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uscharin (3.8 fold), asclepin (~2 fold) and coroglaucigenin (~1.5 fold) were
standardized.

e Control in vitro C. gigantea plantlets biosynthesized higher quantity of
cardenolides in compare to wild plant.

e Elicitor treatment was found to be more effective than precursor feeding for

ABSTRACT

Background: Calotropis gigantea (L.) Dryand, belonging to the family
Apocynaceae is a source of many bioactive cardenolides. However,
inadequate accumulation of these cardenolides within this plant
restricts their economic isolation. Due to multiple chiral centers, these

metabolites could not be chemically synthesized so far. Objective: The
main objective of this study was to develop protocols for enriched
production of targeted bioactive cardenolides within in vitro grown plant

CGs enrichment.

Seasonal and tissue specific CG accumulation in naturally
grown plant

system. Materials and Methods: In our study, we established in vitro
plantlets from the seeds of naturally grown plants. Various biotic and
abiotic elicitors, as well as precursors with different concentrations and
incubation period, were used for the same. Results: |t was observed that
the in vitro grown control plantlets could biosynthesize a higher quantity
of seven bioactive cardenolides than the naturally grown plants, whereas
only coroglaucigenin was in less quantity. All the eight cardenolides
could further successfully be enriched through our experiments.
Uscharidin could be enriched significantly to a maximum level (~17-fold)

S 5 111 9
CG accumulation in naturally grown plant
vs in vitro plantlets

followed by calotropagenin (~11-fold), uzarigenin (~8.5-folds), e
calotropin  (4.5-fold),  frugoside  (~4-fold),  uscharin  (3.8fold), SIS

asclepin (~2-fold), and coroglaucigenin (~1.5-fold) when they were Elicitor and precursor treatient Fold enrichment (CGs)
compared to their maximum accumulation in naturally grown plants. For
effective quantitative calculation of natural abundance of cardenolides
within naturally grown plant, their seasonal variations were carried out
using ultra high-performance liquid chromatography-mass spectrometry.
Conclusion: From the above results, it can be concluded that the in vitro
grown plantlets are the better choice than the naturally grown plants for
enriched production of cardenolides. Elicitors were found more effective
than precursors for the same.

Key words: Calotropagenin, calotropin, cardenolides, enrichment,

uscharidin, uzarigenin

SUMMARY
® Protocols for the enrichment of Uschardin (~17 fold), calotropagenin
(~11 fold), uzarigenin (~8.5 fold), calotropin (4.5 fold), frugoside (~4 fold),

Abbreviations used: CGs: Cardiac glycosides; CH: Cholesterol;
CHI: Chitosan; DDW: Double distilled water; MJ: Methyl Jasmonate;
PG: Progesterone; SA: Salicylic acid; SQ:
Squalene; YE: Yeast extract.
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CGs are well-known as anti-arrhythmic agents, and there are several
drugs such as digoxin, digitoxin, and ouabain are presently in market.

INTRODUCTION

Calotropis gigantea (L.) Dryand, belonging to the family Apocynaceae, is
a widely distributed species. In Indian traditional systems of medicine,
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various parts of this species are used as an analgesic, anti-inflammatory,
antispasmodic,and antitumor agents. The plantisalso used to treat various
other diseases such as ascites, asthma, dysentery, elephantiasis, jaundice,
leprosy, syphilis, and ulcer.™? There are several phytoconstituents
belonging to the category of alkaloids, glycosides, flavonoids, tannins,
saponins, sterols, and triterpenoids have been isolated from different
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parts of this species. The major cardiac glycosides (CGs) identified from
this plant are calotropin, calotoxin, uscharin, voruscharin, uscharidin,

uzarigenin, syriogenin, proceroside, and frugoside.”” For a long period,
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However, in recent years, anti-proliferative activity of several CGs
against various tumor cell lines has also been reported. Frugoside and
calotropagenin isolated from leaves of C. gigantea had shown cytotoxic
activity against small cell lung cancer (NCI-HI87), oral epidermal
carcinoma, and breast cancer cell line (MCF7).B! Coroglaucigenin,
calotropin, uscharidin, and asclepin also showed cytotoxic activity
against two cancer cell lines HepG2 and Raji.l! Whereas, uzarigenin
showed anticancer activity against human lung adenocarcinoma A549%!
and uscharin exhibited extreme toxicity to A549, HCT116, and HepG2
with IC50 values of 0.003, 0.013, and 0.018 pg/mL, respectively.l®!
Frugoside and calotropin, isolated from root bark of Calotropis procera,
showed potent growth inhibitory activity against A549 non-small cell
lung cancer, U373 glioblastoma, and PC-3 prostate cancer cell lines.”” At
present, a semisynthetic cardenolide namely. UNBS1450 derived from
2"-oxovuscharin, a derivative of voruscharin, extracted from C. procera
and a supercritical CO, extract of Nerium oleander namely PBI-02504
are under Phase I and Phase II clinical trial respectively for the treatment
of cancer.® Cardenolides are also effective against cystic fibrosis and
provide neuroprotection against ischemic stroke.'”’ The main source
of cardenolides is green plants such as Digitalis spp., Strophanthus spp.,
Calotropis spp., and N. oleander. However, inadequate accumulation of
these metabolites within these plants restricts their economic isolation.
Chemical synthesis of such compounds is also equally difficult due to their
multiple chiral centers. Therefore, enhanced biosynthesis of cardenolides
within in vitro system can open an alternative option for their constant
and bulk production. In the earlier work, biosynthesis of 03 CGs and 02
genin moieties was done through callus culture from C. gigantea plant."!
Here, efforts were made to develop in vitro plantlets for the biosynthesis
of more bioactive CGs and to enrich them to a significant level. As a
result, we could successfully develop the standardized protocols for the
enriched bioproduction of 5 bioactive CGs and their 3 genins within
in vitro grown C. gigantea plantlets.

MATERIALS AND METHODS

Seeds of C. gigantea plant were collected from CSIR-CDRI campus,
Lucknow, Uttar Pradesh, India. The plant was identified and
authenticated by Dr. D. K. Mishra, an angiosperm plant taxonomist
of CSIR-Central Drug Research Institute, Lucknow, Uttar Pradesh,
India. The herbarium specimen of this plant has been deposited at
CSIR-CDRIs internationally recognized Herbarium (Acronym “CDRI”)
bearing the voucher specimen number 25200. All the macro and
micronutrients for tissue culture media, sucrose, agar, as well as NaOH
were procured from Hi-Media Laboratories (Mumbai, India) and the
Extran detergent from Merck Specialties (Mumbai, India). Elicitors
such as yeast extract (YE), salicylic acid (SA), and KCl purchased
from Hi-Media Laboratories (Mumbai, India). Other elicitors such
as methyl jasmonate (M]), chitosan (CHI), and all the precursors
such as cholesterol (CH), progesterone (PG), and squalene (SQ)
were purchased from Sigma-Aldrich (now Merck). Absolute ethanol
and high-performance liquid chromatography grade methanol were
procured from Merck.

Establishment of in vitro plants

At first, seeds were washed thoroughly in running tap water with mild
detergent, followed by savlon treatment and again washing with double
distilled water (DDW). Thereafter, seeds were surface sterilized with
0.2% HgCl, for 2 min under laminar hood and washed with DDW for
three times before inoculation in MS basal medium. The medium pH
was adjusted to 5.8 with 0.1 N HCI or NaOH and was supplemented with
sucrose 3% (w/v) and agar 0.8% (w/v). Seeds were germinated within
1 week, and after around 2 weeks, the plantlets were transferred into
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Figure 1: Establishment of in vitro plants from seeds. (a) Inoculation of
seeds in MS hormone free media. (b) Germination of seed and seedlings
development. (c) Seedlings transferred to culture bottles. (d) Full grown
in vitro plantlets

Table 1: List of elicitors and precursors used for the enrichment of cardiac
glycosides

Precursors/elicitors Concentration Incubation period

MJj 50, 75, 100 mg/1 1,2 and 5 days
YE 50, 100, 150 mg/1 2, 5 days
Chitosan 50, 150 mg/1 2, 5 days
SA 50, 100, 150, 200, 250 uM 2,5 days
KCl 80, 120, 160 mM 2, 5,10 days
Cholesterol 100, 200, 300 mg/1 2, 5 days
Progesterone 100, 200, 300 mg/1 2, 5 days
Squalene 1,2,3mM 2, 5 days

SA: Salicylic acid; YE: Yeast extract; MJ: Methyl jasmonate

culture bottle for further growth [Figure 1]. Their number was further
increased through micropropagation technique.

Elicitation and precursor feeding for the
enrichment of cardenolides

All the elicitors and precursors except MJ were dissolved in media
for their application on plants, whereas M] was applied through
spray on aerial parts. Different elicitors and precursors with their
specific concentrations and incubation period are mentioned Table 1.
After a specific incubation period, plant materials from all the
experimental sets were harvested, and samples were prepared for liquid
chromatography-mass spectrometry (LC-MS) analysis.

Harvesting and extraction of in vitro plants and
seasonal plant materials from naturally grown plant

Whole plants from all the experimental sets were harvested after the
scheduled incubation period. To study seasonal variation of CGs, three
mature wild C. gigantea plants were selected from Lucknow, and two
vegetative parts namely leaf and stem were collected in every month from
January 2017 till December 2017. All the samples were dried at 40°C in
a conventional oven, homogenized into fine powder using a mortar and
pestle and stored in airtight plastic vials. 500 mg of this fine powder was
extracted with 10 mL ethanol and kept into continuous shaking for 48 h
followed by sonication and filtration of the sample through Whatman
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filter paper. Excess solvent was removed by rotary evaporator at 40°C
and samples were dissolved into 2 ml methanol for the identification of
CGs through LC-MS.

Liquid chromatography-mass spectrometry analysis

The LC-MS analysis was performed on a Waters TQD triple quadrupole
mass spectrometer (USA). It was equipped with Waters, H-Class Acquity
UPLC system and ESI source. The UPLC column used was Water
BEH C-18 100 mm x 2.1 mm, 1.7 um and dual mode (+) LC-ESI-MS
experiments performed after injecting 2 ul samples by the autosampler.
The chromatographic separation and identification of CGs were carried
out as per our previous established analysis method.!"*"¥ Extracted ion
chromatogram [Figure S1] and LC-ESI-MS Spectra of identified CGs
and their genins [Figure S2] are provided in Supplementary material.

Data analysis
All results were calculated as mean + standard error differences between

means were tested for statistical significance using the Student’s ¢-test at
P<0.05.

RESULTS

Seasonal variation of cardenolides accumulation in

naturally grown plants

Four CGs namely uscharin, frugoside, calotropin, and uscharidin as well
as 3 genins namely coroglaucigenin, uzarigenin, and calotropagenin
could be detected in seasonal samples of naturally grown C. gigantea
plant out of total 8 that were biosynthesized within in vitro plant
[Table 2]. Only asclepin could not be detected by us in naturally grown
plant sample. It was observed that the general trend of most of the
metabolites to become accumulate in maximum quantity during winter,

spring, and summer season, whereas April is the most favorable month
for their maximum accumulation. Uzarigenin, the only metabolite,
which was found accumulated at maximum level during February. The
stem was the most preferred plant part for the accumulation of all the
metabolites with compare to leaf [Figure 2].

Enrichment of cardenolides

Uscharidin was biosynthesized 5.5-fold more within the in vitro plantlets
with compare to their maximum accumulation in naturally grown plant.
Elicitation with CHI at 50 mg/l and SA at 200 uM, the metabolite was
enriched to a significant level, i.e., around 17 and 12.6-fold, respectively
in 5 days’ incubation period. KCI at 80 mM concentration and YE at
100 mg/1 were also found good enough for the enrichment of this
compound up to around 9-fold in 2 days [Figure 3a]. Calotropagenin
was biosynthesized 5.3-fold more within the in vitro plantlets with
compare to their maximum accumulation in naturally grown plant,
which was increased 10-11.2-fold with the help of CHI at 100 mg/1, MJ
at 75 mg/l, and YE at 100 mg/l in 5 days’ incubation period. SQ, the
other elicitor could enrich this metabolite more than 6-fold at 1 mM
concentration in same days [Figure 3b]. Uzarigenin was biosynthesized
3-fold more within in vitro plantlets with compare to their maximum
accumulation in naturally grown plant. However, after elicitation with
YE at 100 mg/l and SA at 100 uM, the metabolite was enriched more than
5 and 8.6-fold respectively in 5 days’ incubation period. The two other
elicitors, i.e., MJ and CHI could enrich this metabolite 5.6- and 4.4-fold,
respectively, at 100 mg/l concentration in 2 days. Precursors such as
CH and PG at 100 mg/l were also effective to enrich the compound
around 5-fold in 2 and 5 days, respectively [Figure 3c]. Calotropin was
biosynthesized 1.6-fold more within the in vitro plantlets with compare
to their maximum accumulation in naturally grown plant. SA acid was
observed the most active among all elicitors and precursors, which could
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Figure 2: Seasonal variation of cardiac glycosides in naturally grown mature plants
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Figure 3: Maximum enrichment of cardenolides with the specific concentration and incubation period of particular elicitors and precursors. (a) uscharidin,
(b) calotropagenin, (c) uzarigenin, (d) calotropin, (e) frugoside, (f) uscharin, (g) asclepin, (h) coroglaucigenin. Fold change values are significant

P < 0.05 (Student’s t-test)

enrich its production up to 4.5-fold at 100 uM concentration and 5 days’
incubation period. YE and CHI enriched this metabolite 2.4-2.8-fold at
150 mg/1 and 50 mg/l, respectively, in same days. PG, the only precursor,
could also enrich it around 2.5-fold at 200 mg/l concentration and in
2 days [Figure 3d]. Frugoside was biosynthesized 1.4-fold more within
the in vitro plantlets with compare to their maximum accumulation in
naturally grown plant. CHI at 100 mg/l could enrich this compound
around 4-fold in 5 days’ incubation period whereas PG at 200 mg/1 and
MJ at 50 mg/l enriched it 2.8-3.4-fold in 5 and 2 days, respectively. The
abiotic stress KCI at 80 mM and the other precursor CH at 100 mg/l
enriched this metabolite more than 2-fold in 5 days [Figure 3e]. Uscharin
was biosynthesized 1.6-fold more within the in vitro plantlets with
compare to their maximum accumulation in naturally grown plant. The
metabolite was enriched up to 3.8 and 2.7-fold with SA at 200 uM and
CHI at 50 mg/l concentration in 2 and 5 days, respectively [Figure 3f].
Asclepin could not be detected by us from naturally grown samples, and
hence, its enrichment was compared with the in vitro grown control
plantlets. KClat 80 mM concentration was found the most effective, which
could enrich it more than 2-fold in 5 days’” incubation period whereas
1.4-fold enrichment was taken place by YE at 100 mg/1 concentration in
2 days [Figure 3g]. Coroglaucigenin is the only metabolite, which was
biosynthesized in less quantity (0.7-fold) within the in vitro plantlets
with compare to naturally grown sample. With the help of KCI at 80
mM concentration and in 10 days’ incubation period, the compound
could be enriched up to 1.6-fold. The other two elicitors, i.e., YE at
150 mg/l and CHI at 50 mg/l enriched this metabolite 1.2-1.4-fold in
5 days [Figure 3h]. The complete enrichment data of the biosynthesized
CGs with all the concentrations and incubation period of elicitors
and precursors, which are not given here, provided in Supplementary
material [Tables S1-S8].
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DISCUSSION

Plant secondary metabolites are the result of plant environment
interaction, which help them in adapting or acclimatizing adverse
environmental conditions. Biosynthesis and accumulation of secondary
metabolites largely depend on the external biotic and abiotic factors
affecting plants. Some previous workers have already described effects of
several external factors such as temperature, radiation, and availability
of water on the production of secondary metabolites in different
plants.'** From our studies on seasonal variations of selected CGs in
C. gigantea plant, it was observed that the CGs accumulation pattern was
remarkably varied in different seasons and maximum accumulation of
most of the CGs took place in the month of April. It can be explained by
the fact that every season have different quantum of water, temperature,
and radiation. These climate changes not only alter abiotic factors but
also manipulate different biotic factors of the surrounding environment,
which exert plethora of abiotic and biotic stress on the plants and leads
to biosynthesis of specific secondary metabolites for either direct defense
or induction of signaling in response to abiotic/biotic stress condition.
It is well-known fact that the secondary metabolites are armamentaria
used by plants to fight battle for survival and propagation. Their main
role is to protect plant either from the extreme environmental condition
or from predators (herbivores), pathogens, or competitors. In C. procera,
CGs have been reported to accumulate in response to wounding.!"
Defense signaling induced due to herbivory or wounding in different
plants is often mediated by MJ,"™ and probably, CGs accumulation
follows the same route and ultimately provide defense to the mother
plant.””! MJ leads to the rapid release of o.-linolenic acid from the lipid
pool of the plant cell and elicits secondary metabolites production.!
SA induces SAR (systemic acquired resistance), which ultimately elicit
secondary metabolites production. Such as MJ and SA, YE and CHI are
also inducing the biosynthesis of defence-related secondary metabolite
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Table 2: List of metabolites biosynthesized within in vitro plant

Cardenolides MwW RT Structure
Calotropagenin 404 5.53
Frugoside 536 6.95
Coroglaucigenin 390 7.05
Calotropin 532 7.74
Uzarigenin 374 9.22
Asclepin 574 9.62
Uscharidin 530 9.62
Uscharin 587 10.05

MW: Molecular weight, RT: Retention time

by mimicking herbivory/pathogen attack through MJ and SA mediated
signaling pathway.?? Salinity or salt stress (inorganic salts such as NaCl,
KCl, and MgCl,) generates the ROS production that activates various
transcription factor involved in the biosynthesis of various secondary
metabolites.””! Considering these basic principles, these elicitors were
used for the enrichment of bioactive CGs within in vitro grown plantlets.
In major cases, it was observed that the in vitro grown control plants
accumulated more CGs in comparison to the mature naturally grown
plants. This is probably due to the age of the in vitro grown plantlets.
These plantlets were much younger (1-3 months old) when compared
with the mature naturally grown plant (3—4 years old). Our results are in
accordance with the previous study done on C. procera, where authors
had shown that younger plants accumulate more CGs in comparison to
mature plants.!*?

In our experiment, MJ was found to increase the accumulation of 03 CGs
within the in vitro grown plants. Sun et al. also reported that cardenolide
content in hairy roots of C. gigantea was increased by 2-fold with 50 mg/1
concentration of MJ treatment in 10 days when compared to control
hairy roots.?"! MJ is well known to influence the accumulation of some
other secondary metabolites in different plants.?” MJ-induced enhanced
production of alkaloids along with their precursors and enzymes was
reported in Cathranthus roseus and Cinchona ledgeriana seedings.*”! YE,
an other biotic elicitor, was also observed to increase the accumulation
of six different CGs within in vitro grown C. gigantea plants. A similar
effect of YE on CGs enrichment was reported in hairy root cultures
of C. gigantea.” YE elicitation resulted in the enrichment of several
indole alkaloids namely. vinblastine and vincristine about 22.74% and
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48.49%, respectively in germinating embryo and in vitro raised leaves
of Catharanthus roseus.”® Echitamine was also reported to be enriched
more than 2-fold in the callus, derived from the Alstonia scholaris
leaves.””” Another biotic elicitor CHI was found effective in increasing
the accumulation of 07 CGs in the in vitro grown plants of our studies.
Like YE, CHI also increased CGs accumulation in hairy root cultures of
C. gigantea.™ CHI induced production of simple coumarins (pinnarin
and rutacultin), furanocoumarins (bergapten, isopimpinelin, psoralen,
xanhotoxin), and dihydrofuranocoumarins (chalepin and rutamarin)
was reported in Ruta graveolens.”™ SA acts as stress signalling molecule
and activate different signal transduction cascade that help plants
to combat different biotic and abiotic stresses. In our studies, SA
treatment enriched 04 CGs significantly. This finding is in accordance
with the results obtained in shoot cultures of Digitalis purpurea, where
SA elicitation could enrich 02 CGs namely. digitoxin and digoxin.
SA elicitation leads to accumulation of hyoscyamine (3.30-fold) and
scopolamine (4.0-fold) compared to control root culture of Datura
metel L) Osmotic or salt stress could efficiently improve the secondary
metabolite biosynthesis in in vitro as well as in vivo." Salt stress lead to
ROS production in plant cell, which is countered by several mechanisms
such as flavonoids generation, H,0, detoxification, and OH-radicle."*
In our experiment, KCl elicited the production of uscharidin significantly,
i.e., around 9-fold and other 03 CGs namely asclepin and frugoside and
coroglaucigenin to a certain extent. Similar type of works has also been
reported for some other compounds in different plants. Compact callus
cultures of Catharanthus roseus treated with 03 and 04 g/l KCI promoted
catharanthine and serpentine production by 3-4-fold over the control.*
A study on the plant Digitalis purpurea suggested that KCI at 80 mM
treatment resulted in the accumulation of digitoxin by 7.75-fold.!

In plants, CGs are synthesized through pregnenolone probably by precursor
and intermediate of terpenoids and steroid biosynthetic pathways.'
The concentration of precursors or metabolic intermediates affects the
biosynthesis of products. We studied the effect of different precursors
namely CH, PG, and SQ on the biosynthesis of CGs. SQ is the starting point
of steroid biosynthetic pathway and through series of chemical events, it
forms different types of phytosterols up to pregnenolone. On SQ feeding,
we observed a slight increase in calotopagenin biosynthesis in compare to
its control. It is because within plant system, SQ has many fates and as a
result, its effect might be diluted. It is believed that CH may be involved
in CGs biosynthesis through pregnenolone. Therefore, we fed in vitro
grown plants with CH and observed certain increase in the concentration
of uzarigenin and frugoside. Wickramasinghe et al. first demonstrated
transformation of exogenously supplied CH into cardenolides.** The
addition of CH in the medium improved the accumulation of both
digitoxin and digoxin in shoot culture of Digitalis purpurea.”® PG, on
the other hand, showed certain increase in the biosynthesis of CGs such
as uzarigenin, frugoside and calotropin like Patil et al., where increased
accumulation of digitoxin and digoxin was reported in shoot culture of
Digitalis purpurea through this precursor feeding.!

CONCLUSION

From the above observations, it can be concluded that the in vitro plantlets
are a better performer than naturally grown plants for CGs biosynthesis.
For the enrichment of CGs, elicitor application was more effective than
precursor feeding, and elicitors were very much concentration specific
along with their incubation period for the same.
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