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ABSTRACT

The biotransformation of artemisinic acid (1) by endophytic fungus Trichothecium roseum CIMAPNT1 is
reported here for the first time. The major biotransformed products appeared as a grayish color spot on
thin-layer chromatography (TLC) with transparent crystal-like texture. Based on their infrared (IR) and 'H
nuclear magnetic resonance (NMR) spectra, the products were characterized as a 33-hydroxyartemisinic
acid (2) and 33, 15-dihydroxyartemisinic acid (3) and were obtained in 51.1% and 37.3% yields, respec-
tively. The highest conversion efficiencies were obtained respectively when 2-day-old cultures of T.
roseum were fed with 20 mg of compound 1 in 50 ml of medium per culture and the mycelia were har-
vested after 14 days of incubation. Metabolite 3 is a new compound and metabolite 2 is reported here
for the first time from artemisinic acid. Compound 3 was acetylated to the product diacetate derivative
4. All these compounds were evaluated for their antimicrobial and in vitro antioxidant activities. Further,
for pharmaceutical utility these compounds were analyzed in vivo using well established animal model
Caenorhabditis elegans for antioxidant/reactive oxygen species scavenging activity. The results clearly
showed that the novel derivatives performed well in comparison to the parent compound both in-vitro
and in-vivo studies. The presence of hydroxyl groups in metabolites 2 and 3 could make them interesting
synthones for further modification into new clinically potent molecules. Thus, the study suggested a new
aisle towards better drug development through the utilization of micro engineers.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

and anti-adipogenesis effect [3]. Chemical synthesis of artemisinin
is complex and uneconomical [4,5] and A. annua is the only source

Artemisinin and its derivatives, artemether, arteether, arter-
sunate and artelinate have great importance in malaria chemother-
apy [1,2]. Artemisinic acid, an amorphane sesquiterpene and
immediate precursor of artemisinin is isolated as major com-
pound from the herb Artemisia annua L (Asteraceae). It possesses
a variety of pharmacological activities such as antimalarial, anti-
tumor, antipyretic effect, antibacterial activity, allelopathy effect
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of it [1,2]. Artemisinic acid has high potential as chemical synthone
to produce artemisinin and based antimalarials [6-9]. Microbially
produced artemisinic acid by the yeast cells Saccharomyces cere-
visiae|[10,11] could be an economical, high-quality, acceptable from
health point and alternate source for new artemisinin analogues
which may be difficult or costly to synthesize them by conven-
tional synthetic methods. All these developments, high utility and
positive impacts of artemisinic acid dragged attention of scientists
and pharmaceuticals to great extinct and thus, the demands have
drastically increased worldwide.

Artemisinic acid has also been biotransformed to several
value added artemisinic acid derivatives which can be used
for further modification into clinically important compounds
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Fig. 1. Structures of artemisinic acid 1, its metabolites 2, 3, diacetate 4.

[12-17]. Endophytes either bacteria or fungi colonize healthy
plant tissue without causing any apparent symptoms of disease
[18]. The mutualistic association and metabolism abilities [19,20]
of endophytes has opened a new horizon towards synthesis of
novel secondary metabolites [21,22] with potential impact on
pharmaceutical and food industries [23-25] thus reveling the
importance of micro-engineers. In continuation of our earlier
biotransformation studies on bioactive compounds [26-28], the
endophyte, Trichothecium roseum CIMAPNT1 isolated from the host
plant A. annua was chosen as a biocatalyst for the conversion of
artemisinic acid into value added products in the present study.

The fungus T. roseum is well known for its ability to metabo-
lize a variety of organic compounds. It has earlier been used for
O-demethylation, hydroxylation, sulfation, ribosylation of a xan-
thone, biotransform of tissue-specific hormone tibolone, thymol
methyl ether, carvacrol, 3’-fluoroacetophenone, other substituted
acetophenones, steroids, oleanolic acid, 18b-glycyrrhetinic acid
and related compounds by many investigators [29-33]. In the
present study, using artemisinic acid, the fungus has shown 88.4%
metabolic potential, producing two major novel metabolites which
were identified as 3f-hydroxyartemisinic acid (2) and 3f3, 15-
dihydroxyartemisinic acid (3) on the basis of 1D, 2D NMR and
ESI-MS techniques (Fig. 1). 3B, 15-Dihydroxyartemisinic acid (3) is
a new compound. While 33-hydroxyartemisinic acid (2), reported
earlier by Zhu et al. [14] and Yang et al. [17] was obtained in
higher yield, 51.1% by T. roseum for the first time. Further, 1 and its
derivatives 2, 3 and 4 were evaluated for their in vitro and in vivo
antioxidant and antimicrobial potentials for revealing their phar-
maceutical importance.

2. Materials and methods

Melting points were determined on a Toshniwal melting point
apparatus and are uncorrected. IR spectra were recorded using a
Perkin ElImer 1719 FT-IR spectrophotometer on KBr plates. 'TH NMR
(nuclear magnetic resonance) and 13C NMR spectra were obtained
in CDCl3 on a Bruker Avance, 300 MHz instrument using TMS as
an internal standard. The chemical shift values (§) are reported
in ppm and coupling constants (J) values in Hz. Spectra were
interpreted by DEPT 90 and 135 (distortionless enhancement by
polarization transfer), correlation spectroscopy (COSY), heteronu-
clear multiple bond correlation (HMBC), heteronuclear multiple
quantum coherence (HMQC), ESI-MS spectra were recorded on a
Perkin Elmer Turbo Mass/Shimadzu LC-MS. Artemisinic acid, used
for the metabolism study was isolated from the herb A. annua [8].

2.1. Isolation of endophytes

For the isolation of endophytic fungus, leaves of the herb A.
annua were collected from the experimental field at CSIR-CIMAP,
Lucknow, India. The leaves were thoroughly washed in running tap
water for removing the adhering dirt particles. The washed leaves
were surface sterilized with 70% ethanol and 0.1% HgCl, for 5 min
followed by 3-4 subsequent washing through sterilized distilled
water. The sterilized leaves were aseptically dried on filter paper
for removing the excess water. The partially dried sterilized leaves
were placed on potato dextrose agar (PDA) plates, supplemented
with streptomycin (100 pg/ml) and incubated at 25°C for 3-10
days [22]. After 10 days the pure looking isolates were transferred
to fresh PDA plates, supplemented with the same streptomycin
concentrations.

2.2. Screening of fungal isolates for biotransformation potentials

For biotransformation experiments the fungal isolates were cul-
tured in minimal media as described by [34] with slight alterations.
Briefly, the fungal isolates were grown in media containing the
following chemical constituents (g/1): sucrose (30), peptone (5.0),
NaCl (3.0), NaH;PO4 (3.0), NaNOs (3.0), MgS04-3H,0 (5.0), KCl
(4.15), FeSO4 (1.0), MnSO4 (1.0) at pH 6.0 for 48 h followed by
addition of artemisinic acid/acetone (40 mg/ml) solution. The fer-
mentation medium thus, obtained was distributed among 20 flasks
of 200 ml capacity (50ml in each) and autoclaved. Compound 1
was dissolved in 10 ml acetone and the resulting clear solution was
evenly distributed among 20 flasks (20 mg/0.5ml in each flask),
containing 48-h-old cultures. The fermentation was carried out for
further 14-days. The inoculated flasks were placed on the rotary
shaker at 28 °C with 200 rpm orbital shaking. During the fermenta-
tion, aliquots from one culture flask were taken daily, and analyzed
by HPLC in order to determine the degree of transformation of
substrate. In all experiments, medium without fungal culture was
taken as control. No metabolite was detected in the control.

2.3. Purification and identification of novel compounds

The fungus CIMAPN1 was inoculated in 1L Erlenmeyer flasks
containing 500 ml minimal media and after 48h of growth,
artemisinic acid was added at a concentration of 400 mg/l. The
flasks were incubated at 28 +2°C with 200rpm for 14 days. On
day 14th, the entire culture broth and mycelia were extracted
three times with equal volumes of ethyl acetate, the combined



48 R. Gaur et al. / Journal of Molecular Catalysis B: Enzymatic 106 (2014) 46-55

Non-artemisinic acid product

Artemisinic

Elusion time (min)

Fig. 2. HPLC profile of ethyl acetate extract of culture broth showing conversion of artemisinic acid to metabolites 3B-hydroxyartemisinic acid (2) and 3(, 15-

dihydroxyartemisinic acid (3) by fungi T. Roseum.

extract was dried over anhydrous Na;SO4 and evaporated to dry-
ness at 40°C under reduced pressure to afford an orange-brown
residue. The residue was analyzed by TLC, showed two fast mov-
ing metabolites along with traces of unreacted artemisinic acid.
The metabolites were purified by flash chromatography over a
silica gel (230-400 mesh, Avra Synthesis, India) column, eluting
with gradient mode solvent, hexane-ethyl acetate (75:25, 1:1) at
10ml/min flow rate. Fractions of 25 ml each were collected. Early
hexane-ethyl acetate (1:1) fractions upon crystallization provided
colourless crystals of metabolites 2 with 51.1% (204.6 mg) yield
and 97.2% HPLC purity, R¢=0.55 (hexane-acetone 1:1). Crystalliza-
tion of hexane-ethyl acetate (1:1) mid fractions yielded metabolite
3 with 37.3% (149.2mg) yield and 98.7% HPLC purity, R;=0.36
(hexane-acetone 1:1), mp 91-92°C.

2.4. HPLC analysis

HPLC analysis of the extracts and pure compounds were per-
formed on a Shimadzu LC-10AD liquid chromatography equipped
with an SPD-M10A VP diode array detector, an SIL-10ADVP auto
injector and a CBM-10 interface Module. Data were collected and
analyzed using a class LC-10 work station. The samples were ana-
lyzed by using reverse phase chromatography on waters spherisorb
0ODS2 (250 x 4.6 mm i.d., 10 mm) column using binary gradient elu-
tion with methanol and water containing 0.1% TFA mobile phase
(70:30) at a flow rate of 0.6 ml/min, a column temperature of 25°C
and UV detection at A 220 nm.

2.5. 3-B-Hydroxyartemisinic acid (2)

Colorless needles (hexane-ethyl acetate 1:1); IR v™a (KBr):
3445 cm~! (OH); '"H NMR (CDCl3, 300 MHz): § 6.48 (1H, brs, Ha-13),
5.59 (1H, brs,Hb-13),5.15 (1H, brs,H-5),3.94 (1H, d,J= 5.4 Hz, H-3),
2.73 (1H, m, H-7), 2.52 (1H, brs, H-6), 2.20 (1H, dd, J=2.6,15.1 Hz,
Ha-2),1.92 (1H, m, H-10), 1.74 (3H, s, H-15), 1.72-1.81 (2H, m, Hb-
2 and Ha-9), 1.36-1.44 (2H, m, H-1 and H-8), 1.06 (1H, m, Hb-9),
0.97 (3H, d,J=6.0Hz, H-14). 13C NMR (CDCls, 75 MHz): § 40.81 (C-
1),34.73 (C-2), 68.44 (C-3),135.62 (C-4), 124.65 (C-5), 38.47 (C-6),
42.19 (C-7), 26.48 (C-8), 36.04 (C-9), 29.71 (C-10), 142.71 (C-11),
172.63 (C-12), 127.47 (C-13), 20.37 (C-14), 21.10 (C-15). ES-MS
(positive): m/z 273[M +Na]*, 251[M + H]* (Cy5H;, 03 for 2).

2.6. 3B, 15-dihydroxyartemisinic acid (3)

Colorless needles (hexane-ethyl acetate 1:1); IR v™@* (KBr):
3430 (OH), 2925, 2856, 1686 (o P-unsaturated CO group) and
1623 cm~! (double bond); TH NMR (CDCl3, 300 MHz): § 6.34 (1H,
brs, Ha-13), 5.54 (1H, brs, Hb-13), 5.44 (1H, brs, H-5), 4.21 (1H, d,
J=5.1Hz, H-3), 4.10 (2H, brs, H,-15), 2.77 (1H, m, H-7), 2.54 (1H,
brs, H-6), 2.22 (1H, dd, J=2.3,14.1 Hz, Ha-2), 1.92 (1H, m, H-10),
1.63-1.72 (1H, m, Hb-2 and Ha-9), 1.28-1.43 (2H, m, H-1 and H-8),
1.09 (1H, m, Hb-9), 0.95 (3H, d, J=6.3 Hz, H-14). 13C NMR (CDCI3,
75MHz): §41.47 (C-1),34.85(C-2),64.95(C-3),140.40(C-4),124.37
(C-5), 39.17 (C-6), 42.71 (C-7), 26.66 (C-8), 36.24 (C-9), 29.17 (C-
10),144.00 (C-11),172.63 (C-12), 124.42 (C-13),20.37 (C-14), 65.79
(C-15). ES-MS (positive): m/z 289[M +Na]*, 267[M +H|* (C15H3,04
for 3).

2.7. Diacetate of 3B, 15-dihydroxyartemisinic acid (4)

Acetylation of metabolite 3 (0.149g, 0.50 mmol) with acetic
anhydride (0.5ml) in pyridine (2ml) afforded colorless crystals
of diacetate 5, 0.156g, 92% yield, mp 70-71°C, IR v™¥ (KBr):
1735cm™! (ester CO); TH NMR (CDCls, 300 MHz): § 6.48 (1H, brs,
Ha-13), 5.67 (1H, s, H-5), 5.57 (1H, brs, Hb-13), 5.29 (1H, brs,
H-3), 4.56 (1H, d, J=12.3Hz, Ha-15), 4.33 (1H, d, J=12.3 Hz, Hb-
15), 2.79 (1H, m, H-7), 2.63 (1H, brs, H-6), 2.27 (1H, dd, J=2.5,
15.0Hz, Ha-2), 1.86 (1H, m, H-10), 1.71-1.79 (2H, m, Hb-2, Ha-9),
1.37-1.49 (1H, m, H-1), 1.19-1.29 (2H, m, H,-8), 1.06 (1H, m, Hb-
9),0.84 (3H, d, J=6.0 Hz, H3-14). 13C NMR (CDCI3, 75 MHz), § 40.20
(C-1), 31.54 (C-2), 66.26 (C-3), 131.95 (C-4), 132.53 (C-5), 38.83
(C-6),41.88(C-7),26.71 (C-8),35.63 (C-9), 29.08 (C-10), 142.52 (C-
11), 169.83 (C-12), 127.25 (C-13), 20.03 (C-14), 65.77 (C-15) and
21.26, 171.18 (COCH3), 21.25, 171.28 (COCH3). ES-MS (positive):
m/z 351[M + H]*(C19Hy60¢ for 4).

2.8. Time course of substrate and metabolic products

The culture media were extracted with ethyl acetate several
times at different time intervals. The crude extracts were ana-
lyzed by TLC and HPLC analysis. The ratios between the substrate
and metabolic products were determined on the basis of HPLC
(Figs. 2 and 3) and proton NMR analysis.
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Fig. 3. Time course of biotransformation of artemisinic acid (1) by fungus by T.
Roseum.

2.9. Fungal identification

For the identification fungal isolates, reaction mixture was pre-
pared by adding 2l genomic DNA template, 20 pmol of each
primer (ITS1 (5’-TCC GTA GGT GAA CCT GCG G-3') and ITS2 (5'-GCT
GCG TTC TTC ATC GAT GC-3’) encoding the 5.8s rDNA fragment,
50 wM of each deoxynucleoside triphosphate, 0.7U of Taqg DNA
polymerase (Genie), 10 ul of 10x Tag DNA polymerase buffer
(Genie) and the reaction volume was made up to 100wl with
milli-Q water. PCR temperature cycle comprised of 35 cycles at
94°C for 405, 55°C for 1min and 72 °C for 2 min, followed by an
additional 10 min at 72°C. An aliquot (10 ul) of the PCR prod-
uct was analyzed on 0.8% horizontal agarose gels. PCR products
were cleaned using a QIAquick spin column (Qiagen) according to
the manufacturer’s instructions. The PCR products were sequenced
by ABI3130 XL (Applied Biosystems, USA). Further the nucleotide
sequence was subjected to homology search using the Blast tool
(www.ncbi.nlm.nih.gov/org) and was submitted to Sequin (Gen-
Bank, NCBI) as the accession number JQ713566. The phylogenetic
analysis was performed by neighbour-joining in MEGAS5, using
1,000 bootstrap replicates. For the Culture preservation and further
use the fungal culture, it was deposited to IMTECH Chandigarh.

2.10. Biological activity

2.10.1. In vitro antioxidant assay

Natural molecules play vital role in free radical scavenging activ-
ities. Keeping in the view all the compounds 1-4 were evaluated
for their potential in vitro antioxidant activity.

2.10.2. DPPH (1,1-diphenyl-2-picryl hydrazyl) assay

The free radical scavenging activity of 1 and metabolites 2, 3
(Table 1) was measured by protocols of [35,36] with minor modifi-
cations. The in vitro analyses (various concentrations) of each test
compound (10, 50, 100, 250 wM/ml) were performed with 100 mM
Tris-HCI buffer (pH 7.4) and 100 M of DPPH. The reaction mix-
ture was incubated for 30 min in the dark at room temperature and
measured at 517 nm, using Spectra Max M2 multimode micro plate
reader (Molecular Devices) against the blank.

Table 1
Description of compounds.

Compounds Short forms
Artemisinic acid (1) AA
3B-hydroxyartemisinic acid (2) 3B,HAA
33, 15-dihydroxyartemisinic acid (3) 3[3,15HAA

Diacetate 3(3, 15-dihydroxyartemisinic acid (4) Diacetate 33,15 HAA

2.10.3. Total antioxidant capacity estimation assay

The total antioxidant capacity of compounds 1-4 (Table 1) was
performed using methods of [36,37]. The total antioxidant capacity
of different test compounds (10, 50, 100, 250 wM/ml) was mea-
sured with ascorbic acid as the standard. The absorbance of the
samples was taken at 695 nm against a blank using Spectra Max
M2 multimode micro plate reader (Molecular Devices).

2.10.4. Reducing power assay

Reducing power assay of test compounds 1-4 was performed
with slight modifications of protocols reported in the literature
[36,38]. Different concentrations (10, 50, 100, 250 wM/ml) was ana-
lyzed using 0.2 M phosphate buffer (pH 6.6), 1% K4FeCNg, 10% TCA
(tri-carboxylic acid) and 0.10% FeCls. The absorbance was taken
at 700 nm with a reagent blank using Spectra Max M2 multimode
micro plate reader (Molecular Devices).

2.10.5. In vivo toxicity and antioxidant assay

N2 Bristol (Wild type) strains of Caenorhabditis elegans and
Escherichia coli OP50 were obtained from the Caenorhabditis Genet-
ics Center (CGC), University of Minnesota, USA, routinely cultured
and maintained at 20°C on nematode growth medium (NGM),
seeded with E. coli OP50 bacteria [39]. The different concentrations
(5,50, 100 M/ml) of test compounds were used for toxicity assay
and in vivo antioxidant assay on C. elegans model system.

2.10.6. Toxicity assay

Test compounds were prepared in different (5, 50, 100 wM/ml)
concentrations with acetone as solvent (0.001%) system. The age
synchronized wild type (N2) worms (L4) were transferred to
24-well plate (tissue culture Axygen-India) containing defined
concentrations. Worms were observed after every hour for their
mortality/survival by touch provoked method [40].

2.10.7. Antioxidant capacity/ROS detection assay

The assay was conducted as described in literature [41-43].
Adult day 2 worms were used for intracellular ROS determination.
Age synchronized worms (30 in number) were collected in 300 .l of
0.1% phosphate buffer saline with Tween 20 (PBST). Worms were
washed thrice with PBST and the lysate was prepared by equally
timed homogenization and sonication (Branson Sonifer 250; VWR
Scientific, Suwannee, GA, USA). The homogenized samples were
transferred to 96 wells plates with 1.5 pl of 10mM H,DCF-DA
which was added to the final concentration of 50 .M before reading
of the plates. Fluorescent readings were measured using Spec-
tra Max M2 multimode micro plate reader (Molecular Devices)
at 485 nm excitation and 530 nm emission. All observations were
recorded at every 20 min for 2 h and 30 min at 37°C.

2.10.8. Antibacterial assay

The test compounds 1-4 were tested for their antibacterial
activity (Table 2) against selected pathogenic microbes through
disc diffusion assay with slight modifications [44,45]. The min-
imum inhibitory concentration (MIC) of compounds 1-4 was
determined as per McFarland Standard 0.5 against the selected
bacteria [Gram positive-Staphylococcus aureus (ATCC2940), S.
epidermidis (ATCC435), Streptococcus mutans (ATCC890), Gram
negative-Enterobacter aerogenes (ATCC111), E. coli (ATCC739), and
acid fast staining bacteria Mycobacterium smegmatis (MC2155
(Delhi University)]. All the bacterial strains were procured from
American type culture collection (ATCC). The impregnated paper
disc (Whattman) with different test concentrations (100, 200,
500 p.g/disc) were placed over the seeded plates and incubated
for 24 h at 37°C. The activity was measured in terms of the zone
of microbial growth inhibition (Hi Antibiotic Zone Scale) through
Himedia scale.
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Table 2
Disc diffusion assay of compounds showing net zone of inhibition (in mm) against test bacteria.
Compounds SA ATCC.No.-2940 SE ATCC.No.-435 SM ATCC.No.-890 EC ATCC.No.-739 EA ATCC.No.-111 MS
MC2155 (Delhi
University)
AA(1) - - - - - v
3B,HAA (2) - - - - - -
3B,15HAA (3) - - - - - -

Diacetate 33,15 HAA (4) - - _

SA = Staphylococcus aureus, SE=S. epidermidis, SM = Streptococcus mutans, EA = Enterobacter aerogenes, EC =E. coli, MS = Mycobacterium smegmatis.

2.10.9. BACTEC radiometric susceptibility assay

To assess the impact of test compounds 1-4 on M. tuberculosis
H37Rv (ATCC 27294) strain, it was scraped from maintained slants
(Lowenstein-Jansen media). The bacterial strain was then trans-
ferred in 1.0 ml of BACTEC diluting fluid and made the complete
homogenized suspension by vortexing with glass beads (2 mm
diameter) [46]. In continuation for further preparation of the test
strain and to access the efficacy of compounds on M. tuberculosis
the protocol of our group was followed with slight modifications
[46].

3. Results and discussion

The endophytic fungal isolates, obtained from A. annua were
screened for their biotransformation potentials. Among them four
isolates showed positive results of which CIMAPNT1 isolate showed
maximum activity with intense TLC bands and thus was selected
for scale up study. The isolate CIMAPNT1 after the 14th day of incu-
bation with 400 mg artemisinic acid yielded two metabolites 2
and 3 (Fig. 1). HPLC analysis of the ethyl acetate extract of cul-
ture broth (Fig. 2) clearly showed the metabolites 2 and 3 with
traces of artemisinic acid. The time course study of reaction was
also measured by TLC and HPLC (Fig. 2)/proton NMR analysis. It was
found that metabolite 2, Rf=0.55 (hexane-acetone 1:1) appeared
as a major compound (51.1%) with 97.2% HPLC purity. IR spec-
trum showed a broad band at 3445 cm~!, indicating the presence
of hydroxyl group in 2. It was identified as 33-hydroxyartemisinic
acid (Fig. 1) by comparison of its spectral data (IR, NMR, MS) with
reported in the literature [14,15,17].

Metabolite 3, R¢=0.36 (hexane-acetone 1:1), mp 91-92°C was
obtained as colourless crystals with 37.3% yield having 98.7%
HPLC purity. It showed IR absorption bands at v™a 3430cm™!
for hydroxyl, 2925, 2856, 1686 cm~! for «, 8 unsaturated CO and
1623 cm™! for a double bond functions. ESI (positive and negative)

H
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Fig. 4. HMBC Correlation diagram of compounds 2 and 3.

mass spectral analysis showed a molecular weight of 266, indi-
cated two hydroxyl groups in the molecule. The 13C NMR spectrum
of metabolite 3 showed two new peaks at § 64.95 and 65.79 ppm
which confirmed it to be a dihydroxylated product. The DEPT 135
spectra showed that the number of methyl carbons had decreased
from two to one and the number of methine carbons increased from
five to six, but the methylene carbons remain same, five in num-
ber which designated that one methyl and one methylene group of
the substrate must be hydroxylated as CH,OH and CHOH groups.
A strong cross peak of H-5 broad singlet, § 5.44 ppm with the new
methine carbon signal at § 64.95 ppm in the HMBC spectrum of
metabolite 3 assigned the position of one hydroxyl group at C-3
(Fig. 4). The H-5 broad singlet showed another strong cross peaks
with other new methylene carbon signal at § 65.79 ppm indicated
the presence of second hydroxyl at C-15 in 3. Similarly the H-3,
doublet at § 4.21 ppm and H,-15, singlet at § 4.10 ppm showed
cross peaks with C-4 at § 140.40 ppm and C-5 at 6 124.37 ppm
signals also confirmed the positions of the hydroxyls. Comparing
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Fig. 5. Proposed mechanism for the bioconversion of artemisinic acid (1) to metabolites 2 and 3.
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Fig. 6. Plausible mechanism for the synthesis of possible artemisinin analogues (5-7) from metabolites 2, 3 and diacetate 4.

the coupling constant, J=5.1 Hz of H-3 with the H-3, J=5.4Hz of
metabolite 2 suggested a (3-configuration of the hydroxyl group
at C-3 in metabolite 3. Acetylation of 3 by pyridine-acetic anhy-
dride afforded a diacetate 4 (Fig. 1). IR band at v™¥ 1735cm™!
for ester CO, TH/13C NMR signals, § 6.07, brs/21.26, 171.18 ppm for
CHOACc and 5.38, 5.11 ppm, doublets, J=12.3Hz/21.25, 171.28 ppm
for CH,O0Ac of 4 further confirmed that the metabolite is a dihy-
droxylated product of artemisinic acid. All the protons and carbon
signals of 3 were assigned by analyzing the 'H, 13C DEPT, COSY,
HMBC and HSQC data of the metabolite and by comparison of
the spectral data reported for artemisinic acid [47,48]. Thus, the
metabolite 3 was characterized as 33, 15-dihydroxyartemisinic
acid (Fig. 1) and is a new report. As in both metabolites 2 and 3
the configuration at C-3 is [3, the results indicated that the fun-
gus CIMAPNT1 have the abilities to hydroxylate artemisinic acid in
stereoselective manner.

The proposed stereoselective hydroxylation reaction mecha-
nism pathway of artemisinic acid to metabolites 2 and 3 by the
fungus is mentioned in Fig. 5. The reaction involve direct oxida-
tion of the -CH-H and -CH,-H bonds at C-3 and C-15 poisons,
respectively to corresponding alcohols which is difficult chemi-
cally due to inertness of carbon-hydrogen bonds of the saturated
hydrocarbon moieties. Such stereoselective hydroxylation reac-
tions, catalyzed by microorganisms are well studied. The enzymes
responsible for these transformations belong to oxygenases family.
Oxygenases using only one molecular oxygen atom as an oxi-
dant to oxidize a substrate and are called monooxygenases. One
of the most thoroughly studied monooxygenases are cytochrome
P450 enzymes [49]. CYP enzymes belong to a group of proteins
(hemoproteins) that contain a prosthetic iron-heme cofactor. They
consist of an Fe(Ill)-protoporphyrin-IX covalently linked to the pro-
tein by the sulfur atom of cysteine. In the presence of a substrate
molecule the enzymatic hydroxylation involves several oxidation-
reduction steps of the iron atom in porphyrin binding site, resulting
in elimination of complexed water molecule. The next step is the
reduction of Fe(III) to Fe(II) by activation of oxygen molecule in situ
to form complexed peroxide radical which is subsequently reduced
to peroxide anion. Two protonations of oxygen molecule in peroxo
complex result in loss of water and formation of Fe(IV)+ complex
which is responsible for hydroxylation of the substrate R-H (1)
(Fig. 5). [50].

Thus, the utilization of endophytic microbes for the production
ofnovel C-3 3, C-15 products from existing compounds opens a new
arena for acquiring novel compounds which are impossible to pro-
duce through chemical methods. Advances in photochemistry and
flow chemistry have proved to be an efficient chemical method for
the synthesis of artemisinin from artemisinic acid, which is found
to be in plentiful amount [9].

Artemisinic acid production by engineered yeast cells in higher
yields [11] demonstrated an efficient and a viable alternative sup-
ply for artemisinin and new analogues. The novel, stereo-selective
artemisinic acid metabolites 2 and 3 produced in higher yield (total
88.4%) in our study have great importance to be converted into new
clinically potent artemisinin analogues. A plausible mechanism for
the synthesis of new artemisinin analogues 5-7 viz. reduction and
photo-oxidation/rearrangement, etc.[51] from metabolites 2,3 and
diacetate 4 is depicted in Fig. 6.

3.1. Identification of the endophytic fungus

The potent endophytic fungi showing best biotransforma-
tion activity was identified through molecular techniques. The
PCR product was sequenced and BLAST analysis of 18S rRNA
gene (CIMAPNI) was performed. Sequences having maximum
similarities were retrieved, aligned with that of isolate JQ713566
(Fig. 7). The alignment was subjected to neighbour-joining anal-
ysis indicated the fungus as Trichothecium roseum (Fig. 7). The
fungal strain CIMAPN1/CIM1 (JQ713566) has been deposited at
IMTECH, Chandigarh with reference number “MTCC No.-11569”
for preservation and future use.

3.2. Invitro antioxidant assay

Scavenging activity of compounds 1-4 was assessed at different
concentrations by reduction of the stable radical DPPH to col-
ored diphenylpicrylhydrazine. The interpretation of the scavenging
effect of 1-4 with the DPPH radical depicts that biotransformed
compounds were better scavengers than the parent 1 (p <0.001) in
Fig. 8A. Invitro analysis also reveals that with an increase in the con-
centration of compounds, the scavenging potentials also increased
(Fig. 8A).
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Trichothecium crotocinigenum strain NRRL 53579(JQ606830)

@ CIM1 (JQ713566)
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Hypocreales sp. KLAR B5 (EU164804)
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Fig. 7. Phylogenetic tree constructed from the 18S rRNA gene of strain CIMAPN1/CIM-1 and related organisms using neighbour-joining algorithm.

Ophi tria trichospora strain G.J.S. 01-206(HM484867)

4{— Stac hybotrys ec hinata isolate 15 (EU301645)

Accession numbers of

corresponding sequences are given in parenthesis and scale bar corresponds to nucleotide substitutions per nucleotide position.

Table 3

p-Values depicting the statistical significant difference of test compounds (in vitro).
S. no. Antioxidant assay 250 uM 100 pM 50 uM 10 M
1 DPPH <0.001 <0.001 <0.001 <0.001
2 TAC 0.0757 <0.001 <0.001 <0.001
3 RP <0.001 <0.001 >0.050 0.0621

** Significative at a level of 1% of probability (p <0.01).
* Significative at a level of 5% of probability (p <0.05).
ns, Non-significative (p > 0.05).

While having the assessment of total antioxidant capacity of
1-4 (Table 1) in terms of ascorbic acid equivalence, the results
obtained thus, suggested that compounds showed a significant
increase (p <0.001, Table 3) in antioxidant capacity (3>1>2>4) at
different concentrations. It was also observed that the antioxidant
capacity followed the same trends of antioxidant elevation with the
increase in concentration of compounds (Fig. 8B).

The test compounds for analysis of their reducing power activity
showed significant (p <0.0001, Table 3) increment in the activity
as the concentration rises. The results for compound 1 and bio-
transformed derivatives (2, 3, 4) depicted that derivatives were
quite better reducers than comparison to parent compound (1)
(Fig. 8C).

3.3. Toxicity and in vivo antioxidant assay

Toxicity is an important factor for utility of any compound
towards drug development. The above tested concentrations were
showing no toxic effects against C. elegans even after 72 h exposure
period (24 well plates).

Antioxidants scavenging free radicals play an important
role in managing aging and age related diseases in all liv-
ing systems [42,43,52] and thus, have enormous demands from
pharmaceutical and food industries. It was observed that, in com-
parison to the untreated control compound 1 supplementation,
along with derivatives 2 and 3 at 5, 50 and 100 .M concentration
rendered 5.20 to 58.50% reduction of ROS generation respectively
in wild type worms (Fig. 9). The best ROS reduction was observed
in derivative 3 with effective concentration 50 uM (57.21%) fol-
lowed by 2 (47.84%) and 1 (13.72%), respectively, as depicted in
Fig. 9.

Table 4
Antimicrobial activity of compounds against M. tuberculoses H37 RV strain by
BACTEC assay.

S. no. Test compound MIC (pg/ml)
1 AA 100

2 3B,HAA >100

3 3B,15HAA >100

4 Diacetate 33,15 HAA >100

5 Rifampicin 2.0

6 Streptomycin 2.0

3.4. Anti-bacterial assay

The minimum inhibitory concentration (MIC) of compound 1
along with derivatives 2-4 against the tested pathogenic bacte-
ria was found to be negative with all the tested concentrations
indicating no possible antibacterial activity of the same, except
against M. smegmatis MC215 (DU) which showed little activ-
ity at higher concentrations as shown in Table 2. Similarly, an
assessment of antitubercular activities on compound 1 and its
derivatives against M. tuberculosis H37Rv strain in BACTEC-460
assay. The results thus, obtained were calculated and expressed as
minimum inhibitory concentrations (MIC) in mg/ml (Table 4). Com-
pound 1 exhibited positive antitubercular activity at MIC 100 p.g/ml
while its derivatives 2-4 possessed antitubercular activity showing
MIC>1000 p.g/ml.

Fungal cultures have been frequently used as efficient biocata-
lysts to carry out complex regiospecific or stereoselective chemical
reactions which are difficult or very costly to perform through
synthetic roots [53]. However, this is the first report of isolation
of endophyte T. roseum from A. Annua, its use as a biocatalyst for
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Fig. 8. (A) Graph is showing free radical scavenging (DPPH) activity of test compounds 1 (AA), 2 (33, HAA), 3 (33, 15HAA), and 4 (Diacetate 3f3, 15 HAA). The values plotted
are mean + SE of three replicates. Results, showing significant (p < 0.05) variation in the tested compounds are depicted in Table 4. (B) Total antioxidant capacity of test
compounds 1(AA), 2 (33, HAA), 3 (3, 15HAA), and 4 (Diacetate 33, 15 HAA) was estimated and provided as values are mean =+ SE of three replicates. The p-values, depicting the
statistical significance were tabulated in Table 4. (C) The graph depicting reducing power estimation of test compounds 1 (AA), 2 (33, HAA), 3 (33, 15HAA), and 4 (diacetate 33,
15 HAA). Values are mean + SE (error bars) of tested concentration taken from replicates of three. The p-values, depicting the statistical significance were tabulated in Table 4.
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as 100%. Errors bars represent the standard error of mean (SEM).

efficient conversion of artemisinic acid to major derivatives 2, 3
and showing their significant biological activities in this study.

4. Conclusion

The biotransformation study of artemisinic acid by endophytic
fungus T. roseum resulted into two novel major metabolites 33-
hydroxyartemisinic acid and 3@, 15-di-hydroxyartemisinic acid.
Endophytic fungus T. roseum possessed the potential to catalyze
hydroxylation reaction at the position of allylic methylene and the
main products were (3-configurated. The study suggested that the
fungus T. roseum will be highly important, economical and benefi-
cial option in producing promising novel products from artemisinic
acid in future. The biological activity results revealed that these
derivatives can be a more dependable choice for other pharma-
cological actions and opens new arena towards management of
other diseases related to ROS (aging, age related diseases). Thus,
artemisinic acid derived metabolites 2 and 3 not only will serve as
an option towards utilization in terms of starting material for chem-
ical synthesis of new potent artemisinin derivatives but it will also
serve as a potential lead for the generation of novel compounds
targeting other severe diseases.
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