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ABSTRACT

The genus Agrocybe, situated within the Strophariaceae family, class Agaricomycetes, and phylum
Basidiomycota, encompasses a myriad of species exhibiting significant biological activities. This
review presents an integrative overview of the secondary metabolites derived from Agrocybe
species, elucidating their respective biological activities and potential pharmacological applica-
tions. The metabolites under scrutiny encompass a diverse array of biological macromolecules,
specifically polysaccharides and lectins, as well as a diverse group of 80 documented small
molecular chemical constituents, classified into sterols, sesquiterpenes, volatile compounds, poly-
enes, and other compounds, their manifesting anti-inflammatory, anticancer, antioxidant, hepato-
protective, antimicrobial, and antidiabetic activities, these metabolites, in which polysaccharides
exhibit abundant activities, underscore the potential of the Agrocybe genus as a valuable source of
biologically active natural products. The present review emphasises the need for escalated
research into Agrocybe, including investigations into the biosynthetic pathways of these metabo-
lites, which could foster the development of novel pharmaceutical therapies to address various
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health challenges.

1. Introduction

The initial classification of the genus Agrocybe was
credited to the Swiss mycologist Victor Fayod in
1889 (Fayod 1889). Fayod’s description of Agrocybe
was notably succinct. In 1971, Egon Horak, an Austrian
fungal taxonomist, provided a comprehensive sum-
mary based on a substantial amount of data on
Agaricales fungi from New Zealand. According to
Horak, the pileus of Agrocybe species is fleshy and
can be ranged in colour from white to brown, while
the spores are brown and possess thick walls (Horak
1971).

In 1987, Scottish mycologists Watling and Taylor
provided a detailed description of the Agrocybe
genus. According to Watling, the fruiting bodies of
Agrocybe species are medium to large, pale white to
cream in colour, and fleshy in texture. The pileus, or
cap, is semiglobate in shape, fleshy, and either
smooth or slightly wrinkled. While the pileus is typi-
cally not plicate-striate (with distinct radial lines),

exceptions with pronounced striations do exist
(Watling and Taylor 1987). The centre of the stipe
can be white, buff, or ochraceous in colour, generally
darkening upwards from the base, with a distinct ring,
or in some cases, no veil. The flesh is white or pale-
coloured, often darkening upwards in the stipe with
age, and exhibits a mealy (farinaceous) taste and
smell. Basidiospores are typically smooth, thick-
walled, and either possess or lack a prominent germ
pore. Most of them are saprophytic, thriving in diverse
environments such as forests, pastures, wilderness,
and on dung, plant remains, refuse, and wood
(Figure 1).

The genus Agrocybe belongs to Basidiomycota,
Agaricomycetes, Agaricales, and Strophariaceae,
lacked a unified standard for morphological classifica-
tion in the last century. This situation prevailed until
1975 when German mycologist Rolf Singer estab-
lished a standard for the genus and categorised it
under the family Bolbitiaceae (Singer 1975). Based
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Figure 1. Biomorphology of some Agrocybe species. (a) A. cylindracea in the wild. (b) Cultivated A. cyclindraceae. (c) A. praecox in the

wild.

on whether the spores have a germ-pore or not,
Agrocybe can be bifurcated into two subgenera:
Subgen Agrocybe and Aporus. Subgen Agrocybe is
further subdivided into five sections: Agrocybe,
Pediades, Microsporae, Allocystides, and Evelatae.
Conversely, Subgen Aporus consists of two sections:
Aporus and Velatae. Singer's classification undoubt-
edly represents a milestone contribution to the
study of Agrocybe. In later work, Watling conducted
a thorough taxonomic study of Agrocybe and pro-
posed revisions to Singer’s classification system. In
Watling (1982) revised system, the classification still
retained two subgenera. However, Sect Evelatae was
moved from Subgen Agrocybe to Subgen Aporus, and
Sect Allocystides was removed from Subgen Agrocybe.
This classification system has proven influential and
continues to be utilised by scholars in the field to
this day. However, modern research on the ana-
morphs of Bolbitiaceae indicated that Agrocybe did
not belong to the family Bolbitiaceae (Walther and
Weiss 2006). According to recent molecular phyloge-
netic analyses, Agrocybe belongs to the family
Strophariaceae (Matheny et al. 2006), comprising
three species branches: A. Praecox (Pers.) Fayod,
A. Smithii and A. Pediades. The contemporary taxon-
omy of basidiomycete definitively classifies Agrocybe
within the Strophariaceae (He et al. 2019). The genus
continues to be enriched with new species, thanking
to the ongoing contributions and findings of mycol-
ogists worldwide, leading to an ever-increasing dis-
covery of new species.

Several species within the Agrocybe genus are
known for being significant sources of natural pro-
ducts with biological and pharmacological activities.
Over the previous three decades, polysaccharides,
lectins, and more than 80 small-molecule compounds
have all been isolated and identified by researchers as

belonging to this genus. Some of them, like ceramide,
have inhibitory effects on COX-1 and 2 (Diyabalanage
et al. 2008), alkaloids can scavenge free radicals (Kim
et al. 1997), Sterols to prevent osteoporosis (Choi et al.
2009), and polysaccharides have antiobesity proper-
ties (Zhu et al. 2022a), lectins with immunomodula-
tory activity (Ye et al. 2021), etc. These active
substances have attracted widespread attention in
today’s society. Despite the intricate taxonomy of
Agrocybe species and the diverse structures and activ-
ities of their produced secondary metabolites, there is
currently no comprehensive systematic review avail-
able. In the present article, we conducted an exten-
sive and systematic review of the chemical structures
of secondary metabolites and their biosynthesis in
Agrocybe, along with their associated biological activ-
ities and pharmacological effects. The objective of this
review is to enhance our understanding of the active
compounds found within these species and to facil-
itate the transition of these bioactive compounds into
clinical applications. This review will serve as
a reference for the better utilisation of these medic-
inal and edible fungi.

2. Polysaccharides

Polysaccharides play crucial roles as primary active
constituents in mushrooms. Unlike plant and animal
polysaccharides, mushroom polysaccharides are pri-
marily constituted of B-glucan, characterised by a (3-
1,3/1,6 glycosidic linkage (Rosdan Bushra and Nurul
2022). This specific bond is resistant to the a-1,4-amy-
lase enzyme in humans, rendering -glucan indiges-
tible. Consequently, mushroom polysaccharides can
potentially stimulate the immune system and be
absorbed in the gastrointestinal tract. Additionally,
mushroom polysaccharides typically exhibit lower
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molecular weights compared to polysaccharides from
other sources, facilitating their absorption and utilisa-
tion by the body (Hyder and Dutta 2021). Mushroom
polysaccharides also exhibit antioxidant properties,
containing compounds capable of scavenging free
radicals and mitigating oxidative stress, which is ben-
eficial in preventing or decelerating the progression
of chronic diseases such as cardiovascular diseases
and cancers. Noteworthy examples include Lentinan
from Lentinula edodes (Wu et al. 2023; Xiao et al.
2023), polysaccharides from Ganoderma lucidum
(Reishi) (Jia et al. 2022), and Hericium erinaceus
(Lion's Mane) (Yang et al. 2022). These substances
are known for their medicinal properties, including
anti-tumour and immune regulatory effects.
Similarly, polysaccharides derived from the genus
Agrocybe exhibited significant medicinal values. It
has been reported that they engaged in physiological
processes like immunological regulation,

hypoglycaemic properties, inhibition of lipid peroxi-
dation, anti-tumour effects, anti-ageing effects, and
in vitro antioxidant activity (Jing et al. 2018b) (Table 1).
Kiho et al. (1989) isolated an insoluble linear (1—3)-a-
D-glucan (AG-AL) from the fruiting body of
A. cylindracea. Carboxymethylated derivatives of AG-
AL, known as O-(carboxymethyl) AG-AL, exhibited
remarkable anti-tumour activity. In a study by Xu
et al. (2005), it was reported that polysaccharides
derived from A. aegerita (AAP) showed that trans-
planted sarcoma S180 and S180 ascites tumours in
mice were significantly inhibited. Additionally, AAP
was found to prolong the survival period and counter-
act leucopenia induced by the chemotherapy drug
Cyclophosphamide. Ji et al. (2013) examined the
effect of AAP on the expression of tumour necrosis
factor (TNF-a) and interferon (IFN-y) in rat esophageal
carcinoma (EC) to further understand the anti-tumour
mechanism of this compound. Their research

Table 1. Molecular weight, monosaccharide composition, molar ratio, and activity of Agrocybe polysaccharides.

MW Monosaccharide
Species Name Materials (kDa) composition Molar ratios Activities Reference
A. cylindracea  AG-AL  Fruit body 560 a-D-glucan - - Kiho et al.
(1989)
ACP Fruit body 2,840.9 Glucose, galactose 4.77:1 Anticancer activity Liu et al.
(2023)
ACAP Fruit body 1.82  Glucose Liu et al.
(2023)
SACP-80 Fruit body 156  B-(1—6)-glucopyranosyl, a- 3:1:1 Anticancer activity ~ Wang et al.
(1—6)-galactopyranosyl, (2021);
a-(1—2,6)- Wang et al.
glucopyranosyl (2023)
AG-HNI  Fruit body 2,000 Glucose - Hypoglycaemic Kiho et al.
activity (1994)
AG-HN2  Fruit body 55  Galactose, glucose, fucose, 36:27:17: 14 Hypoglycaemic Kiho et al.
mannose activity (1994)
EPS Fermentation - Rhamnose, glucose 2.8:1 Antioxidant activity;  Zhao et al.
broth antiaging activity (2017)
ACP’ Fruit body 670  Mannose, ribose, rhamnose, 0.29:0.47:0.25:1.72:1.51:0.94:1 Antiobesity activity Zhu et al.
glucuronic acid, glucose, (2022a)
galactose, xylose
A. cylindracea  MSPS Mycelium - Rhamnose, arabinose, 29:3:1:18.8:2.7 Antioxidant activity Liu et al.
SL-02 mannose, glucose, (2016)
galactose
A. aegerita AAP Fruit body 710  Glucose, fructose, galactose, - Antitumour activity Xu et al.
mannose (2005); Ji
et al. (2013)
AAPS Fruit body 18.1  Rhamnose, fucose, 2.90:10.25:0.78:0.77:3.70:38.27:0.26  Antioxidant activity; Liu et al.
Arabinose, xylose, antiaging activity (2020)
mannose, glucose,
galactose
FG-Aa  Fruit body 13.8  Fucose, galactose 1:2.27 Immunomodulatory  Motoshima
activity et al. (2018)
A. aegerita Ac-MPS  Mycelium - Fucose, arabinose, mannose, 1.5:1:4.7:5.7:117.2 Antioxidant activity;  Jing et al.
(Brig.) Sing galactose, glucose antiaging activity (2018a)
Al-MPS  Mycelium - Fucose, mannose, galactose, 1:4:2.3:23.2 Antioxidant activity;  Jing et al.
glucose antiaging activity (2018a)
MPS Mycelium - Arabinose, mannose, 1:1.5:17:58.8 Antioxidant activity;  Jing et al.
galactose, glucose antiaging activity (2018b)
En-MPS  Mycelium - Arabinose, mannose, 1:8.2:24.3:77 Antioxidant activity;  Jing et al.
galactose, glucose antiaging activity (2018b)

MW, molecular weight; -, no data in the references.



revealed that AAP downregulated TNF-a and upregu-
lated IFN-y, thereby promoting immune function
restoration and enhancing anti-tumour capabilities.
Liu et al. (2023) obtained two different polysacchar-
ides, ACP and ACAP, from A. cylindracea. ACP was
found to inhibit the proliferation and induce cell
death in human gastric cancer cells (MGC-803), with
an ICso of 240.71 ug/mL after 24 h. The heteroglycan
SACP-80, derived from A. cylindracea, was primarily
composed of a backbone consisting of (-(1—6)-
glucopyranosyl, a-(1—6)-galactopyranosyl, and a-
(1—2,6)-glucopyranosyl units, with a molecular ratio
of 3:1:1 (Wang et al. 2021), exhibited significant inhi-
bition of colorectal cancer cell growth with an 1Csg
value of 490 ug/mL (Wang et al. 2023). These studies
suggested that polysaccharides from Agrocybe were
able to inhibit tumour growth and metastasis, pro-
long survival, and enhance immune function, provid-
ing a basis for utilisation as potential antitumour
therapeutic agents.

Two polysaccharides were isolated from the fruit-
ing bodies of A. cylindracea using hot water extraction
by Kiho et al. (1994). The high molecular weight glu-
can, known as AG-HN1, primarily consisted of -
D-glucan. The molar ratio of the galactose, glucose,
fucose, and mannose in the low molecular weight
heteroglycans, AG-HN2, was 36:27:17:14. In both
healthy and mice with diabetes induced by strepto-
zotocin (STZ), AG-HN1 demonstrated significant
hypoglycaemic activity when given at a dose of
50 mg/kg after 6 hours. In contrast to AG-HN2, it
displayed more activity. In a separate study, Lee
et al. (2010) isolated B-D-Glucan (polysaccharide)
from A. chaxingu. In addition to drastically lowering
blood sugar levels in STZ-induced diabetic mice, this
polysaccharide also improved the pancreatic 3-cells’
tolerance to STZ injury. These results suggested that
they had potential as a diabetic therapy medication.

When the rate of free radical generation exceeds
the capacity of the antioxidant defence system, it
leads to an imbalance and accumulation of oxida-
tive stress, resulting in cellular damage. One of the
main contributing factors of ageing is this imbal-
ance (Basaran et al. 2017). In a study by Jing et al.
(2018a), two polysaccharides, named Ac-MPS and
Al-MPS, were extracted from the mycelium of
A. aegerita (Brig.) Sing. Gas chromatography (GC)
analysis showed that Ac-MPS consisted of fucose,
arabinose, mannose, galactose, and glucose in
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a molar ratio of 1.5:1:4.7:5.7:117.2, while AI-MPS
consisted of fucose, mannose, galactose, and glu-
cose in a molar ratio of 1:4:2.3:23.2. Ac-MPS had
a hydroxyl scavenging capacity of 68% and a DPPH
scavenging rate of 85% at a dose of 4.5mg/mL,
according to an in vitro antioxidant investigation.
AAPS is a novel polysaccharide of A. aegirita, which
mainly consists of rhamnose, fucose, arabinose,
xylose, mannose, glucose, and galactose with
a molar ratio of 2.90:10.25:0.78:0.77:3.70:38.27:0.26.
It was found that at a concentration of 2 mg/mL
enhanced telomerase activity, facilitated cell entry
into the G2 phase of the cell cycle, and decreased
mitochondrial membrane potential. Therefore,
AAPS might have certain anti-ageing properties
(Liu et al. 2020).

Zhao et al. (2017) utilised the 95% ethanol precipita-
tion method to extract extracellular polysaccharide (EPS)
and its components EPS-1, EPS-2, and EPS-3 from the
fermentation broth of A. cylindracea. EPS was found to
consist of rhamnose and glucan in a molar ratio of 2.8:1,
which had antioxidant activity in vitro and anti-ageing
action in vivo in mice given D-galactose to promote
ageing. By lowering the levels of malondialdehyde
(MDA) and total cholesterol (TC) and raising the activities
of superoxide dismutase (SOD), glutathione peroxidase
(GPx), and total antioxidant capacity (T-AOC), the EPS
demonstrated potential  anti-ageing  effects.
Furthermore, Jing et al. (2018b) reported on the antiox-
idant, anti-ageing, and organ protection effects of
water-extracted mycelium polysaccharide (MPS) and
enzyme-extracted mycelium polysaccharide (En-MPS)
from A. aegerita (Brig.) Sing. These polysaccharides dis-
played promising results in mitigating age-related
effects in mice induced with D-galactose. Previous stu-
dies have suggested that trace elements possessed the
potential to enhance the scavenging of free radicals by
biological macromolecules such as polysaccharides, as
well as antioxidant proteins (Lian et al. 2018; Lin et al.
2019). In line with these findings, Liu et al. (2016) isolated
mycelium selenium polysaccharide (MSPS) from the
mycelium of A. cylindracea SL-02. This isolation was
achieved by incorporating Na,SeOs into the SL-02 med-
ium. MSPS was found to be composed of rhamnose,
arabinose, mannose, glucose, and galactose in a molar
ratio of 29:3:1:18.8:2.7. Antioxidant experiments demon-
strated the potential of MSPS in scavenging free radicals
and enhancing the ability to reduce reactive oxygen
species.
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A polysaccharide called ACP’ was isolated from the
fruiting body of A. cylindracea. ACP’ was composed of
mannose, ribose, rhamnose, glucuronic acid, glucose,
galactose, and xylose, with a molar ratio of
0.29:0.47:0.25:1.72:1.51:0.94:1. This study demon-
strated that ACP’ exhibits significant benefits in high-
calorie diet-induced obese mice (Zhu et al. 20223,
2022b). It successfully reduced weight gain, improved
insulin resistance, and alleviated lipid disorders. These
research findings provided evidences for the positive
role of ACP’ in combating diet-induced obesity and
highlighted its potential as a promising probiotic for-
mulation for obesity prevention.

Inhibiting the arginase (ARG) of Leishmania spp. is
effective in the treatment of leishmaniasis. Motoshima
et al. (2018) isolated a heteropolysaccharide fucogalac-
tan (FG-Aa) from the substrates of the A. aegerita,
which inhibited the catalytic activity of ARG by 60.5%
at a concentration of 10 umol/L. The ICsq potency was
5.82 +0.57 umol/L, showing excellent efficacy against
leishmaniasis.

3. Lectins

Fungi are known to contain significant quantities of
lectins, which are proteins or glycoproteins with the
ability to agglutinate cells and selectively bind to
carbohydrates. This binding ability enables lectins to
cause agglutination of different cell types by target-
ing specific monosaccharides or oligosaccharides on
the cell surface. Lectins were vital in several industries,
like biotechnology, diagnostic/pharmacological
research, and therapeutic applications (Singh et al.
1999). More than 400 different species of mushrooms
were subjected to lectin assays by Pemberton (1994),
who discovered that around half of them carried
lectins. Many of these lectin-containing mushrooms
were edible, including Tricholoma mongolicum,
Pleurotus ostreatus, and A. aegerita (Singh et al.
2014). Most of the edible mushroom lectins were
obtained from their substrates and mycelium with
molecular weights ranging from 12-68 kDa.
Precipitation, adsorption chromatography, ion
exchange chromatography, affinity chromatography,
crystallisation, ultrafiltration, gel filtration chromato-
graphy, high-performance liquid chromatography
(HPLC), and fast protein liquid chromatography
(FPLC) were generally used to isolate and purify lec-
tins (Yagi et al. 1997; Singh et al. 2014). A. aegerita

Lectin was relatively stable, had good activity at 60 °C,
and could still maintain activity in extremely acidic
(pH 2.42) or extremely alkaline (pH 12.22) environ-
ments, which was relatively rare among lectin (Sun
et al. 2003). The primary structure of A. cylindracea
lectin was similar to that of fungal galectins, with 37%
sequence homology to Coprinus galectins and only
19% sequence homology to human galectin-1 (Yagi
et al. 2001; Liu et al. 2008).

Lectins represented a large and extensive family
of proteins that shared a specific amino acid
sequence motif in their carbohydrate recognition
structural domain (CRD) (Thijssen et al. 2015;
Sanjurjo et al. 2022), which included His-44, Arg-
48, Val-59, Asn-61, Trp-68, Glu-71, and Arg-73, and
which specifically recognised B-galactose (Yang
et al. 2005). These proteins could be found in
many species ranging from fungi to mammals
and are involved in a diverse array of processes,
including growth regulation, cell adhesion, cell
migration, and immune reactions (Camby et al.
2001; Kaltner et al. 2017). Lectins typically pos-
sessed multiple hydrophilic and shallow binding
pockets or boxes that allowed them to weakly
interact with carbohydrates. However, to enhance
the strength and specificity of carbohydrate-
binding, many lectins existed as oligomers, which
were complexes formed by several similar or iden-
tical monomers. This oligomeric structure enabled
lectins to engage in multivalent binding and
bound multiple carbohydrates simultaneously
(Thakur et al. 2007; Singh et al. 2014). Yagi et al.
(1997) first reported the isolation of a lectin from
A. cylindracea substrates, which was composed of
two identical 15.8 kDa subunits polymerised to
interact strongly with glycoconjugates such as lac-
tose, N-Acetyl-D-lactosamine (LacNAc), NeuAca2,
3GalB1 and 3GIcNAc-/GalNAc (Yang et al. 2005).
According to the report by Zhao et al. (2003),
they successfully isolated an anti-tumour lectin
called AAL from the fruiting body of A. aegerita.
Similar to the lectin found in A. cylindracea, AAL
has a molecular weight of 15.8 kDa and is made up
of two identical subunits. AAL demonstrated
a potent inhibitory effect against SGC-7901,
SW480, MGC80-3, BGC-823, S-180, and Hela cells
at a dose of 100 ug/mL, which was comparable to
the inhibitory rate seen with adriamycin (also at
a concentration of 100 ug/mL). In addition, Ye et al.



(2021) reported the immune-activating properties
of AAL, which promoted the infiltration of T cells,
NK cells, and macrophages into the liver, inhibited
liver tumour growth, and extended the lifespan of
tumour-bearing subjects. Mincle, a major receptor
on leukocytes, recognises and binds to lectin-like
carbohydrates (Zhang et al. 2015). Upon binding
with AAL, Mincle mediated Syk phosphorylation
and triggered the downstream Card9/NF-kB path-
way. This induced macrophage polarisation, lead-
ing to the secretion of various pro-inflammatory
cytokines and chemokines, including CXCL9, CCL2,
CCL3, CCL5, and IL-15. These chemokines subse-
quently directed the migration of activated T cells
and NK cells into hepatic tumour cells, significantly
inhibiting tumour growth (Figure 2). Wang et al.
(2002) reported on the isolation of another lectin
with two distinct subunits (16.1 and 15.3 kDa) that
displayed potent mitogenic activity against mouse
splenocytes. Both subunits exhibited specificity for
sialic acid and could be purified using ion
exchange chromatography. Jiang et al. (2012) iso-
lated a new lectin called AAL-2 from A. aegerita,
with a molecular weight of 43.175 kDa. AAL-2
showed a highly selective binding affinity for the
terminal non-reducing GIcNAc residue. In vitro,
AAL-2 could bind to the surface of liver cancer
cells, and induce cell apoptosis, and in vivo, it

Mincle
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demonstrated anti-liver cancer effects by slowing
the growth of tumours and extending the survival
period of mice with tumours. In addition to its
anti-tumour effects, Lectin (AAL) has also demon-
strated anti-metastatic activity in breast cancer.
Yang et al. (2018) demonstrated that AAL dramati-
cally decreased the lung metastasis of 4T1 cells
when delivered at doses of 1.5mg/kg, and
increased the survival time of mice with tumours.

4, Steroids

Steroids play a significant role as secondary meta-
bolites in Agrocybe, and a total of eight steroids
have been identified. In 2003, the sterol compound
5,8-epidioxy-ergosta-6,22-dien-38-ol (1) and the
known compound ergosterol (2) were first isolated
from the fruiting body of A. aegerita. Compounds
1 and 2 both possessed COX inhibitory and anti-
oxidant activities, with inhibition rates of 57% and
19% inhibition of COX-1 enzyme and inhibition
rates of 22% and 28% inhibition of COX-2 enzyme
at 100 ug/mL (Zhang et al. 2003). Kawagishi et al.
(2007) extracted six types of degraded sterols,
which were formed by ergostane-type steroids
through 5,6- and 9,10 oxidative cleavages resulting
in the loss of the A ring, from the fruiting body of
A. chaxingu. These sterols included chaxines

Figure 2. Schematic representation of the regulatory mechanism of lectin (AAL) in tumour tumour-bearing mice.
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Figure 3. Sterol compounds from Agrocybe.

A-E (3-7) (Kawagishi et al. 2007; Choi et al. 2009),
and demethylincisterol Az (8) (Figure 3), in which
the 2'S and 5’'S stereochemistry structure of the
A ring of compound 4 was initially determined to
be wrong, and later revised to 2'R,5'S (Niki et al.
2020; Zhabinskii et al. 2022). Compound 8 showed
inhibitory activity against Staphylococcus aureus,
Vibrio parahaemolyticus, V. anguillarum,
S. epidermidis, and Bacillus cereus. The inhibitory
activity was significant against S. epidermidis and
B. cereus, exhibiting a minimum inhibitory concen-
tration (MIC) value of 3.13 umol/L (Chen et al.
2015). Furthermore, 8 showed significant cytotoxi-
city against human cancer cell lines Hela, A549,
and HepG2 with 1C5, values of 0.17 nmol/L,
11.14 nmol/L, and 14.16 nmol/L, respectively, and
the flow cytometer showed that 8 mainly inhibited
the cell cycle in the Go/G; phase, thereby appar-
ently inducing apoptosis (Zhou et al. 2018). 3-7
had a strong inhibitory effect on osteoclasts, which
could be used for the prevention and control of
osteoporosis. The rate of osteoclast formation was
reduced to 6.7% at a concentration of 1.6 ug/mL
for 3, 4, and 5 significantly inhibited osteoclast
formation to 66% and 0% at 3.1 mg/mL, respec-
tively (Choi et al. 2009). 5 exhibited significant
cytotoxicity against human cancer cell lines includ-
ing Hela, HT29, HCT116, MCF-7, and Vero, with ICsq

values ranging from 2.24 to 3.77 ug/mL (McCloskey
et al. 2017).

5. Terpenoids
5.1. Volatile terpenoids

Based on the development process of the fruiting
body of A. aegerita, a total of 22 volatile sesquiter-
penes were detected. These sesquiterpenes served as
precursors for different bioactive non-volatile
substances, including ten cadinane-type sesquiterpe-
noids, y-muurolene (9), §-cadinene (10), a-Muurolene
(11), Cadina-3,5-diene (12), Cubenene (13),
Calamenene (14), Epicubenol (15), Cubenol (16), &-
Cadinol (17), and Epizonarene (18), two eudesmane-
type sesquiterpenes, a-Selimene (19) and $-Selinene
(20), and other types of sesquiterpenes B-Elemene
(21), Germacrene D (22), pB-Copaene (23),
Viridiflorene (24), Longifolene (25), A®-protoilludene
(26), Caryophyllene (27), a-Humulene (28), a-
Isocomene (29) and trans-3-Ocimene (30) (Orban
et al. 2020; Zhang et al. 2020) (Figure 4).

5.2. Nonvolatile terpenoids

llludins are a class of sesquiterpene antibiotics renowned
for their diverse antibacterial and antitumour activities.
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21 22 23

27 28 29

Figure 4. Volatile compounds from Agrocybe aegerita.

Liu et al. (2011) isolated a total of 10 illudin-type sesqui-
terpene compounds, agrocybins A-G (31-37), and com-
pounds (2R)-2,3-dihydro-7-hydroxy-2-(hydroxymethyl)-
2,4,6-trimethyl-1 H-indene-5-ethanol (38), illudin T (39),
and illudin | (40) (Figure 5). Their structures were estab-
lished by spectrum data analysis and comparison with
data from the existing literature (Wang et al. 2011).
Interestingly, compounds 32-33 and 39-40 had similar
spirocyclic structures, while 31 was a hexacyclic sesqui-
terpene which was highly cyclised and contained seven
chiral carbons. The cytotoxicity assay was performed on
five human cancer cell lines (HL-60, SMMC-7712, A549,
MCF-7, and SW480) using MTT assay, and compounds
31-39 did not show significant activity at
a concentration of 40 umol/L. In earlier research, it was

24 25 26

30

noted that a cyclopropane ring and a leaving group,
such as a hydroxyl, on C-2 or C-4 were thought to be
necessary for illudins to demonstrate cytotoxicity
(Yamada et al. 2007). However, it is worth noting that
in the case of the tested compounds mentioned, none of
them satisfied this specific structural requirement.
Compound 40 had moderate activity against B. subtilis,
Escherichia coli, and S. aureus, and also showed certain
cytotoxicity (Reina et al. 2004). Dai et al. (2020) success-
fully isolated 13 illudin derivatives from the cultural broth
of A. salicacola, including agrocybins H-K (41-44) and
nine analogues, dihydrogranuloinden (45), echinolac-
tone D (46), (25,35,9R)-14-hydroxy-5-desoxy-illudosin
(47), sterostrein O (48), agrocybins D-G (34-37),
and (2R)-2,3-dihydro-7-hydroxy-2-(hydroxymethyl)-2,4,6-
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42 Ry=H

47 Ry=OH R,=H
55R=H R,=OH

53 R=H
54 R=CHO

Figure 5. Sesquiterpenoids from Agrocybe.

trimethyl-1 H-indene-5-ethanol ~ (49)  (Figure  5).
Structurally, the carbon skeleton of compound 41 has
never been described and was probably derived from
the protoilludane skeleton by carbon-carbon bond
breaking, and compounds agrocybins |-K (42-44)
were aromatised illudin racemates, which were further
isolated to give single enantiomers 42R/S and 43R/S.
Among the illudin derivatives tested, compounds 41,
45, 47, and 48 demonstrated varying degrees of cyto-
toxicity against five different human cancer cell lines
(HL60, SMMC-7721, A549, MCF-7, and SWA480).
Compound 41 displayed a particularly noteworthy
cytotoxic effect on the SW480 cell line, with an 1Cs
value of 8.7 umol/L. Compound 47 also exhibited sig-
nificant cytotoxic effects on multiple cancer cell lines,
including, ICso values ranging from 7.6 to 21.7 umol/L.
Three aromadendrane-type sesquiterpenes 50-52 have
been isolated from the culture of A. salicacola by (Zhu
et al. 2010a). Notably, compound 50 differed from the
common aromadendrane-type sesquiterpene and was
a 2,3-secoaromadendrane-type sesquiterpene with a
5/7-ring cis-fusion. Biogenetically, Fomannosane-type

43 R=OAcR,=H R;=H R,=CH;
44 Ry=OH Ry=H R;=OH R;=CH3
49 Ry=OH Ry=H R;=OH R;=CH3

56 Ri=OH R,=OH Rs=H R,;=CHj;
57 Ri=H R,=OH R3;=OH R,=CH3
59 Ri=OH R,=H R3=H R;=CHj
60 Ri=OH R,=H R3=OH R,;=CHj;
61 Ri=H Ry=H R3=H R;=CH,OH

Rs

R
1 R, Rs

R;=OH R3=H R4=CH,0H Rs5=OH Rg=CHj;
Rs=OH Rg=CH,OH
R5=°AC R6=CH3
R5=0H R6=CH3

OH

62Ry=H R,=CH,OH
63 Ry=OH R,=CHj
64R1=H R,=CH;

sesquiterpenoids (FS) were classified as the largest
group of sesquiterpenes derived from humulene, with
the presence of a cyclobutane and a cyclopentane linked
by carbon-carbon bonds. Liu et al. (2012) obtained two
new FS agrocybins H-I (53, 54) and illudosin (55) from
the fermentation broth of A. salicacola, of which com-
pound 55 might be an intermediate in the biosynthesis
of the sesquiterpene fomannosin. Six marasmone type
sesquiterpenes isolated from Agrocybe sp.. 1a,23-
dihydroxymarasmone (56), 2f3,3a-dihydroxymarasmone
(57),14-hydroxyoreadone (58), agrocybolacton (59),
marasmene (60), 14-hydroxymarasmene (61) (Zheng
et al. 2012). Compound 59 showed moderate activity
against B. subtilis ATCC 6633 and Mycobacteria smegma-
tis SG987 at 50ug/mL (Berg et al. 2002). From
A. cylindracea Maire K3793 isolated protoilludene sesqui-
terpene metabolites, pasteurestin A-C (62-64). 62 and
63 exhibited significant inhibitory activity against the
pathogenic bacterium Pasteurella haemolytica, which
caused bovine pneumonia, with minimum inhibitory
concentrations of 0.39 ug/mL and 0.78 pug/mL, respec-
tively (Takeuchi et al. 2002; Surup et al. 2019).
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Figure 6. Dimeric sesquiterpenes from Agrocybe.

5.3. Dimeric sesquiterpenes

The compound agrocybone (65) was a bis-sesquiterpene
that was isolated from the fermentation broth of the
fungus A. salicacola (Figure 6). It is worth noting that the
skeleton of 65 consisted of two spirocyclic carbons, which
are highly unique in the realm of natural products. 65 had
no inhibitory activity against cancer cell lines, but showed
a weak antiviral activity against respiratory syncytial virus
(RSV) with an IC5, value of 100 umol/L (Zhu et al. 2010b).
Surup et al. (2019) isolated three compounds, bovistol A-
C (66-68) from the liquid cultures of Cyclocybe aegerita.
The compound bovistol was believed to be a dimeric
sesquiterpene derived from the heterodimeric Diels-
alder reaction of two sesquiterpenes. Compound 66
exhibited weak cytotoxic effects with 1C5o values of
15 pg/mL for L929 and 7 pg/mL for KB3.1.

6. Alkyne compounds

The Agrocybe genus is known to produce plant growth
regulators, including alkyne compounds produced by
A. praecox that could stimulate abnormal fruit enlarge-
ment. Additionally, Agrocybe sp. has been found to
cause shrinkage of strawberry fruits (Suzui et al.
1980). These findings demonstrated that different
Agrocybe species and their compounds could have
diverse effects on plant growth and development.

4 4 NH;

69 70 71

Figure 7. Alkyne compounds from Agrocybe.
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Five analogues of polyacetylene, Agrocybynes A-
E (69-73) (Figure 7), were isolated from the culture
broth of A. praecox by Fushimi et al. (2012). Although
Agrocybyne D (72) has been chemically synthesised,
this is the first time it has been isolated from a natural
source. Compounds 69-72 inhibited hypocotyl growth
(29.6%, 70.4%, 38.4%, and 12.0% of the rate of length
of growth compared to the control). 69, 71, and 72
inhibited root growth at 1 umol/L (20.7%, 17.3%, and
6.67%). In the study conducted by Zheng et al. (2016),
a compound known as 8-Hydroxy-2,4,6-octatriynamide
(74) was isolated from the fermentation broth of
Agrocybe sp. The structure of 74 was determined
through NMR, ESI, and X-ray single-crystal diffraction.
74 was identified as a natural polyacetylene and exhib-
ited inhibitory effects against rice pathogens.
Specifically, it displayed significant growth inhibition
against Xanthomonas oryzae, with a minimum inhibi-
tory concentration (MIC) of 53.1 pumol/L.

7. Other compounds

More and more studies have shown that there is
a close relationship between brain ageing or related
neurodegenerative diseases and oxidative stress (an
imbalance between free radicals and antioxidant
reserves) (Kandlur et al. 2020; lonescu-Tucker and
Cotman 2021), for instance, Alzheimer's disease

o o o
4 NH; é NH; 4 NH,
Y o Z
.
o) Ho 72
72 73 74
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(Cabral-Costa and Kowaltowski 2020). Kim et al. (1997)
obtained two new indole radical scavengers,
6-hydroxy-1 H-indole-3-carboxaldehyde (75) and
6-hydroxy-1 H-indole-3-acetamide (76), from the
MeOH extract of A. cylindracea that could inhibit
lipid peroxidation in rat liver microsomes with 1Csq
values of 4.1 and 3.9pug/mL, respectively.
A structurally unique alkaloid Agrocybenine (77) was
isolated from the fruiting body of A. cylindracea by
CHCI3-MeOH gradient elution (Koshino et al. 1996).
And, 2-formyl-3,5-dihydroxybenzyl acetate (78) and
o-orsellinaldehyde (79) were isolated from the culture
of A. praecox (Fushimi et al. 2012) (Figure 8). DNA
fragment analysis using flow cytometry and the pre-
sence of significant sub-G1 peaks suggested that com-
pound 79 might mediate its cytotoxicity through cell
apoptosis. According to the viability of Hep 3B and
MRC-5 cells, the 1C5o values were 3.6 and 33.1 ug/mlL,
respectively (Lin and Liu 2006). Diyabalanage et al.
(2008) isolated a ceramide (80) from the fruiting body
of A. aegerita, which had a significant inhibitory effect
on COX enzymes. At a concentration of 25 ug/mL, the
inhibition rates of COX-1 and COX-2 enzymes reached
43% and 92.3%, respectively.

8. Biosynthesis

Terpenoids are a highly diverse group of natural pro-
ducts that exhibit a wide range of structures. They
were found to be applied in various industries such as
food, cosmetics, industrial raw materials, and pharma-
ceuticals. Terpene synthases were characterised by
a wide variety of functions and products, resulting in
a large number of terpenoids and complex structural
types (Wu et al. 2022). Zhang et al. (2020) identified 11
sesquiterpene synthases (STSs) of the fungus
A. aegerita, by their engineered E. coli chassis strains
designed for high terpene production, Agr1-Agr9
could biosynthesize one or more sesquiterpenes in
E. coli.

Fungal sesquiterpene synthases could be divided
into clades I-IV (Figure 9). Comparing these 11 STS
from A. aegerita with other fungal STS that have been
characterised in previous studies [Clitopius pseudopin-
situs (CpSTS), Coniophora puteana (Copu), Coprinopsis
cinerea (Cop), Lignosus rhinocerotus (GME),
Omphalotus olearius (Omp), Postia placenta (PpSTS),
Stereum hirsutum (ShSTS), Termitomyces albuminosus
(STCQ), Fomitopsis pinicola (Fompil), Armillaria gallica
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(Pro1), Lactarius deliciosus (LdSTS)] were analysed
together for phylogenetic tree analysis (Figure 9).
Results showed that Agr1 clustered with Cop1 and
STC15, which were classified as highly promiscuous
terpene synthases with a-muurolene as the major
product [clade | (Light green colour)]. However, Agr1
had 6-cadinene as the major product, in which Cop1
had B-elemene as the major product and 6-cadinene
as the minor product, and STC15 produced germa-
crene D-4-ol. Agr3 clustered with Cop3, CpSTS3, and
Omp3, which also belong to the highly promiscuous
terpene synthases group, with a-muurolene as their
primary product (clade |, light green colour). Agr2,
Agr5, CpSTS13, CpSTS12, and CpSTS9 were classified
as terpene synthases belonging to clade II_A (green
colour) and known to produce viridiflorol and viridi-
florene as their main products. Agr4 clustered with
Cop4 and CpSTS2, which were classified as highly
promiscuous terpene synthases with &-cadinene as
the major product (clade Il _B, apricot colour). Both
Agré6 and Agr7 had A°-protoilludene as their unique
product. These two enzymes, along with Ompé,
CpSTS4, PpSTS08, ShSTS15, ShSTS16, ShSTS17,
ShSTS18, and Prol were classified as A°®-
protoilludene synthetases (clade lll, purple colour).
Agr8 and Agr9 were not categorised in several of
the above clades. These two enzymes were capable
of producing several sesquiterpene compounds. y-
Muurolene and B-cadinene were the main products
of Agr8, and -selinene was also detected, as well as
small amounts of a-selinene, B-elemene, and 6-
cadinene. The main product of Agr9 was an unknown
sesquiterpene, with small amounts of y-Muurolene, -
cadinene, and 6-cadinene. By examining the evolu-
tionary relationships and clustering patterns of known
terpenoid synthase (TPS) enzymes through phyloge-
netic analysis, researchers can identify candidate
genes or proteins that share sequence similarities
with characterised TPS enzymes. This approach offers
valuable insights into the potential functions and
substrate specificities of these newfound TPS candi-
dates. It helps in the exploration and discovery of
novel terpenoid biosynthetic pathways within the
fungal kingdom.

9. Conclusions and prospect

Edible macrofungi from the Agrocybe genus, such as
A. aegerita, have increasingly become a significant
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Table 2. Biological activity of Agrocybe secondary metabolites and their producers.

Species Bioactive metabolites Biological activities Materials References
A. aegerita 5,8-epidioxy-ergosta-6,22-dien-34-ol (1) Anti-inflammatory activity; Fruit body Zhang et al. (2003)
antioxidant agents
Ergosterol (2) Anti-inflammatory activity Fruit body Zhang et al. (2003)
Ceramide (80) Inhibition of COX enzyme activity Fruit body Diyabalanage et al. (2008)
Anti-cancer activity
A. chaxingu  Chaxine A (3) Prevention of osteoporosis (osteoclast Fruit body Kawagishi et al. (2007)
differentiation assay)
Chaxine B (4) Prevention of osteoporosis (osteoclast Fruit body Choi et al. (2009); Zhabinskii
differentiation assay) et al. (2022)
Chaxine C (5) Prevention of osteoporosis (osteoclast Fruit body Choi et al. (2009); McCloskey
differentiation assay); cytotoxic et al. (2017)
activity
Chaxine D (6) Prevention of osteoporosis (osteoclast Fruit body Choi et al. (2009)
differentiation assay)
Chaxine E (7) Prevention of osteoporosis (osteoclast Fruit body Choi et al. (2009)
differentiation assay)
Demethylincisterol A; (8) Antibacterial activity; cytotoxic Fruit body Kawagishi et al. (2007); Chen

A. salicacola

Agrocybe sp.

A. cylindracea

Agrocybin A (31)
Agrocybin B (32)
Agrocybin C (33)
Agrocybin D (34)

Agrocybin E (35)
Agrocybin F (36)
Agrocybin G (37)

(2R)-2,3-dihydro-7-hydroxy-
2-(hydroxymethyl)-2,4,6-trimeth-yl-1
H-indene-5-ethanol (38)

llludin T (39)

llludin | (40)
Agrocybin H (41)

Agrocybin | (42)

(+)-agrocybin J (43)

(+)-agrocybin K (44)

Dihydrogranuloinden (45)

Echinolactone D (46)

(25,35,9R)-14-hydroxy-5-desoxy-
illudosin (47)

Sterostrein O (48)

(2R)-2,3-dihydro-7- hydroxy-
2-(hydroxymethyl)-2,4,6-trimethyl-1
H-indene-5-ethanol (49)

(50)
(51)
(52)

Agrocybin H (Fomannosane-type) (53)

Agrocybin | (Fomannosane-type) (54)

llludosin (55)

Agrocybone (65)

1a,23-dihydroxymarasmone (56)

2B,3a-dihydroxymarasmone (57)

14-hydroxyoreadone (58)

Agrocybolacton (59)

Marasmene (60)
14-hydroxymarasmene (61)
8-Hydroxy-2,4,6-octatriynamide

(Agrocybin) (74)
6-hydroxy-1H-indole-

3-carboxaldehyde (75)
6-hydroxy-1H-indole-3-acetamide (76)
Agrocybenine (77)

activity

Cytotoxic activity

Cytotoxic activity; inhibitory effect on
nitric oxide

Anticancer activity
Cytotoxic activity

Cytotoxic activity

Antibacterial activity
Antiviral activity

Antibacterial activity

Inhibitory activities against rice
pathogens
Free radical scavenging activity

Free radical scavenging activity

Liquid culture
Liquid culture
Liquid culture
Liquid culture

Liquid culture
Liquid culture
Liquid culture

Liquid culture

Liquid culture
Liquid culture
Liquid culture

Liquid culture
Liquid culture
Liquid culture
Liquid culture
Liquid culture
Liquid culture

Liquid culture
Liquid culture

Liquid culture
Liquid culture
Liquid culture
Liquid culture
Liquid culture
Liquid culture
Liquid culture
Liquid culture
Liquid culture
Liquid culture
Liquid culture

Liquid culture
Liquid culture
Liquid culture

Fruit body

Fruit body
Fruit body

et al. (2015); Zhou et al.
(2018)

Liu et al. (2011)

Liu et al. (2011)

Liu et al. (2011)

Liu et al. (2011); Dai et al.
(2020)

Liu et al. (2011); Dai et al.
(2020)

Liu et al. (2011); Dai et al.
(2020)

Liu et al. (2011); Dai et al.
(2020)

Liu et al. (2011)

Liu et al. (2011); Wang et al.
(2011)

Reina et al. (2004); Wang et al.
(2011)

Dai et al. (2020)

Dai et al. (2020)
Dai et al. (2020)
Dai et al. (2020)
Dai et al. (2020)
Dai et al. (2020)
Dai et al. (2020)

Dai et al. (2020)
Dai et al. (2020)

Zhu et al. (2010a)
Zhu et al. (2010a)
Zhu et al. (2010a)
Liu et al. (2012)
Liu et al. (2012)
Liu et al. (2012)
Zhu et al. (2010b)
Zheng et al. (2012)
Zheng et al. (2012)
Zheng et al. (2012)
Berg et al. (2002); Zheng et al.
(2012)
Zheng et al. (2012)
Zheng et al. (2012)
Zheng et al. (2016)

Kim et al. (1997)

Kim et al. (1997)
Koshino et al. (1996)

(Continued)
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Species Bioactive metabolites Biological activities Materials References
A. cylindracea Pasteurestin A (62) Antibacterial activity Takeuchi et al. (2002)
Maire Pasteurestin B (63) Antibacterial activity Takeuchi et al. (2002)
K3793
C. aegerita Pasteurestin C (64) Antibacterial activity Mycelium Surup et al. (2019)
Bovistol A (66) Cytotoxic activity Mycelium Surup et al. (2019)
Bovistol B (67) Weak antimicrobial activity Mycelium Surup et al. (2019)
Bovistol C (68) - Mycelium Surup et al. (2019)
A. praecox Agrocybyne A (69) Inhibitory activity against plant Liquid culture Fushimi et al. (2012)

Agrocybyne B (70)

growth
Inhibitory activity against plant

Liquid culture

Fushimi et al. (2012)

growth
Agrocybyne C (71)

growth
Agrocybyne D (72)

growth
Agrocybyne E (73)
2-formyl-3,5-dihydroxybenzyl acetate (78)
0O-orsellinaldehyde (79)

Inhibitory activity against plant

Inhibitory activity against plant

Cytotoxic activity

Liquid culture Fushimi et al. (2012)

Liquid culture Fushimi et al. (2012)

Fushimi et al. (2012)

Fushimi et al. (2012)

Lin and Liu (2006); Fushimi
et al. (2012)

Liquid culture
Liquid culture
Liquid culture

- No obvious biological activities were reported in the references.

component of daily diets and health supplements (Li
et al. 2023). The bioactive compounds extracted from
the fruiting bodies of these mushrooms are recog-
nised for their high safety profile. However, their
applications were hindered by several challenges,
including the labour-intensive cultivation process,
lengthy growth periods, and the low yield of second-
ary metabolites, which are typically not easily acces-
sible. For instance, chaxine A, a compound employed
in osteoporosis prevention, could only be isolated at
a rate of 1 mg/kg of dried A. chaxingu fruiting bodies
(Kawagishi et al. 2007). Despite these limitations, sig-
nificant advancements in the synthesis of certain
mushroom-derived secondary metabolites have
been seen in recent years (Anke 2020). A notable
example is ganoderic acid, a compound with potent
anti-cancer properties. It is now produced via hetero-
logous synthesis in yeast under optimised conditions,
resulting in higher yields than direct extraction from
mushrooms (Yuan et al. 2022).

Although this review introduced over 80 natural
products from Agrocybe (Table 2), it is crucial to high-
light that most of these compounds originate from
the fermentation broth of A. salicacola and are pre-
sent in minuscule quantities, complicating their isola-
tions. However, we can enhance the production of
these secondary metabolites through ab initio synth-
esis by judiciously modifying the host organism.
Moreover, there is substantial potential to identify
more compounds from the Agrocybe genus via bio-
synthesis or heterologous expression. This approach
will not only deepen our understanding of Agrocybe,

but also pave the way for further drug development
and other potential applications.
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