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ABSTRACT

Cycloastragenol [20(R),24(S)-epoxy-3p,6a,16p,25-tetrahydroxycycloartane] (CA), the principle sapogenol of
many cycloartane-type glycosides found in Astragalus genus, is currently the only natural product in the anti-
aging market as telomerase activator. Here, we report biotransformation of 20(27)-octanor-cycloastragenol
(1), a thermal degradation product of CA, using Astragalus species originated endophytic fungi, viz. Penicillium
roseopurpureum, Alternaria eureka, Neosartorya hiratsukae and Camarosporium laburnicola. Fifteen new biotrans-
formation products (2-16) were isolated, and their structures were established by NMR and HRESIMS. Endo-
phytic fungi were found to be capable of performing hydroxylation, oxidation, ring cleavage-methyl migration,
dehydrogenation and Baeyer-Villiger type oxidation reactions on the starting compound (1), which would be
difficult to achieve by conventional synthetic methods. In addition, the ability of the metabolites to increase
telomerase activation in Hekn cells was evaluated, which showed from 1.08 to 12.4-fold activation compared to
the control cells treated with DMSO. Among the compounds tested, 10, 11 and 12 were found to be the most
potent in terms of telomerase activation with 12.40-, 7.89- and 5.43-fold increase, respectively (at 0.1, 2 and 10
nM concentrations, respectively).

1. Introduction

reverse transcriptase) that catalyzes the addition of TTAGGG repeats to
the ends of telomers by using a corresponding RNA component (Terc,

Cycloartane-type saponins from Astragalus species and their semi-
synthetic derivatives have been shown to exhibit a broad range of bio-
logical properties, including immunomodulatory, antineoplastic, anti-
protozoal, and wound healing [1-3]. The most important and
commercially significant development in Astragalus studies has been the
discovery of cycloastragenol (CA), the main aglycone of Astragalus
cycloartane-type glycosides, as a telomerase activator by the systematic
screening of natural product extracts from traditional Chinese medicines
in 2000 [4]. This compound was licensed and introduced into the food
supplement market as an anti-aging product under the brand name TA-
65 in 2007 [5].

Telomerase is a cellular reverse transcriptase (TERT, telomerase
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telomerase RNA component) [6]. Telomeres, the protective ends of
chromosomes, shorten progressively with each cell division in the
absence of telomerase enzyme. Telomere loss leads to critically short-
ened telomers that triggers replicative senescence, and it has been pro-
posed as a major cause of aging and age-related diseases. In addition,
mutations in the telomerase maintenance genes are associated with the
development of certain diseases, including dyskeratosis congenita, pul-
monary fibrosis, aplastic anemia, and liver fibrosis [6-8]. Thus, telo-
merase activators (TA) have been suggested as promising agents for
healthy aging and in the treatment of telomere-driven diseases [9-11].
Due to their unique biological activity, viz. telomerase activation, the
preparation of cycloastragenol analogs with improved anti-aging
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activity has attracted increased attention recently.

Biotransformation is a powerful method for structure modification of
complex molecules to generate a variety of derivatives and/or novel
structures which is hard or almost impossible to produce through
chemical synthesis [12-14]. Whole-cell catalysts provide a natural
environment for the enzymes, allow transformation of organic com-
pounds via multistep reactions with cofactor regeneration, and are more
readily and inexpensively prepared catalyst formulations in comparison
with the isolated enzymes [15-19]. Among microorganisms, filamen-
tous fungi have been the most preferred whole-cell systems for the
modification of triterpenoids [20,21]. Particularly, endophytic fungi
have gained great attention as biocatalysts in biotransformation studies
due to their ability to modify complex natural products such as steroids
and triterpenoids with a high degree of stereospecificity [22-25].

Our previous studies revealed the promising potential of plant-
associated endophytic fungi to transform plant-derived natural prod-
ucts [26,27]. In continuation of our research on the transformation of
Astragalus cycloartanes, the present work reports the biotransformation
of 20(27)-octanor-cycloastragenol (1), a thermal degradation product of
cycloastragenol, using endophytic fungi obtained from Astragalus spe-
cies. As a result, 15 new derivatives (2-16) of 1 were isolated through
the preparative-scale studies. The effect of the biotransformation prod-
ucts in increasing telomerase activation in Hekn cells was evaluated
using the TeloTAGGG telomerase PCR ELISA kit.

2. Results and discussion

The capability of 15 fungal endophytes, isolated from different parts
of two Astragalus species (A. angustifolius and A. condensatus), to trans-
form 1 into new metabolites was investigated. Based on the initial
screening results, further studies were carried out using four fungi, viz.
Penicillium roseopurpureum, Alternaria eureka, Neosartorya hiratsukae,
and Camarosporium laburnicola. The preparative-scale biotransformation
studies on 1 with the selected fungi generated fifteen metabolites (2-16)
(Fig. 1), two from P. roseopurpureum (2 and 3), seven from A. eureka
(3-9), two from C. laburnicola (10 and 11), and six from N. hiratsukae (4
and 12-16). The structures of 2-16 were established by analysis of NMR
and HR-ESI-MS data.

The metabolite 2 gave a molecular formula of Cy3H3203 based on the
HR-ESI-MS data (m/z = 345.2445, calcd. for [M+H]": 345.2429). The
AX system signals of 9,19-cyclopropane ring and four methyl groups in
the up-field region were observed unchanged when compared to 1. The
disappearance of low-field characteristic signals belonging to the H-3
and H-16 protons in the 'H NMR spectrum and the appearance of two
carbonyl carbons (8¢ = 216.8 and 218.7) in the 3¢ NMR spectrum,
suggested oxidation at C-3 and C-16 (Tables 1 and 3). The long-range
correlations from Hs3-28 and H3-29 protons to the carbon at 8¢ =
216.8, and from H-17 and H-15 resonances to ¢ = 218.7 supported the
presence of the carbonyl groups at C-3 and C-16, respectively. Conse-
quently, the structure of 2 was determined as 3,16-dioxo derivative of 20
(27)-octanor-cycloastragenol (Yield: 1.43%).

The molecular formula of metabolite 3 was established as Cy2H310
by HR-ESI-MS analysis (m/z = 311.2397, caled. for [M-+H-2H,0]™:
311.2375). The low-field signal of H-16 in 1 was absent in the!H-NMR
spectrum, whereas a carbonyl signal at §c = 219.1 was observed in the
13C NMR spectrum, suggesting oxidation at C-16. The HMBC correla-
tions of Hy-15 and Hy-17 with the carbonyl carbon at §¢ = 219.1,
verified the oxidation of OH-16. Thus, the structure of 3 was elucidated
as 16-oxo derivative of 20(27)-octanor-cycloastragenol (Yield: 0.64%).

The metabolite 4 had a molecular formula of C32H3604 based on the
HR-ESI-MS data (m/z = 387.2502, caled. for [M+Na]™: 387.2511).
When compared to 1, the absence of the characteristic cyclopropane ring
signals in the 'H NMR spectrum of 4 implied a ring cleavage. In the
DEPT-135 and !3C NMR spectra, the presence of a new oxymethylene
resonance at 8¢ = 68.9 in the low field suggested a monooxygenation,
whereas two double bond signals (§¢c = 135.8 and 133.7) were also
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apparent in the carbon spectrum. In the HSQC spectrum, the double
bond carbons did not show correlation to any proton, substantiating the
presence of a tetrasubstituted olefinic system. Based on our previous
studies with those of Astragalus sapogenols metabolized by Cunning-
hamella blakesleeana NRRL 1369 and Alternaria eureka 1E1BL1
[26,28,29], 4 was proposed to go through a ring-cleavage followed by a
methyl migration affording a C-9(10) double bond with a primary
alcohol substitution at C-11. This assumption was also confirmed with
the 2Jy.c and 3Jy.¢ correlations in the HMBC spectrum from H-5 to C-10;
H-1 to C-9/C-10, and Hy-12 to C-19 (Fig. 2). The methyl migration to
position C-11 created a new stereocenter on the structure. Relative
stereochemistry of this center was determined by evaluating the ROESY
correlations. The 8y = 4.03 resonance (one of the H»-19 protons) in the
low field showed strong correlation with the &y = 2.98 signal (one of the
H-1 protons). This H-1 proton was not interacting with H-5 implying
that it was on the upper face () of the molecule as drawn. On the other
hand, the weak interaction of the other H-19 proton (8 = 3.90), with
both H3-18 and the 8y = 2.47 signal of H-12, correlating with each other,
substantiated that the C-19 had p configuration, which finalized the
structure of 4 as shown in Fig. 1 (Yield: 0.22%).

In the HR-ESI-MS spectrum of 5, a major ion peak was observed at m/
2395.1992 [M+Cl] ™ suggesting the molecular formula Cy2H3204 (caled.
for [M+Cl]": 395.1995). The 'H NMR spectrum of 5 was very similar to
that of 2, except for the absence of one of the cyclopropane ring signals
(8yg = 0.61, H-19b) from the upfield region and the appearance of an
oxymethine proton at 8y = 4.31. A detailed inspection of the COSY and
HSQC spectra revealed that H-19a (8y = 1.70) undergone a significant
downfield shift (ca. 1.0 ppm) compared to 1. The observed down-field
shift is a common feature of C-11 hydroxylated cycloartanes [30]. The
proton at 8y = 4.31, which corresponded to a carbon at 8¢ = 64.5 in the
HSQC spectrum, was readily assigned to H-11 verifying mono-
oxygenation. The 13C NMR spectrum of 5 was low-quality due to its
scarce amount; therefore, the carbon data was unambiguously deter-
mined by the HSQC and HMBC spectra. So, the carbonyl carbons reso-
nating over 210 ppm verified the oxidations in the structure.
Accordingly, the 3Tuc long-distance interactions of H3-28 (6 = 1.50)
and H3-29 (6y = 1.80) protons with one of these carbonyl signals in the
HMBC spectrum, and low-field shift of the H-2 proton signals (6 = 2.61
and 2.74) substantiated the oxidation at C-3. The proton signals origi-
nating from the methylene groups detected in the HSQC (Hy-15: 8y =
2.12, 2.37; Hy-17: 8y = 2.07, 2.47) resonated in the lower field slightly,
whereas these protons showed cross peaks with the other carbonyl
carbon in the HMBC spectrum. Based on this data, the second carbonyl
group was undoubtedly located at C-16. In addition, the low-field shift of
C-12 resonance together with the 3Ji.¢ long-distance correlation of one
of Hy-12 protons (8y = 2.55) with ¢ = 64.5 signal were evident to prove
abovementioned hydroxylation at C-11. The orientation of C-11(OH)
was determined by evaluating the ROESY spectrum. The interaction
between H-11 (6y = 4.31) and Hs3-30 (6 = 1.04) was evident to
conclude that C-11(OH) was B-oriented. As a result, the structure of 5
was identified as 11(f)-hydroxy,3,16-dioxo-20(27)-octanor-cyclo-
astragenol (Yield: 0.03%).

In the HR-ESI-MS of 6, a major ion peak was observed at m/z
397.2149 indicating a molecular formula of CpH3404 (caled. for
[M-+Cl]™: 397.2151). In the '"H NMR spectrum, the characteristic signals
of 9,19-cyclopropane ring were lacking, which implied a ring cleavage
as in 4. The similarity between the spectral data of 4 and previously
reported biotransformation products of cycloastragenol [28,31] not only
supported our assumption but also enabled us to determine the relative
stereochemistry of C-19 to be f. However, when 6 was compared to
compound 4, the low field characteristic signal of H-16 was absent in the
11 NMR spectrum of 6. In the HMBC spectrum, the 3JH_C long-distance
correlations of Hp-15 (86 = 2.05 and 2.38) and H»-17 (6y = 2.43 and
2.03) with the carbonyl carbon at §¢ = 211.1 suggested the oxidation at
C-16. Consequently, it was established that compound 6 was 16-keto
derivative of 4 (Fig. 1) (Yield: 0.04%).
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Fig. 1. Structures of 1 and its biotransformation products (2-16) by Alternaria eureka, Penicillium roseopurpureum, Camarosporium laburnicola and Neo-
sartorya hiratsukae.
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Table 1
1H NMR data for compounds 1-8 (J in Hz, 500 MHz, in pyridine-ds).
H 1 2° 3! 4 5 6 7 8
1 1.28 m, 1.66 m 1.26 m, 1.58 m 1.25m, 1.57 m 2.98d (10.5), 1.91 1.98 m, 2.38 m 2.95d (11.9), 1.88 3.83 brs 1.85m, 1.88 m
m m
2 1.62m,1.74m 1.61m,1.70m 1.61m,1.71m  1.91m, 2.10m 2.61 m, 2.74 ddd 2,10 m, 1.90 m 2.30m,253m  2.16 m, 2.08 m
(13.4, 7.6, 5.6)
3 3.23 dd (10.8, 4.6) 3.32 dd (10.9, 3.22 dd (4.4, 3.79m 3.80dd (10.5,4.5)  4.54dd(11.8,4) 4.52dd (11.4,
4.4) 10.9) 4.4)
4
5 1.34 m 1.33 m 1.34d (9.9) 2.34d (6.8) 2.32d(9.3) 2.34 d (6.6) 2.81d(8.9)
6 3.41m 3.45 dt (9.8, 3.44m 4.20 m 3.87m 4.18 m 3.99 m 4.08 t (8.6)
3.3)
7 1.35m, 1.41 m 1.38 m, 1.46 m 1.35m,1.41 m 1.83m, 2.09 m 1.70 m, 1.81 m 1.94m,1.74m 1.81m, 1.85m 1.51 m, 2.77 m
8 1.64 m 1.81dd (12.1, 1.78 m 2.41d (11.5) 2.20 dd (11.5, 4.6) 2.54m 1.99 m 1.77 m
3.9
9
10
11 1.75dd (9.3, 13.3), 1.19m, 1.99 m 1.16 m, 2.09 m 3.42m 431 m 3.39m 2.54m, 1.61 m 1.20 m, 2.23 m
2.0dd (13.3,5.1)
12 3.82dd (3.9, 5.9) 1.65 m (2H) 1.44m, 2.11 m 1.96 dd (8.0, 13.8), 1.98 m, 2.55 dd 2.53d (14.1), 1.90 1.59m, 1.91 m 1.72m, 1.55 m
2.47 d (13.8) (14.2, 8.8) m
13
14
15 1.41 m, 2.02 m 1.43 m, 2.04 m 1.41 m, 2.15 dd 1.83m, 2.14 m 2.12d(17.7), 2.37 2.05d (17.5), 2.38 2.01d (21), 1.82m, 2.07 m
(13.2, 8.5) m d (17.5) 1.98 m
16 4.46 ddd (5.4, 7.9, 4.46 ddd (5.6, 4.19 dd (5.8, 4.86 m 4.81 dd (14.1,
7.9) 7.6,7.6) 8.2) 7.0)
17 2.30 dd (11.0, 7.8) 2.08 m 2.05m, 2.13 m 2.07 d (17.9), 2.47 2.03d (18), 2.43 2.09 d (20.6), 2.06 m, 2.14 m
d (18.1) d (18) 2.06 (18.5)
18 1.10s 1.18s 1.23s 1.10s 1.38s 1.17 s 1.20 s 1.14s
19 0.47 d, 0.50 d (4.5) 0.38 d (4.3), 0.43 d (4.2), 3.90 t (11.0), 4.03 0.61 d (4.3), 1.70 4.02 dd (10.6, 5.1), 0.37 d (4.1), 0.55 d (4.3),
0.53d (4.1) 0.51d (4.2) m d (3.9) 3.88t(11.1) 0.78 d (4.2) 0.70 d (4.4)
28 1.24s 1.22s 1.24s 1.83s 1.50s 1.83s 1.94s 1.52s
29 0.95s 0.95s 0.96 s 1.13s 1.80s 1.12s 1.40s 1.93s
30 1.02s 0.99 s 1.28 s 1.23 s 1.04 s 0.86 s 1.25s 1.33s
2 The data were recorded at 400 MHz in CDCls.
Table 2
H NMR data for compounds 9-16 (J in Hz, 500 MHz, in pyridine-ds).
H 9 10° 11" 12 13 14 15 16
1 3.80 brs 1.74 m, 2.73 m 1.29 td (5.6, 13.6), 2.04 m, 1.35 m 2.45m, 2.04 m 1.31m, 2.03 m 4.02 brs 6.85d (10)
1.28 dd (5.9, 12.0)
2 227td (129, 3.04m,273m  291td (13.3,7.2), 2.53ddd (13.9,6.9,1.5) 274m,2.60m 275m,2.47m  2.90 dd (14.5, 3.2), 6.23 d (10)
2.8), 2.45m 2.62 dd (13.3, 4.5) 3.13d (4.3)
3 450dd(12.0,
4.4)
4
5 2.79d (9.4) 2.40d (8.1) 2.41d (9.49) 1.91d (10.0) 2.33d (9.5) 2.23d (9.6) 3.16 dd (7.2, 2.5) 2.55d (9.4)
6 3.96 m 411m 3.67 td (10.4, 2.8) 3.76 t (9.4) 3.88 brs 3.73t(9.0) 3.93d(3.2) 3.96 dd (9.8,
5.3)
7 1.86 m, 1.88 m 1.86 m, 1.66 m 1.55m, 1.70 m 3.63t(7.3) 1.87m, 1.87 m 1.66m, 1.81 m 1.86 m, 1.88 m 1.75m, 2.09 m
8 1.53 m 1.43d(12.4) 1.48 m 2.39d (12.8) 2.03m 1.70 m 1.81 m 212m
9
10
11 1.53d (9.8), 2.45m, 1.24 dd 0.84 dd (14.4, 10.7), 2.08 m 4.37 t, (5.7) 1.07 m, 2.08 m 1.47 m, 2.70 m 1.76 m, 1.41 m
2.65t(10.3) (14, 10.7) 210 m
12 1.89 m, 2H 1.55m, 1.74 m 1.51m, 1.72 m 1.55m, 1.77 m 2.60 m, 1.90 m 1.52m, 1.74 m 1.55m, 1.82 m 1.76 m, 2.14 m
13
14
15 1.82 m, 2.07 m 1.85m, 2.03 m 1.83d (13.3),2.04 m 2.14m 2.11m, 1.86 m 2.10 m, 1.83 m, 2.09 m 1.76 m, 2.07 m
16 4.81 q(7.3) 4.81 dd (7.3, 4.82 dd (14.8,7.4) 4.87 dd (14.8, 7.9) 4.84 q (7.6) 4.82dd (7.7, 4.82 dd (7.2, 14.6) 4.83 q (6.5)
7.4) 14.9)
17 2.02m, 2.06 m 2.10 m, 2.03 m 2.04 m, 2.09 m 2.64 dd (14.4,8.6), 2.72 2.09m, 2.07 m 1.83m, 2.07 m 2.03 dd (12.7, 6.3), 2.07 m, 2H
tdd (7.7, 4.8, 1.89) 2.10 dd (7.75, 12.6)
18 1.13s 1.14s 1.10s 1.19s 1.25s 1.12s 1.15s 1.04s
19 0.40 d (4.4), 1.09d (4.2), 0.52d (4.7), 0.76 0.84 d (4.3),0.36 d (4.3) 0.56 d (4.4), 0.33d (4.2), 0.56 d (4.4), 0.87 0.06 d (4.4),
0.75d (4.3) 0.61d (4.2) d (4.7) 1.76 d (4.3) 0.68 d (4.2) d (4.4) 1.22d (4.4)
28 1.96 s 1.81s 1.94s 1.77 s 1.82s 1.78 s 1.93s 1.87 s
29 1.41s 1.66 s 1.70 s 1.44s 1.52s 1.47 s 1.46 s 1.28s
30 1.48 s 1.37 s 1.34s 1.56 s 1.34s 1.36 s 1.38s 1.44s

b The data were recorded at 400 MHz in pyridine-ds.
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Table 3
13C NMR data for compounds 1-16 (125 MHz, pyridine-ds).

C 1 2° 3° 4 5 6 7 8 9 10° 11° 12° 13 14 15 16

1 33.1 31.7 31.8 29.9 30.6 29.4 73.0 27.8 73.0 32.8 33.0 32.3 30.3 32.4 72.9 154.3
2 31.9 35.7 30.3 33.8 37.1 33.4 39.4 31.2 39.4 33.1 34.3 36.5 37.0 36.4 46.7 127.4
3 78.8 216.8 78.4 78.1 214.6 77.7 74.1 73.3 74.0 176.8 174.4 216.9 2179 217.2 215.8 205.3
4 42.9 50.3 41.6 43.0 51.3 42.9 43.1 44.7 43.0 76.4 86.1 50.9 51.2 51.0 51.2 47.9
5 53.5 53.5 53.5 58.3 54.7 57.9 47.1 76.5 47.3 54.0 53.9 54.4 55.0 54.0 47.7 51.3
6 68.3 69.2 68.1 68.4 68.4 67.8 68.2 70.3 69.0 71.8 71.7 75.1 69.0 69.5 68.9 65.7
7 39.1 37.7 37.7 38.4 39.0 38.0 38.6 32.3 39.4 38.0 38.3 73.7 39.6 39.0 39.3 36.7
8 47.0 46.3 44.7 41.8 46.5 40.1 45.4 47.5 47.6 47.6 48.8 51.8 48.3 48.4 48.0 43.9
9 21.6 21.2 21.1 133.7 29.3 136.0 22.2 33.6 22.1 25.7 22.1 20.8 29.4 27.0 23.0 315
10 30.0 28.6 29.1 135.8 29.9 138.1 34.2 46.4 34.4 29.6 26.6 27.8 28.8 29.0 34.6 25.7
11 27.1 25.7 25.8 40.2 64.5 39.3 26.1 26.6 26.5 27.4 27.2 27.3 64.8 21.4 26.4 27.7
12 31.7 30.0 29.8 32.1 44.8 30.9 31.1 30.8 30.5 31.8 31.5 31.4 46.1 31.5 31.3 31.3
13 46.9 41.2 41.4 46.6 42.3 44.2 42.3 46.1 45.5 45.0 45.0 45.8 45.9 46.8 45.2 45.6
14 45.5 43.9 44.0 45.6 44.7 41.4 45.0 44.7 46.9 47.1 46.7 46.7 46.1 45.4 46.6 47.2
15 48.6 50.9 50.5 47.3 51.1 49.6 52.2 48.4 49.0 49.9 49.6 49.9 48.7 50.3 48.9 47.6
16 71.6 218.7 219.1 71.7 212.4 211.1 211.0 70.9 71.6 71.8 71.6 71.8 71.7 71.6 71.3 71.3
17 50.2 51.8 51.8 50.0 52.3 52.1 51.2 49.5 50.2 50.5 50.4 51.5 50.2 49.1 50.0 49.7
18 25.9 25.4 24.8 24.8 25.8 23.9 25.3 25.7 26.1 27.4 27.1 26.4 26.3 21.7 26.2 24.7
19 30.2 30.8 29.4 68.9 22.1 68.2 29.5 34.2 31.8 33.7 32.4 31.1 22.4 31.2 30.5 28.5
28 29.7 27.7 27.9 27.9 21.3 27.6 29.6 17.1 29.8 341 32.1 28.4 28.8 28.9 27.3 25.8
29 16.6 20.3 15.3 15.8 28.7 15.5 16.0 24.1 15.9 29.3 28.6 20.9 21.3 21.0 21.8 21.2
30 21.1 19.8 19.5 20.7 21.2 19.3 19.9 20.7 21.0 21.7 21.7 20.8 22.6 26.5 20.9 20.3

2 The data were recorded at 100 MHz in CDCls. "The data were recorded at 100 MHz in pyridine-ds.

13

Fig. 2. Key HMBC’s of compounds 4, 9-11, 13 and 16.

In the HR-ESI-MS spectrum of 7, a major ion peak was observed at m/
2z 399.2273 (caled. for [M+K-2H] : 399.1943) indicating a molecular
formula of CgoH3404. The low-field signal of H-16 was not present in the
'H NMR spectrum. A broad singlet proton was observed at 3.83 ppm,
suggesting a transformation via monooxygenation. In the 13¢ NMR
spectrum, a new resonance at 8c = 211.0 was observed, implying the
oxidation of C-16(OH). The proton and carbon resonances assigned to
the D ring for 7 were compatible with 2, 3, 5 and 6 indicating their
similarity. The cross peaks between Hy-15 (8 = 2.01 and 1.98)/H,-17
(8y = 2.09 and 2.06) and the new carbonyl signal in the HMBC spec-
trum, verified the carbonyl position to be C-16. By the HSQC spectrum,
the corresponding carbon signal of the new proton at 8y = 3.83 was
determined to be 8¢ = 73.0. In the COSY spectrum, the 8y = 3.83 proton
coupled with a methylene group (Hy-2; 8y = 2.30 and 2.53), which, in
turn, showed correlations with the characteristic signal of H-3 (8y =

4.54, dd, J = 11.8, 4.0 Hz) helping us to locate the hydroxylation at C-1.
As a matter of fact, in the HMBC spectrum, the 3JH_C long-distance
correlations between Hp-19 protons and 8¢ = 73.0 confirmed the
assumption. The orientation of C-1(OH) was found to be a based on the
ROESY cross peak between H-1 and p-oriented H-19a at 8y = 0.37. Thus,
the structure of 7 was established as 1(a)-hydroxy,16-oxo derivative of
20,27-octanor cycloastragenol (Yield: 0.13%).

The HR-ESI-MS data of 8 (m/z 387.2499, caled. for [M+Na]™:
387.2511, CyoH3604Na), displayed 16 amu increase over 1, implying a
monohydroxy derivative. The signals of 9,19-cycloprapane ring and four
methyl groups, and H-3, H-6 and H-16 resonances were readily apparent
in the 'H NMR spectrum. A new oxygenated carbon signal at 8¢ = 76.5
was present in the 13C NMR spectrum substantiating the hydroxylation
deduced based on the HR-ESI-MS data. In the HSQC spectrum, no cor-
relation of this carbon with any proton suggested a tertiary alcohol
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group. This carbon resonance was unambiguously assigned to C-5 based
on the long-distance Ji.¢ correlations in the HMBC spectrum from Hs-
28 and H3-29 protons to 8¢ = 76.5. The COSY spectrum also helped us to
locate the exchangeable protons of C-3(OH) and C-6(OH) due to the 3JH_
u couplings with H-3 and H-6 protons. The other exchangeable proton
resonating at 8y 4.25 (s) was assigned to C-5(0OH), which showed a cross
peak with H3-28 (8y 1.52) in the ROESY spectrum, suggesting their co-
facial orientation. Thus, C-5(0OH) was located on the alpha face of 8.
Consequently, the structure of 8 was established as 5(x)-hydroxy de-
rivative of 20(27)-octanor-cycloastragenol (Yield: 0.07%).

In the HR-ESI-MS spectrum of 9, a major ion peak was observed at m/
2 403.2440 (calcd. for [M+K]™': 403.2246) revealing not only the mo-
lecular formula of CyyH3604, but also another monooxygenated
metabolite due to 16 amu difference compared to the substrate (1).
Examination of the 'H NMR spectrum revealed a broad singlet signal at
3.80 ppm, which agreed with hydroxyl group insertion as in compound
7. Additionally, the observed correlation in the HMBC spectrum (Fig. 2)
were confirmed the location of hydroxyl group at C-1. The relative
stereochemistry at C-1 was determined by the ROESY spectrum. The
orientation of C-1(OH) was deduced to be o on the basis of a cross peak
between equatorially localized H-1 signal and H-19b at 0.40 ppm. Thus,
the structure of 9 was established as 1(a)-hydroxy derivative of 20(27)-
octanor-cycloastragenol (Yield: 0.04%).

In the HR-ESI-MS spectra of 10, the molecular ion peaks were
observed at m/z 403.2443 (calcd. for [M+Na]™: 403.2455) suggesting a
molecular formula of C33H3605. The 1D NMR spectra of 10 were similar
to those of the starting compound except for the signals corresponding to
the A ring. Major differences between 10 and 1 in the 13C NMR spectrum
were the absence of C-3 oxymethine signal and the additional reso-
nances belonging to a carboxyl carbon (6¢c = 176.8) and an oxygenated
tertiary carbon at 8¢ = 76.4. As no significant alteration was observed on
the spectral data of B, C and D rings, a modification on the A ring was
suggested. The HMBC correlation of H-5, H3-28 and H3-29 protons to
carbon at 8¢ = 76.4 verified the hydroxylation at C-4 (Fig. 2). The fact
that the carboxyl carbon at 176.8 ppm did not interact with CH3-28/
CHj3-29 while interacting with two methylene groups proposed that 10
went through a cleavage reaction in the A-ring via Baeyer—Villiger type
oxidation followed by hydrolysis. The observed data was consistent with
those of 3,4-seco cycloartane metabolites, which were established dur-
ing biotransformation studies with the fungus Glomerella fusarioides
earlier [29,31]. Since our spectral data were completely parallel with
the previously determined biotransformation products, the structure of
10 was established unambiguously (Yield: 10%).

The molecular formula of 11 was established as Cy2H3404 based on
its HR-ESI-MS data (m/z = 385.2369, calcd. for [M+Na]™': 385.2354).
Comparison of the NMR data of 11 with those of 1 suggested another A-
ring modified analog. In the HMBC spectrum, the methylene protons
(Ha-1 and Hy-2) and H3-28/ H3-29 displayed correlations with the
carboxyl carbon at 8¢ = 174.4. Two methyl groups (g = 1.94 and 1.70;
respectively CH3-28 and CH3-29) showed HMBC correlations with the
tertiary carbon at 86.1 ppm, implying that it was C-4 (Fig. 2). The
downfield shift of C-4 resonance (ca. 10 ppm) compared to 10 and
spectral data comparison with similar metabolites reported previously
[29] revealed that the A ring was transformed into a 7-membered
lactone ring as a result of the catalysis of Baeyer-Villiger-type P450
monooxygenase enzyme. Thus, the structure of 11 was established as 3
(4)-olide derivative of 1 (Yield: 28%).

The molecular formula of 12 was determined to be Co3H3404 on the
basis of its HR-APCI-MS data (m/z = 363.2537, caled. for [M+H]":
363.2535). The disappearance of low-field H-3 signal in the 'H NMR
spectrum as well as appearance of a carbonyl resonance at § 216.9 in the
13C NMR spectrum indicated oxidation of the secondary alcohol at C-3.
Moreover, a new proton signal observed at 8y = 3.63 (t, J = 7.3 Hz),
which was correlating with a carbon at ¢ = 73.7 in the HSQC, implied a
transformation via monooxygenation. In the COSY spectrum, the 8y =
3.63 proton coupled with 8y = 3.76 (H-6, t, J = 9.4 Hz) and &y = 2.39
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(H-8), helping us to locate the hydroxyl group at C-7. The long-range
HMBC correlations from H-5, H-6 and H-8 to C-7 also verified the pro-
posed transformation. The orientation of C-7(OH) was found to be
based on the NOESY cross-peak between H-7 and a-oriented H-5. Thus,
the structure of 12 was established as 7(B)-hydroxy,3-oxo derivative of
20,27-octanor cycloastragenol (Yield: 0.25%).

The HR-ESI-MS spectrum of 13 indicated a molecular formula of
Co2H3404 (M/2 = 385.2347, caled. for [M+Na]™: 385.2354). Initial in-
spection of the 'H NMR spectrum of 13 displayed that one of the
distinctive 9,19-cyclopropane ring signals was missing. Examination of
the COSY and HSQC spectra revealed that Hy-19 protons were reso-
nating at 8y = 1.76 and 0.56, suggesting hydroxylation at C-11 asin 5. A
new signal observed at 4.37 ppm (t, J = 5.7 Hz), corresponded to a
carbon at 8¢ = 64.8 in the HSQC spectrum, was readily assigned to H-11.
On the other hand, loss of the characteristic H-3 signal with an addi-
tional carbonyl carbon at 8¢ = 217.9 in the *C NMR spectrum suggested
oxidation of OH-3. In the HMBC spectrum, the key long-range correla-
tions from H3-28 and Hs3-29 to C-3, and from H-19a and H-12b to C-11
verified the abovementioned transformations (Fig. 2). The orientation of
C-11(OH) was proposed to be p based on the spectral data comparison
with those of 5. Thus, the structure of 13 was established as 11(p)-hy-
droxy,3-oxo derivative of 20,27-octanor cycloastragenol (Yield: 0.16%).

In the HR-ESI-MS spectrum of 14, a major ion peak was observed at
m/z 369.2385 [M-+Nal™ suggesting a molecular formula of CpyH3403
(caled. for [M+Na]®: 369.2400). Its 1D NMR spectra were closely
related to those of the starting compound (1). The distinct differences
between 14 and 1 were that the characteristic H-3 signal was lost in the
1H NMR spectrum, and a new carbonyl resonance (5c = 217.2) was
observed instead of the corresponding oxymethine carbon in the 13C
NMR spectrum of 14. This carbonyl carbon at §c = 217.2 was readily
assigned to C-3 based on its HMBC correlations with H3-28 (6 = 1.78)/
H3-29 (8y = 1.47) and H-5 (8¢ = 2.23, d, J = 9.6 Hz). Thus, the structure
of 14 was established as 3-oxo derivative of 20,27-octanor cyclo-
astragenol (Yield: 0.13%).

In the HR-ESI-MS spectrum of 15, a quasimolecular ion peak was
observed at m/z 385.2345 proposing a molecular formula of Co2H3404
(caled. for [M+Na]™: 385.2349). 1D NMR spectra of 15 were very
similar to those of 14, except for the additional signals corresponding to
an oxygen bearing methine group (8y = 4.02 brs; 8¢ 72.9). The carbonyl
signal observed at 8 = 215.8 was assigned to C-3 due to its HMBC
correlations with H3-28 (&g = 1.93)/H3-29 (8y = 1.46) and H-5 (6y =
3.16,dd, J = 7.2, 2.5 Hz). The new hydroxy group was located at C-1 on
the basis of the COSY correlation of H-1 (6y = 4.02) with H-2a (6 =
3.13, d, J = 4.3 Hz), and the long-distance correlation between the 72.9
ppm carbon signal and Hy-19 (6 = 0.56, d, J = 4.4 Hz; 6y = 0.87,d, J =
4.4 Hz)/H-5 (6y = 3.16, dd, J = 7.2, 2.5 Hz). The relative stereochem-
istry at C-1 was deduced based on the NOESY spectrum. H-1 (8y = 4.02
brs) showed correlation with one of the H,-19 protons (8 = 0.56, d, J =
4.4 Hz), which provided evidence for the a-orientation of the hydroxy
group at C-1. Accordingly, metabolite 15 was assigned as 1(a)-hy-
droxy,3-oxo derivative of 20(27)-octanor-cycloastragenol (Yield:
0.06%).

The molecular formula of 16 was established as Cy3H3203 by HR-ESI-
MS (m/z 367.2236, calcd. for [M+Na]™: 367.2244), indicating seven
degrees of unsaturation. The main differences between 16 and 1 were
that one of the distinctive cyclopropane ring signals and H-3 resonance
were missing in the 'H NMR spectrum, and two additional protons of a
disubstituted double bond were present (8y = 6.85, d, J = 10.0 Hz; 6y =
6.23, d, J = 10.0 Hz). Accordingly, two olefinic carbon resonances (5¢c =
154.3 and 127.4) were observed in the 13C NMR spectrum of 16 together
with a carbonyl resonance at 8¢ 205.3, which were substantiating
additional two degrees of unsaturation and oxidation at C-3. The cross
peaks between the carbonyl signal in the HMBC spectrum and H3-28
(1.87, s)/Hs3-29 (1.28, s)/H-5 (2.55, d, J = 9.4 Hz), and the low-field
olefinic proton (6.85, d, J = 10 Hz) not only verified the oxidation at
C-3 but also located the double bond between C-1 and C-2 (Fig. 2).
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Additionally, the long-range correlations from Hy-19/H-5 to the signal
at 8¢ = 154.3 (C-1) confirmed the proposed structure. Consequently,
metabolite 16 was deduced to be 3-0x0,1(2)-ene derivative of 20(27)-
octanor-cycloastragenol (Yield: 0.03%).

The biotransformation products with sufficient amount were tested
on telomerase activation by PCR-based ELISA assay. Based on the pre-
liminary work [27], the selected metabolites were screened in different
concentration ranges of 0.1-30 nM; 0.5-30 nM or 30-1000 nM. Cyclo-
astragenol (CA) was used as an experimental positive control. Telome-
rase enzyme activation by the compounds ranged from 1.08 to 12.4-fold
compared to the control cells treated with DMSO (Table S1, Supporting
Information). Among the compounds, 10 and 11 were found to be the
most potent telomerase activators. Specifically, metabolite 11 with 7-
membered lactone ring provided telomerase activation of 7.89- and
6.19-fold at 2 and 10 nM concentrations, respectively. Compound 10, a
further metabolite of 11, found to be the most potent compound at the
lowest test dose (12.4-fold activation at 0.1 nM) in our screening studies.

From biotransformation point of view, the endophytic fungus
P. roseopurpureum could catalyse oxidation reactions at C-3 and C-16
positions to produce 3,16-oxo (2) and 16-oxo (3) derivatives. A. eureka
was found to be capable of monooxygenation, oxidation and ring
cleavage-methyl migration transformations on the substrate as parallel
to our previous reports [26,27]. The monooxygenation reactions
occurred at positions C-1 (7 and 9), C-5 (8) and C-11 (5), whereas the
oxidation reactions afforded C-3 and/or C-16 oxo products (3-7). The
cleavage of 9,19-cyclopropane ring followed by migration of C-19 from
C-10 to C-11 position as well as monooxygenation of C-19 to the primary
alcohol (4) were notable. This unique reaction was first revealed by our
group in the biotransformation study of cycloastragenol and
C. blakesleeana NRRL 1369, forming a new triterpene skeleton [28]. The
same enzymatic reaction was also observed for 6 together with an
additional modification at C-16 as oxidation. N. hiratsukae mainly
catalyzed monooxygenation and oxidation reactions as reported previ-
ously [26]. This fungus oxidized the secondary alcohol at C-3 regiose-
lectively to give 3-oxo derivatives of 1, whereas monooxygenation
reactions provided C-1 (15), C-7 (12) and C-11 (13) hydroxylated me-
tabolites. Apart from the aforementioned reactions, N. hiratsukae led to
methyl migration (4) and Al-dehydrogenation (16) reactions on 1. In
the case of C. laburnicola, the Baeyer-Villiger oxidation reaction was
predominant to give A-ring modified metabolites. Specifically, lactone
formation in 11 catalyzed by the Baeyer-Villiger monooxygenase
(BVMO). After lactone ring formation, a hydrolase enzyme catalyzes a
further step to yield 3,4-seco metabolites. Subsequently, C-3 is trans-
formed to a carboxylic acid, whereas C-4/C-28/C-29 isopropyl cation
forms, which undergoes a nucleophilic attack by H,O to afford a tertiary
alcohol at C-5 (10). This cascade reaction of C. laburnicola was also
observed previously [27] implying the importance of the newly
discovered fungus [32] as a whole-cell system specifically for BVMO
initiated ring cleavage.

From chemistry point of view, as expected, the C-1 and C-11 posi-
tions were more susceptible to the monooxygenation due to the presence
of cyclopropane ring giving allylic character to these methylene carbons.
On the other hand, another active but sterically hindered C-5 position
was subject to hydroxylation. A monooxygenation at C-5 position has
been encountered for the first time in triterpenoid biotransformation
studies. Moreover, the presence of a hydroxy group at C-7 position has
been rarely reported in triterpene chemistry. In Astragalus cycloartanes,
C-7 hydroxylated secondary metabolites have only been reported from
Astragalus oleifolius [33,34]; however, C-6/C-7 diol system is found as a
unique feature of 12.

In conclusion, biotransformation of 20(27)-octanor-cycloastragenol
(1) with the endophytic fungi afforded fifteen new metabolites (2-16).
Hydroxylation, oxidation, ring cleavage-methyl migration, dehydroge-
nation and Baeyer-Villiger type oxidation reactions were observed on
the steroid nucleus, which would be difficult to achieve by traditional
synthetic methods. This study, together with our previous reports
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[26,27], revealed that biotransformation using plant-associated fungal
endophytes is a powerful tool to generate structural diversity in com-
pound libraries. In addition, we speculate that A-ring modification, viz.
10 and 11, is important to obtain potent activators of telomerase.
However, further studies are warranted to establish structure-activity
relationships confidently by preparing and testing new analogs of 20
(27)-octanor-cycloastragenol and cycloastragenol towards telomerase
activation and to elucidate mechanism of action at molecular level.

3. Experimental section
3.1. General experimental procedures

The substrate (purity > 98%), 20(27)-octanor-cycloastragenol, was
donated by Bionorm Natural Products (Izmir, Turkey). Mass spectra
were recorded on an Agilent 1200/6530 Instrument-HRTOFMS. The
NMR spectra were obtained on Varian Oxford AS400 and Bruker DRX-
500 instruments. FT-IR spectra were recorded using a Perkin Elmer
Spectrum Two UATR-IR spectrometer. Column chromatography was
performed using Silica gel 60 (70-230 mesh, Merck), Sephadex LH-20
(GE Healthcare Life Sciences) and RP-18 (Chromabond C18,
Macherey-Nagel). Silica gel 60 F254 (Merck) and RP-18 F254s (Merck)
plates were used for thin layer chromatography (TLC) analyses. Spots
were visualized under UV light and by spraying with 20% aqueous
HSO4 solution followed heating.

3.2. Fungal strains

A total of 15 endophytic fungi were isolated from various tissues of
Astragalus plants, as described previously [26]. Alternaria eureka 1E1BL1
and Camarosporium laburnicola 1E4BL1 were characterized by the
Identification Service of the DSMZ (Braunschweig, Germany) using ITS,
LSU and TEF1 sequence data [35,36]. Neosartorya hiratsukae 1IE2AR1-1
and Penicillium roseopurpureum 1E4BS1 were also identified by ITS
analysis. The original cultures were deposited at the Bedir Laboratory
with the deposit numbers 20131E1BL1, 20131E4BL1, 20131E2AR1-1,
and 20131E4BS1 [37]. The strains were maintained on potato
dextrose agar (PDA) slants and stored at 4 °C.

3.3. Biotransformation procedures

The analytical and preparative scale studies were carried out as
described previously [31]. The following liquid media were used: Me-
dium I (2% glucose, 0.5% yeast extract, 0.5% NacCl, 0.5% KoHPO4 and
0.5% peptone (w/v), pH 6.0) and Medium II (potato-dextrose broth =
PDB). Analytical scale studies were conducted using 250 mL flasks
containing 50 mL of liquid medium. The substrate (1) was added to each
flask as a solution in DMSO (10 mg dissolved in 500 pl), and the flasks
were then incubated at 25 °C and 180 rpm. The samples (1 mL) were
taken every other day for 21 days and centrifuged. The supernatants
were then extracted with an equal volume of EtOAc and analyzed by
TLC. Control flasks were also incubated in the absence of either 1 or the
fungus. In preparative scale, 1000 mL Erlenmeyer flasks containing 300
mL of medium and 60 mg of substrate were used at the same conditions
as analytical scale. The preparative scale experiments were conducted
using 1600 mg of 1 with P. roseopurpureum for 12 days in Medium I,
2000 mg of 1 with A. eureka (in Medium I) and 4000 mg of 1 with
A. eureka (in Medium II) for 14 days, 500 mg of 1 with C. laburnicola for
6 days in Medium II, and 4000 mg of 1 with N. hiratsukae in Medium II
for 18 days (25 °C and 180 rpm). After the incubation period, the cul-
tures were filtered, and the combined filtrate was extracted with an
equal volume of EtOAc. The organic phase was dried over anhydrous
NayS0y4, and the solvent was removed under reduced pressure at 40 °C to
yield the crude extracts.
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3.4. Isolation of the transformation products

Penicillium roseopurpureum: The EtOAc extract (2 g) was chroma-
tographed on a silica gel column (150 g) eluted with cyclohexane-EtOAc
(1:1, v/v) and cyclohexane-EtOAc-MeOH (10:10:0.5 to 10:10:1, v/v)
gradient, to afford 10.6 mg 2 and four subfractions (A-D). Subfraction B
(34 mg) was subjected to vacuum liquid chromatography (VLC) on
reversed-phase material (RP-18, 20 g), using MeOH-H,O gradient
(65:35 to 100:0, v/v) to give 1 (23 mg).

Alternaria eureka (in Medium I): Compounds 4-7 were obtained
from the EtOAc extract (2.4 g) of A. alternata with 1. This crude extract
was first subjected to a Sephadex LH-20 (75 g) column, using MeOH as
eluent, to provide one main fraction (1.5 g). This fraction was then
subjected to VLC on reversed-phase silica gel (RP-18, 40 g), using an
ACN-H,0 gradient (15:85 to 100:0, v/v), yielding three main fractions
(A-Q). Fraction A (31 mg) was chromatographed on a silica gel column
(10 g) eluted with CHCl3-MeOH (95:5, v/v) to afford metabolite 4 (4.3
mg). Fraction B (33 mg) was subjected to a silica gel column (10 g) with
the solvent system CHCl3-MeOH (98:2 to 96:4, v/v) to give three sub-
fractions. Subfraction 1 was then applied to VLC using reversed-phase
material (RP-18, 10 g), eluting with MeOH- H,0 (75:25) to give 0.7
mg of 6. Fraction C (23 mg) was further fractionated over silica gel
column (10 g) eluted with CHCl3-MeOH (98:2 to 96:4, v/v) to give 7 (2.5
mg) and fraction C1 (5.2 mg). To purify metabolite 5 (0.5 mg), fraction
C1 was applied to VLC (RP-18, 10 g) and eluted with MeOH-H»0 (45:55,
v/v).

Alternaria eureka (in Medium II): The EtOAc extract (4.46 g) was
first chromatographed on a Sephadex LH-20 (75 g) column and eluted
with MeOH-CHClj3 (1:1), which provided 70 fractions. Fractions 21 to 27
were pooled (785.5 mg) and subjected to separation on a silica gel
column (200 g) using n-hexane-EtOAc-MeOH (10:10:1 to 10:10:2, v/v),
yielding seven fractions (A-G). Fraction A (46.2 mg) was applied to VLC
(RP-C18, 25 g), eluting with ACN-H20 (25:75 to 30:70, v/v) and MeOH,
to give 3 (6.2 mg) and five fractions (A1-5). To isolate metabolite 8 (2.9
mg), fraction D (109.8 mg) was submitted to silica gel column (70 g),
using CH2Cl,-MeOH (98:2 to 92:8, v/v). Fraction F (16.5 mg) was further
fractionated over a silica gel column (15 g) and eluted with CH,Cly-
MeOH (92:8, v/v), to afford five fractions (F1-5). Fraction F5 (5.7 mg)
was purified by silica gel column chromatography (15 g), with the sol-
vent system CHCly-MeOH (95:5 to 90:10, v/v), to provide 7 (0.8 mg).
Fraction G (89.8 mg) was subjected to VLC (RP-C18, 30 g), using ACN-
H,0 gradient (15:85 to 100:0 v/v), yielding five fractions (G1-5). To
purify metabolite 9 (1.6 mg), fraction G5 (9.4 mg) was subjected to a
silica gel column chromatography (15 g) and eluted with CH,Cl,-MeOH
(90:10, v/v).

Camarosporium laburnicola: The EtOAc extract (652 mg) was first
subjected to VLC (RP-18, 40 g), eluting with ACN-H50 (30:70, v/v), to
afford 140 mg of 11 and fraction 4-12. Fraction 4-12 was evaporated in
vacuo until only water remains. The HyO phase was transferred into a
separatory funnel and the pH value was adjusted to 12 by adding
ammonia and shaken with an equal volume of CHCl3. Following the
phase separation, the aqueous phase was collected, and the pH was
adjusted to 4 by adding formic acid. The partition step was repeated
with CHCls. Finally, CHCl3 phases containing 10 (50 mg) were collected
and evaporated to dryness.

Neosartorya hiratsukae: The crude extract (6.982 g) was subjected
to Sephadex LH-20 column chromatography (90 g), eluting with EtOAc-
MeOH (1:1, v/v) and MeOH, which provided 75 fractions. Fractions 20
to 46 were pooled (2.55 g) and subjected to a silica gel column (165 g) to
yield four main fractions (A-D). Fraction A was submitted to silica gel
column (40 g) using CHCl3-MeOH (100:0 to 0:100, v/v) to give three
fractions (A;.3). Fraction A (33.9 mg) was further applied on VLC (RP-
18, 35 g) and eluted with MeOH-H0 (60:40, v/v) to afford fraction Ap-1
(48.2 mg). To purify metabolite 13 (6.2 mg), fraction A,-1 was subjected
to silica gel column (80 g) with the solvent system n-hexane-EtOAc-
MeOH (10:10:0.5, v/v). Fraction C (60.7 mg) was applied to a Sephadex
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LH-20 column (30 g) and eluted with MeOH, which provided fraction C;
(45.2 mg). This fraction was applied to VLC (RP-C18, 35 g) using ACN-
H>0 (35:65, v/v) to afford two fractions (C;-1 and C;-2). Fraction Cy-1
(11.2 mg) was separated on VLC (RP-C18, 10 g) with the solvent system
ACN-H,0 (15:85 to 25:75, v/v) to give fraction Cq-1a (7.1 mg). This
fraction was then purified on silica gel column (13 g) using CHCl3-EtOH
(97.5:2.5 to 0:100, v/v) to give 2.3 mg of 15. Fraction C;-2 (15.3 mg)
was chromatographed over a silica gel column (15 g), with the solvent
system CHCl3-MeOH (100:0 to 95:5, v/v), yielding fraction C;-2a (6.3
mg). This fraction was then applied to VLC (RP-C18, 10 g) and eluted
with ACN-H30 (30:70 to 60:40, v/v) to give 55 fractions. Fraction 38 to
50 were combined (3 mg) and further purified on a silica gel column (8
g) using CHCl3- EtOH (100:0 to 97.5:2.5, v/v) to afford 16 (1 mg).
Fraction B (396 mg) was chromatographed on VLC using reversed-phase
material (RP-C18, 40 g), eluting with ACN-H50 (25:75 to 60:40, v/v)
and MeOH, yielding three fractions (B;.3). Fraction B; (22.4 mg) was
further fractionated on a silica gel column (14 g) and eluted with n-
hexane-EtOAc-MeOH (10:10:1, v/v) to provide fraction B;-1 (8.2 mg).
This fraction was then subjected to VLC (RP-C18, 10 g) with the solvent
system ACN-H30 (30:70, v/v) to give 10 fractions. Fractions 6 and 7
were pooled (7.9 mg) and further purified by VLC (RP-C18, 10 g) with
the solvent system ACN-H,0 (15:85 to 25:75, v/v) to give 10.1 mg of 12.
Fraction By (10.2 mg) was also applied on VLC (RP-C18, 10 g) using
ACN-H0 (20:80 to 25:75, v/v) and MeOH to yield metabolite 14 (5 mg)
and fraction By-1 (1.8 mg). Fraction B3 (62.1 mg) was fractionated with
Sephadex LH-20 column chromatography (30 g) and eluted with MeOH
to give fraction B3-1 (15.2 mg). Fraction D (44 mg) was also chroma-
tographed on a Sephadex LH-20 column (30 g), eluting with MeOH,
which provided 45 fractions. Fractions 21 to 24 were pooled for further
purification. This fraction (12.6 mg) and fraction B3-1 (15.2 mg) were
combined and applied to VLC (RP-C18, 35 g) and eluted with MeOH-
H»0 (30:70, v/v) to give 50 fractions. Fraction 22 to 34 were then pooled
together for further purification. This fraction (4.2 mg) and fraction B,-1
(1.8 mg) were combined and submitted to a silica gel column (15 g) with
the solvent system CHCl3-MeOH (95:5 to 85:15, v/v) to give 80 fractions.
In order to isolate metabolite 4 (0.9 mg), fractions 69 to 75 were pooled
and further purified by VLC (RP-C18, 10 g) using ACN-H,0 (30:70 to
60:40, v/v).

3.5. Structural characterization

Compound 2: (2aR,5aS,5b8s,7S,7aR,11aR,12aS)-7-hydroxy-
2a,5a,8,8-tetramethyldodecahydro-4H,12H-cyclopenta[a]cyclopropa
[elphenanthrene-4,9(5H)-dione; 1.43% yield; [(x]29D —-30 (c 0.53,
MeOH); IRvUmax 3402, 2948, 2836, 1735, 1413, 1386, 1027, 755 cm™};
HR-ESI-MS: m/z = 345.2445, calcd. for [M+H]": 345.2429, corre-
sponding to CyH3203; 'H NMR (400 MHz, CDCls) and '3C NMR (100
MHz, CDCl3), data, see Tables 1 and 3.

Compound 3: (2aR,5aS,5bS,7S,7aR,9S,11aR,12aS)-7,9-dihydroxy-
2a,5a,8,8-tetramethyltetradecahydro-4H,12H-cyclopenta[a]cyclopropa
[elphenanthren-4-one; 0.64% yield; [0]1%°p —47 (¢ 0.17, MeOH); IRVmayx
3376, 2946, 2832, 1732, 1660, 1452, 1415, 1120, 1025, 755, 667 cm ™ *;
HR-ESI-MS: m/z = 311.2397, calcd. for [M+H-2H,0]": 311.2375, cor-
responding to Ca2Hz403; “H NMR (400 MHz, CDCl3) and *3C NMR (100
MHz, CDCl3), data, see Tables 1 and 3.

Compound 4. (3S,5R,68,8S,11S,13R,14S,16R)-11-(hydrox-
ymethyl)-4,4,13,14-tetramethyl-2,3,4,5,6,7,8,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]phenanthrene-3,6,16-triol; 0.22%
yield; [a]?°p —27 (c 0.15, MeOH); ROy, 3364, 2948, 2834, 1453, 1419,
1126, 1024, 755, 667 cmfl; HR-ESI-MS: m/z = 387.2502, calcd. for
[M-+Na]™*: 387.2511, corresponding to CooHs3604; H NMR (500 MHz,
pyridine-ds) and 13¢ NMR (125 MHz, pyridine-ds), data , see Tables 1
and 3.

Compound 5: (1S,2aR,5aS,5bS,7S,7aR,11aR,12aR)-1,7-dihydroxy-
2a,5a,8,8-tetramethyldodecahydro-4H,12H-cyclopenta[a]cyclopropa
[e]lphenanthrene-4,9(5H)-dione; 0.03% yield; [a]?° p —100 (c 0.02,
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MeOH); IRvmax 3358, 2948, 2834, 1453, 1417, 1124, 1025, 755, 665
cm_l; HR-ESI-MS: m/z = 395.1992, calcd. for [M+Cl]: 395.1995,
corresponding to CyoH3204; 'H NMR (500 MHz, pyridine-ds) and 3¢
NMR (125 MHz, pyridine-ds), data, see Tables 1 and 3.

Compound 6: (3S,5R,68,8S,11S,13R,14S)-3,6-dihydroxy-11-
(hydroxymethyl)-4,4,13,14-tetramethyl-
1,2,3,4,5,6,7,8,11,12,13,14,15,17-tetradecahydro-16H-cyclopenta[a]
phenanthren-16-one; 0.04% yield; [a] 29 —200 (¢ 0.02, MeOH); IROmax
3365, 2947, 2834, 1452, 1414, 1022, 755, 667 cm ™ '; HR-ESI-MS: m/z =
397.2149, calcd. for [M+Cl]: 397.2151, corresponding to CooH3404;
'H NMR (500 MHz, pyridine-ds) and 13¢ NMR (125 MHz, pyridine-ds),
data, see Tables 1 and 3.

Compound 7: (2aR,5aS,5bS,7S,7aS,9S,11S,11aS,12aS)-7,9,11-
trihydroxy-2a,5a,8,8-tetramethyltetradecahydro-4H,12H-cyclopenta
[alcyclopropale]phenanthren-4-one; 0.13% yield; [(x]29D —25 (c 0.08,
MeOH); IRvmax 3379, 3269, 3015, 2947, 2834, 1418, 1125, 1026, 756,
667 cm_l; HR-ESI-MS: m/z = 399.2273, calcd. for [M-+K-2H]:
399.1943, corresponding to CyoH3404; 1H NMR (500 MHz, pyridine-ds)
and '3C NMR (125 MHz, pyridine-ds), data, see Tables 1 and 3.

Compound 8: (2aR,4R,5aS,5bS,7S,7aS,9S,11aS,12aS)-2a,5a,8,8-
tetramethyltetradecahydro-7aH,12H-cyclopenta[a]cyclopropa[e]phen-
anthrene-4,7,7a,9-tetraol; 0.07% yield; IRvyax 3357, 2948, 2835, 1660,
1451, 1418, 1221, 1122, 1025, 755, 667 Cmfl; HR-ESI-MS: m/z =
387.2499, calcd. for [M+Na]*: 387.2511, corresponding to C2oHzgO4;
'H NMR (500 MHz, pyridine-ds) and 3C NMR (125 MHz, pyridine-ds),
data, see Tables 1 and 3.

Compound 9: (2aR,4R,5aS,5bs,7S,7aS,9S,118S,11aS,12aS)-
2a,5a,8,8-tetramethyltetradecahydro-1H,12H-cyclopenta[a]cyclopropa
[e]lphenanthrene-4,7,9,11-tetraol; 0.04% yield; IRomax 3362, 2947,
2835, 1665, 1452, 1413,1125, 1025, 755, 667 cmfl; HR-ESI-MS: m/z =
403.2440, calcd. for [M+K]*: 403.2246, corresponding to CooH304; H
NMR (500 MHz, pyridine-ds) and '*C NMR (125 MHz, pyridine-ds),
data, see Tables 2 and 3.

Compound 10: 3-((2R,3aS,3bS,58S,6S,6aR,7aS,9aR)-2,5-dihydroxy-
6-(2-hydroxypropan-2-yl)-3a,9a-dimethyldecahydro-1H-cyclopenta[a]
cyclopropale]naphthalen-6a(7H)-yl)propanoic acid; 10% yield; [a]%°p
+ 36 (¢ 0.11, MeOH); IRvyax 3352, 3279, 3003, 2948, 2883, 1657, 1451,
1422, 1122, 1025, 755, 666 cm’l; HR-ESI-MS: m/z = 403.2443, calcd.
for [M+Na]t: 403.2455, corresponding to CoyH3gOs; 'H NMR (400
MHz, pyridine-ds) and 13C NMR (100 MHz, pyridine-ds), data, see Ta-
bles 2 and 3.

Compound 11: (5aR,6aS,8aR,10R,11aS,11bS,13S,13aS)-10,13-
dihydroxy-1,1,8a,11a-tetramethyltetradecahydro-3H,6H-cyclopenta
[5,6]cyclopropa[1,8alnaphtho[2,1-c]oxepin-3-one; 28% yield; [o] 29D
+ 48 (c 0.21, MeOH); IRvyax 3370, 3272, 2987, 2948, 2909, 2835, 1708,
1451, 1414, 1130, 1025, 755, 667 cm_l; HR-ESI-MS: m/z = 385.2369,
caled. for [M+Na]*: 385.2354, corresponding to CgoHz404; H NMR
(400 MHz, pyridine-ds) and 13C NMR (100 MHz, pyridine-ds), data, see
Tables 2 and 3.

Compound 12: (2aR,4R,5aS,5bS,6R,7R,7aR,11aR,12aS)-4,6,7-
trihydroxy-2a,5a,8,8-tetramethyltetradecahydro-9H,12H-cyclopenta
[alcyclopropale]phenanthren-9-one; 0.25% yield; IRopax 3370, 3282,
3002, 2946, 2907, 2833, 1664, 1417, 1219, 1125, 1025, 754, 665 cm ™ *;
APCI-ESI-MS: m/z = 363.2537, calcd. for [M+H]": 363.2535, corre-
sponding to CgoHz404; 'H NMR (400 MHz, pyridine-ds) and '3C NMR
(100 MHz, pyridine-ds), data, see Tables 2 and 3.

Compound 13: (1S,2aS,4R,5aS,5bS,7S,7aR,11aR,12aR)-1,4,7-
trihydroxy-2a,5a,8,8-tetramethyltetradecahydro-9H,12H-cyclopenta
[alcyclopropale]phenanthren-9-one; 0.16% yield; IRomax 3368, 3277,
2947, 2915, 2835, 1663, 1557, 1477, 1453, 1415, 1120, 1023, 756, 622
cm™ L HR-ESI-MS: m/z = 385.2347, caled. for [M+Na]™: 385.2354,
corresponding to CyoH3404; 'H NMR (500 MHz, pyridine-ds) and 3¢
NMR (125 MHz, pyridine-ds), data, see Tables 2 and 3.

Compound 14: (2aR,4R,5aS,5bS,7S,7aR,11aR,12aS)-4,7-dihy-
droxy-2a,5a,8,8-tetramethyltetradecahydro-9H,12H-cyclopenta[a]
cyclopropale]phenanthren-9-one; 0.13% yield; [a] 271) + 90 (c 1.04,
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MeOH); IRvmax 3362, 2947, 2976, 2832, 1700, 1449, 1219, 1116, 1025,
753, 665 cm”'; HR-ESI-MS: m/z = 369.2385, caled. for [M+Na]*:
369.2400, corresponding to CooH340s3; 'H NMR (500 MHz, pyridine-ds)
and ®C NMR (125 MHz, pyridine-ds), data, see Tables 2 and 3.

Compound 15: (2aR,4R,5aS,5bS,7S,7aR,11S,11aS,12aS)-4,7,11-
trihydroxy-2a,5a,8,8-tetramethyltetradecahydro-9H,12H-cyclopenta
[alcyclopropa[e]phenanthren-9-one; 0.06% yield; [(1]28]) 4 40 (¢ 0.1,
MeOH); IRvmax 3352, 2945, 2832, 1652, 1449, 1415, 1219, 1116, 1023,
753, 666 cm'; HR-ESI-MS: m/z = 385.2345, caled. for [M+Na]*:
385.2349, corresponding to CooH3404; 'H NMR (500 MHz, pyridine-ds)
and °C NMR (125 MHz, pyridine-ds), data, see Tables 2 and 3.

Compound 16: (2aR,4R,5aS,5bS,7S,7aR,11aS,12aS)-4,7-dihydroxy-
2a,5a,8,8-tetramethyl-1,2,2a,3,4,5,5a,5b,6,7,7a,8-dodecahydro-
9H,12H-cyclopenta[a]lcyclopropale]phenanthren-9-one; 0.03% yield;
[(x]28D —33 (¢ 0.06, MeOH); IRvy,x 3348, 2948, 2833, 1657, 1449, 1415,
1116, 1022, 753, 665 cm™*; HR-ESI-MS: m/z = 367.2236, calcd. for
[M+Na]*t: 367.2236, corresponding to CpoHz404; 'H NMR (500 MHz,
pyridine-ds) and 13¢ NMR (125 MHz, pyridine-ds), data, see Tables 2
and 3.

3.6. Biological activity assay

Cell Line and Culture Condition: Neonatal human primary
epidermal keratinocytes (Hekn) considered in the literature as cells with
low telomerase enzyme activity, were used in the screening of telome-
rase activation, which were obtained from American Type Culture
Collection (ATCC; PCS-200-010) and cultured according to the manu-
facturer’s protocol.

Telomerase Enzyme Activity Assay: Telomerase activity assays
were done in Hekn cells of 4-6 days’ PD (population doubling) time via
PCR-based ELISA assay. In briefly, the experiment was carried out as
follows. After seeding Hekn cells; the medium was refreshed on the
following day. The day after, cells were treated with the desired doses of
the test compounds for 24 h. After completion of the incubation period,
cells were harvested, and 2x10° cells were transferred to a new and
prechilled Eppendorf tube. Then, cells were centrifuged and lysated in
lysis buffer. The lysates were obtained after centrifugation at 16,000g for
20 min. Telomerase enzyme activity assay was performed via Telome-
rase PCR ELISA kit (Sigma-Aldrich, St. Louis, MO, USA) according to the
manufacturer’s instruction. The absorbances of negative/positive con-
trols and samples were measured at a wavelength of 450 nm with a
reference wavelength of approximately 690 nm by ELISA plate reader
(Varioskan, Thermo Fisher Scientific, US).
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