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Abstract

Mankind has always been fascinated with nature and have heavily explored natural products since the ancient times. Evolu-
tion of diseases led to research on synthetic structure, specificity and activity-guided treatment. To combat threats of new
developing diseases and the deleterious side effects posed by modern therapy, researchers have once again looked back
towards natural resources. Although plants have been the main source of natural drugs, lower fungi are being recently paid
attention to. Among them, mushrooms have emerged as an under-explored yet immensely rich resource, especially for bioac-
tive terpenoids. A lot of research is going on around the world with mushroom-derived terpenoids especially their medicinal
properties, some of which have even been used in pre- and post-clinical studies. From the literatures that are available, it was
found that mushroom terpenoids have activity against a wide range of diseases. In this review, we have summarized different

mushroom-derived terpenoids and their therapeutic properties.

Keywords Diseases - Medicinal mushroom - Natural product - Secondary metabolites

Introduction

Natural products have always played a huge role in human
therapeutics since time immemorial. Plants have been the
richest source of bioactive components due to their unique
and diverse biosynthetic capability (Raskin and Rip-
oll 2004). The discovery of aspirin in 1897, which was a
derivative of salicylic acid, a major component of herbal
therapies and penicillin in 1928, which added microbes
as a source of therapeutic drugs, revolutionised medicinal
research in the ensuing decades. Recently, due to the ever-
evolving nature of the diseases, research for therapeutics
led to more structure, target-specificity and activity-guided
synthetic approach towards medicine (Schmidt et al. 2008).
Although this approach seemed apparently beneficial, the
targeted synthetic drugs often affected non-targeted parts of
the physiological system, directly or indirectly, giving rise
to several detrimental side effects some of which also gave

P4 Krishnendu Acharya
krish_paper @yahoo.com

Molecular and Applied Mycology and Plant Pathology
Laboratory, Department of Botany, University

of Calcutta, 35, Ballygunge Circular Road, Kolkata,
West Bengal 700019, India

rise to newer symptoms and newer diseases. Researchers are
thus resorting again to natural sources for drugs.

Exploration of natural sources for remedying modern dis-
eases have led to several reports of bioactive compounds.
One of the most important compounds have been bioactive
secondary metabolites, especially terpenoids. Terpenoids
are organic compounds composed of linked isoprene units,
classified as monoterpenes, diterpenes, sesquiterpenes etc.
depending on the number of carbon atoms, produced through
biosynthetic pathways. Terpenoids have been reported to
be therapeutically extremely versatile, with effectiveness
against several diseases like microbial (Souza et al. 2011),
viral (Lin et al. 2015), neurodegenerative (Yoo and Park
2012) as well as cancer (He et al. 2009; Rabi and Bishayee
2009; Nwodo et al. 2016) and many more.

The therapeutic terpenoids that are available in the mar-
ket like paclitaxel (Weaver 2014), eleutherobin (Long et al.
1998), sarcodictyin A (Nakao et al. 2003), artemisinin
(Krishna et al. 2008), excoecariatoxin (Vidal et al. 2011) etc.
have been mostly derived from plants. Another immensely
important source of bioactive terpenoids has come to the
limelight in the last two decades which are higher basidi-
omycetes or mushrooms. Even though research on mush-
room-derived terpenoids was going on discreetly around the
world, it drew attention during the beginning of the twenty
first century. There has been a huge surge in exploring
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mushrooms for therapeutic terpenoids after 2010, which is
evident from the frequent scientific papers reporting isola-
tion of new terpenoids. Some of the mushroom terpenoids
and their medicinal properties are summarized in Table 1.
Three million species of fungi have been predicted to exist
in the world (Hawksworth 2012; Blackwell 2011) among
which 140,000 species are predicted to be mushrooms. Only
14,000 mushrooms have been described till date, amount-
ing to 10% of the total mushroom species (Miles and Chang

2004). Current research is unveiling newer and newer ter-
penoids from mushrooms, many of which have therapeutic
potential. However, numerically, there still is a whole ocean
yet to be explored in search for medicinal terpenoids from
this group. We have thus made an effort to summarize the
mushroom-derived terpenoids reported to have therapeutic
significance and their therapeutic properties, which might
help the researchers in this field to assess and uncover new

therapies for human diseases.

Table 1 Mushroom-derived terpenoinds and their therapeutic potential

Mushroom Terpenoid

Activity

References

Ganoderma lucidum Ganoderic acid

Ganoderic acid C and its derivatives
Ganoderic acid F
Triterpenoids

Ganoderiol, ganodermanontriol, and
ganoderic acid

Ganoderma pfeifferi Lucialdehyde D, ganoderone A and gano-

derone C

Trametenolic acid, ergosterol peroxide,
3b-hydroxy-8, 24-dien-21-al, ergosterol
and inotodiol

Inonotus obliquus

Merulius tremellosus Sesquiterpenedialdehyde (Merulidial 1)

Marasmius alliaceus Sesquiterpenes

Lentinellus omphalodes Lentinellic acid

Cyathanediterpenes (cyathins D, H, neo-
sarcodonin, cyathatriol, and 11-O-acetyl-
cyathatriol)

Antcin A

Antcin B, methylantcinate B
Antcin H

Dehydroeburicoic acid

Cyathus africanus

Antrodia cinnamomea.

Eburicoic acid

Sesquiterpene lactone antrocin

Antcin K

Antrolone

Inotolactones (A-C), 68-hydroxy-
trans-dihydroconfertifolin, inotodiol,
3pB,22-dihydroxyanosta-7,9(11),24-
triene, 3p-hydroxycinnamolide, and
17-hydroxy-ent-atisan-19-oic acid

Inonotus obliquus

Cytotoxicity against hepatoma cells
in vitro

Antihistamine releasing activity in rat
mast cells

Inhibitory activity against angiotensin
converting enzyme

Hepatoprotective activity

Inhibitory effect on farnesyl protein
transferase

Inhibit the biosynthesis of cholesterol
Atherosclerosis protection
Antioxidative and free radical effects
Antiviral activity

Antifungal, antibacterial, and antiviral

Anti-inflammatory and anticancer activi-
ties

Antifungal activity
Anticancer activity

Antibacterial activity and inhibit protein
synthesis in Ehrlich ascetic carcinomas

Anti-inflammatory properties

Anti-inflammatory effects
Anticancer activity
Hepatoprotective activity
Antidiabeticactivity
Antihypertensive activities
Anticancer activity
Anticancer activity
Anti-inflammatory
Antihyperglycemic

Min et al. (2000)

Komoda et al. (1989)
Morigiwa et al. (1986)
Rathee et al. (2012)
El-Mekkawy et al. (1998)

Niedermeyer et al. (2005)

Ma et al. (2013)

Giannetti and Steglich (1978)
Anke et al. (1981)
Rahi and Malik (2016)

Han et al. (2013)

Zhang et al. (2019)

Ganesan et al. (2019)

Ying et al. (2014)
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Antimicrobial activity

Due to the rapid evolution of bacterial species acquiring
resistance against antibiotics, the search for natural com-
pounds with antibacterial properties is rapidly increasing.
In recent research, a number of mushroom extracts have
been analysed for potent antibacterial compounds (Gaz-
zani et al. 2011; Harikrishnan et al. 2012). Many of the
secondary metabolites in mushrooms act as antibiotics and
are effective against bacteria and fungi (Gilardoni et al.
2007).

Coprinus sp. has been reported to exhibit activity
against multi-drug-resistant Gram-positive bacteria with
Coprinol, a cuparane-type terpenoid (Johansson et al.
2001). Antimicrobial activity of wild edible mushrooms
has been widely reported (Lai et al. 2012; Giri et al. 2012).
Pleuromutilin is a tricyclic diterpenoid isolated from Clito-
pilus passeckerianus from which retapamulin, an antibiotic
has been derived (Nagabushan 2010; Paukner and Riedl
2017). Infections of Staphylococcus aureus are becoming
dangerous due to the absence of antibiotics for the rap-
idly evolving bacteria. Sesquiterpenoids from Ganoderma
praelongum have been reported to show potent inhibitory
effect (Ameri et al. 2011). Mycobacterium tuberculosis,
the causal agent of tuberculosis, is responsible for a large
number of deaths worldwide. Nambinone A-D and 1-epi-
nambinone B isolated from Neonothopanus nambi have
been shown to be effective antitubercular drugs (Duru
and Cayan 2015). A lanostane triterpenoid, astraodoric
acid A from Astraeus pteridis and astraodoric acid B
from Astraeus odoratus have been found to possess anti-
bacterial properties (Stanikunaite et al. 2008; Arpha et al.
2012). Lanostane triterpenoids ganorbiformins A-G, iso-
lated from Ganoderma orbiforme has also been reported
to exhibit antimycobacterial activity (Isaka et al. 2013).
Hirsutane-type sequiterpenoids from Stereum hirsutum
have been shown to possess antimicrobial activity (Ma
et al. 2014). Mushroom extracts from Fomitopsis rosea,
F. pinicola, Jahnoporus hirtus, and Albatrellus flettii with
lanostane triterpenoids are effective against Enterococcus
species which cause clinical conditions such as urinary
tract infections, meningitis, diverticulitis (Liu et al. 2010;
Fisher and Phillips 2009). Arnamial and a number of
other sesquiterpene aryl esters have been reported from
Armillaria sp. to show antimicrobial properties (Misiek
and Hoffmeister 2012). Sesquiterpenoid sudasterpurenol
A and udalactaranes A and B from Phlebia uda have been
reported to inhibit fungal spore germination in Fusarium
graminearum (Schuffler et al. 2012). A sesquiterpene dial-
dehyde named Merulidial 1 having high antifungal activ-
ity has been reported from Merulius tremellosus. Some
antimicrobial terpenoids are shown in Fig. 1.
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Coprinol
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Pleuromutilin Retapamulin

Fig.1 Some antimicrobial terpenoids from mushrooms

Antiviral activity

The search for antiviral drugs is a tedious task for three
reasons: virus uses the host cells replicative machinery
for propagation, shows structural variability and increased
resistance to drugs, and it is difficult to design drugs which
will not harm the normal host cells (De Clercq and Field
2006). Around 40 semisynthetic drugs derived from plant
metabolites that are under clinical trials for their effectiv-
ity against viruses (DeChristopher et al. 2012). However,
natural products which demonstrate structural diversity and
pharmaceutical activities are being considered for antiviral
drug designing with particular emphasis on the metabolites
from basidiomycetes (De Clercq and Field 2006).

Both crude extracts and isolated compounds from mush-
rooms exert their antiviral effect by inhibiting viral enzymes,
synthesis of viral nucleic acid or viral infection of mam-
malian cells. The triterpenoids from Ganoderma pfeifferi
as well as other Ganoderma sp. such as ganodermadiol,
lucidadiol and applanoxidic acid G, depict in vitro antiviral
activity against influenza virus type A and ganodermadiol
is also active against herpes simplex virus type 1. Eleven
mushroom species including Daedaleopsis confragosa, Dat-
ronia mollis, Ischnoderma benzoinum, Laricifomes offici-
nalis, Lenzites betulina, Trametes gibbosa and T. versicolor
have been reported to produce effective antiviral compounds
(Kabanov et al. 2011; Teplyakova et al. 2012). Agrocybe
salicacola is known to produce agrocybone which has been
identified as a novel illudane—illudane bis-sesquiterpene and
reported to exhibit weak antiviral activity against respiratory
syncytial virus (RSV). Some terpenoids with antiviral activ-
ity are illustrated in Fig. 2.
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Fig.2 Terpenoids with antiviral activity

The deadliest viral disease affecting the population world-
wide is AIDS (acquired immune-deficiency syndrome)
caused by infection of HIV-1 (human immunodeficiency
virus type I) for which no cure has been found till date.
However, research to combat HIV-1 with natural products is
ongoing and several bioactive compounds from mushrooms,
specifically the low molecular weight triterpenoids, pose to
be potential antiviral candidates (Asres et al. 2005).

Colossolactones which are lanostane triterpenes isolated
from Ganoderma colossum have been shown to be active
against HIV-1 with a few variants such as colossolactone
V, colossolactone G, and schisanlactone A (El Dine et al.
2008). Ganoderic acid GS-2, 20-hydroxylucidenic acid N,
20(21)-dehydrolucidenicacid N and andganoderiol F are
lanostane triterpenoids from Ganoderma sinense which are
effective against HIV-1 protease under in vitro examinations
(Sato et al. 2009). Several anti-HIV-1 protease compounds
have also been identified from Ganoderma lucidum.

Antiparasitic activity of terpenoids

Malaria is one of the most devastating parasitic infections
and not many therapeutic agents are yet available with anti-
malarial activities (Anthony et al. 2012; Kulangara et al.
2012). The bioactive compounds from mushrooms have been
analysed for their antiplasmodial activities and six lanostane
terpenoids have been identified from Ganoderma lucidum
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with in vitro antiplasmodial potency (Adams et al. 2010).
Sterostrein A, one of the five terpenoids from Stereum ostrea
show antimalarial activity against P. falciparum (Isaka
et al. 2012). A novel poisonous mushroom Neonothopanus
nambi (Marasmiaceae) has six sesquiterpenes; aristolane, a
dimeric sesquiterpene and aurisin A, which act as antipara-
sitic agents (Kanokmedhakul et al. 2012). Aurisin A and
aurisin K are effective against Plasmodium falciparum and
Mycobacterium tuberculosis (Kanokmedhakul et al. 2012).
Several sesquiterpenoids and triterpenoids from mushrooms
have been analysed for their antiplasmodial activities.
Leishmaniasis is another parasitic disease which affects
around 350 million people worldwide, having spread to more
than 90 countries in the tropical and sub-tropical regions
(World Health Organization 2015) and ranks as the ninth
largest disease affecting population (Alvar et al. 2012). The
incidences of visceral leishmaniasis (VL) ranges from affect-
ing 200,000—400,000 individuals every year and is endemic
to the Indian subcontinent and regions of Africa. Pentavalent
antimonials form the first line of defence against different
forms of Leishmania, however, its use has been restricted
taking into consideration its efficacy and development of
resistance against a particular drug to the constant evolu-
tion of the pathogen (World Health Organization 2015).
Drugs which formed the first line of oral treatment, one of
them being miltefosine, had been declined due to its inef-
ficacy, relapse of symptoms and gastrointestinal toxicity
(Sundar et al. 2014; Pandey et al. 2009). Other drugs such
as paramomycin show systemic hepato-toxicity despite
high cure rates (Sundar et al. 2014). The WHO Advisory
Panel for Leishmaniasis Control had suggested the use of
liposomal amphotericin B for the elimination of VL from
India (World Health Organization 2010). The identification
of immunomodulatory substances from basiodiomycetes
provides an alternative to produce therapeutic medication
for the prevention and treatment of Leishmania. However,
current research in this area has remained limited to only
a few mushroom species. Isolation of a novel compound,
5-heptadeca-8 =Z,11 =7,16-trienylresorcinol, from a poly-
pore mushroom, Merulius incarnates (Corticiaceae), was the
first report of such substance which inhibited the growth of
the parasite in vitro with no toxicity on Vero cells (Jin and
Zjawiony 2006). Two terpenoids, hypnophilin and panepo-
xydone, isolated from Lentinus strigosus (Polyporaceae, a
basidiomycete), inhibited the growth of Leishmania amazon-
ensis (amastigote-like) (Souza-Fagundes et al. 2010). Agari-
cus blazei extract showed its activity against L. amazonensis,
L. chagasi, and L. major in vitro and against Leishmania
amazonensis in vivo (Valadares et al. 2011). Extracts of
Astreus hygrometricus showed differential antileishmanial
effect against L. donovani promastigotes and intracellular
amastigotes in vitro (Mallick et al. 2014). The isolation and
structural elucidation of a novel triterpene Astrakurkurone
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showed its effectivity against promastigotes (Lai et al. 2012).
Continuation of this work by another group and search for
antileishmanial compounds in other mushrooms identified
Grifola frondosa ethanolic extracts to be effective against
promastigotes (Sultana et al. 2018). Chemical characteriza-
tion of the semi-purified fraction showed that it is a mixture
of isomers of phthalic acid.

Apoptosis has been demonstrated as a distinct cell death
mechanism which is employed for the removal of deleteri-
ous cells. The generation of reactive oxygen species (ROS)
from mitochondria serve as signals for inducing apoptosis
(Halliwell and Gutteridge 1990). The presence of a single
mitochondria in Leishmania makes it an ideal drug target.
The extracts of G. frondosa induce oxidative stress and
caspase independent apoptosis which was confirmed by
morphological alteration and increased proportion of cells
in the sub Gy/G, phase (Sultana et al. 2018). The extract
from G. frondosa was found to be more effective than the
activity of miltefosin, paramomycin and amphotericin as
indicated from increased NO production and production of
pro-inflammatory cytokines such as IL-12, IL-1p and TNF-a
(Sultana et al. 2018). Figure 3 illustrates a few antiparasitic
terpenoids from mushrooms.

The effects of Astrakurkurone as antileishmanial prod-
uct have been associated with the selective production of
ROS which target disruption of parasite mitochondria and
induce apoptosis (Mallick et al. 2015). More specifically,
Astrakurkurone was found to alter the protein and lipid
composition of promastigotes and result in exposure of
phosphatidylserine to the outer leaflet of plasma membrane
which is an event that marks the late stages of apoptosis
(Mallick et al. 2015, 2016). The increase in ROS was also
correlated with depletion of glutathione levels, increase in
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Panepoxydone

Sterostrein A

Fig.3 A few mushroom-derived terpenoids with activity against par-
asites

lipid peroxidation, and rise in intracellular calcium which
linked these cellular changes to apoptosis of Leishmanial
cells. These reports point to the fact that further research
could refine the antileishmania leads indentified in Astra-
kurkurone. Its potency has been demonstrated by its ROS
mediated, mitochondria-dependent and caspase-independent
apoptosis in L. donovani promastigotes which demonstrates
the effectivity of a novel triterpene from an Indian mush-
room species.

Antioxidant activity

Stress often leads to the production of reactive oxygen spe-
cies which cause oxidation of cell membrane and organ
damage due to the activity of free radicals. It is a common
phenomenon under aging and disease conditions of cancer,
diabetes, cardiovascular disease, neurodegenerative dis-
orders, bacterial and fungal infections, inflammations etc.
(Thetsrimuang et al. 2011; Alfadda and Sallam 2012). These
free radicals stabilize by interacting with DNA, lipids and
proteins leading to oxidative damage and affecting metabo-
lism and cellular processes. Antioxidants counter the effect
of free radicals and terminate such reactions (Halliwell
2012). The identification of natural products with antioxi-
dant and therapeutic potential for delaying the aging process
as well as in controlling oxidative damage is an important
field of research.

For many years now, wild mushrooms have been ana-
lysed for their antioxidant properties and a number of reports
have been made (Dasgupta et al. 2014, 2015; Acharya et al.
2017). Sesquiterpenoids from Stereum hirsutum have been
isolated which show mild antioxidant activity analysed
from DPPH assay (Ma et al. 2014). Sesquiterpenes such
as 2, 5-cuparadiene-1, 4-dione (Fig. 4), enokipodin B and
enokipodin D (Fig. 4) from Flammulina velutipes has been
reported to show antioxidant activity in DPPH scavenging
assays (Wang et al. 2012). Extracts of Ganoderma lucidum
have been reported to show potential antioxidant activity in
DPPH assays and potency in reducing ferric ions to ferrous
ions. The isolation and identification of terpenoids for their
antioxidant properties remains open for future research.

(e}

2,5-Cuparadiene-1,-dione

Enokipodin D

Fig.4 Two antioxidant terpenoids reported from mushroom source
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Anti-inflammatory activity

The largest group of anti-inflammatory constituents in mush-
rooms is composed of terpenes which have been isolated
from a wide variety of strains, some of which are presented
in Fig. 5. Ethyl acetate extracts of Cyathus africanus pro-
duced five novel cyathane diterpenes, identified as cyathins
D, H together with three diterpenes neosarcodonin, cyatha-
triol, and 11-O-acetylcyathatriol (Han et al. 2013). Neosar-
codonin, Cyathins D-H 3 and 5, as well as and 11-O-ace-
tylcyathatriol, showed potent inhibition activity against NO
production in lipopolysaccharide-mouse monocyte activated
macrophage and inhibition of inflammation.

Three diterpenes from C. hookeri such as cyathin, (12R)-
11a, 14a-epoxy-13a, 14b, 15-trihydroxycyath-3-ene, and
erinacine I have been reported, each of which show anti-
inflammatory properties (Xu et al. 2013). They also act by
inhibiting NO production in mouse monocyte—macrophages.
Triterpenes have also been reported to possess anti-inflam-
matory properties (Dudhgaonkar et al. 2009).

Extracts of Ganoderma lucidum rich in triterpenes are
effective in lipopolysaccharide- (LPS-) stimulated mac-
rophages. These bioactive terpenes suppress the secretion of
inflammatory cytokine tumor necrosis factor-a (TNF-a) and
interleukin-6 (IL-6), as well as the inflammatory mediators
nitric oxide (NO) and prostaglandin E2 (PGE2), from LPS-
stimulated murine RAW 264.7 cells. These terpenes also
downregulate LPS-dependent expression of inducible nitric
oxide synthase (iNOS) and cyclooxygenase 2 (COX-2) in
RAW 264.7 cells. Inhibition of transcription factor NF-xB
forms the basis for the anti-inflammatory properties of these
triterpenes. They further downregulate the expression of
AP-1 subunit of c-Jun and inhibit LPS-dependent AP-1-DNA
binding activity which also downregulates the MAPK activ-
ity. Lanostane-type triterpenoids from Ganoderma lucidum
have also been shown to possess anti-inflammatory proper-
ties. Nine lucidenic acids and four ganoderic acids have been
isolated from G. lucidum, which have been shown to inhibit

H-0

Neosarcodonin

Cyathatriol

Fig.5 Two mushroom-derived terpenoids with anti-inflammatory
activity
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12-O-tetradecanoylphorbol-13-acetate induced inflammation
in experiments with mice (Akihisa et al. 2005).

Terpenoids active
against neurodegenerative diseases

Alzheimer’s is the most common form of dementia that
strikes people above the age of 65 (Salmon 2012). Itis a
progressive neurological disorder which occurs due to the
accumulation of insoluble plaques around the neural cells
and fibrillar deposits of hyperphosphorylated tau proteins
resulting in decrease in neurotransmitter signalling and death
of cells (Duyckaerts et al. 2009). Lack of treatment for Alz-
heimer’s calls for the need to identify novel compounds from
natural sources (Pasinetti 2012; Young 2013).

The fruiting body of Antrodia camphorata produces lab-
dane diterpenes which have been predicted to show neuro-
protective effects in vitro. These terpenoids also prevented
serum deprivation-induced PC12 cell apoptosis (Huang et al.
2005; Lu et al. 2008) and suppressed amyloid pB-peptide (AP)
accumulation which is the main component of the plaques.

Extracts of Hericium erinaceus revealed terpenoids heri-
cenones and erinacines which show the ability to cross the
blood—brain barrier and are active neurotrophic factors par-
ticularly effective against neurodegenerative disorders (Mol-
davan et al. 2007; Ma et al. 2010; Kawagishi and Zhuang
2008). 3-hydroxyhericenone F has been reported to be active
against ER stress dependent neuronal cell death (Ueda et al.
2008). Oral administration of erinacine A has been shown to
significantly increase the level of nerve growth factor (NGF)
in laboratory experiments with the rat’s locus coeruleus and
hippocampus, but not in the cerebral cortex indicating its
efficacy to combat neurological disorders. Cyathane diter-
penoids from Sarcodon scabrosus produce scabronines and
sarcodonins with sarcodonin G and A being most effective
(Shi et al. 2011). In another report, scabronine M inhibited
NGF-induced neurite outgrowth in PC12 cells probably by
suppressing the phosphorylation of the receptor Trk A and
the extracellular signal regulated kinases (ERK) (Liu et al.
2012). Cyrneines A and B are cyathane diterpenes from
Sarcodon cyrneus which are active in neurite outgrowth in
the PC12 cell and enhance neurite outgrowth in a Racl-
dependent mechanism (Marcotullio et al. 2006; Obara et al.
2007). Structures of a few mushroom-derived terpenoids are
presented in Fig. 6.

Antitumor activities of terpenoids

Compounds which can counteract the growth of malignant
tumors possess antitumor properties and many bioactive
compounds having anticancer properties have been identi-
fied from mushrooms (de Silva et al. 2012; Petrova 2012).
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Extracts from Tricholoma giganteum have been shown to be
effective against benzopyrene-induced lung cancer in mice
(Chatterjee et al. 2016). Terpenoids have been particularly
effective with potent antitumor properties. A few mushroom
terpenoids with antitumor activity are illustrated in Fig. 7.
Ganoderma species show an accumulation of triterpe-
nes which have been identified as anticancer agents (Pater-
son 2006; Cheng et al. 2010; de Silva et al. 2012; Wu et al.
2012). Cytotoxic effects of triterpenoids such as ganoderic
acids, lucidimols, ganodermanondiol, ganoderiol F and
ganodermanontriol on various cancer cells have been dem-
onstrated (Chen and Chen 2003; Sliva 2003; Chang et al.
2006; Tang et al. 2006; Weng and Yen 2010). These have
also been reported to inhibit human cervical cancer cells
and have also been considered for the prevention of colitis-
associated cancer (Cheng et al. 2010; Xu et al. 2010).
Extracts from Ganoderma lucidum which are enriched
with triterpenoids inhibit the growth of hepatoma cells by
suppressing protein kinase C and activating mitogen-acti-
vated protein kinases (Lin et al. 2003). Hepatoprotective

H

Sarcodonin A
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\\\\\\\
.

\\\\\\‘.

Olliiee
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(o]

(0]
H H

Scabronine M

activity of mushrooms have been widely analysed in recent
studies (Acharya et al. 2012; Chatterjee et al. 2012). Gano-
deric acid T acts via an intrinsic pathway and brings about
mitochondrial dysfunction leading to apoptosis and prevents
lung tumor cells (Tang et al. 2006). Semisynthetic modifi-
cation of ganoderic acid T have been carried out to formu-
late effective anticancer agents (Liu et al. 2012). GA-Me,
a ganoderic acid fraction has been tested on human colon
cancer cells for its cytotoxicity which also acts via the mito-
chondria-dependent apoptotic pathway (Chen et al. 2008).
Ganoderic acid DM, another triterpenoid isolated from G.
lucidum has been reported to effectively inhibit cell prolif-
eration and colony formation in MCF-7 human breast can-
cer cells by inducing cell cycle (G)) arrest and apoptosis in
MCF-7 cells (Liu et al. 2012; Wu et al. 2012). In addition,
fruiting bodies of a new strain of G. lucidum (YK-02) show
the presence of lucidenic acids A, B, C, and N which are
effective on hepatoma cells (Weng et al. 2007). Furthermore,
anew ganoderic acid named 3, 22p-diacetoxy-7a-hydroxy-
Sa-lanosta-8, 24E-dien-26-oic acid has been isolated from
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Fig.7 Terpenoids purified from mushrooms with antitumor activity
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G. Lucidum with considerable cytotoxic activity (Li et al.
2013). Ganoderma lucidum AF (an antlered form of G.
lucidum) accumulates a higher number of triterpenes than
normal G. lucidum and has immunomodulatory and anti-
tumor effects (Nonaka et al. 2008; Watanabe et al. 2011).
The crude extract of G. zonatum contains lanostane-type
triterpenoids, steroids and a benzene derivative (Kinge and
Mih 2011). The lanostane triterpenoid, ganoderic acid Y
showed moderate cytotoxicity against two human tumor cell
lines, SMMC-7721 (liver cancer) and A549 (lung cancer).

A new sesquiterpene with a novel carbon skeleton, flam-
mulinol A, new isolactarane sesquiterpene and six isolac-
tarane-related norsesquiterpenes, flammulinolides A-G,
as well as sterpuric acid, were isolated from Flammulina
velutipes with Flammulinolide C showing cytotoxicity
against HeLa cells (Wang et al. 2012). A range of bioactive
sesquiterpenoids active against human cancer cell lines have
been isolated from F. velutipes (Wang et al. 2012).

Fomitoside-K, a lanostane triterpene glycoside from the
fruiting bodies of Fomitopsis nigra acts via the ROS-depend-
ent mitochondrial apoptosis pathway and induced apoptosis
of human oral squamous cell carcinomas (Bhattarai et al.
2012; Lee et al. 2012). Novel lanostane-type triterpenoids
with potent anticancer effects have been reported from Inon-
otus obliquus. The structures of these triterpenoids inonot-
suoxides A and B (Nakata et al. 2007), inonotsulides group
A, B, and C (Taji et al. 2007), inonotsutriols group A, B, and
C (Taji et al. 2008a), inonotsutriols D, and E (Tanaka et al.
2011), lanosta-8, 23E-diene-3f, 22R, 25-triol, lanosta-7:9,
23E-triene-3f,22R, 25-trioland 3f-hydroxylanosta-8,
24-dien-21-al (Taji et al. 2008b), from the I. obliquus sclero-
tia have been reported. They bring about caspase 3-depend-
ent apoptosis and inhibit cell proliferation (Nomura et al.
2008).

Very recently, Dasgupta et al. (2019) reported a sesquit-
erpenoid from Astraeus hygrometricus, Astrakurkurone to
induce mitochondria-mediated apoptosis in liver cancer, by
modulating Bcl-2 family proteins. They have demonstrated
that this sesuiterpenoid is effectively cytotoxic towards liver
cancer in vitro and shown possible interaction of the drug
with antiapoptotic Bcl-2 family proteins which facilitates
apoptosis.

Some additional lanostane-type triterpenes such as
spiroinonotsuoxodiol, inonotsudiol A and inonotsuoxo-
diol A have been discovered with moderate cytotoxic
activity. Five lanostanes (24-triene-21-oic acid, 38,
15a-dihydroxylanosta-7, 9, dehydroeburicoic acid, dehy-
drosulphurenic acid, 15a-acetyl-dehydrosulphurenic acid
and sulphurenic acid and three ergostane type triterpenes
(zhankuicacid A, methyl zhankuic acid A and zhankuic
acid C) have been isolated from the fruiting bodies of A.
camphorata, and exhibit in vitro cytotoxic effects analysed
against human breast cancer cells (Yeh et al. 2009). Antrocin

from A. camphorata has been reported to show the strongest
antiproliferative effect against MDA-MB-231 and MCF-7
cells (Rao et al. 2011).

Many lanostane-type triterpene acids have been isolated
from the epidermis of the sclerotia of Wolfiporia extensa
(Poria cocos). Among these, the new derivative 25-meth-
oxyporicoic acid A has been shown to inhibit skin tumor
promotion (Akihisa et al. 2009). 13 new guanacastane-type
diterpenoids, named radianspenes have been identified from
the fermentation products of Coprinellus radians (Coprinus
radians) of which radianspene C shows antitumor activity
against MDA-MB-435 cells (Ou et al. 2012).

Irofulven also known as 6-hydroxymethylacylfulvene and
MGI-114 is an effective semisynthetic anticancer agent. It
is derived from illudin-S, a sesquiterpenoid isolated from
mushroom Omphalotus illudens (McMorris et al. 1996;
McMorris 1999; Schobert et al. 2011). Sesquiterpene syn-
thases and illudin biosynthesis genes have been identified
from the genome sequence of O. olearius as well. Irofulven
shows activity in nano-molar range against human cancer
cell lines, advanced melanoma (Pierson et al. 2002), renal
cell carcinoma (Alexandre et al. 2007) and is a potential
inhibitor of DNA synthesis which induces apoptosis in
malignant cells (Kelner et al. 2008; Raymond et al. 2004).
The precise molecular mechanism of this compound remains
yet to be deciphered. However, irofulven has been reported
to show antitumor activity in combination with other anti-
cancer agents (Kelner et al. 2008), and antiangiogenic or
chemotherapeutic drugs (Dings et al. 2008). Ongoing
research promises to identify and isolate novel bioactive
compounds from the rich source of Basidiomycota with
research on therapeutic potential of these metabolites.

Conclusion

Almost 90% of therapeutic and semisynthetic drugs yet
discovered have come from plants, bioactive constituents
from mushrooms can add vast resources to the repertoire
of modern day therapeutics. In recent times, mushrooms
have slowly emerged as a rich resource for bioactive ter-
penoids. Terpenoids are among the most potent bioactive
compounds in mushrooms with at least 5 monoterpenes,
70 sesquiterpenes, 44 diterpenes and 166 triterpenes
having been discovered and analysed for their antican-
cer, antitumor, antimicrobial properties and effectivity in
countering neurodegenerative diseases (Duru and Cayan
2015). Terpenoids exhibit a range of therapeutic and cura-
tive properties. As such, it has the potential for large-scale
impact and can be safely called the penicillin of modern
medicine. The plethora of terpenoids isolated from mush-
room and their cytotoxic potential against cancer cells
provides a path for enhanced drug designing based on

pisllase ol ay .
e e O) Springer



369 Page100f14

3 Biotech (2019) 9:369

Triterpenes

Anti-
(C30)

neurodegenerative

Anti-viral

Anti-oxidant

Monoterpenes
(C10)

Sesquiterpenes
(C1s)

Anti-inflammatory

Diterpenes

(czo) Anti-microbial

Anti-parasitic

Anti-tumor

Fig. 8 An outline of the therapeutic potential of mushroom-derived terpenoids

natural products with the added advantage of minimum
collateral damage of normal cells. Recent research has
isolated terpenoids from mushrooms and identified their
potential as pharmaceutical products providing a boon to
the medicinal field (Khan and Tania 2012). The role of
mushroom terpenoids in medicinal science is summarized
in Fig. 8.

In the modern world, the ever-evolving drug-resistant
pathogens, virus and cancer cells have become a major
concern. Side effects that are posed by current therapies
have complicated matters even more. Identification of
natural compounds and understanding their mechanism
of action is urgently needed (Yao et al. 2012). Majority
of the recent research on the mushroom-derived bioactive
compounds have been carried out in animal models and/
or in vitro and have been suggested as possible adjuvants
in therapy, only clinical trials with its improved method-
ologies can analyse and validate the effectiveness of these
compounds (Roupas et al. 2012).

To meet that end it is still imperative to make the
most of what we have and keep searching for bioactive
terpenoids. With so many mushrooms including rare and
endemic species yet to be explored, the answers to combat-
ing modern diseases may still be lying in the wilds.
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