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Abstract

Coleus forskohlii, an Indian-origin medicinal plant is the sole natural source of the labdane terpenoid forskolin (C,,H;,0),
with growing demand. Forskolin emerged as an industrially important bioactive compound, with many therapeutic applica-
tions in human health. It has established potential effects in the treatment of various diseases and conditions such as glaucoma,
asthma, obesity, allergies, skin conditions and cardiovascular diseases. Moreover, clinical trials against different types of
cancers are progressing. The mechanism of action of forskolin mainly involves activating adenylyl cyclase and elevating
cAMP, thereby regulating different cellular processes. For the extraction of forskolin, tuberous roots of C. forskohlii are
used as they contain the highest concentration of this metabolite. Approximately 2500 tonnes of the plant are cultivated
annually to produce a yield of 2000-2200 kg ha~! of dry tubers. The forskolin content of the root is distributed in the range
of 0.01-1%, which cannot meet the increasing commercial demands from industries such as pharmaceuticals, cosmetics,
dietary supplements, food and beverages. Hence, various aspects of micropropagation with different culture methods that
employ precursors or elicitors to improve the forskolin content have been explored. Different extraction and analytical
methods are also introduced to examine the yield and purity of forskolin. This review discusses the significance, clinical
importance, mechanism of action and different approaches used for mass production including tissue culture for the lead
compound forskolin to meet market needs.
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Abbreviations NaCl Sodium Chloride

6-BAP  6-Benzylaminopurine NPs Nanoparticles

KIN Kinetin TLC Thin-layer chromatography

2,4-D 2.4 Dichlorophenoxyaceticacid HPTLC High-performance thin-layer chromatography

IAA Indole-3-acetic acid HPLC High-performance liquid chromatography

IBA Indole-3-butyric acid GC-MS Gas chromatography-mass spectrometry

NAA a-Naphthaleneacetic acid LC-MS Liquid chromatography-mass spectrometry

mT Meta-topolin TPP Three phase partitioning

ROS Reactive oxygen species SC-Co, Supercritical carbon dioxide

uv Ultraviolet EDX Energy-dispersive X-ray spectroscopy

SA Salicylic acid cAMP Adenosine 3', 5'-cyclic monophosphate

JA Jasmonic acid ATP Adenosine triphosphate

MelJa Methyl jasmonate CREB CAMP response-element binding-protein

CS Chitosan AMP Adenosine monophosphate
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Fig. 1 a Coleus forskohlii (Image courtesy: Dinesh Valke 2018). b
Decalin core structure of forskolin (ref: Wikimedia commons. https://
commons.wikimedia.org/wiki/File:Forskolin.svg)

Moreover, C. forskohlii (Fig. 1a) is the only known source of
the active compound, forskolin with high demand. Forskolin
[(3R,4aR,58S,6S,6aS,10S,10aR,10bS)-3-ethenyl-6,10,10b-
trihydroxy-3,4a,7,7,10a-pentamethyl-1-oxo-5,6,6a,8,9,10-
hexahydro-2H-benzo[f]chromen-5-yl] acetate is a labdane
diterpene with a molecular weight of 410.5 g mol~'. The
molecule consists of tetrahydropyran ring with five oxidized
positions and eight chiral centres (Fig. 1b). The plant con-
tains a wide variety of phytoconstituents such as deactylfor-
skolin, 9-deoxyforskolin, 1, 9-deoxyforskolin, forskoditer-
penoside C, D, and E, labdane diterpene glycosides, labdane
diterpene forskoditerpene A, and 1, 9-dideoxy-7-deacetyl-
forskolin which are reported from the root extract. (Ammon
and Kemper 1982; De Souza and Shah 1988). In addition,
higher contents of polyphenols, flavones and flavonols, and
antioxidants with free radical scavenging activity, contribute
to its wide medicinal properties (Rasineni et al. 2008).
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In India, about 2500 tonnes of C. forskohlii is culti-
vated annually for the active ingredient forskollin (Pullaiah
2022a). The plant is cultivated through root cuttings or stem
cuttings that are planted during the monsoon season (Paul
et al. 2013). The crop is harvested after 4 to 5 months and
the tuber yield ranges from 2000 to 2200 kg ha~! (Rajam-
ani and Vadivel 2009; Singh et al. 2011). The geographic
and climatic factors affect the growth of the plant and the
yield of forskolin as the differences in altitude, temperature,
light intensity, etc., influence the yield (Rana et al. 2022).
Although traces of forskolin are found all through the plant
body, higher forskolin content is in roots (0.01to 1%) and
stem (0.103%) (Saleem et al. 2005; Shukla et al. 2016; Sriv-
astava et al. 2017).

The global forskolin market was valued at USD 457.18
million in 2021and is expected to grow by a compound
annual growth rate (CAGR) of 8.7% from 2022 to 2030
owing to its multiple emerging applications (Grand View
Research, Market Research Database). Forskolin is widely
used in pharmaceuticals, health care products, skin care
products, and food and beverages. The pharma industry
faces challenges due to the variation in forskolin content
in the cultivated plant and fails to satisfy the requirements
(Pullaiah 2022b). Thus, an improved strategy of cultivation
practices should be developed for the consistent yield of
forskolin to meet the market demand.

Challenges in crop cultivation and disease
management

C. forskohlii has emerged as an important medicinal cash
crop and is broadly cultivated with utmost care to meet the
growing demand for forskolin in international trade. The
cultivation faces challenges due to the frequent infections
by pathogens and parasites. This results in the reduction of
growth and yield of root tubers leading to serious loss of
crop affecting the commercial scale cultivation. The use of
pesticides can leave residual amounts in the raw materials
that may affect the quality and trade. Thus, sustainable man-
agement of diseases and pathogens is imperative in com-
mercial cultivation.

Root rot or wilt disease, leaf spot disease, root knot dis-
ease and other fungal infections are some of the common
diseases that affect the growth and yield of C. forskohlii.
Root rot or wilt disease is a common soil-borne disease
that is caused by fungi species such as Fusarium chlamydo-
sporum, Macrophomina phaseolina and bacterium species
such as Ralstonia solanacearum. This is a serious concern
in tuber yield and a major threat to the cultivation of C. fors-
kohlii (Shyla 1998; Kamalakannan et al. 2006; Thiribhuvan-
amala et al. 2020) as it causes a heavy loss (>50%) of crop
yield in South India. Fusarium wilt caused by F. oxysporum
can result in plant death (Miao et al. 2021). Corynespora
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cassiicola and Botryodiplodia theobromae are reported to
cause leaf spot disease (Fernandes and Barreto 2003; Ram-
prasad 2005Lokesh et al. 2018) whereas, Rhizoctonia solani
and Phytophthora nicotianae var. nicotianae cause Blight
disease in C. forskohlii (Singh et al. 2011). Root tubers are
highly prone to the infestation of soil-inhabiting nematodes
Meloidogyne species that causes root knot disease. And dis-
ease management using neem cake showed better activity in
reducing nematode population (28.6-31.2%) with increased
yield of root tuber (Seenivasan 2010). Biological control
agents such as Trichoderma viride, Paecilomyces lilacinus,
Glomus fasciculatum and neem oil seed cake treatment
reduce the disease with an increase in the plant growth and
yield of forskolin content (Goswami et al. 2012). Bacterial
endophyte, Alcaligenes faecalis reduce the severity of nema-
tode infection and root knot by 81% and 78% in C. forskohlii
respectively and enhance the production of forskolin (Mas-
tan et al. 2020).

The forskolin yield is also impacted by the abiotic stress
that influences the habitat and thereby deteriorates the crop.
Macronutrients such as nitrogen, phosphorus, potassium and
calcium along with soil nutrients are required for the cultiva-
tion of C. forskohlii. Poor soil fertility, inefficient drainage,
and soil texture are reported to reduce the yield of C. fors-
kohlii (Balasubramanian et al. 2020). The growth and physi-
ology are also affected by the salinity stress by reducing the
photosynthetic effect, water status and increased electrolyte
leakage (Kotagiri and Kolluru 2017). A better understanding
of edaphic factors that favor cultivation and crop yield needs
to be explored to improve forskolin production sustainably.

In vitro propagation of C. forskohlii

Forskolin production is mainly from the wild and cultivated
C. forskohlii which results in major exploitation of plants.
To prevent this, an alternative approach to plant regeneration
is essential to sustain the availability of the plant metabo-
lite. Vegetative cuttings and seeds are traditionally used to
propagate C. forskohlii and these processes are time-con-
suming. Moreover, seeds with low germinating rates fail to
produce a homogenous population bringing about changes
in metabolite production. Plant tissue culture has the poten-
tial for consistent and higher yields of forskolin as it can
be manipulated by altering the culture conditions (Chan-
dran et al. 2020). Micropropagation involves (i) initiation
of aseptic culture, (ii) shoot multiplication, (iii) rooting of
in vitro raised shoots, (iv) hardening and field transfer (Nag-
pal et al. 2008). Explants like leaf, nodal segment and shoot
tip are employed to achieve the regeneration of C. forskohlii
(Rajasekharan et al. 2010; Sreedevi et al. 2013; Chandra
et al. 2019). Shoot apex and internodal stem have a higher
proportion of meristematic tissues and are more effective in
callus culture compared to the leaves. Shoots showed higher

callus (12 folds) biomass yield in every six weeks with nodal
segment explants (Sivakumar et al. 2021). The shoot apex
can serve as the best explant for the highest frequency of root
per elongated shoot than the internodal segment (Chandra
et al. 2019). In addition, stems have a higher proportion of
meristematic tissues and are more effective in callus cul-
ture compared to the leaves. The apical shoot tip explant in
Murashige and Skoog medium (MS) with growth regulators
is found to be more robust compared to the nodal segment
for shooting and rooting (Sharan et al. 2014). However, leaf-
derived callus also generated high-frequency shoot organo-
genesis in C. forskohlii (Sairam Reddy et al. 2001; Krishna
et al. 2010). Hence, it is explicated that explants such as leaf,
nodal segment and shoot tip are desirable for the organogen-
esis and culturing of C. forskohlii.

Micropropagation methods for forskolin production

Forskolin production mainly depends on biomass yield and
secondary metabolite synthesis which can be accomplished
by different culture methods as detailed in the following
sections.

Callus culture

Callus culture has gained popularity as it is a faster approach
for the production of bioactive metabolites (Benjamin et al.
2019; Efferth 2019). Callus is a proliferating mass of undif-
ferentiated cells derived from different explants and it grows
under optimum conditions like light, temperature, humid-
ity, and nutrients. Maximum callus growth and secondary
metabolite production are indispensable to produce commer-
cially important plant metabolites. The balanced concentra-
tions of auxin and cytokinin facilitate callus induction to
form a friable and compact callus. The yield parameters such
as fresh weight, dry weight, and growth index are employed
for the evaluation of the callus culture. Sustainable and
large-scale production of the metabolite can be achieved by
callus culture without the need to sacrifice the entire plant. It
can also offer an advantage in extraction and is free from soil
contaminants such as microplastics, pesticides and heavy
metals. In vitro callus culture of C. forskohlii was estab-
lished from shoot tip, root tip, and hypocotyl segments and
forskolin was identified from shoot differentiating culture
and micropropagated plants (Sen et al. 1992). The callus
from the root is slow-growing compared to the leaf and stem.
Moreover, forskolin content is higher in the callus from stem
than in leaf callus. The callus-derived forskolin is present
in the range of 0.002-0.01% throughout the roots, stems,
and leaves (Malathy and Pai 1999). Studies have also shown
that the root callus with each 0.5 ppm IAA and IBA, 5 ppm
glycine, 200 ppm casein hydrolysate and 7% sucrose can
produce 0.08% (w/v) forskolin (Tripathi et al. 1995).
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Cell suspension culture

Cell suspension culture is one of the potential in vitro tissue
culture model systems to produce highly valuable therapeu-
tic compounds in less time and with higher yields. In this
technique, callus is transferred into the liquid medium with
growth hormones for suspension culture in a shake flask or
a suitable bioreactor. Friable callus usually grows faster in
media provided with nutrients under agitation and ensures
the production of metabolite with uniform quality and yield.
The suspension culture of C. forskohlii was studied by Mers-
inger et al. (1988) where it required phytohormones such as,
2, 4-D and KIN for the growth and IBA instead of 2, 4-D
to induce forskolin production. Carbon source, initial cell
density and light or dark conditions have an impact on the
transformed cell suspension culture of C. forskohlii. It is
reported that maximum forskolin production is at the station-
ary phase of cell growth (Mukherjee et al. 2000). Suspension
culture of C. forskohlii with fungal and bacterial elicitors are
used to improve the growth and forskolin content of plant
cells (Swaroopa et al. 2013a, 2013b).

Hairy root culture

Genetic transformation of Agrobacterium rhizogenes results
in the production of hairy roots which is an attractive strat-
egy for secondary metabolite production (Abraham and
Thomas 2017; Rawat et al. 2019). It is considered as a hor-
mone-independent approach. The hairy root was induced in
C. forskohlii by infection with A. rhizogenes for the forskolin
production and the highest yield was 1.6 mg 100 mL~! flask
after five weeks of incubation (Sasaki et al. 1998). The hairy
roots generally grow denser and more rapidly compared to
the callus culture. Hairy root culture established from the
nodal stem part of C. forskohlii can also be used to produce
forskolin (Rajiv 2014). Effect of an elicitor, MeJA (500 uM)
and precursor L-phenylalanine (1mM) on hairy root culture
enhanced the production of forskolin by 2.7 folds (2.8 mg
g~ 1) after two weeks of culture compared to control (Reddy
et al. 2012).

Role of growth regulators in the plant tissue culture

MS medium is the most frequently used medium in plant
tissue culture (Murashige and Skoog 1962) and growth hor-
mone such as, auxin, cytokinin, gibberellin, abscisic acid,
ethylene, and certain plant regulators with similar meta-
bolic effects mediates the growth of different explants on
the media (Khan et al. 2019, Koo et al. 2020). In vitro cul-
ture of C. forskohlii is mainly promoted in the presence of
auxin and cytokinin. Different combinations of cytokinin
such as 6-BAP, 0.25 mg L~! and KIN, 0.25 mg L' gener-
ated shoot proliferation in the MS medium callus culture
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(Sreedevi and Pullaiah 2014). 2 mg L™! of 6-BAP activated
callus induction and shoot multiplication from shoot tip
explant (Vibhuti and Kumar 2019). MS medium fortified
with 4.44 pM 6-BAP produced the highest number of shoots
from the nodal explant in 30 days of culture (Janarthanam
and Sumathi 2020) and 2 mg L™! produced multiple shoots
in nodal segments as well (Mahmoud et al. 2019). Auxin
induces callus in the order 2, 4-D) >I1AA > IBA in the cultur-
ing of C. forskohlii and the maximum number of shoots were
developed from the callus of shoot tip explants (Praveena
et al. 2021). The amalgamation of 6-BAP, 2 mg L™' and
NAA, 1 mg L™! produced the maximum percentage of shoot
regeneration from leaf explant culture whereas, IAA (1.0
mg L) was felicitous for rooting in in vitro culture during
micropropagation (Sharma et al.1991; Sreedevi et al. 2013;
Sivakumar et al. 2021).

Growth regulator favors secondary metabolite
accumulation

As discussed, growth regulators have an impact on biomass
accumulation and secondary metabolite synthesis. The com-
bined or separate and balanced ratio of the growth regulator
favor callus induction and secondary metabolite accumula-
tion. Different combinations of cytokinin and auxin in the
media enhance the metabolite yield. In C. forskohlii, a lower
concentration of auxin triggers callogenesis and a higher
concentration induces rhizogenic callus. Moreover, forsko-
lin synthesis is differentiation dependent and exhibited in
rhizogenic callus in quantifiable amounts whereas, in trace
amounts in cell cultures (Balasubramanya et al. 2012).

Efficacy of Meta-Topolin in organogenesis
and secondary metabolite synthesis

Meta-topolin [6-(3-hydroxy benzylamino) purine] (mT) is
a recently discovered lesser-known cytokinin, isolated from
the poplar leaves coming to use in in vitro propagation of
plants. mT, a natural aromatic cytokinin has the ability to
induce callus regeneration in combination with auxin. The
recent investigation on mT was found to be optimal when
compared to other cytokinins and in combination with
growth regulators for shoot/root regeneration and organo-
genesis (Erigen et al. 2020). Hence, it is more effective in
in vitro morphogenesis and can be a replacement for benzy-
ladenine. In C. forskohlii, mT (2 mg L™') when augmented
with MS medium, induced shoot regeneration from leaf
explant and was also found superior to 6-BAP (Badhepuri
et al. 2023). Also, mT is a promising candidate that can
manipulate the synthesis of secondary metabolite produc-
tion (Turkyilmaz 2021; Chahal et al. 2022). An increase in
biomass accumulation with the addition of mT resulted in
the increment of secondary metabolite after four weeks of
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culturing. As it is proven as the best cytokinin, the effect of
mT can be investigated in forskolin production as well.

Role of elicitors to enhance forskolin synthesis

As discussed, the forskolin content in roots is generally very
low and therefore, promoting forskolin biosynthesis is piv-
otal in increasing the yield and consistency in the recovery.
Elicitation is the most widely used effective technique to
induce secondary metabolite synthesis in plants (Thakur
et al. 2019). An elicitor binds with a specific elicitor recep-
tor in the plant cell membrane and activates the signal
transduction pathway resulting in the secondary metabolite
production. The production of ROS under stressed condi-
tions directly or indirectly boosts the accumulation of sec-
ondary metabolite (e.g. phenolic compounds) by triggering
defence mechanism (Hunyadi 2019). Two types of elicitors
are generally used namely, biotic and abiotic elicitors. Biotic
elicitors are derived from living sources which include
microorganisms, (cell extract of yeast, bacteria and fungi)
polysaccharides originated from plant or animal cell walls
like chitin, lignin, pectin and cellulose. The abiotic elicitors
are derived from non-living sources which include physical
(water, salinity, light, temperature, drought, UV irradiation)
chemical (heavy metals) and hormonal factors (plant hor-
mones such as SA and JA) (Chamkhi et al. 2021; Nikalje
et al. 2021). The efficacy of elicitation depends upon various
parameters such as concentration, duration of exposure, type
of explant, stages at which elicitor is introduced, media and
growth regulators used and culture conditions followed dur-
ing treatment (Halder et al. 2019). The procedure involves
the initial growing of cells under optimum conditions for
biomass formation and transferring to the media with an
elicitor that induces secondary metabolite production.
Though bacterial, fungal and yeast extracts are used as
elicitors in plant tissue culture, the most promising are the
fungal elicitors. Various types of endophytes present in the

plants have the potential to enhance the production of for-
skolin (Table 1). The plant probiotic fungus Piriformospora
indica influenced the growth and development of C. fors-
kohlii under field conditions (Das et al. 2012; Tarte et al.
2022). Apart from P. indica, the fungal endophytes such as
F. redolens, Phialemoniopsis cornearis, and Macrophomina
pseudophaseolina are also used for the growth and enhanced
production of forskolin (Pullaiah 2022c). They can have a
direct role in the biosynthesis of forskolin or can promote
the root biomass, thereby increasing the overall yield of
forskolin.

Precursor acts as a substrate in the biosynthesis of bio-
active molecules. L-phenylalanine, a precursor along with
MeJA improved the production of forskolin in C. forskohlii
(Reddy et al. 2012). Therefore, various biosynthetic inter-
mediates can be investigated for the induction of forskolin
synthesis. NaCl, CS, SA, JA and MeJA are broadly used for
terpenoid production in the cell culture (Xiang et al. 2015;
Sinha et al.2018; Assaf et al. 2022; Tilkat et al. 2023). NaCl
causes cellular dehydration that induces ionic and osmotic
pressure resulting in an increase in secondary metabolite
production. CS is a deacetylated form of chitin that can
stimulate defence-related secondary metabolite accumula-
tion (Chakraborty et al. 2009). The production rate of ter-
penoids changes in response to CS treatment after callus
induction in cell suspension culture (Bavi et al. 2022). SA
(phenolic phytohormone), JA and MeJA are well-known
plant-specific endogenous signaling phytohormone elicitors
and show great potential for secondary metabolite synthesis
in tissue culture. They act as internal messenger molecules
and stimulate the biosynthesis of bioactive molecules. Hence
NaCl, CS, SA, JA and MeJA can be used to promote forsko-
lin synthesis by optimizing their doses and exposure time in
different cell culture methods.

Nano-elicitation is an emerging technology that has been
used to trigger the synthesis of bioactive compounds such
as phenolic, flavonoid, terpenoid etc., (Javed et al. 2022).

Table 1 Different bacterial and fungal endophytes used to improve the production of forskolin in C. forskohlii

Elicitor Highlights

References

Aspergillus niger
Fusarium oxysporium
Rhizopus oryzae
Penicillium notatum
Staphylococcus aureus
Bacillus subtilis
Pseudomonas aeruginosa
Eschericia coli
Proteus aureus
Fusarium redolens
Phialemoniopsis cornearis Macrophomina
pseudophaseolina

in field experiments

Fusarium redolens with Trichoderma viride Root biomass (67%) with forskolin content (94%)

Among the four endophytes, Aspergillus niger at 5% cell filtrate level
produced 6 times higher forskolin than the control

Among the five bacteria listed Bacillus subtilis at 20% concentration
showed 9 times higher production of forskolin than control

Swaroopa et al. 2013a

Swaroopa et al. 2013b

All the three enhanced forskolin content by 52 to 88% in pot and 60 to 84% Mastan et al. 2019

Mastan et al. 2021
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Nano-elicitation by metal, metal oxide and carbon-based
metal nanoparticles is used for improving the secondary
metabolite in medicinal plants, both in vitro and in vivo
(Lala 2021; Inam et al. 2023). Metals such as gold, silver,
copper or metal oxide NPs, copper oxide, zinc oxide, tita-
nium dioxide etc., are mostly explored as elicitors in com-
binations or alone (Fazal et al. 2016; Ghazal et al. 2018;
Fatima et al. 2020; Shoja et al. 2022). However, there are
no reports on the usage of nano-elicitors for the synthesis
of forskolin.

Molecular mechanism of elicitation

The multiple component responses in the signal transduc-
tion network result in secondary metabolite production. The
elicitor signal transduction pathways vary with different
elicitor signals as they are specific to the type of elicitor to
which plant cells are exposed. Multiple elicitors have been
used and a synergic effect on secondary metabolite produc-
tion was achieved (Halder et al. 2019). Signal perception is
the initial step in the signaling pathway. The ion channels,
G-protein and protein kinase get activated after the percep-
tion of elicitor signal. The elicitor recognizes and binds to
the specific receptors on the plasma membrane through

0.

Plasma membrane

ROS generation

K*/ CI-

Cytosol

Transcription

factors (TFs)

Fig.2 General mechanism of elicitation for secondary metabolite
production by elicitor signal transduction pathway. Elicitor binds
to the specific elicitor binding site and activates ion channels, GTP
binding proteins (G proteins) and protein kinases, resulting in revers-
ible phosphorylation and dephosphorylation of proteins, K* and
CI™ efflux/H* influx, Ca** influx, cytoplasmic acidification, nicoti-
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_,I Gene expression

the elicitor binding site. This elicitor-plant cell interaction
activates the phosphorylation of mitogen activated protein
kinase (MAPK), calcium signaling that leads to K* and
CI~ efflux, an influx of H* and Ca®*, cytoplasm acidification
and ROS, mainly superoxide anion and hydrogen peroxide
(Ramirez-Estrada et al. 2016; Halder et al. 2019; Bajwa et al.
2021). This further activates the transcription factors that
regulate the expression of the defence gene that encodes
enzymes responsible for secondary metabolite accumulation
(Fig. 2). Calcium signaling has a critical role in physiology
response to external stimuli that target cellular processes.
The calcium-binding protein recognizes the increased Ca®*
intake and activates calcium-dependent protein kinase in the
cytosol. Further, phosphorylates the regulatory proteins and
upregulates the genes for secondary metabolite production
with response to stress (Verma et al. 2022).

Biosynthetic pathway engineering to produce
forskolin in microbial cell factories

The limited supply of raw materials demands alternate syn-
thesis approaches for the metabolite production. The chemi-
cal synthesis of forskolin is more difficult and expensive
than extraction from plants as it involves a multistep process

Elicitor

V Elicitor binding site

/ 1

/

opaen | N\

Phosphorylation

l

Secondary metabolite production

namide adenine dinucleotide phosphate (NADPH) oxidase activa-
tion, reactive oxygen species (ROS) production, activation of mitogen
activated protein (MAPK) results in the transcriptional activation of
secondary metabolite producing gene (Ramirez-Estrada et al. 2016;
Halder et al. 2019; Bajwa et al. 2021)
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with many organic reagents. Moreover, the chemical synthe-
sis produces waste harmful to the environment (Corey and
Jardine 1989; Colombo et al. 1992). Thus, engineering the
biosynthetic pathway is considered as a better alternative to
produce large quantities using microorganisms. In microbial
synthesis, the biosynthetic pathway is reconstructed in the
host to produce forskolin (Liu et al. 2017). Forskolin is syn-
thesized by the mevalonate pathway (Fig. 3) which involves
six regio- and stereospecific monooxygenation and is fol-
lowed by regiospecific acetylation (Pateraki et al. 2017).
The Cytochrome P450 enzymes (CYPs) catalyzes the key
biosynthetic steps in forskolin synthesis. 13R-manoyl oxide
(13R-MO) is the simplest diterpene precursor produced in
the root cork cells of C. forskohlii for forskolin biosynthe-
sis (Paterakil et al. 2014). Geranylgeranyl pyrophosphate
(GGPP) is the building block of most diterpenoids through
which forskolin is produced. Terpene synthase (TPSs) is the
key enzyme involved in terpene synthesis. Two diterpene
synthases (diTPSs) namely Cf TPS2 and Cf TPS3 catalyse
the intermediate, GGPP to form 13R-MO. After an enzy-
matic oxidation reaction, it is converted to 7-deacetylforsko-
lin catalysed by cytochrome, CYP76 family. And forskolin,
a highly oxygenated labdane terpene is formed after acetyla-
tion. The forskolin biosynthetic pathway was engineered in

Saccharomyces cerevisiae for glucose fermentation-based
production of forskolin and produced forskolin of 40 mg
L~! of yeast culture, which also paved the path for the syn-
thesis of other diterpenoids (Ignea et al. 2016; Pateraki et al.
2017; Forman et al. 2018). Moreover, there are no reports on
other microorganisms other than S. cerevisiae for forskolin
synthesis. The development of the heterologous synthesis of
forskolin through synthetic biology approaches has emerged
as an attractive possibility for high yield and high purity (Ju
et al. 2021).

Extraction and quantification of forskolin

As the forskolin content in the root is very low the use of
suitable solvent and extraction methods are critical for the
recovery of this plant metabolite. Various solvents, methods
of extraction, and purification processes for forskolin are
evaluated to improve the extraction efficiency. Quantifica-
tion of forskolin using analytical techniques such as TLC,
HPTLC, GC-MS, and LC-MS and HPLC were employed
for the identification and estimation of forskolin (Inamdar
et al. 1984; Ahmad et al. 2008; Mohamed Saleem 2013;
Shukla et al. 2017; Amezcua et al. 2022; Rana et al. 2022).
Forskolin is soluble in polar solvents and recovery is higher

—_—

Diterpene synthases
(CfTPS2 and CfTPS3)

9 - deoxy -7 -

Y

Geranylgeranyl pyrophosphate (GGPP)

13R - manoyl oxide

11 - oxo — 13R — manoyl oxide

deacetyl forskolin

7 — deacketylforskolin

Forskolin

\

Enzymatic oxidation reaction
catalysed by Cytochrome

(CYP76AHSs)

Acetylation by acetyl
transferase

Fig.3 Synthesis of forskolin by mevalonate pathway. A pair of dit-
erpene synthase (CfTPS2 and CfTPS3) catalyze C,, diterpenoid pre-
cursor, geranylgeranyl pyrophosphate (GGPP) to forskolin precur-
sor 13R manoyl oxide. The highly oxygenized structure of forskolin

undergoes oxidation and acetylation by the enzyme from the family
cytochrome P450s (subfamily CYP76AHs from the Lamiaceae) and
acetyltransferase (Paterakil et al. 2014; Pateraki et al. 2017)
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in methanol (2.91%) and ethanol (2.59%). Hence, polar
group solvents are widely used for forskolin extraction
(Singh and Suryanarayana 2020). The purity of the extracted
forskolin is critical after isolation which further affects its
commercial value. Procedures such as Soxhlet extraction
followed by concentration of solvent, either by rotary evapo-
rator or water bath and then lyophilization of the residue are
generally executed for forskolin recovery (Rana et al. 2022).
However, due to the demand for cost-effective and eco-
friendly extraction methods, different methods are employed
for the improved purity of the product (Table 2). As the yield
of forskolin is 0.1%- 2% of root tuber dry weight, attempts
are made to increase the metabolite production of the plant
by employing different culturing and extraction methods.

Medicinal importance of forskolin and its
mechanism of action

C. forskohlii has been used in traditional medicine for treat-
ing different human ailments from time immemorial as it
has a broad range of medicinal activity. Administration of
forskolin helps to reduce neointimal hyperplasia and athero-
genesis in mice and confirms its potential to target multiple
coronary artery diseases (Hao et al. 2020). In a clinical trial
asthma attack was prevented with the treatment of forskolin
at 10 mg/day for six months (Gonzalez-Sanchez et al. 2006).
Glucose metabolism was regulated and fat cell diameter was
reduced in high-fat diet fed-mice after the administration of
forskolin (Chen et al. 2021). Forskolin is also effective as an
antidiabetic agent with antioxidant activity which improves
male infertility problems caused by type 2 diabetes (Naghibi
et al. 2023). The anti-stress activity of this compound can
be utilized for the treatment of neurobiological disorders
(Tiwari et al. 2014). In addition, the plant exerts antimi-
crobial activity against different standard strains of gram-
positive and gram-negative bacteria such as Staphylococ-
ccus aureus, Streptococcus mutans, Salmonella typhi, and
Escherichia coli (Mothana et al. 2019). Further experiments
have divulged its effectiveness against pathogens causing
urinary tract infections (Chakraborty et al. 2022).

In the cardiovascular system, the administration of for-
skolin relaxes the muscle wall of blood vessels and increases
the efficiency of the myocardium by improving blood circu-
lation (Bristow et al. 1984; Hao et al. 2020). Forskolin eye
drops reduce intraocular pressure in glaucoma which regu-
lates the changes in aqueous humor volume (Majeed et al.
2014). Forskolin is more effective in obesity as it promotes
lipolysis in mature adipocytes, and decreases intracellular
triglycerides (Chen et al. 2021). Curkolin®, a formulation of
curcuminoids and forskolin (4:1) was found to have antimi-
crobial, antioxidant and cytotoxicity effects and can be used
for various disorders (Sadashiva et al. 2020). Anticancer
activity of forskolin is evident by sensitizing triple-negative
breast cancer (TNBC) cells to doxorubicin a chemotherapy
drug (Illiano et al. 2018a) and leukemia cells to GSKJ4
an antiproliferative agent (Illiano et al. 2018b). Forskolin
enhances cytotoxicity in combination with paclitaxel in
Non-Small-Cell Lung Cancer (NSCLC) and induces cell
cycle arrest and apoptosis (Salzillo et al. 2023). Forskolin
shows neuroprotective properties as demonstrated effective
against Alzheimer’s disease by reducing amyloid—f pep-
tides in the brain (Owona et al. 2016; Patole et al. 2019) and
has also been proven to prevent Parkinson’s disease by acti-
vating AC/cAMP/PKA-driven CREB pathway (Alharbi
et al. 2022). In tissue engineering applications biopolymer
based scaffolds were developed using forskolin-modified
halloysite nanotubes (HNTSs) as osteoconductive materials
to promote osteodifferentiation of mesenchymal stem cells
(Naumenko et al. 2021). Short-term treatment of forskolin
promoted bone tissue formation in the defect site without
cytotoxic effect in vitro (Awale et al. 2023). Recently manu-
factured Celluence® with high purity forskolin is marketed
and shows multiple benefits on cellulite, skin anti-aging,
stretch marks, etc. (Advanced forskolin cream formulations,
by Celluence®—LipoTherapeia).

The mechanism of action of forskolin is associated with
the activation of cAMP in response to primary signals. The
forskolin helps to study the role of cAMP in various cellu-
lar processes, and their activation and inhibition in diseased
conditions. Forskolin interacts with the enzyme, adenylyl

Table 2 Different extraction methods and percentage of recovery of forskolin from the plant material of C. forskohlii

Extraction method Extraction Extraction Reference

efficiency time (min)

(%)
Acetonitrile extraction + Reversed-Phase Liquid Chromatography 99.1% 90 Schaneberg and Khan 2003
Hydrotropic Extraction 80% 30 Mishra and Gaikar 2009
Microwave-Assisted Extraction 92% 2 Devendra and Gaikar 2010
Three phase partitioning (TPP) followed by Ultrasonication and enzyme pre-treatment  83.85% 240 Harde and Singhal 2012
Supercritical carbon dioxide (SC-Co,) + methanol as an entrainer + Ultrasonication and 77.08% 60 Harde et al. 2013

enzyme pre-treatment

Ionic liquid based ultrasonic-assisted extraction 87.4% 240 Harde et al. 2014
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cyclase through a G Protein Coupled Receptor (GPCR) and
converts ATP to cAMP in the cell (Sapio et al. 2017). Once
the forskolin activates adenylyl cyclase, it increases the pro-
duction of cAMP and intensifies the signals (Fig. 4). cAMP
acts as a secondary messenger and regulates the different
hormonal and metabolic processes such as metabolism,
cell proliferation, differentiation, gene expression, apopto-
sis and regulation of ion channels in the human body (Yan
et al. 2016; Sapio et al. 2017; Salehi et al. 2019). Based on
the upstream signals, cAMP activates protein kinases that
regulate cellular functions by phosphorylating target pro-
teins through dependent or independent signaling pathways.
(Liu et al. 2022). Protein kinase A (PKA) dissociates into
catalytic subunit and regulatory subunit and phosphoryl-
ate serine/threonine residues of downstream target proteins
and stimulates the cellular response. The phosphorylation
of CREB, a transcription factor is crucial for regulating
gene expression. cCAMP pathways are also associated with
the pathogenicity of disease and any impairment in the sig-
nal transduction pathway leads to different ailments due to
decreased cAMP. The cAMP is inactivated to AMP by phos-
phodiesterases (PDE) through hydrolysis. The activation of
cAMP levels by forskolin in cells decreases the release of
histamine, increases insulin secretion, improves blood circu-
lation and pressure, aids the breakdown of fat and increases
thyroid function (Hameed et al. 2020).

Conclusions and future perspectives

C. forskohlii is an endangered species of medicinal plant
and the only source of forskolin that has numerous appli-
cations in cosmetics and skin care, food and beverages
and the pharmaceutical industry. The main mechanism
of action of forskolin is by activating the enzyme adeny-
lyl cyclase and elevating cAMP which regulates differ-
ent cellular functions. For commercial use, the plant is
propagated by different methods to ensure the availability

Fig.4 Forskolin—mechanism
of action by activating adenylyl
cyclase and elevating cAMP,

of forskolin. The mass propagation of C. forskohlii, to
improve the yield and purity of forskolin is challenging as
it demands different purity for various industrial sectors.
Multiple biotechnological approaches are being developed
for producing a high level of forskolin without necessitat-
ing the harvest of the plant making the commercial process
sustainable and environmentally friendly. Due to its high
demand, there is a huge scope for improvements in forsko-
lin production by introducing different precursors/elicitors
in tissue culture approaches, which is a better alternative
to the synthetic method of production. Hence the develop-
ment of alternate biotechnological approaches to improve
or induce the forskolin yield is the need of the hour.

A yield enhancement strategy, elicitation is currently
popular in in vitro forskolin production. NaCl, CS, SA
JA, and MeJA are widely used as elicitors along growth
media in terpenoid production, applied alone or in combi-
nations that can be explored for forskolin synthesis as well.
Carbon-based nanomaterial such as carbon nanotubes is
also an emerging approach for the induction of secondary
metabolite which can be extrapolated in forskolin synthe-
sis. Investigating the effect of elicitors or precursors on the
metabolic pathway that increases the forskolin synthesis
needs to be explored. This will provide a better under-
standing of the modification of signal transduction, tran-
scription factors, characterization of biosynthetic genes
and their encoded enzymes involved in forskolin synthe-
sis with response to elicitation. Advanced tools such as
metabolomics and transcriptomics can be used to predict
the metabolic pathways and gene expression profiles in
response to the elicitor.

A sustainable in vitro cultures with the effect of exter-
nal stimuli for the bioactive compounds help in large-scale
production. There is a need for a standardized protocol for
forskolin synthesis that involves plant cell response to dif-
ferent conditions in a limited time without any seasonal
and regional constraints. Moreover, different aspects of cell
culture techniques for upscaling biomass and secondary
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(Yan et al. 2016; Sapio et al.
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metabolite productivity that enhance the yield can be of
great significance.

Identifying the appropriate tissue culture protocol by
carefully selecting elicitor an be a better choice for the
production of forskolin. This method can be made more
attractive if the yield concerning time, space, and scale is
enhanced. The future culture technique for the production
of forskolin should be designed with sustainable approaches
to meet the growing demand. The exploitation of effective
elicitors in the tissue culture process requires a deeper under-
standing of the plant cell responses to external stimuli. The
effort towards reducing the time and cost while making the
production goals sustainable is therefore challenging but
should be prioritized. Tissue culture-based controlled pro-
duction of the forskolin can reduce waste generation while
maintaining product quality.
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