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ABSTRACT ARTICLE HISTORY

Two new lanostane-type triterpenoids, ganoderenicfys A (1) and B Received 5 November 2020

(2), together with six related known terpenoids (3-8), were iso- Accepted 28 February 2021

lated and identified from the fruiting body of Ganoderma appla-

natum. The structures of these compounds were established on ~ KEYWORDS

the basis of detailed interpretation of their NMR and HRESIMS ~ lanostane-type

data. The absolute configurations of 1 and 2 were determined by trlterpenOId?, Ganoderma
. L . - . applanatum;

quantum chemical electronic circular dichroism (ECD) calculations. proangiogenic activity

All of the isolated compounds were evaluated for their proangio-

genic activities in a transgenic fluorescent zebrafish model.

Compounds 1-6 displayed dose-dependently proangiogenic activ-

ity in a PTK787-induced vascular injury zebrafish model, while

compounds 1, 2 and 4 significantly promoted the angiogenesis.

This is the first report for proangiogenic activities of lanostane-

type triterpenoids.
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1. Introduction

Angiocardiopathy (cardiovascular disease, CVD) is one of the deadliest diseases, caus-
ing more than 17 million deaths worldwide each year (Benjamin et al. 2019).
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4:R = COOH
5: R = CH,0H

7:R=CHs
8: R = CH,CH;

Figure 1. Structures of compounds 1-8 isolated from Ganoderma applanatum.

Insufficient angiogenesis is the most common cause of ischaemic CVDs, including
ischaemic heart disease, peripheral arterial disease, and stroke (Kurusamy et al. 2017).
Pro-angiogenesis refers to promoting or inducing ischemic tissues to form new vascu-
lar network, or sprout new blood vessels on original blood vessels through various
means. As the result, the body can realize blood supply reconstruction, improve blood
supply insufficiency, and achieve the therapeutic effect of CVDs (Carmeliet and Jain
2011). In recent years, pro-angiogenesis has been highly valued as a new target for
the development of cardiovascular drugs (Gut et al. 2017).

Natural products have historically been a rich source of new drugs or drug candi-
dates. Ganoderma, a group of wood degrading basidiomycete mushroom with hard
fruiting bodies, is a famous medicinal plant which has long been regarded as one of
the most significant medicinal mushrooms worldwide (Isaka et al. 2017). The medicinal
effects of Ganoderma have prompted a wide range of studies on its active ingredients,
including terpenoids, alkaloids, fatty acids, polysaccharides, nucleotides, and so on
(Zhang et al. 2019). Some of these metabolites exhibited intriguing biological proper-
ties (Luo et al. 2019), such as antitumor (Weng et al. 2010; Qin et al. 2020), anti-inflam-
matory (Tung et al. 2013), hepatoprotective properties (Gao et al. 2018), neuro-
protective (Zhou et al. 2015) and antioxidant (Sun et al. 2004). Furthermore, the
metabolites of Ganoderma have also received considerable attention due to their
potential clinical effects on CVD, which could prevent from heart damage in a variety
of disease models (Meng and Yang 2019).

In order to search for proangiogenic bioactive constituents from G. applanatum, a
systematic phytochemical study was performed. As a result, two previously unde-
scribed lanostane-type triterpenoids, ganoderenicfys A (1) and B (2), together with six
related known terpenoids, ganoderic acid A (3) (Seo et al. 2009), betulinic acid (4),
betulin (5) (Chatterjee et al. 1999), (22E)-ergosta-5,22-dien-3-one (6) (Xu et al. 2018),
demethylincisterol A4 (7), and demethylincisterol A3 (8) (Mansoor et al. 2005) (Figure
1), were isolated and identified from the fruiting body of G. applanatum. Compounds
1-6 showed different levels of proangiogenic activities on zebrafish. Compounds 1, 2,
and 4 significantly promoted the angiogenesis in a dose-dependent manner. Herein,
the isolation, structural elucidation, and bioactivity of these compounds
were reported.
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2. Results and discussion

Ganoderenicfy A (1) was obtained as white amorphous powder. The molecular formula
was C31H4405 on the basis of a HRESIMS (Figure S1) peak at m/z 545.3113 [M+H]"
and NMR data (Table S1, Figures S2 and S3), indicating 10 degrees of unsaturation.
The 'H NMR spectrum of 1 showed the presence of eight methyl proton signals
(including six singlets, one doublet, and one oxygenated singlet), three oxymethines,
and a singlet olefinic proton. The '*C-DEPTQ-NMR (Table S1, Figure S3) and HSQC
(Figure S4) spectra revealed the presence of 31 carbon atoms, which were clarified
into eight methyls (including one methoxy group), five methylenes, seven methines
(including three oxygenated and one olefinic), and eleven quaternary carbons (includ-
ing three olefinic and four carbonyls). The above data were very similar to those of elf-
vingic acid A (Yoshikawa et al. 2002) except for the absence of C-3 ketone signal at dc
215.2 and the presence of signals for an additional oxymethine at dcy 75.5/3.08 (CH-
3) and a methoxy group at dc 51.5/3.57 (OCHs). The key 'H-'H COSY (Figures S5
S16) correlations of Hy-1 (0yp 1.17, 2.67)/Hy-2 (oy 1.56)/H-3, together with HMBC
(Figures S6 and S16) correlations from H3-28 (5 0.92) to the oxymethine C-3 and H-3
to C-2 (d¢c 27.3) and C-28 (dc 27.8), suggested that compound 1 bears a hydroxyl
rather than a ketone as in elfvingic acid A at C-3. The location of the methoxy group
at C-26 was demonstrated by HMBC correlation from the methoxy protons (6 3.57) to
C-26 (3¢ 175.7). The overall planar structure of 1 was finally defined by the HMBC and
COSY correlations as shown in Figure S16.

The relative configuration of 1 was assigned by analysis of the NOESY data (Figure
S7 and S17). NOE correlations from H-6B (dy 2.64) to H3-19 (64 1.23) and Hs-29, and
from Hs-18 (0 0.76) to H-12 (o4 3.58), H3-19 and Hs-21 (dy 2.09) indicated the cofacial
orientation of these protons, and the correlations from H-5 (64 1.51) to H-3 and Hs-28
(0y 0.92), from H-60. (6 2.34) to Hs-28, and from H3-30 (64 1.28) to H-15 (64 4.25) and
H-17 (dy 3.15) suggested that these groups are on the face opposite to H3-19. In order
to assign the absolute configuration of 1, conformational analysis and TDDFT-ECD cal-
culations were performed on the arbitrarily chosen of (35S, 5R, 10S, 12R, 13R, 14R,
15R, 17 R)-1. The TDDFT-ECD spectra of the optimized MMFF conformers were calcu-
lated at the BH&HLYP/TZVP and CAM-B3LYP/TZVP levels. The computed ECD spectra
of (35,5R,10S,12R,13R,14R,15R,17R)-1 matched well to the experimental ECD spectrum,
which showed positive cotton effects (CEs) near 220 and 275 nm and negative CE near
245 nm (Figure S18).

Ganoderenicfy B (2) was isolated as white amorphous powder. The molecular for-
mula of 2 was assigned as C3gH4,0g based on its HRESIMS (Figure S8) ion peak at m/z
531.2968 [M+H]" (calcd for CsoHa30s, 531.2952). Interpretation of the 'H and '3C
NMR, as well as HSQC data (Table S1, Figures S9-512), of compound 2 indicated the
presence of 30 carbons, which were clarified into seven methyls, five methylenes,
seven methines (three oxygenated and one olefinic), and eleven quaternary carbons
(three olefinic and four carbonyls). The general features of the 'H and '*C NMR data
of 2 resembled to those of 1 except for the lack of OCH; signals and the obvious
downfield shift of C-26. These data revealed that 2 is the 26-COO-demethylated
derivative of 1. The NOEs for 2 (Figure S17) were consistent with those of 1, suggest-
ing that 2 possess the identical relative configuration with those of 1. The
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experimental ECD spectrum of 2 (Figure S18) was very similar to those of 1 and match
well with that calculated for (3S, 5R, 10S, 12R, 13R, 14R, 15R, 17 R)-1, indicating their
same absolute configurations.

Zebrafish embryos of the AB wild-type strain and TG (VEGFR2: GFP) type strain with
fluorescent blood vessels were used to evaluate the cardiovascular effects of com-
pounds 1-8 (at concentrations of 20ug/mL, 50 ug/mL and 100 pg/mL) (Fan et al.
2015). Compounds 1, 2, and 4 showed potent promoting angiogenesis activities and
3, 5-6 showed moderate pro-angiogenesis activities in a dose-dependent manner by
rescuing PTK787-induced vascular insufficiency in the zebrafish model, while com-
pounds 7 and 8 exhibited lethal effect on the zebrafish embryo (Figure S21). The
results suggested that lanostane-type triterpenoids tended to increase the angiogenic
activity and could be promising candidates for CVD lead drugs. To the best of our
knowledge, this is the first report for cardiovascular effects of lanostane-type triterpe-
noids in zebrafish.

3. Experimental
3.1. General experimental procedures

(Supplemental material, Experimental section).

3.2. Fungi material

(Supplemental material, Experimental section).

3.3. Extraction and isolation

The powdered fruiting bodies of G. applanatum (40kg) were extracted three times
with 95% EtOH in H,O under reflux at 80 °C. The extract was then suspended in water
and partitioned with EtOAc. The combined EtOAc extract (1.3kg) was subjected to sil-
ica gel chromatography (200-300 mesh) using a VLC column, eluting with a stepwise
gradient of petroleum ether — CH,Cl, (2:1 and 0:1) and CH,Cl,—MeOH (100:1, 90:1,
70:1, 50:1, 30:1, 10:1, 5:1, 1:1, and 0:1) to yield eleven major primary fractions
(Fr.1 —Fr.11). Fr. 9 (19.1g) was further resolved into ten fractions (Fr.9.1-Fr.9.10) by
reversed-phase C18 silica column chromatography (CC) (40 x 600 mm) eluting with a
stepwise gradient of 1:9 to 1:0 MeOH in H,0. Fr. 9.5 (65.1 mg) was purified via simi-
preparative HPLC with CH3CN-H,O (50:50, v/v) as the eluent to give 1 (1.5mg) and 2
(7.0 mg). Fraction 9.9 (25.0 mg) was subjected to HPLC on ODS (MeOH-H,0, 60:40, v/v)
to yield compound 3 (11.1 mg).

Fr. 7 (53.8g) was further separated by CC on RP-18 eluting with MeOH-H,0 gra-
dients (1:9 to 1:0) to yield 6 fractions (Frs. 7.1-7.6). Fr. 7.5 (132.2 mg) was recrystallized
to give 4 (56.6 mg). The rest of Fr. 7.5 was further subjected to Sephadex LH-20 elut-
ing with MeOH to vyield Frs. 7.5.1-7.5.7. Fr. 7.5.7 (65.1 mg) was purified by Sephadex
LH-20 eluting with chloroform-methanol (1:1), and then recrystallized to yield
5 (14.6 mq).
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Fr. 6 (47.19g) was purified by CC on silica gel, eluted with petroleum ether-acetic
ether (40:1, 30:1, 20:1, 15:1, 10:1, 8:1, 6:1, 4:1, 2:1, 1:1, 0:1) to afford Fr.6.1-6.11. Fr. 6.2
(110.3 mg) was purified by CC on Sephadex LH-20 eluting with chloroform-methanol
(1:1) to yield 6 (70.1mg). Fr. 6.5 (9.1g) was further resolved into ten fractions
(Fr.6.5.1-Fr.6.5.10) by reversed-phase C18 silica CC (40 x 600 mm) eluting with a step-
wise gradient of 1:9 to 1:0 MeOH in H,O. Fraction 6.5.9 was subjected to HPLC on
ODS (MeOH-H,0, 90:10, v/v) to yield compound 7 (30.0 mg). Fr. 6.5.7 (65.1 mg) was
purified via simi-preparative HPLC with CH3OH-H,O (90:10) as the eluent to give
8 (8.8mg).

Ganoderenicfy A (1): White amorphous powder; [2]25 D= +32.8° (c 0.1, MeOH);
UV (MeOH) Amax 248.4 (3.45) nm; ECD (1.13 mmol/L, MeOH) A.x (Ag) 222 (40.97),
246 (-0.81), 276 (+1.17) nm; IR (KBr) vmax 3379, 2923, 1726, 1626, 1603, 1383, 1161,
1117, 1031, 674cm™' (Figure S18); HRESIMS m/z=5453113 (IM+HI"; calcd for
C31H450s: 545.3109); 'H and '*C NMR data, see Table S1.

Ganoderenicfy B (2): White amorphous powder; [¢]25 D= +26.9° (c 0.1, MeOH); UV
(MeOH) Apnax: 2484 (3.40) nm; ECD (1.89 mmol/L, MeOH) Aax(Ae) 224 (4+0.97), 242
(-1.12), 278 (+1.24) nm; IR (KBr) vmax 3414, 2937, 1713, 1676, 1608, 1456, 1383, 1204,
1115, 1029, 577cm™" (Figure S18); HRESIMS m/z=531.2968 ([M+H]"; calcd for
C30H430g: 531.2952); 'H and ">C NMR data, see Table S1.

3.4. Proangiogenic assay

Transgenic zebrafish (Tg(vegfr2:GFP)) expressing enhanced green fluorescent protein
(EGFP) in intersomitic vessels (ISV) were used in this study. The zebrafish were main-
tained under a 14 h light/10h dark cycle in an automatic circulating tank system with
charcoal-filtered tap water to ensure normal spawning. After disinfected, fertilized
eggs raised in culture solution in a light-operated incubator at 28.0°C+0.5°C. Egg
membranes were removed from embryos by pronase E solution (1.0mg/mL)
(Shanghai, China) at 24 h post fertilization. A model of vascular insufficiency in zebra-
fish induced by PTK787 was used to evaluate the effect of compounds 1-8 on angio-
genesis. Zebrafish embryos were added to 24-well microtiter plates (n=10/well)
treated with 20, 50 and 100 ng/mL of each test compound and 0.2 pg/mL of vatalanib
(PTK787, Basel, Switzerland). The positive control was 100 pg/mL ginsenoside Rg1.
After 24 h incubation in a light-operated incubator at 28.0+£0.5°C, the number and
length of intersegmental vessels (ISV) were captured using a fluorescent microscope
(SZX16 Tokyo, Japan) or image acquisition systems (DP2-BSW, Tokyo, Japan) (Fan et al.
2015) (Figure S18). The above assays were repeated eight times with each compound.

4. Conclusion

In conclusion, two new lanostane-type triterpenoids ganoderenicfys A (1) and B (2)
with proangiogenic activities were isolated from the fruiting body of G. applanatum.
The structures including the relative and absolute configurations were elucidated by
NMR, HRESIMS, and quantum chemical ECD calculations. Compounds 1, 2 and 4 repre-
sent the first examples of lanostane-type triterpenoids with the promoting
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angiogenesis activities, which suggested that lanostane-type triterpenoids could be
promising drug leads for developing new drugs against CVD.
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