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ABSTRACT: A novel norditerpene (1), two new labdane diterpenes (2, 3) and nine known 

analogues (4−12) were isolated from the rhizomes of Amomum villosum var. xanthioides. 1 is an 

unprecedented rearranged tetranorlabdane diterpene, featuring a 6/6/5 fused tricarbocyclic skeleton 

with an ,-unsaturated cyclopentenone unit, while 2 is a structurally rare labdane diterpene bearing 

a five-membered cyclic anhydride. Their structures and absolute configurations were established on 

the basis of spectroscopic data and quantum chemical ECD calculations. 4 shows remarkable 

inhibitory activity against nitric oxide production with an IC50 value of 2.36 μM, and could also 

inhibit -glucosidase activity significantly (IC50 = 9.98 μM). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



INTRODUCTION 

Amomum villosum Lour. var. xanthioides (Wall. ex Bak.) T. L. Wu & Senjen, belonging to the 

Zingiberaceae family, is widely distributed in southern China, Laos, Vietnam, Cambodia, and 

Thailand.1 It is commonly dedicated to traditional Chinese medicine for the treatment of stomach 

diseases and digestive disorders.2,3 The previous investigations indicated that A. villosum var. 

xanthioides contains abundant essential oil,4 terpenoids,5,6 phenols5 and flavonoids,5 meanwhile it 

shows anti-cancer,7 anti-inflammation,8 anti-allergy,9 and hepatoprotective effect.10 Our recent 

phytochemical investigation  on medicinal plants of the Amomum genus identified  a series of 

diterpenoids11,12 and unusual norditerpenoids.13 In our ongoing endeavor to discover structurally 

interesting and biologically relevant components beneficial for human life and health from the 

rhizomes of A. villosum var. xanthioides, an unprecedented rearranged tetranorlabdane diterpene with 

a 6/6/5 tricarbocyclic skeleton, avxanthin A (1), two new labdane diterpenes, avxanthins B (2) and C 

(3), together with nine known analogues (4−12) were isolated (Figure 1). Herein, we present their 

isolation and structure elucidation, as well as anti-inflammatory and -glucosidase inhibitory 

activities. 

RESULTS AND DISCUSSION 

Compound 1 was isolated as colorless oil. HRESIMS data (m/z 233.1899 [M + H]+, calcd for 

C16H25O, 233.1899) gave the molecular formula C16H24O, corresponding to five degrees of 

unsaturation. The 1H NMR spectrum displayed three high-field methyl singlets at δH 0.85, 0.911 and 

0.915. The 13C NMR, DEPT, and HSQC spectra revealed 16 carbons for three methyls, seven 

methylenes, one methine, and five quaternary carbons (including a ketone carbonyl at δC 209.3, two 

olefinic quaternary carbons at δC 138.5 and 172.6, which occupied two degrees of unsaturation). 



Above evidence suggested that 1 was a norditerpenoid possessing a tricarbocyclic system. The gross 

structure of 1 was deduced by analysis of 2D NMR data (HSQC, HMBC, 1H-1H COSY, and ROESY) 

(Figure 2). In the HMBC spectrum, a methyl singlet at δH 0.911 (3H, s) ascribable to Me-14, showed 

significant correlations with a methyl carbon at δC 21.7 (C-15) and an sp3 quaternary carbon at δC 

33.3 (C-4), the methyl singlet at δH 0.915 (3H, s, Me-15) with an sp3 methylene at δC 42.8 (C-3) and 

an sp3 methine at δC 48.8 (C-5), the third methyl singlet at δH 0.85 (3H, s, Me-16) with C-5 (δC 48.8) 

and an sp3 methylene at δC 42.0 (C-1), as well as H-2b (δH 1.46, 1H) exhibited correlations with an 

sp3 quaternary carbon at δC 33.9 (C-10). Taking the 1H-1H COSY spin-coupling systems 

H-1/H-2/H-3 into consideration, a six-membered ring A was ascertained (Figure 1). Furthermore, 

HMBC correlations from H-9b (δH 2.00) to two olefinic quaternary carbons at δC 138.5 (C-7) and 

172.6 (C-8), and from H-6a (δH 2.34) to C-8 indicated that one olefinic bond was placed at C-7/C-8. 

Again, considering the spin-coupling systems H-5/H-6 in the 1H-1H COSY spectrum and HMBC 

correlations of H-9b with C-5, C-10 and C-16, another six-membered ring B was constructed to be 

fused with ring A at C-5/C-10 (Figure 1). Similarly, an sp3 methylene signals at δH 2.40 and 2.43 (2H, 

H-11) showed HMBC correlations with the carbonyl carbon at δC 209.3 (C-13), and another sp3 

methylene protons at δH 2.39 (2H, H-12) with C-13, C-8 and C-7. Additionally, the 1H-1H COSY 

spin-coupling systems H-11/H-12 as well as HMBC correlations of H-9b with C-11 and H-6a with 

C-13 were also observed. Combining the above information with the degrees of unsaturation, an 

,-unsaturated cyclopentenone unit (ring C) comprised C-7, C-8, C-11, C-12, and C-13 was fused 

with ring B at C-7/C-8 (Figure 1). 

On the basis of ROESY data, correlations between H-5 with Me-14, and between Me-15 with 

Me-16 indicated the relationship between H-5 and Me-16 to be trans (Figure 2). The absolute 



configuration was determined by comparison of the calculated and experimental electronic circular 

dichroism (ECD) spectra. The CD spectrum of compound 1 contained the two typical bands of the 

enone chromophore, namely a n-π* band with maximum at 310 nm, and a π-π* band with maximum 

at 240 nm corresponding to the strong UV absorption.14 Because of the five-membered ring, the 

enone is essentially planar, thus so-called helicity rules can’t be employed. However, the presence of 

a single simple chromophore embedded in a rigid molecular skeleton makes this case, as well as 

similar ones,15 ideal for CD calculations. In fact, compound 1 existed as a single conformer, 

according to density functional theory (DFT) geometry optimizations, shown as inset in Figure 3, 

which was in accord with NOESY correlations. The CD spectrum calculated for (5S,10R)-1 with 

time-dependent DFT (TD-DFT) at CAM-B3LYP/def2-TZVP level,16,17 (including a PCM solvent 

model for MeOH) matched perfectly the experimental spectrum recorded for (+)-1 (Figure 3), thus 

allowing a safe configurational assignment as 5S and 10R. The similarity factor (SF), which 

quantifies the similarity between calculated and experimental spectrum, amounted to 0.992. The 

value of SF for 1 indicated complete match between the spectra. Accordingly, compound 1 was 

established, and named as avxanthin A.  

Compound 2 was obtained as white powder. The molecular formula was deduced as C20H28O3 

by HRESIMS data at m/z 317.2114 [M + H]+ (calcd for C20H29O3, 317.2111), which suggested seven 

degrees of unsaturation. The 1H NMR spectrum showed three high-field methyl singlet signals at δH 

0.73, 0.82 and 0.89, and one exocyclic methylene signals at δH 4.38 and 4.84, which were the 

characteristics for a labdane diterpene with an exo-methylene group at C-8.18 The 13C NMR spectrum 

indicated that 2 was also a labdane diterpene with an exo-methylene (δC 107.6, C-17) and three 

methyls (δC 14.5, C-20; δC 21.9, C-19; δC 33.7, C-18). All of the proton and carbon signals (Table 2) 



were assigned by 2D NMR spectra (HMQC, HMBC and ROESY). Analysis and comparison of 

NMR data revealed that the structure of 2 was similar to (E)-labda-8(17),12-dien-16,15-olide,19 

except for the five-membered ring system in the side chain. The absence of the oxymethylene in 

position C-15 and the appearance of a carbonyl carbon signal at δC 173.9 were observed, besides the 

methylene carton signal at C-14 shifted downfield compared to (E)-labda-8(17),12-dien-16,15-olide 

(ΔδC +7.8), which suggested that the carbonyl group (δC 173.9) was assigned to C-15, and a 

five-membered cyclic anhydride moiety was formed. The deduction was further substantiated by 

HMBC correlations of H-14 (δH 3.26) with C-16 (δC 169.6), C-15 (δC 173.9), C-13 (δC 125.9) and 

C-12 (δC 141.6), and H-12 (δH 6.80) with C-16. Moreover, a trisubstituted olefinic proton signal at δH 

6.80 was observed in 1H NMR spectrum, and an assignment of the corresponding olefinic bond Δ12(13) 

was achieved on the basis of HMBC correlations of H-12 with C-9 and C-16, and H-11 with C-12 

and C-13. Absence of ROESY interaction between H-12 and H-14, along with the downfield shift of 

H-12 (δH 6.80) due to the deshielding effect of the carbonyl group at C-16 revealed the olefinic bond 

Δ12(13) with an E geometry.19 In addition, ROESY interactions of H-5 with H-9 and Me-18, and 

Me-19 with Me-20 suggested H-5, H-9 and Me-18 to be -oriented, and Me-19 and Me-20 to be 

-oriented (Figure 4). On the basis of the aforementioned spectroscopic features as well as the total 

degrees of unsaturation, compound 2 was identified as (E)-labda-8(17),12-dien-15,16-dioic 

anhydride, and named as avxanthin B. The absolute configuration of 2 was determined using the 

same procedure employed for 1. The two compounds differ substantially from the viewpoint of ECD 

spectroscopy, because in 2 the main chromphore – a cyclic α,β-unsatured anhydride – is essentially 

planar and attcahed to the chiral skeleton through a flexible junction. As a consequence, not only 

compound 2 may assume several diffent conformations, but the various conformers are associated 



with very different ECD spectra from each other. The lowest-energy structure of 2 optimized at 

ωB97X-D/6-311G+(d,p) level of theory, including SMD solvent model for methanol, is shown in 

Figure 5 (labelled conf. 1, 60% population). The prevalence of such conformation is substantiated by 

the NOE observed between H-14 and H-17. However, a second diagnostic NOE between H-1 and 

H-14 is not expected for the lowest-energy minimum but only for the second most stable one (conf. 2 

in Figure 5, 14% population). The ECD spectrum calculated for (5S,9S,10S)-2 at 

CAM-B3LYP/def2-TZVP level (including a PCM solvent model for MeOH) was in satisfactory 

agreement with the experimental spectrum recorded for (+)-2 (Figure 5). The main discrepancy 

between the two spectra is the positive experimental ECD band around 210 nm which is missing in 

the calculation. This may be partly due to an understimation of the poulation of conformer 2, which 

displays a postive ECD band in this region. Still, the SF was 0.90 for the calculated absolute 

configuration and 0.06 for its enantiomer. The absolute configuration of avxanthin B is thus 

established as (+)-(5S,9S,10S)-2. 

Compound 3 was isolated as colorless oil. HRESIMS data (m/z 363.2531 [M + H]+, calcd for 

C22H35O4, 363.2530) gave the molecular formula C22H34O4. The 1H NMR data showed three methyl 

singlets at δH 0.72 (H-20), 0.82 (H-19), and 0.88 (H-18), and the exo-methylene protons (δH 4.84, 

4.40, H-17), which also provided evidence for 3 being a labdane diterpenoid.18 In 1H and 13C NMR 

spectra, an ethoxy group was observed for signals at δH 4.16 (2H, q, J = 7.0 Hz, -OCH2CH3, H-21) 

and 1.26 (3H, t, J = 7.0 Hz, -OCH2CH3, H-22) as well as δC 61.1 (-OCH2CH3, C-21) and 14.3 

(-OCH2CH3, C-22), respectively. Comprehensive analysis of NMR spectra and comparison with 

literature data indicated that 3 was analogous to (E)-labda-8(17),12-dien-15,16-dioic acid,20 except 

for the presence of one additional ethoxy group and the chemical shift of C-15 appeared at a 



relatively high field (ΔδC −6.9) for 3. It was deduced that the carboxylic acid located at C-15 was 

replaced by an ethyl ester, which was further demonstrated by HMBC correlations of H-21 (δH 4.16) 

with C-15 (δC 170.7) and C-22 (δC 14.3). The ROESY correlation between H-14 and H-11 also 

confirmed that the double bond Δ12(13) was an E geometry. In addition, ROESY data showed that 3 

possessed the same relative configuration as 2 (Figure 4). Accordingly, compound 3 was determined 

as (E)-labda-8(17),12-dien-15-ethyl ester,16-oic acid, and named as avxanthin C. The absolute 

configuration of this latter compound could not be established by the aforementioned ECD method, 

because its ECD spectrum was very weak. This is apparently due to the hydrolysis of the anhydride 

which, though preserving a α,β-unsatured carboxylate chromophores, adds further flexibility to the 

molecule which is detrimental for the ECD intensity. Based on the co-occurrence with three 

compounds whose absolute configuration is established by ECD calculations and share exactly the 

same chiral moiety, we assign avxanthin C as (+)-(5S,9S,10S)-3. 

Compound 4 was yellowish oil. HRESIMS provided the molecular formula C20H28O3. The 1H 

and 13C NMR spectra indicated 4 also be a labdane diterpene. On the basis of spectroscopic data, 

including HSQC and HMBC data (Figure 4), the planar structure of 4 was identical with that of 

16-hydroxylabda-8(17),11,13-trien-15,16-olide.21 In this latter reference, compound 4 was isolated  

as a mixture of C-16 epimers, and its absolute configuration remained undetermined. Compound 4 in 

our hands shows instead a single set of NMR signals, with no splitting of C-16 or H-16 resonances. 

This indicated the presence of a single stereoisomer, whose relative and absolute configuration 

needed to be assigned. To this end, NOESY experiments and ECD calculations were performed. 

The relative configuration of 4 was established by ROESY correlations of H-9/H-5, H-5/Me-18, 

H-6 (δH 1.76)/Me-18, H-6 (δH 1.41)/Me-19, and H-6Me-20, as shown in Figure 4. In addition, 



two olefinic protons at δH 6.62 (H-11) and δH 6.38 (H-12) were mutually coupled with a large 

coupling constant of 16.0 Hz, indicating the double bond Δ11(12) with the trans isomerism.22 The 

observed NOESY correlation of H-14 (δH 5.91) with H-12 (δH 6.38) rather than with H-11 (δH 6.62) 

revealed that the conjugated dienes system formed by two double bonds Δ11(12) and Δ13(14) had the 

s-trans conformation. Unfortunately, ROESY correlations could not be used to safely discriminate 

between the two possible orientation of the 16-OH group, because of the lack of ROESY correlation 

between the ,-unsaturated butyrolactone ring and the bicyclic system. Thus, two different 

diastereomers were possible, (5S*,9S*,10S*,16R*) and (5S*,9S*,10S*,16S*). To assign the absolute 

configuration and possibly the relative configuration at C-16, TDDFT calculations were run on 

(5S,9S,10S,16R)-4 and (5S,9S,10S,16S)-4 (or epi-4), using the same procedure adopted for 1. The 

two diastereomers led both to the correct sign for the π-π* band of the dienoate chromophore at 260 

nm (Figure 6). Around 200 nm, however, epi-4 displayed a calculated positive CD band with no 

experimental counterpart, corresponding to the n-π* transition which was intrinsically more sensitive 

to the configuration at C-16.23 As a consequence, the similarity factor (SF) for 4 was 0.996, while for 

epi-4 decreased down to 0.885. Compound 4 was then elucidated as 

(5S,9S,10S,16R,11E)-16-hydroxylabda-8(17),11,13-trien-15,16-olide. 

The remaining known compounds were identified as labda-8(17),13(14)-dien-15,16-olide (5),24 

(E)-labda-8(17),12-dien-16,15-olide (6),19 coronarin-D methyl ether (7),25 coronarin-D ethyl ether 

(8),26 15-hydroxylabda-8(17),13-dien-16,15-olide (9),27 (E)-labda-8(17),12-dien-15-ol-16-al (10),28 

(E)-14,15,16-trinorlabda-8(17),11-dien-13-oic acid (11), 22 

(E)-14-hydroxy-15-norlabda-8(17),12-dien-16-al (12).22 

A review concerning norlabdane diterpenoids obtained from plants of the Zingiberaceae 



family13,22 suggested that norlabdane diterpenes may degraded from normal labdane diterpenes.13 

Consequently, we tentatively proposed a plausible biogenetic pathway of compound 1, which was 

originated from compound 6, outlined in Scheme 1. Compound 6 was proposed to be involved the 

double bond migration from ∆12(13) to ∆13(14), esterlysis, further oxidation of ∆13(14) and 

decarboxylation at C-16, to afford intermediate A. After reduction of the carboxyl group and the 

following dehydration, intermediate A was converted to intermediate B. Intermediate B might 

undergo [3,3] sigmatropic rearrangement to produce intermediate C. Via oxidation of terminal 

double bond of intermediate C, followed by Friedel-Crafts type cyclization between the carboxyl 

group and C-7,29 a five-membered ring fused with the decalin nucleus at C-7/C-8 was finally formed. 

Therefore, from a biogenetic point of view, compound 1 is the first example of unprecedented 

rearranged tetranorlabdane diterpene with a 6/6/5 fused tricarbocyclic skeleton. 

The inhibitory effects of compounds 1–12 on NO production  in LPS-induced RAW 264.7 

macrophages were tested. Cell viability was determined by the MTT method to find whether 

inhibition of NO production was due to cytotoxicity of compounds.30 As shown in Table 3, all of the 

compounds, except 3 and 10, inhibited NO production to various degrees. Among them, compounds 

2 and 4 exhibited the significant inhibitory abilities, with IC50 values of 11.02 and 2.36 μM, 

respectively, and compounds 5–9, 11 and 12 showed moderate inhibitory effects with IC50 values of 

18.84–31.20 μM, compared to that of the positive control NG-monomethyl-L-arginine (L-NMMA). 

The results of NO expression indicated that inhibitory activities of normal labdane diterpenes with a 

five-membered ring between C-15 and C-16 (2, 4, 5, 6, 7, 8 and 9) were superior to those without (3 

and 10). Again, labdane diterpenes with 15,16-olide or 15,16-dioic anhydride (2, 4 and 5) displayed 

stronger activities than those with 16,15-olide (6, 7, 8 and 9). 



Molecular docking approach was employed to investigate the probable binding interactions 

between compound 4 and iNOS protein, a key enzyme for regulation of NO production in the 

inflammatory process.31 Compound 4, the most potent NO inhibitor, bound tightly to the active 

cavity of iNOS with binding energy of –9.13 kcal/mol. As shown in Figure 7, the decalin nucleus 

moiety of 4 was embedded deeply in the hydrophobic pocket formed by Pro350, Ala351, Val352, 

Phe369, Trp372 and Tyr373. Moreover, two hydrogen bonds were formed between the hydroxyl 

group at C-16 of 4 and the carboxyl group of Glu377, as well as between the carbonyl oxygen atom 

of 4 and the amino of Arg388. On the basis of the detailed interactions of 4 with the key residues, it 

was concluded that the hydrophobic interactions and hydrogen bonds could play great contributions 

to the binding of 4 to iNOS. The docking results provided us insight into the protein-ligand 

interactions, which implied that the possible inhibitory mechanism of NO production of 4 by 

interaction with targeting residues in the active cavity of iNOS.32 

Compounds 1–12 were also evaluated for -glucosidase inhibitory activities in vitro, using 

1-deoxynojirimycin and genistein as positive controls.33 As a result, at a concentration of 50 μM, all 

the isolates showed various degrees of -glucosidase inhibition, and more than 80% inhibition was 

observed among compounds 2, 4–9  (Table 4). The following IC50 values of 2, 4–9 further 

demonstrated their significant inhibitory effects on -glucosidase, and compound 4 was the most 

potent inhibitor with the IC50 value of 9.98 μM (Table 4). It was noteworthy that the inhibitory 

activities of 2, 4–9, possessing a lactone ring or cyclic anhydride between C-15 and C-16, were much 

better than those of labdane and norlabdane diterpenes without a five-membered ring moiety formed 

(compounds 3, 10–12). These results suggested that the cyclic motif between C-15 and C-16 of 

labdane diterpenes might play an important role in the -glucosidase inhibitory activity. 



To further explore the type of inhibition of -glucosidase activity, kinetic studies were 

performed on compound 4. The kinetic type was determined by the Lineweaver−Burk 

double-reciprocal plots, as depicted in Figure 8, which showed that a set of lines with different slopes 

and intercepts intersected in the third quadrant. With the concentration of 4 increasing, Km and Vmax 

values both decreased (S5, Supporting Information), and the Ki value was calculated to be 9.50 ± 

0.11 μM. These results indicated  that 4 bound mainly in a single class of inhibition sites on 

-glucosidase with a mixed-type manner.34 

EXPERIMENTAL SECTION 

General Experimental Procedures. Optical rotations were measured with a MCP 300 

polarimeter (Anton Paar GmbH, Graz, Austria). The  electronic circular dichroism (ECD) spectra 

were determined with an Applied Photophysics Chirascan spectrometer (Applied Photophysics Ltd., 

London, UK). UV spectra were performed on Thermo Evolution 300 ultraviolet−visible 

spectrophotometer (Thermo Electron Corporation, Madison, USA). 1D and 2D NMR spectra (1H: 

500MHz and 13C: 125MHz) were acquired on a Bruker Avance III NMR instrument (Bruker 

Corporation, Madison, USA). HRESI mass spectra were carried out using a Thermo Scientific LTQ 

Orbitrap XL mass spectrometer (Thermo Fisher Scientific Inc., Waltham, MA). Semi-preparative 

high-performance liquid chromatography (HPLC) was run on with a Shimadzu LC-20AP system 

equipped with a Shimadzu SPD-20A dual wavelength detector (Shimadzu Corporation, Tokyo, Japan) 

and a YMC C18 column (10 mm × 250 mm, 5 μm) (YMC Co.  Ltd., Kyoto, Japan). Column 

chromatography was done with silica gel (Qingdao marine Chemical Co. Ltd., Qingdao, China), 

ODS (40−60 μm, FuJi, Silysia Chemical Ltd., Japan), Sephadex LH-20 (Amersham Pharmacia 

Biotech Co. Ltd., Tokyo, Japan). Inhibitory activities were tested on a multi-mode microplate reader 



(Synergy HTX, BioTek Instruments Inc., USA). -Glucosidase (EC 3.2.1.20), 1-deoxynojirimycin, 

genistein, NG-monomethyl-L-arginine (L-NMMA) and lipopolysaccharide (LPS) were provided by 

Sigma-Aldrich Chemical Company  (St. Louis, MO, USA), and p-nitrophenyl--D-glucopyranoside 

(pNPG) was purchased from Macklin Biochemical Co. Ltd. (Shanghai, China). 

Plant Materials. The rhizomes of A. villosum var. xanthioides were collected in April 2016 

from Yunnan province of China. They were authenticated by Professor S.C. Zhang, Department of 

Medicinal Plants, Xishuangbanna Tropical Botanical Garden. A voucher specimen (No. 160416) is 

deposited in the Laboratory of Natural Product Chemistry, Northwest A&F University. 

Extraction and Isolation. The air-dried rhizomes of A. villosum var. xanthioides (10 kg) were 

extracted with 95 % EtOH (3 × 4 h). The EtOH extract (460 g) was suspended in H2O, and then 

successively partitioned with petroleum ether (PE), CH2Cl2 and EtOAc, yielding fractions of PE (100 

g), CH2Cl2 (64 g) and EtOAc (25 g) after removal of the solvent, respectively. The PE fraction was 

subjected to silica gel column chromatography (CC), using gradient elution of PE/EtOAc (100:1, 

50:1, 20:1, 10:1, 5:1, 1:1), to yield five major fractions (Fr.1–Fr.5) by their TLC profiles. The Fr.4 

was performed on Sephadex LH-20 CC, eluting with CH2Cl2/MeOH (1:1), to obtain Fr.4.1–Fr.4.3. 

The Fr.4.3 was then applied to CC over ODS with a step gradient of MeOH/H2O (30:70 to 90:10), to 

afford  four subfractions (Fr.4.3.1–Fr.4.3.4). The Fr.4.3.4 was separated by silica gel CC with 

PE/acetone/MeOH (10:1:0.1) as an eluent, and further purified by semi-preparative HPLC with 

MeOH/H2O (78:22) as a mobile phase to give 2 (2.1 mg). The Fr.3 was subjected to CC over D101 

eluting with varying gradients of EtOH/H2O (30:70 to 100:0), to give five subfractions (Fr.3.1–Fr.3.5) 

according to the TLC analysis. The Fr.3.2 was subjected to Sephadex LH-20 CC using 

CH2Cl2/MeOH (1:1) as an eluent, and then Fr.3.2.2 was separated by an ODS column with a 



continuous gradient of MeOH/H2O (30:70 to 100:0), to afford two major subfractions Fr.3.2.2.3 and 

Fr.3.2.2.4. The Fr.3.2.2.3 was chromatographed on a silica gel column (PE/acetone/MeOH = 

10:1:0.1), and purified by semi-preparative HPLC using MeOH/H2O (78:22), to obtain 4 (4.0 mg) 

and 11 (2.7 mg). Fr.3.2.2.4 was performed on CC over silica gel with a gradient elution of 

PE/acetone/MeOH (15:1:0.01, 5:1:0.1) to yield Fr.3.2.2.4.1 and Fr.3.2.2.4.2. Separation of 

Fr.3.2.2.4.1 was carried out by semi-preparative HPLC with MeOH/H2O (78:22), giving 12 (0.8 mg). 

Meanwhile, Fr.3.2.2.4.2 was purified by semi-preparative HPLC eluting with MeOH/H2O (80:20) to 

afford 3 (0.8 mg). The Fr.3.3 was applied to CC over Sephadex LH-20 (CH2Cl2/MeOH = 1:1) and 

ODS with gradient of MeOH/H2O (30:70 to 90:10). The subfractions eluted with MeOH/H2O (90:10) 

on the ODS column were collected, and Fr.3.3.2 was further separated by silica gel CC 

(PE/acetone/MeOH = 18:1:0.1), to obtain Fr.3.3.2.2. The Fr.3.3.2.2 was performed on 

semi-preparative HPLC with MeOH/H2O (82:18), to afford 6 (8.7 mg) and 5 (0.9 mg). In the same 

way, the Fr.2 was first eluted with a gradient of increasing EtOH (10%–100%) in water on a D101 

column to gain four subfractions (Fr.2.1–Fr.2.4). The Fr.2.2 was applied to Sephadex LH-20 CC 

(CH2Cl2/MeOH = 1:1), followed by silica gel CC with an eluent of PE/acetone/MeOH (30:1:0.08), 

and Fr.2.2.2 obtained was then chromatographed on semi-preparative HPLC with MeOH/H2O 

(78:22), to give 1 (3.3 mg). The Fr.2.3 was then subjected to Sephadex LH-20 CC with an eluent of 

CH2Cl2/MeOH (1:1), and further separated by repeated CC over ODS, to give Fr.2.3.1. The two 

subfractions, Fr.2.3.1.1 and Fr.2.3.1.2, were obtained from Fr.2.3.1 with silica gel CC 

(PE/acetone/MeOH = 50:1:0.1). The following purification of the above subfractions (Fr.2.3.1.1 and 

Fr.2.3.1.2) were achieved by semi-preparative HPLC with the same mobile phase of MeOH/H2O 

(84:16), yielding 9 (2.8 mg), 10 (1.0 mg) and 8 (6.8 mg) from Fr.2.3.1.1, and 7 (3.3 mg) from 



Fr.2.3.1.2, respectively. 

Avxanthin A (1): Colorless oil; []25
D +35.1 (c 0.03, MeOH); UV (MeOH) λmax (log ε) 237 (3.96) 

nm; CD (c 1.10 × 10–4, MeOH) λmax (∆ε) 242 (+5.01), 312(–4.25) nm; 1H (500 MHz) and 13C NMR 

(125 MHz) data, see Table 1; HRESIMS m/z 233.1899 [M + H]+ (calcd for C16H25O, 233.1899). 

Avxanthin B (2): White powder; []25
D +74.2 (c 0.03, MeOH); UV (MeOH) λmax (log ε) 230 

(4.18) nm; 1H (500 MHz) and 13C NMR (125 MHz) data, see Table 2; HRESIMS m/z 317.2114 [M + 

H]+ (calcd for C20H29O3, 317.2111). 

Avxanthin C (3): Colorless oil; []25
D +62.8 (c 0.04, MeOH); UV (MeOH) λmax (log ε) 222 (4.10) 

nm; 1H (500 MHz) and 13C NMR (125 MHz) data, see Table 2; HRESIMS m/z 363.2531 [M + H]+ 

(calcd for C22H35O4, 363.2530). 

(5S,9S,10S,16R,11E)-16-Hydroxylabda-8(17),11,13-trien-15,16-olide (4): Yellowish oil; []25
D 

+45.8 (c 0.03, MeOH); UV (MeOH) λmax (log ε) 261 (4.36) nm; CD (c 1.10 × 10–4, MeOH) λmax (∆ε) 

260 (+5.26) nm; 1H (500 MHz) and 13C NMR (125 MHz) data, see Table 2; HRESIMS m/z 317.2112 

[M + H]+ (calcd for C20H29O3, 317.2111). 

ECD Calculation Methods. Conformational analysis were performed with the MMFF force 

field (Merck Molecular force field) using the Monte Carlo algorithm implemented in Spartan’18 

(Wavefunction, Irvine, CA, USA, 2018) using default parameters and convergence criteria. All 

minima thus found were optimized with DFT method first at ωB97X-D/6-31G(d) and then at 

ωB97X-D/6-311G+(d,p) level of theory in Spartan’18, using default grids and convergence criteria. 

Finally, all minima with relative energies within 5 kcal/mol from the lowest energy minima were 

re-optimized at ωB97X-D/6-311G+(d,p) level of theory including SMD solvent model for methanol, 

using Gaussian’16 package (revision A.03; Gaussian Inc.: Wallingford, CT, USA, 2016), using 



default grids and convergence criteria. The above steps produced only one conformer for compound 

1, eight conformers for compound 2 and four conformers for compound 4 (for each of the two 

possible diastereomers). 

Excited state calculations were run with Gaussian’16 with the time-dependent density 

functional theory (TD-DFT) method using CAM-B3LYP and B3LYP functionals, def2-TZVP basis 

set, and IEF-PCM solvent model for methanol. The 24 lowest electronic transitions (roots) were 

included in the calculations. ECD spectra of the conformers were simulated by using a Gaussian 

function with a half-bandwidth of 0.35-0.40 eV. The overall theoretical ECD spectra were obtained 

according to the Boltzmann weighting of each conformer, using internal energies. ECD spectra were 

plotted using the program SpecDis (version 1.71; Berlin: Germany, 2017; 

http:/specdis-software.jimdo.com). Similarity factors were evaluated with the same software. 

Anti-inflammatory assay. The bioassays for NO production and cell viability were conducted 

by the reported methods,30 and NG-monomethyl-L-arginine (L-NMMA) was used as the positive 

control.  

Molecular Docking Simulation. Molecular docking was performed according to the previously 

published paper.35 

-Glucosidase Inhibitory Activity. Inhibitory activities of -glucosidase and inhibition 

kinetics were conducted following the methods reported previously, using 1-deoxynojirimycin and 

genistein as positive controls.33,34 
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Captions for tables and figures 

Table 1. 1H and 13C NMR Data of Compound 1 in CDCl3 

Table 2. 1H and 13C NMR Data of Compounds 2–4 

Table 3. Inhibitory Activities on NO Production Induced by LPS in Macrophages 

Table 4. Inhibitory Activities on -Glucosidasea 

Figure 1. Chemical structures of compounds 1−12. 

Figure 2. Key HMBC, 1H-1H COSY and ROESY correlations of compound 1. 

Figure 3. Experimental CD spectrum of (+)-1 in MeOH compared with the spectrum calculated on 

(5S,10R)-1 at the TD-CAM-B3LYP/def2-TZVP//ωB97X-D/6-31+G(d,P) level, including PCM 

solvent model for MeOH. Plotting parameters: Gaussian band-width 0.4 eV, wavelength shift +19 

nm, scaled by a factor 1.3. 

Figure 4. Key HMBC and ROESY correlations of compounds 2–4. 

Figure 5. Left: Experimental CD spectrum of (+)-2 in MeOH compared with the spectra calculated 

on (5S,9S,10S)-2 at the TD-CAM-B3LYP/ def2-TZVP//ωB97X-D/6-31+G(d) level, including PCM 

solvent model for MeOH. Plotting parameters: Gaussian band-width 0.35 eV, wavelength shift 10 nm, 

scaled by a factor 0.5. Right: DFT-optimized structures for the lowest-energy conformers of 2, with 

diagnostic NOE’s indicated. 

Figure 6. Experimental CD spectrum of (+)-4 in MeOH compared with the spectra calculated on 

(5S,9S,10S,16R)-4 and (5S,9S,10S,16S)-4 (epi-4) at the TD-CAM-B3LYP/ 

def2-TZVP//ωB97X-D/6-31+G(d) level, including PCM solvent model for MeOH. Plotting 

parameters: Gaussian band-width 0.4 eV, wavelength shift 0 nm, scaled by a factor 5. 

Figure 7. Molecular docking simulation of compound 4 (carbon atom in orchid) with iNOS (PDB: 



3E7G). 

Figure 8. Lineweaver−Burk plots. -Glucosidase was treated with various concentrations of pNPG 

in the absence or presence of compound 4 (0, 10, 20 µM). 

Scheme 1. Plausible Biogenetic Pathway of Compound 1 

 

Table 1. 1H and 13C NMR Data of Compound 1 in CDCl3 

no. δC type δH (J in Hz) 

1 42.0 CH2 1.64 br d (15.0) 

  1.20 ma 

2a 18.9 CH2 1.58 tt (15.0, 5.0) 

2b  1.46 dq (15.0, 5.0) 

3 42.8 CH2 1.48 dq (15.0, 5.0) 

  1.22 ma 

4 33.3 C  
5 48.8 CH 1.21 dd (10.0, 5.0) 

6a 18.8 CH2 2.34 br d (15.0) 

6b 1.89 br t (15.0) 

7 138.5 C  
8 172.6 C  
9a 48.9 CH2 2.16 d (15.0) 

9b  2.00 d (15.0) 

10 33.9 C  
11 30.1 CH2 2.43 br t (15.0) 

  2.40 ma 

12 35.0 CH2 2.39 dd (10.0, 5.0) 

13 209.3 C  
14 33.1 CH3 0.911 s 

15 21.7 CH3 0.915 s 

16 19.8 CH3 0.85 s 
aOverlapped signals. 

 

 

 

 



 

 

 

 

 

Table 2. 1H and 13C NMR Data of Compounds 2–4 

  

no. 

 2a  3a  4b 

 δC type δH (J in Hz)  δC type δH (J in Hz)  δC type δH (J in Hz) 

1  39.5 CH2 1.70 br d (12.5)  39.5 CH2 1.70 br d (14.0)  42.0 CH2 1.46 mc 
    1.08 ddd (12.5, 12.5, 3.5)    1.07 t (12.5)   1.10 br t (13.5) 

2  19.5 CH2 1.59 m  19.5 CH2 1.58 m  20.1 CH2 1.59 qt (13.5, 2.0) 
    1.52 m    1.51 br d (12.0)   1.44 mc 

3  42.1 CH2 1.42 br d (13.0)  42.3 CH2 1.41 d (13.5)  43.3 CH2 1.43 mc 
    1.20 ddd (13.0, 13.0, 4.0)    1.19 br t (12.5)   1.24 br t (13.0) 

4  33.7 C   33.8 C    34.5 C   

5  55.6 CH 1.12 dd (12.5, 2.0)  55.6 CH 1.12 d (12.5)  55.8 CH 1.18 dd (12.5, 2.5) 

6  24.2 CH2 1.74 br d (13.0)  24.3 CH2 1.73 br d (17.0)  24.5 CH2 1.76 ddt (13.0, 5.0, 2.5) 

6    1.34 qd (13.0, 4.0)    1.33 br d (13.5)   1.41 mc 

7  37.9 CH2 2.40 br d (13.0)  38.1 CH2 2.39 mc  37.7 CH2 2.46 ddt (13.5, 4.0, 2.0 ) 
    2.00 ddd (13.0, 12.7, 4.5)    2.02 br t (10.5)    2.12 td (13.5, 5.0) 

8  148.2 C   148.4 C    150.3 C  
9  56.4 CH 1.87 br d (11.0)  56.6 CH 1.88 d (11.0)  63.3 CH 2.53 d (10.0) 

10  39.7 C   39.7 C   40.5 C   

11  25.3 CH2 2.35 dd (15.0, 4.5)  24.6 CH2 2.42 mc  144.6 CH 6.62 dd (16.0, 10.0) 
    2.21 m    2.24 m      

12  141.6 CH 6.80 t (7.0)   149.8 CH 7.01 t (6.0)  124.3 CH 6.38 d (16.0) 

13  125.9 C 
 

 124.3 C    163.9 C   

14  33.3 CH2 3.26 s  32.7 CH2 3.35 s  116.1 CH 5.91 s 

15  173.9 C    170.7 C    173.8 C   

16  169.6 C    169.8 C   99.9 CH 6.30 s 

17  107.6 CH2 4.84 s  108.0 CH2 4.84 s  109.1 CH2 4.78 d (1.0) 
    4.38 s    4.40 s   4.49 br s 

18  33.7 CH3 0.89 s  33.8 CH3 0.88 s  34.0 CH3 0.92 s 

19  21.9 CH3 0.82 s  21.9 CH3 0.82 s  22.4 CH3 0.88 s 

20  14.5 CH3 0.73 s  14.6 CH3 0.72 s  15.5 CH3 0.91 s 

21       61.1 CH2 4.16 q (7.0)      

22       14.3 CH3 1.26 t (7.0)      

aMeasured in CDCl3. bMeasured in CD3OD. cOverlapped signals. 



 

 

 

 

 

Table 3. Inhibitory Activities on NO Production Induced by LPS in Macrophages 

compound IC50 (μM)a 

1 43.06 ± 1.37 

2 11.02 ± 0.75 

3 > 50 

4 2.36 ± 0.86 

5 18.84 ± 1.06 

6 30.79 ± 0.98 

7 24.61 ± 1.12 

8 31.20 ± 0.76 

9 25.83 ± 0.93 

10 > 50 

11 23.68 ± 1.36 

12 28.73 ± 0.77 

L-NMMA 27.23 ± 0.56 
aResults were expressed as means ± 

SD (n = 3). 

 

 

 

 

 

 

 



 

 

 

 

 

Table 4. Inhibitory Activities on -Glucosidasea 

compound inhibition ratio (%)b IC50 (μM) 

1 12.36 ± 0.59 > 50 

2 90.33 ± 1.22 21.08 ± 0.69 

3 38.66 ± 1.09 > 50 

4 95.70 ± 0.56 9.98 ± 0.67 

5 88.99 ± 0.91 14.78 ± 0.94 

6 89.09 ± 0.47 17.11 ± 0.53 

7 87.85 ± 1.17 15.80 ± 0.80 

8 89.33 ± 0.37 13.77 ± 0.52 

9 87.36 ± 1.19 17.52 ± 1.02 

10 36.90 ± 0.89 > 50 

11 33.22 ± 0.61 > 50 

12 27.06 ± 0.52 > 50 

1-deoxynojirimycin 36.85 ± 1.51 114.88 ± 0.96 

genistein 70.04 ± 0.85 17.61 ± 0.44 

aResults were expressed as means ± SD (n = 3). bPercent 

inhibition at a concentration of 50 μM. 

 

 

 

 

 



 

Figure 1. Chemical structures of compounds 1−12. 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 2. Key HMBC, 1H-1H COSY and ROESY correlations of compound 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 3. Experimental CD spectrum of (+)-1 in MeOH compared with the spectrum calculated on 

(5S,10R)-1 at the TD-CAM-B3LYP/def2-TZVP//ωB97X-D/6-31+G(d,P) level, including PCM 

solvent model for MeOH. Plotting parameters: Gaussian band-width 0.4 eV, wavelength shift +19 

nm, scaled by a factor 1.3. 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 4. Key HMBC and ROESY correlations of compounds 2–4. 

  



 

Figure 5. Left: Experimental CD spectrum of (+)-2 in MeOH compared with the spectra calculated 

on (5S,9S,10S)-2 at the TD-CAM-B3LYP/ def2-TZVP//ωB97X-D/6-31+G(d) level, including PCM 

solvent model for MeOH. Plotting parameters: Gaussian band-width 0.35 eV, wavelength shift 10 nm, 

scaled by a factor 0.5. Right: DFT-optimized structures for the lowest-energy conformers of 2, with 

diagnostic NOE’s indicated. 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 6. Experimental CD spectrum of (+)-4 in MeOH compared with the spectra calculated on 

(5S,9S,10S,16R)-4 and (5S,9S,10S,16S)-4 (epi-4) at the TD-CAM-B3LYP/ 

def2-TZVP//ωB97X-D/6-31+G(d) level, including PCM solvent model for MeOH. Plotting 

parameters: Gaussian band-width 0.4 eV, wavelength shift 0 nm, scaled by a factor 5. 

 

 

 

 

 

 

 



 

Figure 7. Molecular docking simulation of compound 4 (carbon atom in orchid) with iNOS (PDB: 

3E7G). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 8. Lineweaver−Burk plots. -Glucosidase was treated with various concentrations of pNPG 

in the absence or presence of compound 4 (0, 10, 20 µM). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Scheme 1. Plausible Biogenetic Pathway of Compound 1 
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