenated methine proton δH 3.93 (1H, m), a characteristic of 3-OH group in steroids, was also detected. Additionally, four olefinic protons characteristic of one cis-double bond at δH 6.48 (1H, d, J = 8.5 Hz, H-7) and 6.22 (1H, d, J = 8.5 Hz, H-6) and one trans-double bond at δH 5.20 (1H, dd, J = 15.2, 7.4 Hz, H-22) and 5.12 (1H, dd, J = 15.2, 8.2 Hz, H-23) were observed. The 13C NMR spectrum of 8 showed 28 carbon signals (Fig. S8), with four olefinic carbons belonging to one cis- and one trans-double bond at δC 135.3 (C-6), 135.1 (C-22), 132.1 (C-23), and 130.6 (C-7), suggesting that 8 is an ergosterol derivative.34 Especially, two oxygenated sp3 quaternary carbons at δC 82.1 (C-5) and 79.3 (C-8) indicated the presence of a peroxide group, deducing 8 as ergosterol peroxide. A comparison of the NMR data of 8 with those in the previous report confirmed that 8 was ergosterol peroxide.18

      All the isolated compounds were tested for their ability to inhibit NO production in LPS-stimulated RAW 264.7 mouse macrophages. Following LPS treatment, NO levels in the culture medium increased significantly. Our results demonstrated that luteolin (13), a well-known flavone from the genus Achillea, showed the most potent inhibitory effect with an IC50 value of 8.69 ± 0.12 μM (Fig. 2). This was followed by sterols, ergosterol peroxide (8) (Fig. 2) and 7-keto-β-sitosterol (7), which had IC50 values of 18.39 ± 0.27 μM and 28.37 ± 0.75 μM, respectively. Interestingly, these compounds exhibited significantly stronger inhibition than the positive control, quercetin (IC50 = 33.21 μM ± 0.55).35 Additionally, stigmast-7-en-3-one (5) showed moderate inhibition of NO production with an IC50 value of 43.17 ± 0.27 μM, while cycloartane isomers 10 and 11 exhibited weak inhibitory activity with IC50 values around 90 μM. The other compounds were inactive at a concentration of 100 μM (Table 1).

      
        
        

        Fig. 2. 
				
        

        
          Effect of compounds 8 and 13 on the LPS-induced NO production in RAW 264.7 cells. RAW 264.7 cells were pretreated with 1‒100 μM of 8 and 13 for 30 min, then incubated with 1 μg/mL LPS for an additional 24 h. DMSO was used as a vehicle. NO was measured by Griess assay. The data are expressed as the mean ± SE (n = 3).
        
        

        

      

      
        
        

        Fig. 3. 
				
        

        
          Cytotoxic effect of compound 8 on HeLa and HL-60 cancer cell lines. HeLa and HL-60 cells were treated with 1‒100 μM of 8 and incubated for 48 h. DMSO was used as a vehicle. Cell viability was measured by MTT assay. The data are expressed as the mean ± SE (n = 3).
        
        

        

      

      
        Table 1. 
				
        

        
          Inhibition of NO production in RAW264.7 macrophages by compounds 1‒23
        
        

      

      
        
          
            	Compounds
            	IC50 (μM)
          

        
        
          	
            5
          
          	43.17 ± 0.27
        

        
          	
            7
          
          	28.37 ± 0.75
        

        
          	
            8
          
          	18.39 ± 0.27
        

        
          	
            10
          
          	91.77 ± 1.53
        

        
          	
            11
          
          	90.45 ± 1.32
        

        
          	
            13
          
          	8.69 ± 0.12
        

        
          	
            Remaining compounds
          
          	> 100
        

        
          	Quercetin*
          	33.21 ± 0.55
        

      

      
        
          The data are performed as the mean ± SE (n = 3).
        

        
          *Positive control.
        

      

      

      The MTT assay was used to evaluate the cytotoxicity of the isolated compounds on RAW 264.7 cells at concentrations ranging from 1–100 μM. The cell viability was largely unaffected in the presence of compounds 5, 7, 8, 10, 11, and 13, deducing these compounds, at non-cytotoxic levels (≤ 100 μM), effectively prevented the LPS-induced inflammatory response in RAW 264.7 cells, as indicated by NO production.

      The cytotoxicity of all isolated compounds on HeLa and HL-60 cells was assessed using the MTT assay (Table 2). Among them, ergosterol peroxide (8) exhibited significant cytotoxicity on both HeLa and HL-60 cells, with EC50 values of 72.85 and 53.57 μM, respectively. In contrast, compounds 5 and 10 selectively inhibited the proliferation of HL-60 cells, showing EC50 values of 78.33 and 58.83 μM, respectively. Compound 11 was only cytotoxic to HeLa cells, with an EC50 value of 68.45 μM.

      
        Table 2. 
				
        

        
          Cytotoxic effects on HeLa and HL-60 cancer cell lines of compounds 1‒23
        
        

      

      
        
          
            	
            	ED50 (μM)
          

          
            	Compounds
            	HeLa
            	HL-60
          

        
        
          	
            5
          
          	> 100
          	78.33 ± 0.62
        

        
          	
            8
          
          	72.85 ± 0.32
          	53.57 ± 0.58
        

        
          	
            10
          
          	> 100
          	58.83 ± 0.39
        

        
          	
            11
          
          	68.45 ± 0.50
          	> 100
        

        
          	Doxorubicin*
          	2.25 ± 0.22
          	0.23 ± 0.01
        

      

      
        
          The data are performed as the mean ± SE (n = 3).
        

        
          *Positive control.
        

      

      

      The overall bioactivity assessment results indicated that attaching sugar units to any position on the isolated flavonoids significantly reduced their NO production inhibitory activity, evidenced by the differing inhibitory effects between compound 13 and compounds 17, 21, and 22. Both cycloartane isomers 10/11 exhibited similar inhibitory activity against excessive NO production; however, the 24α-isomer (10) induced cell death in HL-60 cells, whereas the other isomer (11-24β) only caused cell death in HeLa cells. This suggested that configuration changes could also alter their biological effects. While the isolated pentacyclic triterpenes (1‒4) showed almost no activity at 100 μM, the sterols (5, 7, and 8) exhibited notable activity. In particular, our experiments demonstrated both the anti-inflammatory and anti-cancer effects of ergosterol peroxide (8), a steroid characterized by a unique peroxide group - a key responsible for its pharmacological effects. This compound, previously found in various fungi and medicinal herbs, has been shown to offer numerous health benefits such as anti-oxidant,36 anti-inflammatory,37 anti-cancer,38 anti-viral,39 anti-obesity,40 and anti-fungal41 activities. Our results further supported its diverse pharmacological activities.

      In summary, a total of 23 secondary metabolites, including 4 pentacyclic triterpenes (1‒4), 3 steroids (5, 7, and 8), 3 cycloartanes (9‒11), 5 lignans (6, 12, 14, 20, and 18), 4 flavonoids (13, 17, 21, and 22), 3 feruloyl sucroses (16, 18, and 19), and 1 caffeoyl quinic acid (23), were isolated and structurally identified from the aerial parts of A. alpina. This report marked the first isolation of compounds 2, 3, 5, 7, 12, 14, 18 and 20 from this plant. The bioactivity studies revealed that ergosterol peroxide (8) and luteolin (13) are potent inhibitors of NO production in LPS-stimulated RAW 264.7 cells. Additionally, ergosterol peroxide (8) was also shown to significantly induce cell death in the HeLa and HL-60 cancer cell lines. These findings provided insights into the phytochemical characteristics of A. alpina, and the anti-inflammatory and anti-cancer activities of its metabolites.
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