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Edible Astraeus mushrooms are known for their nutritional and
culinary benefits and potential therapeutic properties. However,
more investigation and discussion are still needed to under-
stand their mechanisms of action regarding observed biological
activities and thorough chemical analysis of bioactive com-
pounds. This review provides a comprehensive summary and
discussion of the bioactive properties and mode of action of
Astraeus extracts and their isolated compounds. It covers their
reported antioxidant, anti-inflammatory, antidiabetic, anti-
cancer, anti-tuberculosis, antimalarial, antiviral and antileishma-

nial activities, as well as their potential benefits on metabolic
and cardiovascular health and immune function. The review
highlights the significance of the biological potential of isolated
compounds, such as sugar alcohols, polysaccharides, steroids,
and lanostane triterpenoids. Moreover, the review identifies
under-researched areas, such as the chemical analysis of
Astraeus species, which holds immense research potential.
Ultimately, the review aims to inspire further research on the
nutraceuticals or therapeutics of these mushrooms.

1. Introduction

Extensive literature unequivocally demonstrates the therapeutic
benefits of non-poisonous mushrooms as functional food and
medicine. Mushrooms are widely known for their nutritional
and culinary value. They are as important as plant and animal-
derived products for human health and nutrition.[1] They have
been used worldwide as sources of food.[2] Edible mushrooms
are low in calories and fat but high in proteins,[3] carbohydrates,
vitamins, minerals, amino acids, and dietary fibre.[4]

Mushrooms have also been traditionally used as medicine in
some countries and, therefore, have immeasurable potential to
be used as a regular therapeutic food.[2] Indeed, mushrooms are
rich in bioactive compounds with antiviral,[5] antibacterial,[6]

antifungal,[7] antiparasitic, antioxidant, anti-inflammatory,[8]

anticancer,[9] anti-HIV,[10] antidiabetic,[11] neuroprotective,[12]

immunomodulatory,[13,14] and anticoagulant properties.[15,16] Me-
dicinal mushrooms have been actively investigated using
modern research methods for their potential to treat human
diseases, such as cancers, diabetes, hyperglycaemia, hyper-

lipidaemia, cardiovascular disease, metabolic disorders and
neurodegenerative disorders.[17,18] Since the start of the COVID-
19 pandemic, there has been a surge in investigation into the
therapeutic potential of bioactive compounds in mushrooms to
treat SARS-CoV-2 Infection (pathogen for COVID-19).[19,20]

1.1. Astraeus Species

Despite being used for medicine and food in many parts of the
world, there has been limited research on the biological
activities and phytochemicals of Astraeus species.[21–24]

Astraeus species, especially A. hygrometricus, A. odoratus and
A. asiaticus, are rare and difficult to access, which makes them
highly sought after and expensive. They are wild and only
available during a short harvest season, particularly during the
rainy season. In addition, due to uncontrolled picking and
habitat loss, many of these mushrooms are being overexploited,
leading to a decline in their populations.[25] This is particularly
true for A. Asiaticus and A. odoratus, which grow in areas with
Dipterocarp trees. It is important to note that other Astraeus
mushrooms also have ectomycorrhizal relationships with sev-
eral host tree species, such as Acacia, Alnus, Cedrus, Castanea,
Eucalyptus Pinus, Pseudotsuga, and Quercus. Currently, there are
no methods for cultivating these mushrooms, which may
explain why there have been limited studies on their bioactive
compounds.[26]

1.2. Taxonomy

Initially, Astraeus species were misidentified as Geastrum earth-
stars due to their similar appearance. Despite the resemblance,
however, they are not closely related.[27] The genus Astraeus is
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currently classified within the Diplocystidiaceae family under the
order of Boletales (Table 1).[28]

Table 2 lists twelve species of Astareus as documented in
the literature. These species include A. asiaticus, A. hygrome-
tricus (Pers.), A. koreanus, A. morganii, A. odoratus, A. pteridis
(Shear), A. sirindhorniae, A. smithii, A. telleriae, and A. thailandicus
Petchart.[23,27,29–32]

1.3. Historical Overview of Discovery and Identification of
Astraeus Species

Early studies by Zeller et al. (1948)[33] and Kirk et al. (2001)[34]

suggested that the genus Astraeus comprised only two species:
A. hygrometricus and A. pteridis. Initially, A. hygrometricus was
thought to be a single species. However, a study by Fangfuk
et al. (2010)[35] revealed that a Japanese species, previously
classified as A. hygrometricus var. koreanus, was genetically
distinct from A. hygrometricus. A later study by Phosri et al.
(2013) confirmed that A. hygrometricus, as previously defined, is
not a single species but consists of several distinct species. A.
hygrometricus, or the hygroscopic earthstar, begins to resemble
a puffball when young. However, as it matures, the outer layer
of its fruit body tissue splits open in a star-like pattern, giving it
the shape of an earthstar. This ectomycorrhizal species
commonly grows alongside various trees (Table 2), especially in
sandy soils. The genus is widespread in temperate and tropical
regions worldwide,[27] including Africa, Asia, Australia, Europe,
North America,[29] and South America.[23]

Other species, detailed in Table 2, have been identified
using both morphological characteristics and molecular techni-
ques (Phosri et al. 2004, 2007; Fangfuk et al. 2010). One notable
example is the discovery of Astraeus odoratus, a distinct
mushroom species, by Phosri in 2004.[30] This discovery marked
a significant addition to mycology. Initially found in the Thai
highlands, this rare species thrives in sandy or laterite-rich soil
in dry lowland dipterocarp forests. Its presence was reported in
various Southeast Asian countries by Phosri in 2007,[27] and
recent findings have also identified it in the forests of Jhark-
hand, India.[32]

Astraeus asiaticus was identified as a distinct species from A.
hygrometricus by Phosri et al. (2007)[27] It is mainly found in Asia,

particularly in the northern and northeastern regions of Thai-
land, during the rainy season from May to August. Fresh
basidiomes of A. asiaticus are often sold in domestic markets,
along with A. odoratus. This species has also been found in
Laos, Sri Lanka, and India, suggesting a wide geographical
distribution.[27,36,37]

Astraeus pteridis (Shear) Zeller has been a source of
confusion in the past; however, a molecular phylogenetic study
conducted in 2013 by Phosri et al.[23] clarified that A. pteridis
refers to the larger species of Astraeus found in the Pacific
Northwest region of North America. A. pteridis has also been
discovered in the Canary Islands, Madeira, and Argentina and
may be widely distributed or have been translocated. A. pteridis
forms ectomycorrhizal associations with several tree species,
including Pinus, Pseudotsuga, Alnus, Eucalyptus, and
Castanea.[27,38,39]

1.4. Morphology of Astraeus

Mushrooms of the Astraeus genus have an intricate peridium
that is divided into three anatomical layers: exoperidium,
endoperidium, and mesoperidium. The exoperidium opens up
in the shape of a star, revealing a round spore sac. It is
susceptible to moisture and will close to protect the spore sac
when it is hot and dry, giving it the name of false or barometer
earthstar.[27] The endoperidium encloses the fertile gleba mass
in most species, while the mesoperidium connects to the inner
exoperidium and outer endoperidium. The fertile gleba releases
spores through a bellow mechanism.[24,37,45,46] Astraeus mush-
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Table 1. Taxonomy of Astraeus species.

Domain Eukaryota

Kingdom Fungi

Division Basidiomycota

Class Agaricomycetes

Order Boletales

Family Diplocystidiaceae

Genus Astraeus
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rooms grow on the ground in a mutually beneficial relationship
with trees and shrubs, known as ectomycorrhizal associations.

1.5. Nutritional Benefits of Astraeus Mushrooms

Astraeus mushrooms are known for their high nutritional
value,[47] primarily due to their high protein and fibre content
and low-fat content found in the basidiocarps of mushrooms.[21]

Studies have been conducted to investigate the nutritional
potential of three species of Astraeus mushrooms, namely A.
hygrometricus, A. asiaticus and A. odoratus.[48–51] However, there
is no reported data describing the nutritional properties of
other Astraeus mushrooms. The research reveals that these
mushrooms have high moisture content, with A. hygrometricus,
A. odoratus and A. asiaticus mushrooms having 83.87%, 84.2%,
and 82.4% moisture content, respectively.[50–52] This high
moisture content significantly affected the levels of carbohy-
drates, soluble ions, proteins, fatty acids, and fibres. The
incinerated residue ash content of the mushroom is directly
proportional to its mineral content, as suggested by Sanmee
et al. (2003).[48] The reported ash contents of A. hygrometricus, A.
odoratus, and A. asiaticus were found to vary widely depending
on the mushroom’s part, maturity, and preparation. For
example, the ash content of the young and major fruiting
bodies of A. hygrometricus was 27.6% and 14.2%,
respectively.[48] Interestingly, the ash content of uncooked
(18.43%) and cooked A. hygrometricus fruiting bodies (15.52%)
was very similar.[22] Meanwhile, the ash content of A. odoratus

was found to be 0.98% and 18.43% based on the fresh and dry
weight of their fruiting bodies, respectively.[51] Additionally, the
ash content of the fruiting body of A. asiaticus (2.83%) was
much lower than that of A. hygrometricus and A. odoratus.[52]

Digestible carbohydrates are those that can be easily
digested. These include monosaccharides, disaccharides, and
sugar alcohols such as arabitol, mannitol, and trehalose.[53] Non-
digestible carbohydrates, especially polysaccharides, have pre-
biotic properties that benefit gut health and other health
benefits, which will be discussed later. Astraeus mushrooms,
including A. hygrometricus (35.4–64.3%), A. asiaticus (65.7%),
and A. odoratus (20.6%), have high levels of both digestible and
non-digestible carbohydrates.[22,47,48,51,52] Polysaccharides are vital
components of mushroom cell walls, and they can be classified
into two main groups: rigid fibrillars of chitin and abundant
glucans, which include β-glucans with variable proportions of β-
1,3 and β-1,6 linkages, as well as α-1,3-glucans.[54]

Recent findings have revealed that the fruiting body of A.
odoratus contains a higher amount of crude protein (26.3%)
than that of A. hygrometricus (14.7–16.8%) and A. asiaticus
(17.8%). These three species of Astraeus contain to some extent
equivalent amounts of protein as edible legumes (16.8–17.3%),
which is higher than another edible mushroom Jelly Ear fungus
(Auricularia auricula-judae (Bull.) Wettst., (10–16%).[55] A. odor-
atus fruiting body has higher fibre (35.4%) than that of A.
hygrometricus (10.8–14.58%) and A. asiaticus (11.49%). These
contents are lower than that of Auricularia auricula-judae (51–
56%).[56] These mushrooms contain high fibre content, which
benefits digestion, bowel health, and cardiovascular health.[57]

Table 2. List of Astraeus species.

Species Name Habitat Distribution Ref

A. asiaticus Phosri M.P. Martín
& Watling

Found on sandy or lateritic soil in dry dipterocarp forests. Thailand, India, Sri Lanka [27,37]

A. hygrometricus (Pers.) Mor-
gan

Found on sandy or lateritic soil in dry lowland forests associated with
Dipterocarp, Quercus baloot, Cedrus deodara

Thailand, India, Afghani-
stan, North America, Medi-
terranean

[24,27,30,31,40,41]

A. hygrometricus var. koreanus Found in dry to humid areas associated with pine trees Japan [35]

A. macedonicus Rusevska Kar-
adelev Tellería & M.P. Martín,
sp. nov.

Found on soil in deciduous forests. Macedonia [42]

A. morganii Phosri M.P. Martín
& Watling

Found in sandy soil in fields and woods. Colorado, USA [23]

A. odoratus Phosri Watling
M.P. Martín & Whalley

Found on sandy or lateritic soil in dry lowland dipterocarp forests. Thailand, India [24,30,31]

A. pteridis (Shear) Zeller Found among conifer and eucalyptus trees on the forest floor, growing
individually or in groups.

Portugal, Spain, USA, Mex-
ico, New Zealand, Australia

[23,27,33,38]

A. ryoocheoninii Ryoo (A. kore-
ana)

Found on sandy soil associated with Pinus densiflora. South Korea and Japan [43]

A. sirindhorniae Watling Phosri
Sihan. A.W. Wilson & M.P.

Found partially buried in ultisols soil in dry deciduous forests associated
with Dipterocarpus tuberculatus Roxb., Shorea obtusa Wall. and Shorea
siamensis Miq.

North and Northeastern
Thailand

[31,44]

A. smithii Watling M.P. Martín
& Phosri

Found on soil surfaces, in the margins of woodland or open areas. Michigan, USA [23]

A. telleriae M.P. Martín Phosri
& Watling

Found on soil, in open areas and margins of woodland of Pinus and
Quercus trees.

Greece [23]

A. thailandicus Petcharat Found on the ground in a dry dipterocarp forest beneath the shade. Thailand [29]
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1.6. Aims

Among the different species of Astraeus, A. hygrometricus has
been investigated the most for its biological properties of crude
extracts and some isolated compounds. However, more inves-
tigations and discussions are still needed regarding the bio-
logical activities, phytochemical analysis, and mechanisms of
action of extracts and active compounds from Astraeus species,
including A. hygrometricus. This review aims to objectively cover
the following topics to comprehensively explore the therapeutic
potential of these edible mushrooms: (i) the biological activities
of crude extracts and isolated compounds, (ii) identified
compounds and (iii) the mechanism of actions of extracts and
isolated compounds from various Astraeus species.

2. Chemistry of Astraeus Mushrooms

Only four species of Astraeus have been studied for their
phytochemicals: A. hygrometricus, A. odoratus, A. asiaticus, and
A. pteridis. Different compounds belonging to polysaccharide,
terpenoid, and steroid families have been identified and
isolated. The review attempts to provide a comprehensive list
of the phytochemicals found in each of these Astraeus species.

2.1. Compounds Isolated from A. hygrometricus

Compounds that have been isolated from A. hygrometricus are
listed in Figure 1. In early studies, Takaishi et al. (1987)[58]

identified three lanostane-type triterpenes and two steroids:
astrahygrone (1), astrahygrol (2), 3-epi-astrahygrol (3), ergosta-
7,22-diene-3-ol (6) and ergosta-4,6,8-(14),22-tetraene-3-one (8)
from the methanolic extract of A. hygrometricus. Hong-jun et al.
(2007) reported the isolation of steryl ester (7) with an
ergostane-type nucleus along with ergosterol (9) and ergosterol
peroxide (10).[59]

Later work by Lai et al. (2012)[60] isolated another two
lanostane-type triterpenes, astrakurkurone (4) and astrakurkurol
(5). Furthermore, bioactive compounds such as β-carotene,
lycopene and phytic acid (Supplementary Table S1) were
identified by Pavithra et al. (2016).[36] The two research groups
isolated and structurally determined polysaccharides from A.
hygrometricus. Pramanik et al. (2000)[61] isolated a polysacchar-
ide from a hot water extract of A. hygrometricus, which was
structurally elucidated as !6)-β-D-galactopyranosyl-(1!6)-β-D-
galactopyranosyl-[(2!1)-β-D-galacturonic acid]-(1!3)-α-D-glu-
copyranosyl-(1! units (11). Chakraborty et al. 2004 conducted
a structural analysis of a polysaccharide fraction (AQS� I)
extracted from the hot aqueous extract of A. hygrometricus, and
the structure was determined to be repeating units of (1!4)-α-
D-glucopyranosyl-(l!6)-β-D-glucopyranosyl-(l!6) (12).[62] The
second polysaccharide fraction (ASQ-II) was also isolated from

Figure 1. Compounds isolated from A. hygrometricus.[58–64]
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the same hot aqueous extract. The nuclear magnetic resonance
(NMR) analysis identified ASQ-II as a heteroglycan with repeat
units of α-(l!6)-D-galactopyranose, α-D-glucopyranosyl, β-L-
fucose, and (l!2,4,6)-D-glucopyranose (13).[63] Additionally, the
same group isolated another water-soluble polysaccharide
(AE2) from an alkaline extract of A. hygrometricus. The
polysaccharide (AE2) was determined to be repeating units of
(1!3)-α-D-mannosyl, terminal α-D-glucosyl, (1!4)-linked β-L-
fucosyl, and (1!6) linked β-D-glucosyl (14).[64]

Studies conducted to determine the nutritional composition
of A. hygrometricus have revealed the presence of various
substances such as sugars, sugar alcohols, organic acids, fatty
acids, and amino acids. These findings are listed in Supplemen-
tary Table S1.[48,65–68] The sweet and meaty taste of A. hygrome-
tricus is attributed to sugars, amino acids, and umami 5’-
guanosine.[68]

2.2. Phytochemicals Isolated from A. odoratus

Figure 2 lists phytochemicals isolated from A. odoratus. In the
early work by Arpha et al. (2012),[69] astraodoric acids A–D (15–
18) were isolated along with ergosterol (9) (Figure 1), artabo-
tryol A (36) (also known as astraodorol), nicotinic acid (21),
hypaphorine (22) and 5-hydroxyhypaphorine (23) from the
extracts of A. odoratus. Isaka et al. (2016) analysed methanolic
and hexane extracts of A. odoratus, which resulted in the
isolation of 18 triterpenoids. These compounds include 12
newly discovered astraeusins A� L (24–35) and six known
compounds, namely: astraodoric acids A (15), B (16), and D (18);
artabotryols A (36) and B (37); and lanosterol (38).[70]

In 2017, Srisurichan et al.[71] were able to isolate three new
compounds: astraodoric acid E (19), astraodoric acid F (20) and
spiro-astraodoric acid (39). They also identified six known
compounds: astraodoric acids A� D (15–18), hypaphorine (22)

Figure 2. Compounds isolated from A. odoratus.[69–71]
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and glucosylceramide (40). Analysis of A. odoratus’ proximate
compositions revealed the presence of β-glucans and sugar
alcohols like mannitol and inositol.[47,72]

2.3. Phytochemical Isolated from A. asiaticus

Figure 3 provides a list of various compounds that have been
extracted from A. asiaticus. In 2015, Pinjuk et al.[73] discovered
two new lanostane triterpenoids named astrasiaone (41) and
astrasiate (46) from the extracts of A. asiaticus collected in
Thailand. They also identified six known compounds, namely
ergosterol (9), hypaphorine (22), artabotryol A� B (36–37)
(Figures 1 and 2), artabotryol C1 (42) and 6-dehydrocerevisterol
(47) (Figure 3). Isaka et al. 2017[74] later isolated 24 lanostane
triterpenoids from A. asiaticus. Among these, seven were novel
lanostane triterpenoids, namely 26-epi-astrasiaone (43), 26-epi-
artabotryol C1 (44), astraeusin Q (45) and astraeusins M� P (48–
51), and while the remaining seventeen were previously known
compounds. These are astraodoric acids A� D (15–18), astraeu-
sins A� C (24–26), astraeusin H (31), astraeusin K (34), artabo-
tryol A� B (36–37), lanosterol (38), astrasiaone (41), artabotryol
C1 (42), astrasiate (47), epi-inotodiol (52) and artabotryol D (53),
which can be found in Figure 2 and 3, respectively.

Pandey et al. (2022)[46] analysed the proximate compositions
of A. asiaticus and revealed the presence of phenolics,
flavonoids, and ascorbic acid. These compounds contribute to
the antioxidant properties of the mushroom. Currently, no

research is available on the presence of polysaccharides in A.
asiaticus.

2.4. Phytochemical Isolated from A. pteridis

Stanikunaite et al. (2008)[75] is the only group that has
conducted a chemical investigation of A. pteridis collected in
Oregon, North America. This investigation has led to the
isolation and identification of three novel triterpenoids: astrap-
teridone (54), astrapteridiol (55) and 3-epi-astrapteridiol (56), as
shown in Figure 4. Additionally, known compounds previously
isolated from other Asatraeus mushrooms were also found,
namely astrahygrone (1), 3-epi-astrahygrol (3), hypaphorine (22)
and lanosterol (38), as shown in Figures 1 and 2. Aside from the
efforts of Stanikunaite et al. (2008),[75] the phytochemical
analysis of A. pteridis remains underinvestigated.

3. Biological Properties of Astraeus

3.1. Astraeus Hygrometricus

The crude extracts of A. hygrometricus are the most studied
compared to those of A. odoratus, A. asiaticus, and A. pteridis. A.
hygrometricus crude extracts are known to contain bioactive
compounds, including heteroglycans, glucans, triterpenoids,
polyphenols, fatty acids and other chemical substances.[21,76]

Figure 3. Compounds isolated from A. asiaticus.[73,74]
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Several recent studies have been conducted on the biological
activities of A. hygrometricus extracts, which are summarised in
Tables 3 and 4. The discussed studies demonstrate that the
extracts offer a variety of health benefits. Figure 5 outlines the
potential mechanisms of bioactive compounds from Astraeus
species that contribute to these benefits, which are further
elaborated in the following sections.

3.1.1. Antioxidant Properties

A study by Biswa et al. (2010)[77] found that the ethanolic extract
of A. hygrometricus showed significant in vitro scavenging

activities against superoxide anion and hydroxyl radical with
half-maximal inhibitory concentration (IC50) values of 357.95 and
81.2 μg/mL, respectively. Ascorbic acid (IC50=65 μg/mL) was
used as the positive control for the superoxide radical
scavenging activity assay, while catechin (IC50=840 μg/ml) was
used as the positive control for the hydroxyl radical scavenging
activity assay. The extract also inhibited the lipid peroxidation
with an IC50 of 87.96 μg/ml, compared to the control, catechin
(IC50=455 μg/ml). Mandal et al. (2015)[78] conducted a study to
examine the antioxidant properties of the aqueous extract of A.
hygrometricus. Using ascorbic acid as a standard (with the same
concentration used for the sample), they investigated the effect
of this extract on scavenging 2,2-Diphenyl-1-picrylhydrazyl
(DPPH), superoxide, and hydrogen peroxide radicals. The results
showed that the IC50 values of A. hygrometricus on DPPH,
superoxide and hydrogen peroxide radical scavenging were
200 μg/mL, 250 μg/mL, and 200 μg/mL, respectively. The IC50

values of the ascorbic acid standard for DPPH, superoxide, and
hydrogen peroxide radical scavenging were approximately
75 μg/mL, 175 μg/mL, and 250 μg/mL, respectively. The re-
searchers suggested that the high antioxidant activity of the
aqueous extract of this mushroom could be attributed to its
potent anti-inflammatory activity.

Badshah et al. 2015[79] reported that the methanolic crude
extract of A. hygrometricus showed a high phenolic content and
antioxidant activity. They found that the extract had an IC50

value of 9.3 μg/ml for DPPH radical scavenging activity
compared to the ascorbic acid standard with IC50=7.5 μg/mL.
In addition, The researchers conducted a toxicity test on the
extract using the brine shrimp lethality test. They found that

Figure 4. Compounds isolated from A. pteridis.[75]

Figure 5. An overall summary of possible mechanisms of bioactive compounds from Astraeus species related to antioxidation and anti-inflammation effects.
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the LC50 value was 19.0 μg/mL, which is lower than the LC50

value of the reference drug ampicillin trihydrate, which is
16 μg/mL. These values indicate that the methanolic extract of
A. hygrometricus is relatively safe.

In 2010, Singh et al.[80] conducted a high-performance liquid
chromatography (HPLC) analysis of extracts from A. hygrome-
tricus. The study revealed the presence of several aromatic acids
present in concentrations of μg per g of crude extract (μg/g).
These acids included anthralinic acid (7.21 μg/g), ferulic acid
(4.54 μg/g), syringic acid (4.37 μg/g), and protocatechuic acid
(3.62 μg/g), which are known to possess potent antioxidant

properties, as shown in Figure 5.[81–84] In 2021, Pal et al.
determined the total phenol and flavonoid contents of the
mushroom, which were found to be 3.427 mg gallic acid
equivalents (GAE) and 74 mg quercetin equivalents (QE) per g
of mushroom dry weight (DW), respectively. Pal et al. (2021)[66]

analysed the ethyl acetate and methanolic extracts of A.
hygrometricus using GC-MS. They found that the methanolic
extract contained a richer variety of compounds (53 com-
pounds) than the ethyl acetate extract. The compounds
identified include aromatic compounds, polycyclic compounds,
heterocyclic compounds, vitamins, fatty acids, and sugars. The

Table 3. Antioxidant, anti-inflammatory, hepatoprotective, cardioprotective and immunomodulatory activities of A. hygrometricus extracts and compounds.

Bioactivity Crude extract
or Bioactive
compound [a]

Experimental model Finding/Active dose Ref.

Antioxidant Ethanolic ex-
tract

In vitro superoxide anion (O2*

� ),
hydroxyl radical (HO*) scavenging
and lipid peroxidation inhibition
assays

Scavenging activities against O2*

� , HO*, and lipid
peroxidation; IC50 values are 357.95, 81.2, and
87.96 μg/mL, respectively.

[86]

Antioxidant Aqueous ex-
tract

In vitro DPPH, O2*

� and HO*

scavenging assays
Scavenging activities against DPPH, O2*

� , and HO*;
IC50 values are 200, 250, and 200 μg/ml, respectively.

[78]

Antioxidant Methanolic ex-
tract

In vitro DPPH scavenging assay Scavenging activity against DPPH; IC50=9.3 μg/mL [79]

Anti-inflammatory Ethanolic ex-
tract

In vivo animal models: carrageenan,
dextran, or formalin-induced paw
edema in three mice models

Extract reduced paw edema in three different
models: (i) 69% and 68% reductions in the carra-
geenan-induced mode, (ii) 40% and 38% in the
dextran-induced model after 3 and 5 hours of treat-
ment with 125 mg/kg BW of extract, (iii) 50% and
56% reduction after 5 and 6 days of treatment with
125 mg/kg BW of extract.

[86]

Anti-inflammatory Aqueous ex-
tract

In vivo animal model: carrageenan,
induced paw edema mice model

Extract reduced paw edema by 49.91% after 4 h of
treatment with 600 mg/kg BW of extract

[78]

Hepatoprotective Ethanolic ex-
tract

In vivo animal model of carbon
tetrachloride (CCl4) induced
chronic hepatotoxicity

The extract reduced hepatoxic serum markers GPT,
GOT, bilirubin, and ALP by 56.72%, 54.82%, 35%,
and 30.88%, respectively, back to normal levels;
histopathological examination showed normal liver
tissue in animals treated with 150 mg/kg BW.

[88]

Cardioprotective Ethanolic ex-
tract

In vitro platelet aggregation assay The extract inhibited platelet aggregation by app.
70% at 10 mg/mL.

[94]

Antidiabetic: increased glucose
uptake

Ethanolic ex-
tract

In vivo alloxan-induced diabetic
mice

The extract decreased blood glucose levels by 36%
and 49% in acute (24 h) and subacute (28 days)
alloxan-induced diabetic mice treated with 500 mg/
kg BW of extract, respectively.

[100]

Immunomodulatory: activation
of splenocytes

Glucan fraction
AQS� I (12)

In vitro cell-based (MTT) assay using
spleen cells

Extract increased spleen cell viability by 33%
compared to the vehicle control when treated with
AQS� I (12) at 1 ng/mL.

[62]

Immunomodulatory: elevation
of NO production, cytokines
and improving phagocytic ac-
tivity

Polysaccharide
fraction AE2
(14)

In vivo animal model: Macrophages
isolated from mice 24 h after treat-
ments

At 10 and 20 mg/kg BW, the extract increased (i) NO
concentrations (32 μM and 27 μM), respectively,
compared to the control group (NO concentration
10.5 μM).
(ii) levels of interleukin-1 (IL-1) at 1.6 and 1.4 TPI
(thymocyte proliferation index), compared to the
control group (IL-1 level=1)
(iii) increased surface expression of major histocom-
patibility complex (MHC) Class II and enhanced
uptake of latex beads by macrophages

[128]

Immunomodulatory: elevation
of NO production

Polysaccharide
fraction AE2
(14)

In vitro cell-based: RAW 264.7 cells Maximum NO production (65 μM) at a concentration
of 100 mg/ml of AE2-(14), compared to the control
group (NO production 10 μM).

[129]

[a] Refer to Figure 1 for more information on bioactive compounds. Abbreviations: O2*

� , superoxide anion; HO*, hydroxyl radical, DPPH, 2,2-Diphenyl-1-
picrylhydrazyl, GPT, glutamate pyruvate transaminase; GOT, glutamate oxaloacetate transaminase; ALP, alkaline phosphatase.
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phenolic compounds found in the extracts are also consistent
with earlier HPLC analysis conducted by Singh.[80]

Kettawan et al. (2011)[85] reported DPPH antioxidant scav-
enging activities of raw and cooked A. hygrometricus. They
found that the cooked mushrooms had reduced activity
compared to the raw ones due to the loss of polyphenols. The
concentration of polyphenols decreased from 110.2 GAE mg/
100 g in raw mushrooms to 85 GEA mg/100 g in boiled
mushrooms. In later studies, Pavithra et al.[22,36] also confirmed
the loss of total antioxidant activity in cooked mushrooms, up
to one-third less than that in the raw ones. The study further
revealed a substantial loss of a few other natural antioxidants,
such as flavonoids, vitamin C, phytic acid (IP6), and β-carotene
reduced in cooked A. hygrometricus due to heating. To preserve
the nutritional value of mushrooms and restore some antiox-
idant activity, consuming both cooked mushrooms and their
broth is advisable.

3.1.2. Anti-Inflammatory Properties

A study conducted by Biswas et al. in 2010[86] found that the
ethanolic extract of A. hygrometricus has potent anti-inflamma-
tory properties against carrageenan, dextran, or formalin-
induced paw edema in three mice models by inhibiting nitric
oxide synthase (NOS) activity to reduce nitric oxide (NO)
production which regulates inflammatory responses and result-
ing DNA damage, protein modification and apoptosis (Fig-
ure 5).[87] Animals in each model were divided into three groups
(I, II and III). Animals in each group (I, II, and III) were given
different injections 1 hour before chemical-induced inflamma-
tion. Group I received a vehicle control injection (0.2% DMSO in
2% gum acacia), Group II received A. hygrometric ethanolic
extract (125 mg/kg BW), and Group III received the reference
drug diclofenac (10 mg/kg BW), all by intraperitoneal injection.
The paw thickness of the mice in each group was measured just
before the chemical-induced inflammation. In the carrageenan-
induced model, 20 μl solutions of 1% carrageenan in saline
were injected into the right hind paw of all animals. Similarly, in

Table 4. Anticancer and Leishmanicidal activities of A. hygrometricus extracts and compounds.

Bioactivity Crude extract or Bio-
active compound[a]

Experimental model Finding/Active dose Ref.

Anticancer Protein fraction In vitro cell-base: B16-F0, HT-29, HeLa cells,
DL, and sarcoma-180 in MTT assay

Cell growth inhibition against B16-F0, HT-29, HeLa
cells, DL, and sarcoma-180 with IC50 values were 88.29,
57.8, 11, 10, and 10 μg/mL, respectively. At 11 μg/mL
(IC50), the cell cycle of HeLa cells was arrested at the
G0/G1 and G2/M phases when incubated for 48 h.

[132]

Anticancer Methanolic and ethyl
acetate extracts

In vitro cell-based: Jurkat cells, using MTT
assay.

Cell growth inhibition against Jurkat cells with IC50

values of 22.7 and 68.9 μg/mL for methanolic and
ethyl acetate extracts, respectively.

[66]

Anticancer Methanolic and ethyl
acetate extracts

In vitro cell-based: MOLT-4, Reh, NALM6,
HepG2, A549, MCF-7, using MTT assay.

Cell growth inhibition against MOLT-4, with an
IC50=7.25 g/mL (methanolic extract) and 16.10 g/mL
(ethyl acetate extract).

[133]

Anticancer Ethanolic extract in vivo animal model, Ehrlich’s ascites
carcinoma (EAC) cells in the peritoneal
cavity of mice

At a 150 mg/kg BW dose, the number of tumour cells
decreased from 450×106 to 55×106 on the 21st day of
administration.

[135]

Anticancer astrakurkurone (4) In vitro cell-based: Hep3B and HepG2 cells,
using WST-1 assay

Cell growth inhibition against Hep3B and HepG2 cells
with IC50 values of 58.8 μM and 122 μM, respectively.

[146]

Anticancer Astrakurkurol (5) In vitro cell-based: Hep3B, using WST-1
assay

Cell growth inhibition against Hep3B with
IC50=22.6 μM

[136]

Anticancer Alkaline extract
(AE2)

in vivo animal model: mice with DL-bearing
tumours

At doses of 10 or 20 mg/kg BW of AE2 extract, the
survival times were extended to 27 and 29 days,
respectively; the control group survival time was
23 days

[137]

Leishmanicidal Terpenoid fraction
(AHFa) and polysac-
charide fraction
(AHFb)

In vitro: anti-proliferative against L. donova-
ni (MHOM/IN/83/AG83) promastigotes and
intracellular amastigotes.

AHFa inhibited the growth of L. donovani promasti-
gotes by inducing apoptosis with an IC50=550 μg/mL;
AHFb inhibited amastigotes in macrophages with an
IC50=90.9 μg/mL at 48 h.

[141]

Leishmanicidal Astrakurkurone (4) In vitro: anti-proliferative against L. donova-
ni virulent strain AG83

Inhibiting the growth of L. donovani promastigotes by
90% at 10 μg/mL

[60]

Leishmanicidal Astrakurkurone (4) In vitro: anti-proliferative against L. donova-
ni (MHOM/IN/83/AG83) promastigotes and
intracellular amastigotes, using MTT assay.

Astrakurkurone (4) was effective against both L.
donovani promastigotes and intracellular amastigotes,
with an IC50 of 32.5 μg/mL and 2.5 μg/mL, respec-
tively.

[142]

[a] Refer to Figure 1 for more information on bioactive compounds. Abbreviations: B16-F0, mouse melanoma; HT-29, colon cancer, DL, Dalton’s lymphoma;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MOLT-4, T-cell acute lymphoblastic leukemic; Reh, B-cell acute lymphoblastic leukemic;
NALM6, B-cell acute lymphoblastic leukemic; HepG2, human hepatocellular carcinoma; A549, human lung carcinoma; MCF-7, human breast cancer; WST-1,
water-soluble tetrazolium salt.
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the dextran and formalin-induced models, the animals were
injected with dextran solutions (20 μl, 1% in saline) and
formalin solutions (20 μl, 2% in saline), respectively.

The ethanolic extract from A. hygrometricus at a dosage of
125 mg/kg BW showed significant anti-inflammatory effects in
three different models. In the carrageenan-induced model, the
extract reduced paw edema by 69% and 68% after 3 and
5 hours of treatment, respectively, compared to reductions of
76% and 74% with the reference drug diclofenac (10 mg/kg
BW). In the dextran-induced model, paw edema was reduced
by 40% and 38% after 3 and 5 hours of treatment, respectively,
compared to reductions of 67% and 59% with the reference
drug. In the formalin-induced chronic inflammatory model, the
extract reduced paw edema by 50% and 56% after 5 and
6 days of treatment, respectively, compared to reductions of
68% and 73% with the reference drug. The extract’s phenols
and flavonoid contents enhance its ability to prevent inflamma-
tion in laboratory animal models, as suggested by the
authors.[86]

A similar study by Mandal et al. (2015)[78] used aqueous
extracts of A. hygrometricus to test its anti-inflammatory proper-
ties on carrageenan-induced paw edema in rats, which was
linked to its strong antioxidant effects. The study revealed that
the extract displayed significant anti-inflammatory activity at
doses of 200, 400, and 600 mg/kg BW compared to the control
group. It also showed that the extract exhibited a similar
efficacy to the standard drug sodium diclofenac (1 mg/kg). The
highest inhibition activity, with a mean percentage of 49.91%,
was seen at 600 mg/kg BW after 4 hours of administration. The
anti-inflammatory activity observed in the extract could be
attributed to the presence of polyphenols and flavonoids in this
mushroom,[36,79,80,85] which was also suggested by Biswa et al.
2010.[86]

It needs to be noted that none of the studies investigated
the exact pathway mediating the anti-inflammatory effects of A.
hygrometricus or its extracts apart from the antioxidant effects,
which needs to be followed up in future studies.

3.1.3. Hepatoprotective Properties

In a study by Biswas et al. in 2011,[88] the ethanolic extract of A.
hygrometricus demonstrated hepatoprotective properties in an
animal model of carbon tetrachloride (CCl4) induced chronic
hepatotoxicity. Chronic exposure to CCl4 resulted in an increase
in serum markers indicating liver injury, such as glutamate
pyruvate transaminase (GPT), glutamate oxaloacetate trans-
aminase (GOT), bilirubin, and alkaline phosphatase (ALP)
activities. When a 150 mg/kg BW extract was administered, it
reduced the serum markers GPT, GOT, bilirubin, and ALP by
56.72%, 54.82%, 35%, and 30.88%, respectively, compared to
the reference drug silymarine at the same dosage (150 mg/kg
BW). The histopathological examinations of the liver sections
from animals treated with only CCl4 showed severe necrosis,
fatty infiltration, fibrosis, and lymphocyte infiltration in the
hepatocytes. However, the chronic hepatotoxic effects were
reported to be moderate to low in the livers of animals treated

with the extract and silymarin. In these liver tissues, relatively
normal lobular patterns were observed, resembling normal liver
tissue. Moreover, the extract also brought these serum
biomarkers back to normal levels and boosted the liver
antioxidant enzymes. These results indicate that the antiox-
idants present in the extract can prevent the chain reaction
caused by CCl4 intoxication by scavenging the intermediate free
radicals, as discussed in the previous section.[88]

Oxidative stress significantly contributes to the develop-
ment of liver injuries. Reactive immune cells like Kupffer cells
(liver resident macrophages) in response to stimuli, cytochrome
p450, and mitochondrial oxidative phosphorylation during ATP
synthesis in liver cells are the primary sources of reactive
oxygen species (ROS).[89,90] As oxidative stress and inflammation
play a key role in the pathogenesis of liver diseases, extracts
with anti-inflammatory and antioxidative properties hold prom-
ise for effectively safeguarding liver health.[91]

Although the hepatoprotective properties of other mush-
rooms (e.g. Ascomycota and Basidiomycota) and their extracts
have been studied, the understanding of the active molecules is
limited,[92] which is even more scanty for A. hygrometricus. In
addition, in the study of Ganoderma lucidum, several mecha-
nisms have been suggested, such as antioxidant activities,
enzyme modulation, immunomodulation, antifibrosis, and in-
hibiting NO production.[92] However, it is unclear which signal-
ling pathway is the target of A. hygrometricus during its liver
protective action, which has not been comprehensively inves-
tigated in previous studies. Nevertheless, as previously dis-
cussed, the extracts of A. hygrometricus are rich in flavonoids,
phenolic compounds, β-carotene, vitamin C, and phytic acid
(IP6).

[22,36,66,79,80,85] These compounds possess potent antioxidant
and anti-inflammatory properties, which, we speculate, help
protect cells against oxidative stress-associated inflammatory
response and liver cell injuries by reducing the production of
free radicals and singlet oxygen (Figure 5). This, in turn, helps
protect and prevent liver disorders induced by hepatotoxins
and hepatitis virus.[92]

3.1.4. Cardioprotective Properties

Platelet attachment participates in the development of coronary
artery atherosclerosis and plays a key role in blood clot
formation during atherosclerotic plaque rupture, contributing
to myocardial infarction due to coronary thrombosis. Natural
products that can reduce platelet aggregation would contribute
to their cardiovascular protection effects.[93] Bishwa et al.
(2011)[94] demonstrated the potential benefits of using the
ethanolic extract of A. hygrometricus as a cardio-protector. At a
10 mg/mL concentration, the ethanolic extract of A. hygrome-
tricus inhibited platelet aggregation by approximately 70%
compared to the control adenosine diphosphate (ADP) (ADP’s
IC50=4.5 μM). According to the authors, the extract inhibited
platelet aggregation through two pathways. The first pathway
inhibited prostaglandin synthesis, and the second pathway
stimulated NO synthesis. The extract, at a concentration of
10 mg/mL, inhibited prostaglandin synthesis after a 30 minute
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incubation, as indicated by the malondialdehyde level. When
washed platelets were exposed to the extract in the absence of
ADP, there was an increase in the synthesis of NO, which
peaked after 30 minutes of incubation.

The ethanolic extracts would also decrease the incidence of
cardiac hypertrophy and provide beneficial effects in various
cardiovascular conditions.[93,94] The treatment with the extract of
A. hygrometricus resulted in decreased expression of hyper-
trophy markers in cardiomyocytes, including atrial natriuretic
factor (ANF) and β-myosin heavy chain (β-MHC), as well as
proto-oncogenes such as c-fos, c-myc, and c-jun.[95] The study
observed a reduction in hypertrophic changes in cardiomyo-
cytes compared to the treatment with angiotensin II (AngII).
AngII induces myocardial hypertrophy by constricting kidney
blood vessels, increasing blood pressure, and causing heart
muscle cells to enlarge. This also induces the expression of
hypertrophy-associated genes, including ANF and β-MHC, and
proto-oncogenes c-fos, c-myc, and c-jun in myocardial cells.[95]

These findings suggest that using A. hygrometricus extract could
be a potential novel therapy for treating cardiomyocyte hyper-
trophy.

Polyphenols have also been extensively researched for their
protective effects against cardiovascular diseases, such as
atherosclerosis, myocardial ischemia, stroke, and hypertension.
One such polyphenol is gallic acid, which has been found to
have anti-atherosclerotic activity due to its ability to inhibit
platelet aggregation.[96] Additionally, polyphenols have been
known to protect against AngII-induced hypertension in rats by
reducing endothelial dysfunction, inhibiting NADPH oxidase
nox1 and p22phox subunits and NADPH-dependent ROS
production, and promoting NO production that relaxes aorta.[97]

Hence, the presence of polyphenols in the extract may
contribute to its cardioprotective effects.[79,80]

Pal et al. (2021)[66] conducted a GC-MS analysis on the
methanol extract of A. hygrometricus collected from West
Bengal, India. The study revealed that approximately 45%
(without an internal standard) of the total volatile compounds
present in the extract were fatty acids. Further quantitative
analysis by Kakumyan et al. (2009)[67] identified oleic (7,052 μg/
g), linoleic (4,146 μg/g), palmitic (1,639 μg/g) and stearic (C18,
108 μg/g) acids as the major fatty acids present in the extract,
with oleic acid being the most abundant (7,052 μg/g) (Supple-
mentary Table S1). Fatty acids, particularly linolenic acid
(omega-3), linoleic acid (omega-6), and oleic acid (omega-9), are
key active substances that protect our hearts. They can regulate
lipid homeostasis, prevent the oxidation of cell membrane
lipids, and help reduce blood cholesterol levels. They also help
maintain normal lipid and protein metabolism and enhance
liver detoxification function.[98] Possible mechanisms through
which these compounds provide cardioprotection are illus-
trated in Figure 6. Since our body cannot produce these fatty
acids independently, we must acquire them through diet. As
such, consuming foods rich in monounsaturated fatty acids is
believed to have several health benefits, including lowering the
level of low-density lipoprotein (LDL) cholesterol in the body
and reducing the risk of coronary heart disease.[99]

3.1.5. Antidiabetic Properties

The research carried out by Bishwa et al. (2013)[100] revealed the
significant hypoglycemic effects of an ethanolic extract from A.
hygrometricus in alloxan-induced diabetic mice. The orally
administered ethanolic extract at a dose of 500 mg/kg BW
decreased blood glucose levels by 36% and 49% in acute (24 h)
and subacute (28 days) studies, compared to the standard drug
glyburide (10 mg/kg BW) used in the control group. This dose
enhanced glucose tolerance, indicating improved peripheral
glucose uptake during oral glucose tolerance in the diabetic
mice. However, the working mechanism was not investigated in
this study.

Several bioactive compounds present in the extracts of A.
hygrometricus may contribute to its antidiabetic properties.
Polysaccharides, for instance, are known to affect insulin
production by reducing NO and inducible NO synthase (iNOS)
production, protecting β cells against inflammatory cytokines
and promoting β cell proliferation to reduce blood glucose
levels (Figure 5).[101] In animals, these polysaccharides can also
significantly reduce glucose, serum cholesterol, triglycerides,
and ketone levels by regulating PPAR-γ transcription and
exerting potent antioxidative activities. Studies conducted by
Ganeshpurkar et al. (2014)[102] and Nyam et al. (2017)[103] found
that polysaccharides could improve hyperglycemia and hyper-
cholesterolemia, along with other complications of type 2
diabetes (T2D) mellitus. A study by Oh et al. (2010) found that
extracellular Agaricus blazei Murill contains β-glucans and
glycoproteins, which can significantly reduce blood glucose
levels. This is due to increased plasma insulin levels, the
expression of glucose transporter (GLUT)-4 in fat tissues, and
antioxidative capacity.[104] The presence of polysaccharides (11–
14) (Figure 1) in A. hygrometricus may contribute to its
antidiabetic properties.[61–64]

Phenolic compounds and flavonoids are known to have
significant antidiabetic effects by inhibiting the activity of
aldose reductase enzymes,[105] such as α-glucosidase and α-
amylase.[106] Ferulic acid,[107] syringic acid,[83] and protocatechuic
acid[108] are some of the phenolic acids that have been reported
by Singh et al. (2010)[80] in the extract of A. hygrometricus. For
example, Phenolic acids are not only excellent antioxidants but

Figure 6. Possible mechanisms by which bioactive compounds from A.
hygrometricus provide cardioprotection.
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also have antidiabetic properties. For example, Alegbe et al.
(2019) found that protocatechuic acid, when administered at a
dosage of 38.57 mg/kg, had a hypoglycemic effect in rats with
alloxan monohydrate-induced diabetes that was comparable to
the effect of metformin at a dosage of 200 mg/kg BW.[109] This
effect is achieved by inhibiting α-amylase and α-glucosidase,
and reducing lipid peroxidation. Protocatechuic acid has been
shown to improve the translocation of GLUT-4 and glucose
uptake by activating the insulin signalling pathway in human
visceral adipocytes. A possible mechanism involves increasing
glucose uptake by stimulating the tyrosine phosphorylation of
insulin receptor substrate-1 (IRS-1) and initiating subsequent
events, such as the interaction of phosphoinositide-3-kinase
(PI3 K) with IRS-1 and the phosphorylation of Akt. In addition,
protocatechuic acid was also able to activate p-adenosine-
monophosphate-activated protein kinase (p-AMPK) levels in
human visceral adipocytes.[110,111] These findings suggest that
phenolic compounds in the extract of m could exert anti-
diabetic effects via similar mechanisms.

Analysis of soluble sugars of A. hygrometricus extract was
carried out by Sanmee et al. (2003) and Yoshida et al.
(1986),[48,65] using HPLC identified four major sugar alcohols:
mannitol (6.52 mg/g DW), glycerol (0.12 mg/g DW), myo-inositol
(inositol, 0.14 mg/g DW) and meso-erythritol (0.02 mg/g DW)
(Supplementary Table S1). Sugar alcohols, such as mannitol,
myo-inositol, and erythritol, give A. hygrometricus its sweet taste
and also contribute to its antidiabetic effects due to incomplete
absorption in the small intestine and partial metabolism by the
human body, which provides less energy compared with
sugar.[112,113]

Mannitol is safe for consumption by diabetic individuals. It
has the potential to be a treatment for hyperglycemia.[114,115] It
can inhibit α-glucosidase and α-amylase, decrease glucose
absorption in the small intestine of diabetic rats and increase
glucose uptake in muscle. Mannitol could thus effectively
regulate postprandial blood glucose levels.[116]

Myo-inositol and IP6 are beneficial in treating insulin
resistance through several actions, including producing secon-
dary messengers for insulin signalling.[113,117] They can stimulate
insulin secretion by β cells by regulating Ca2+ mobilisation and
reducing insulin resistance in diabetic rats.[118] Studies have
found that they can also improve lipid profile by increasing
HDL-cholesterol levels to prevent vascular damage in type 2
diabetes.[119,120] Therefore, supplementing the diet with myo-
inositol and IP6 derived from A. hygrometricus may be beneficial
in preventing diabetic complications.[118]

Erythritol is a commonly used commercial calorie-free
sweetener that does not affect blood glucose or insulin levels
(GI=0 and insulinemic index=2).[121,122] Studies suggest it can
help manage hyperglycemia in diabetic and non-diabetic
individuals due to its antioxidant properties.[112,123] A study on
diabetic rats showed that erythritol can reduce blood glucose
levels and decrease creatinine, lipid peroxidation, and 5-
hydroxymethylfurfural.[122] Erythritol delays gastric emptying,
reduces glucose absorption, and increases muscle glucose
uptake. It stimulates the release of gut hormones cholecystoki-
nin (CCK) and glucagon-like peptide-1 (GLP-1), which promote

satiation, reduce gastric emptying, and modulate glucose
homeostasis.[124] Erythritol can improve insulin secretion and
muscle glucose by promoting GLUT-4 and insulin receptor
substrate-1 (IRS-1) mRNA expression, particularly in diabetic
animals.[125] However, a recent study published in Nature
Medicine also showed that erythritol could significantly increase
platelet aggregation, resulting in an increased risk of myocardial
infarction and stroke in users. Larger scale etiological studies
are needed to understand the risk among different age and
racial populations.[126]

3.1.6. Immunomodulatory Properties

Chakraborty et al. (2004)[62] found that a glucan fraction AQS� I
(12) (Figure 1) fractionated from the water-soluble extract of
the fruit bodies of A. hygrometricus can strongly activate
splenocytes at a dose of 10 ng/mL. The 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) method results
indicated a 33% increase in spleen cell viability compared to
the vehicle control when treated with AQS� I (12) at 1 ng/mL.
Splenocytes are immune cells in the spleen, including T cells, B
cells, and macrophages. They play a crucial role in promoting
the immune response in living systems.

Mallick et al. (2009)[127] first conducted a study on the
macrophage-stimulating polysaccharides found in the alkaline
extract of A. hygrometricus. They used ion exchange purification
to isolate a specific polysaccharide fraction AE2-(14) (Figure 1),
which was suggested to bind to the cell surface and then be
taken up, potentially through phagocytosis. When macrophages
isolated from Swiss albino mice were treated with extract AE2-
(14), they exhibited increased nitric oxide (NO) production in a
dose-dependent manner, with the highest NO production
(33.7 μM per 2x105 macrophages) observed at a dose of 100 μg/
mL of AE2-(14). Similarly, the production of cytokines, including
tumour necrosis factor-α (TNF-α) and interleukin-1 (IL-1), was
enhanced, with a maximum production of these cytokines
observed at a dose of 100 μg/mL of AE2-(14). Compared to the
control group, the phagocytosis capacity by the AE2-treated
macrophages was more than doubled. Additionally, there was a
greater surface localisation of lipid rafts after treatment, which
may facilitate membrane trafficking and impact cellular func-
tion.

Mallick et al. (2010)[128] conducted a study on the immuno-
modulatory properties of AE2-(14) using a mouse model. The
research findings indicated that treatment with AE2-(14) at
doses of 10 and 20 mg/kg BW resulted in increased production
of NO. The NO concentrations were measured at 32 μM and
27 μM, respectively, compared to the control group treated
with phosphate-buffered saline (PBS), where the NO production
was measured at 10.5 μM. Additionally, at the same dosages,
AE2-(14) also led to higher levels of interleukin-1 (IL-1) at 1.6
and 1.4 TPI (thymocyte proliferation index), in comparison to
the PBS-treated group (IL-1 level=1 TPI). The study also
observed improved phagocytic activity in macrophages from
AE2-(14)-treated mice, with increased surface expression of
major histocompatibility complex (MHC) Class II and enhanced
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uptake of latex beads by macrophages. Moreover, AE2-(14)
administration bolstered the activation of natural killer cells
type 1 (NK-1) and the proliferation of splenocytes. Notably, the
cytokine level in the helper T (Th1) cells culture supernatant
was also increased, indicative of heightened immune response.
Furthermore, analysis of serum cytokine levels suggested a bias
towards a Th1-type immune response. Th1 cells play a crucial
role in host defence against intracellular pathogens as they
activate macrophages and neutrophils. Mallick et al. (2011)
further investigated how AE2 affects macrophage activities
using RAW 264.7 cells.[129] AE2-treated RAW264.7 cells treated
with AE2-(14) at varying concentrations (ranging from 1–
200 μg/mL) showed an increase in NO production in a dose-
dependent manner. The maximum NO production (65 μM) was
observed at a concentration of 100 mg/ml of AE2-(14),
compared to the control group treated with PBS, where the NO
production was approximately 10 μM. The increase in NO
production in RAW264.7 cells was attributed to the up-
regulation of inducible NO synthase (iNOS) mRNA expression
induced by AE2-(14). The cellular phosphorylation of IkB kinase
(Ikk) was also increased in RAW 264.7 cells, resulting in the
nuclear factor (NF-kB) translocation to the nucleus. This
confirmed that AE2 activates macrophages via the NF-kB
pathway. As mentioned earlier, AE2-(14) (Figure 1) may play a
key role in the immunomodulatory property of AE2.[64]

Mushroom polysaccharides are primarily composed of β-
glucan polymers and are well-known for their therapeutic and
nutritional benefits. Literature has highlighted their therapeutic
properties, including antioxidant, immunomodulatory, anti-
cancer, and anti-inflammatory effects. The immunomodulatory
and anti-inflammatory properties of mushroom polysaccharides
have been extensively researched, making them highly valuable
in both nutraceutical and pharmaceutical applications. How-
ever, an in-depth understanding of their working mechanisms
still requires further investigation.[130,131]

3.1.7. Anticancer Properties

Cancer cell lines are commonly used for the initial screening of
potential anti-cancer effects and active compounds. A study
conducted by Maiti et al. in 2008 suggested antiproliferative
properties of the bioactive protein fraction, which can induce
apoptosis in several cancer cell lines, including mouse melano-
ma (B16-F0), colon cancer (HT-29), HeLa cells, Dalton’s lympho-
ma (DL), and sarcoma-180. In the MTT assay, it was found that
the protein fraction of A. hygrometricus inhibited the cell growth
of the mentioned cell lines. The IC50 values for inhibition were
88.29, 57.8, 11, 10, and 10 μg/mL, respectively, compared with
PBS control. The protein extract was shown to arrest the cell
cycle of HeLa cells at the G0/G1 and G2/M phases when
incubated for 48 hours at a concentration of 11 μg/mL (IC50).

[132]

A recent study by Pal et al. (2021)[66] investigated the
potential effect of the methanol and ethyl acetate extracts of A.
hygrometricus on suppressing leukemia using the Jurkat (T-cell
acute lymphoblastic leukemia) cells. The methanolic extract
exhibited significant anticancer activity against the cell line,

with an IC50 value of 22.7 μg/mL. In contrast, the ethyl acetate
extract showed weaker anti-leukemic effects, with an IC50 of
68.9 μg/mL. Notably, both extracts had very little effect on
healthy human peripheral blood mononuclear cells (PBMCs) at
the highest test concentration (100 μg/ml), indicating their
specificity towards Jurkat cells. The same group[133] further
investigated the potential anticancer activity of ethyl acetate
and methanolic extracts of A. hygrometricus against various
cancer cell lines, including MOLT-4 (T-cell acute lymphoblastic
leukemic), Reh (B-cell acute lymphoblastic leukemic), NALM6 (B-
cell acute lymphoblastic leukemic), HepG2 (human hepatocel-
lular carcinoma), A549 (human lung carcinoma) and MCF-7
(human breast cancer), as well as two non-cancerous cell lines,
BEAS-2B (human non-tumorigenic lung epithelial) and PBMCs,
using MTT method. The results confirmed that the extracts had
minimal toxicity against normal cells (PBMCs and BEAS-2B), as
seen in the initial study.[66] The IC50 values for PBMCs and BEAS-
2B were 555.77 and 702.44 μg/mL, respectively, for the ethyl
acetate extract. For the methanol extract, the IC50 values were
925.39 and 465.45 μg/mL against PBMCs and BEAS-2B, respec-
tively. The methanolic extract was found to be the most
effective against MOLT-4, with an IC50 value of 7.25 g/mL. This
extract was safe for non-cancer cells, with safety index (SI)
values of 64.20 and 127.67 against BEAS-2B and PBMC,
respectively. The ethyl acetate extract was moderately effective
in suppressing the proliferation of MOLT-4 (IC50=16.10 g/mL)
with SI values of 43.63 and 34.52 against BEAS-2B and PBMC,
respectively, compared to the methanolic extract. These
findings suggest that the methanolic extract of A. hygrometricus
is the most effective and safe extract against MOLT-4 among
other tested cancerous cell lines. The methanolic extract
selectively induced apoptosis in MOLT-4 cells and halted cell
cycle progression at the G0/G1 stage through sequential events,
including reducing the antiapoptotic Bcl-2 protein, increasing
the proapoptotic protein (Bax), and activating the caspase-9
and caspase-3 cascade. In MOLT-4 cells, the methanolic extract
also impaired mitochondrial membrane potential and increased
the production of ROS. This suggests that the methanolic
extract can effectively induce apoptosis in MOLT-4 cells through
the disruption of the function of the powerhouse mitochondria.

The research conducted by Dasgupta et al. (2019)[134]

suggests that the presence of astrakurkurone (4), as shown in
Figure 1, in A. hygrometricus extract,[60] could be responsible for
the anticancer activities in the studies by Biswas et al. (2012)[135]

and Pal et al. (2021, 2024).[66,133]

In a study conducted by Dasgupta et al. (2019),[134] the WST-
1 assay was used to measure in vitro cytotoxicity. It was found
that astrakurkurone (4) caused cell death at median lethal dose
(LD50) values of 58.8 μM and 122 μM for Hep3B (human liver
adenocarcinoma) and HepG2 cells, respectively. In contrast,
astrakurkurone (4) showed no toxicity in the normal liver cell
(Chang liver) line, even at the highest dose of 250 μM. The
anticancer drug doxorubicin was used as a positive control and
had LD50 values of 4 μM and 9 μM for Hep3B and HepG2,
respectively. Astrakurkurone (4) also reduced the migration of
these cancer cells at IC50 concentrations of 29 μM for Hep3B
and 61 μM for Hep G2. The mechanism of action of astrakurkur-
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one (4) was suggested to be via inducing cell apoptosis,
disrupting mitochondrial membrane potential, and upregulat-
ing the expression of Bcl-2 family proteins, such as Bax, along
with downstream effector caspases 3 and 9. The molecular
docking study also predicted that the drug interacts directly
with the antiapoptotic proteins Bcl-2 and Bcl-xL.[134]

Nandi et al. (2019)[136] studied the anticancer properties of
astrakurkurol (5) (Figure 1) using Hep3B cells, as well as normal
cells (PBMC and Chang cells), in the WST-1 cell proliferation
assay. The results showed that astrakurkurol (5) inhibited cell
growth in a dose-dependent manner, with an IC50 value of
22.6 μM, compared to the reference drug doxorubicin (IC50=

0.3 μM). However, when astrakurkurol (5) was administered at a
concentration of approximately 30 μM, the percentage of cell
viability of Chang and PBMC cells was higher than 90%. These
results suggest that astrakurkurol (5) selectively targeted Hep3B
cells over normal cells.

Astrakurkurol (5) also inhibited the migration and invasion
ability of Hep3B cells by down-regulating the tumour meta-
stasis-related protein MMP2, even at a low dose of 3.34 μM
which is lower than the effective dose for apoptosis at 10.3 μM.
Astrakurkurol (5) induced apoptosis reflected by increased DNA
fragmentation, chromatin condensation, nuclear shrinkage,
membrane blebbing, and cell cycle arrest in Sub-G1, G0/G1, S,
and G2/M phases. This action was medicated by stimulating
death receptor-associated proteins (Fas), which activate down-
stream caspase-8 and tBid, followed by ROS production, leading
to mitochondrial dysfunction and apoptosis, as well as the
inhibition of the Akt and NF-kB pathways.

An in vivo study by Mallick et al. (2010),[137] treatment with
AE2 led to a significant reduction in tumour growth, increased
survival rates in mice, and reversed the immunosuppression
caused by the tumours. In mice with DL-bearing tumours that
were given AE2 at doses of 10 or 20 mg/kg BW, the survival
times were extended to 27 and 29 days, respectively, compared
to a median survival time of 23 days for the control group. AE2
also induced apoptosis in DL cells, which is consistent with the
tumour reduction effects in mice. The same research group
investigated the underlying mechanism of immune modulation
using a murine macrophage cell line (RAW 264.7).[129] It showed
that AE2 modulates the immune response of macrophages
through the MAPK (mitogen-activated protein kinase) signal
transduction pathway. The group also discovered and isolated
polysaccharides from the AE2 containing a water-soluble AE2-
(14),[64] as shown in Figure 1. Mushroom polysaccharides are
well-known to exert anticancer activity by inhibiting cancer cell
growth, improving immune function and acting as adjuvant
chemotherapy against various cancer cells. The proposed
mechanisms include increasing mitochondrial-mediated apop-
tosis, the expression of anti-cancer genes (e.g. p53, Bax, miR-
3131, miR-3687, miR-1207–5p, has-miR-1285), and suppressing
cancer-promoting factors (e.g. Bcl-2, cyclin D1/CDK4, cyclin E/
CDK2, AKT, miR-27a), as well as regulating the classical signal-
ling pathway elements for inflammatory responses, such as Toll-
like receptor (TLR)4, NF-kB, IkB, and p38 MAPK pathway.[130]

According to a study conducted by Biswas in (2012),[135] an
ethanolic extract with a high concentration of phenolic

compounds (80 mg pyrocatechol equivalents/100 g fresh
weight) and flavonoids (40 mg quercetin equivalents/100 fresh
weight) was found to strongly inhibit cancer growth by causing
cell cycle deregulation and apoptosis in Ehrlich’s ascites
carcinoma (EAC) cells implanted in the peritoneal cavity of
Swiss albino mice. The study demonstrated that the extract
reduced the number of tumour cells in mice in a dose-
dependent manner. Specifically, when given at a dose of
150 mg/kg BW, the number of tumour cells decreased from
450×106 to 55×106 on the 21st day after EAC cell administration.
There was an increase in the number of cells in the sub-G0/G1

population, indicating cancer cell apoptosis. The study also
found an increase in the expression of the proapoptotic protein
p53 (Tumor suppressor protein that protects from DNA
damage) in the carcinoma cells. Proapoptotic gene Bax was
upregulated during p53-mediated apoptosis, while the anti-
apoptotic protein Bcl-2 (B-cell lymphoma-2) was downregu-
lated, resulting in a decrease in the Bcl2/Bax ratio. It was
suggested that the apoptogenic action of the extract might be
due to its high amount of flavonoids and phenolic compounds,
which have been suggested to possess such biological
effects.[77]

Yadav et al. (2022)[138] conducted an in silico study to
investigate the anticancer activity and mode of action of
compounds extracted from A. hygrometricus. They found that
two compounds, astrakurkurone (4) and ergosta-4,6,8-(14)-22-
tetraene-3-one (8), showed potential anticancer activities
against two cell lines of renal carcinoma, RCC4 and VMRC-RCZ.
The IC50 values of Astrakurkurone (4) against RCC4 and VMRC-
RCZ cells were predicted to be 0.636 μmol and 0.63 μmol,
respectively. Similarly, ergosta-4,6,8-(14)-22-tetraene-3-one (8)
(Figure 1) showed predicted IC50 values of 0.631 and 0.626 μmol
against RCC4 and VMRC-RCZ cell lines, respectively. Both
compounds have satisfactory profiles of absorption, distribu-
tion, metabolism, and excretion based on the criteria for drug-
likeness, drug safety, and bioavailability.

The above findings suggest that key compounds such as
astrakurkurone (4), astrakurkurol (5), ergosta-4,6,8-(14)-22-tet-
raene-3-one (8), and polysaccharides AE2-(14) (Figure 1) could
be responsible for the anticancer activities found in the crude
extracts of A. hygrometricus.

3.1.8. Leishmanicidal Properties

Visceral leishmaniasis is a tropical disease caused by Leishmania
donovani and Leishmania infantum parasites. The disease is
prevalent in East Africa, Asia, South America, and the Mediterra-
nean Basin. However, the available treatments are limited to a
few outdated and poorly tolerated drugs that have multiple
adverse effects, low oral bioavailability, and a high potential for
developing resistance.[139,140]

In 2012, Lai et al. reported promising activity of astrakurkur-
one (4), derived from A. hygrometricus, by inhibiting the growth
of L. donovani promastigotes by 90% at 10 μg/mL on the sixth
day of culture. However, astrakurkurol (5) showed no such
activity. The positive control, miltefosine, inhibited the growth
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of L. donovani promastigotes by around 49% at 10 μg/mL on
the sixth day of culture.[60]

Mallick et al. (2014)[141] investigated the effects of terpenoid
fraction (AHFa) and water-soluble polysaccharide fraction
(AHFb) of A. hygrometricus against L. donovani. They found that
AHFa can inhibit the growth of L. donovani promastigotes by
inducing apoptosis with an IC50 of 550 μg/mL. On the other
hand, AHFb was found to inhibit intracellular amastigotes in
macrophages, with an IC50 of 90.9 μg/mL, by increasing the
levels of NO and the pro-inflammatory cytokine IL-12. The
authors hypothesised that AHFb’s polysaccharides, such as the
isolated polysaccharides (11–14), as shown in Figure 1, may
have activated macrophages and promoted their scavenge
ability against amastigotes through immunomodulation.[61–64]

The group further investigated the effectiveness of astrakurkur-
one (4) and AHFa in eliminating L. donovani promastigotes.[142]

They discovered that the compound selectively produced ROS,
leading to mitochondrial dysfunction and depletion of gluta-
thione, which ultimately inhibited the proliferation of the
promastigotes. Astrakurkurone (4) was effective against both
promastigotes and intracellular amastigotes, with an IC50 of
32.5 μg/mL and 2.5 μg/mL, respectively, compared to the
standard antileishmanial drug sodium antimony gluconate
(IC50=360 μg/mL). A selectivity index (SI) of 100 (LC50 spleno-
cytes/IC50 amastigotes) was observed for astrakurkurone (4).

Mallick et al. (2016)[143] investigated the mechanism of action
of astrakurkurone (4) against L. donovani. They discovered that
astrakurkurone (4) increased the expression of TLR9 in macro-
phages infected with L. donovani. This increase in TLR9 plays a
crucial role in eliminating L. donovani amastigote. A synergistic
effect was also observed when astrakurkurone (4) was com-
bined with a TLR9 agonist (CpG). Furthermore, in silico evidence
from a docking study between mouse TLR9 and astrakurkurone
(4) supported these findings. Toll-like receptors (TLRs) are
known to play a significant role in mediating immune responses
to pathogen-derived ligands and connecting adaptive immunity
with innate immunity. They are important regulators of
inflammatory pathways in the gut.[144,145] It was also observed
that astrakurkurone (4) could induce protective cytokines such
as γ-interferon and IL-17, which helps reduce the parasite
burden in vivo. Additionally, astrakurkurone (4) was nontoxic
towards peripheral blood mononuclear cells from immunocom-
promised patients suffering from visceral leishmaniasis. The
above findings suggest that astrakurkurone (4) is an antileish-
manial compound that can enhance host immune efficiency
and help parasite clearance in vitro and in vivo without causing
toxicity.

3.2. Astraeus Odoratus

The literature indicates that the biological properties of extracts
of A. odoratus have been researched less than those of A.
hygrometricus. A. odoratus extracts possess antioxidant and
antidiabetic properties.[51,72,85,147,148] The nutritional composition
of the mushroom has been studied, revealing potential health
benefits.[47,72] Lanostane triterpenoids were commonly isolated

from this genus, some with antimycobacterial (M. tuberculosis),
antimalarial, and cytotoxic activities.[69,71,149,150] The biological
activities of extracts and isolated compounds of A. odoratus are
summarised in Table 5.

3.2.1. Antioxidant Properties

The antioxidant properties of A. odoratus, as investigated by
Srikram et al. (2016), reveal its potential health benefits.[51] The
team analysed the aqueous extract of the mushroom and
showed significant total antioxidant capacity (TAC), total phenol
content (TPC), and total flavonoid content (TFC). The TFC data,
expressed as mg of catechin equivalents (CE) per 100 grams of
dry weight (mg CE/100 g DW), and the TPC, expressed in terms
of mg of gallic acid equivalents (GAE) per 100 grams of dry
weight (mg GAE/100 g DW), were 205.26 mg CE/100 g DW and
266.44 mg GAE/100 g DW, respectively. The TAC, determined
using the ferric reducing potential (FRAP) assay, was 7.61 mmol
Trolox equivalents (TE) /100 g DW), a value comparable to that
reported by Kettawan et al.[85] A comprehensive study con-
ducted by Fong-in et al. (2023)[147] further confirmed the TAC,
TPC, and TFC values of the aqueous extract from dry A.
odoratus. The TPC and TFC values were 839.99 mg GAE/100 g
DW and 269.97 mg CE/100 g DW, respectively. The TAC value
was approximately 650 mg ascorbic acid equivalents (AAE)/
100 g DW or 3.69 mmol AAE/100 g DW. Despite using different
controls for determining TAC values, these findings unequiv-
ocally confirm the antioxidant potential of A. odoratus.

3.2.2. Antidiabetic Properties

Glucose uptake is a key process for reducing postprandial blood
glucose levels, occurring primarily in muscle cells at a rate of
80%. Under physiological conditions, glucose uptake lowers
glucose levels in the cultural medium. A study conducted by
Rodphet et al. (2013)[151] investigated the antidiabetic properties
of 95% ethanolic crude extract from A. odoratus and its five
different fractions (H2O, 25% MeOH, 50% MeOH, 75% MeOH,
and 100% MeOH). The results showed that the 95% EtOH
extract, aqueous (H2O) fraction, and 75% MeOH fraction were
effective against α-glucosidase, with IC50 values of 63.3, 98.9,
and 23.4 μg/mL, respectively. In contrast, the IC50 of acarbose,
an α-glucosidase inhibitor used for diabetes treatment, was
3.6 mg/mL. Furthermore, the study also investigated the
glucose-lowering effect of the ethanolic extract and the five
fractions in L6 myotubes (muscle cells). Results showed that at
a concentration of 400 μg/mL, the 100% MeOH fraction and
aqueous fraction improved glucose uptake by 42% and 22%,
respectively, compared with the positive control, 500 nM
insulin. On the other hand, the 95% EtOH extract was inactive
at the same concentration.

The researchers from the same group conducted a further
study to determine the effect of the hexane fraction of A.
odoratus on glucose uptake in L6 myotubes.[148] It was
fractionated from the 95% ethanolic crude extract, as their
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preliminary results showed that the hexane fraction had a
stronger glucose uptake ability than the parent 95% ethanolic
extract. The study found that the hexane fraction increased
glucose uptake dose-dependently with IC50=81 μg/mL, com-
pared to insulin as the positive control (IC50=6.6 nM). The effect
reached a plateau at 200 μg/mL. At a concentration of 100 μg/
mL, the hexane fraction enhanced glucose uptake by increasing
the synthesis of GLUT-1 and GLUT-4 and their activities through
p38 mitogen-activated protein kinase (p38MAPK).

The composition of the hexane fraction was further
analysed using thin-layer chromatography (TLC) and HPLC,
which revealed a high content of ergosterol (9) (Figure 1) and
the presence of other compounds, such as lanostane triterpe-

noids. The authors suggested ergosterol (9) as the main
contributor to increased glucose uptake in L6 myotubes.
According to the literature, ergosterol (9) is known to
upregulate GLUT-4 expression and enhance GLUT-4 transloca-
tion by increasing the phosphorylation of protein kinase B (Akt)
and protein kinase C.[152]

Arpha et al. (2012)[69] isolated three pure compounds (Fig-
ure 2) from the hexane extract of A. odoratus, which were
identified as ergosterol (9) (0.029%), artabotryol A (36)
(0.089%), and astraodoric acid A (15) (0.011%). Artabotryol A
(36) and astraodoric acid A (15) have not yet been studied for
their ability to enhance glucose uptake in cells. However, other
related lanostane triterpenoids have shown potential for anti-

Table 5. Bioactivities of extracts and isolated compounds of A. Odoratus.

Bioactivity Crude extract or Bioactive
compound[a]

Experimental model Finding/Active dose Ref.

Antioxidant Aqueous extract Using FRAP assay TAC=7.61 mmol TE per 100 g of the extract [51]

Antioxidant Aqueous extract Using FRPA assays TAC=3.69 mmol AAE/100 g DW [147]

Antidiabetic: in-
hibition of α-glu-
cosidase

95% ethanolic extract, aq
fraction, 75% methanol
fraction

In vitro α-glucosidase enzyme inhibition
assay

IC50 values of 63.3, 98.9, and 23.4 μg/mL for
ethanolic extract, aq fraction and methanolic
fraction, respectively.

[151]

inhibition of α-
amylase and lipid-
digesting enzyme

hexane and 80% ethanolic
extracts

α-amylase and lipid-digesting enzyme hexane extract inhibited α-amylase, with an
IC50=17.4 mg/mL, lipid-digesting enzyme, with
an IC50=591 mg/mL

[72]

Antidiabetic: Glu-
cose uptake

Methanolic extract cell-based assay using L6 myotubes
(muscle cells)

400 μg/mL, the 100% MeOH fraction and
aqueous fraction improved glucose uptake by
42% and 22%, respectively

[151]

Antidiabetic: Glu-
cose uptake

Hexane fraction derived
from 95% ethanolic crude
extract

cell-based assay using L6 myotubes
(muscle cells)

IC50=81 μg/mL with a plateau effect observed
at 200 μg/mL

[148]

Anticancer astraodoic acids A (15) and
astraodoic acids B (16)

Cell-based: cell growth inhibition
against KB and NCI� H187 cell lines,
using REMA

astraodoic acids A (15) IC50 values of 34.69 μg/
mL and 19.99 μg/mL against KB and
NCI� H187 cell lines, respectively;
astraodoic acids B (16), IC50 values of 18.57 μg/
mL and 48.35 μg/mL, against KB and
NCI� H187 cell lines, respectively;

[69]

Anticancer Astraodoric acid A (15),
astraeusin B (25), J (33), L
(35), and artabotryol B (37)

Cell-based: cell growth inhibition
against NCI� H187, MCF-7 and KB cell
lines, using REMA

IC50 values ranged from 13–47 μg/mL for the
five compounds across the three cell lines.
artabotryol B (37), IC50 values of 16, 23 and
13 μg/mL against NCI� H187, MCF-7 and KB cell
lines, respectively.

[70]

Anticancer astraodoric acids A (15), C
(17), D (18), and astraodor-
ic acid E (19)

Cell-based: cell growth inhibition
against BT474, Chago-K1, Hep-G2, KA-
TOIII, MCF-7 and SW620), using

exhibited weak cytotoxicity against all cell lines,
with IC50 values ranging from 20–50 μg/mL

[71]

Anti-TB astraodoric acid A (15) and
astraodoric acid B (16)

Cell growth inhibition against Mycobac-
terium tuberculosis H37Ra, using a GFP-
based fluorescent detection assay.

astraodoric acid A (15), MIC=50 μg/mL; as-
traodoric acid B (16), MIC=25 μg/mL.

[69]

Antibacterial astraodoric acid A (15), as-
traodoric acid D (18), and
astraeusin H (31)

Cell growth inhibition Bacillus cereus,
and Enterococcus faecium, using resazur-
in microplate assay

astraodoric acid A (15), astraodoric acid D (18)
and astraeusin H (31), MICs=of 6.25, 12.5 and
25.0 μg/mL against B. cereus, respectively;
astraodoric acid A (15), astraodoric acid B (16),
and astraeusin H (31), MICs=6.25, 25 and
12.5 μg/mL against E. faecium, respectively

[70]

Antimalarial Synthetic derivatives 36a–
g2

Against P. falciparum (K1, multidrug
resistant strain), using microculture ra-
dioisotope
technique

Compounds 36a-g with IC50 values of 4.85, 4.48,
4.16, 4.46, 3.45, 3.23, and 3.41 μg/mL, respec-
tively.

[149]

[a] Refer to Figure 2 for more information on bioactive compounds. 2Refer to Figure 7 for more information on compounds 36a–g. Abbreviations: TAC, total
antioxidant capacity; FRAP, ferric-reducing potential FRAP; TE, Trolox equivalents; AAE, ascorbic acid equivalents; KB, epidermoid carcinoma; NCI� H187,
human small cell lung cancer; MCF-7, human breast cancer; REMA, resazurin microplate assay; GFP, green fluorescent protein.
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inflammatory effects related to diabetes by increasing NO
production in macrophages, the ability to inhibit α-glucosidase
and reduce glucose uptake in the small intestine, the enzyme
protein tyrosine phosphatase 1B (PTP1B, an inhibitor of insulin
signalling), as well as increase glucose update and inhibit
gluconeogenesis in liver cells, as reported in studies by Zhang
et al. (2020)[153] and Yang et al. (2022)[154] Therefore, further
investigation into the antidiabetic properties of these com-
pounds is encouraged, as it could provide additional support
for the potential use of A. odoratus for blood glucose manage-
ment.

In 2022, Wunjuntuk et al.[72] conducted a study to analyse
the proximate composition of dietary fibre, β-glucan contents,
and inhibitory activities of starch and lipid-digesting enzymes of
A. odoratus cultivated in Thailand. They found that A. odoratus
has the highest total dietary fibre, soluble fibre, and β-glucan
content compared to other mushrooms, with values of 77.1 g/
100 g DW, 72.3 g/100 g DW, and 24.9 g/100 g DW, respectively.
The ability of the mushroom’s hexane and 80% ethanolic
extracts to inhibit α-amylase, α-glucosidase and porcine
pancreas type 2 lipase was tested. The hexane extract inhibited
α-amylase with an IC50 value of 17.4 mg/mL, compared to the
positive control acarbose (IC50=0.01 mg/mL). However, the
hexane extract did not exhibit any activity against α-glucosidase
or porcine pancreas type 2 lipase at the highest test concen-
tration of 1000 mg/mL. On the other hand, the 80% ethanolic
extract did not exhibit any activity against the starch enzymes
at the highest test concentration. However, it did show weak
inhibition against the lipid-digesting enzyme, with an IC50 of
591 mg/mL, compared to the positive control orlistat (IC50=

0.94 mg/ml). It is worth noting that the 80% ethanolic extract
did not inhibit α-glucosidase, which was opposite to the
findings of Rodphet et al. (2013),[151] who reported that their
95% ethanolic extract was active against the enzyme at an IC50

of 63.3 μg/mL.
In 2023, On-nom et al. conducted a study on A. odoratus to

analyse its sugar alcohol content[47] and found that this mush-
room contains a high amount of mannitol (62 mg/g DW) and a
low amount of inositol (0.88 mg/g DW). As previously discussed,
these sugar alcohols are useful in treating insulin-resistant
diabetes through various mechanisms.[113,117,155] The researchers
also found the glycaemic index (GI) of the mushroom to be low
(GI=27). This low GI is attributed to the β-glucan content
discovered in this study (27.0 mg/g DW). A low GI rating (55 or
below) for slowly absorbed carbohydrates has been recom-
mended for the long-term management of blood glucose levels
in people with T2D.[156] The carbohydrate matrix in A. odoratus
plays a significant role in sugar hydrolysis. High β-glucan
content can slow down sugar hydrolysis, meaning that A.
odoratus provides sugar but with a low GI. Therefore, it is
suitable for consumption by people with diabetes.[157,158]

3.2.3. Anticancer Properties

Arpha et al. (2012)[69] discovered the anticancer properties of
astraodoic acids A (15) and B (16) using the cancer cell growth

inhibition assay and a resazurin microplate assay (REMA).
Compounds (15) and (16) are isolated lanostane triterpenes
found in A. odoratus. Astraodoic acid A (15) showed weaker
cytotoxicity against human epidermoid carcinoma (KB) than
human small cell lung cancer (NCI� H187) cell lines, with IC50

values of 34.69 μg/mL and 18.57 μg/mL, respectively. On the
other hand, astraodoic acid B (16) exhibited stronger cytotox-
icity against KB than NCI� H187 cell lines, with IC50 values of
19.99 μg/mL and 48.35 μg/mL, respectively. These are com-
pared to the positive control doxorubicin, which had IC50 values
of 0.28, 0.067, and 0.058 μg/mL against KB and NCI� H187,
respectively.

In 2016, Isaka et al.[70] explored the cytotoxicity of 18
lanostane triterpenoids from A. odoratus (Figure 2) and five
compounds with weak activity against NCI� H187, MCF-7, and
KB cell lines using the resazurin microplate assay. The following
compounds showed varying levels of effectiveness against
different cell lines. Astraodoric acid A (15), astraeusin B (25), J
(33), L (35), and artabotryol B (37) displayed IC50 values ranging
from 13–47 μg/mL. In contrast, the positive control doxorubicin
had IC50 values of 0.079, 7.4, and 0.60 μg/mL against NCI� H187,
MCF-7, and KB cell lines, respectively. On the other hand,
astraodoric acids B (16) and D (18), astraeusin A (24), astraeusins
C� I (26–32), astraeusin K (34) did not show activity against the
three cell lines or non-cancerous VERO (African green monkey
kidney fibroblasts) cells, even at the highest test concentration
of 50 μg/mL. Out of the active compounds, artabotryol B (37)
displayed slightly higher cytotoxicity in NCI� H187, MCF-7, and
KB cell lines with IC50 values of 16, 23, and 13 μg/mL. However,
it was also toxic (IC50=9 μg/mL) to VERO cells. Astraodoric acid
A (15) displayed similar cytotoxicity against KB (IC50=35 μg/mL)
as previously reported by Arpha et al. (2012).[69]

It is worth noting that even at the highest test concen-
tration of 50 μg/mL, Arpha et al. (2012)[69] and Isaka et al.
(2016)[70] reported that the compounds mentioned, except for
astraeusin J (33) (with an IC50 of 25 μg/mL), were ineffective
against MCF-7.

Srisurichan et al. (2017)[71] investigated the cytotoxicity of
triterpenoids isolated from A. odoratus using an MTT assay.
They tested nine different compounds against six human
tumour cell lines (BT474, Chago-K1, Hep-G2, KATOIII, MCF-7 and
SW620), as well as a human diploid lung fibroblast cell line (Wi-
38). The results showed that astraodoric acid A (15), astraodoric
acid C (17), astraodoric acid D (18), and astraodoric acid E (19)
exhibited weak cytotoxicity against all cell lines, with IC50 values
ranging from 20–50 μg/mL, where doxorubicin was used as a
positive control with IC50 values ranging from 0.08–0.7 μg/mL.

3.2.4. Antibacterial Properties

Arpha et al. (2012)[69] researched the potential antibacterial
properties of compounds from A. odoratus against Mycobacte-
rium tuberculosis H37Ra. The study found that astraodoric acids
A (15) and B (16) displayed weak activity against the bacterium
with minimum inhibitory concentration (MIC) values of 50 and
25 μg/mL, respectively. The study also used isoniazid (MIC of
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0.023–0.046 μg/mL), a positive control anti-tuberculosis drug,
which showed significantly higher activity than astraodoric
acids A (15) and B (16). Interestingly, other lanostane
triterpenoids structurally similar to astraodoric acids were
isolated from Ganoderma sp. BCC 16642. These compounds
showed much higher activity against M. tuberculosis H37Ra with
MICs in the 3.31–0.781 μg/mL range.[150]

In 2016, Isaka et al.[70] tested the effectiveness of their
isolated compounds against Gram-positive bacteria, Bacillus
cereus, and Enterococcus faecium. Astraodoric acid A (15),
astraodoric acid D (18) and astraeusin H (31) showed weak
activities against B. cereus with MIC values of 6.25, 12.5 and
25.0 μg/mL, respectively, while the positive control, vancomycin
HCl, had a MIC of 1 μg/mL. Comparatively, astraodoric acid A
(15), astraodoric acid B (16), and astraeusin H (31) showed weak
activities against pathogenic E. faecium with MIC values of 6.25,
25 and 12.5 μg/mL, respectively, while the positive control,
tetracycline HCl, had a MIC of 0.098 μg/mL. However, the
mechanisms of antitubercular effects have been understudied
in natural products, including A. odoratus. Future studies can
consider investigating the effect of inhibiting the enzymes
involved in bacterial metabolism, which are commonly ob-
served in most anti-TB drugs.[69]

3.2.5. Antimalarial Properties

According to the guidelines of the World Health Organization
(WHO), the various plant species reviewed are classified into
four main categories based on their effectiveness against
different strains of Plasmodium falciparum. These categories are
highly active (IC50<5 μg/mL), promisingly active (IC50 5–15 μg/
mL), moderately active (IC50 15–50 μg/mL) and inactive (IC50>

50 μg/mL).[159] Later, Lemma et al. (2017)[160] comprehensively
reviewed the data on in vitro antiplasmodial activities derived
from 58 reports that covered 752 medicinal plants traditionally
used for malaria treatment in Africa and Asia. The herbs were
categorised based on their antiplasmodial activities as very
good, good, moderate, or inactive, based on their IC50 values of
<0.1 μg/ml, 0.1–1 μg/mL, >1–5 μg/mL, and >5 μg/mL, respec-
tively.

In 2014, Nasomjai et al.[149] conducted a study to investigate
the antimalarial potential of astraodorol (36) and its ten
synthetic derivatives. Astraodorol (36) is a major lanostane-type
triterpene found in A. odoratus.[69] Using P. falciparum (K1,
multidrug resistant strain), the results showed that astraodorol
(36) had no antimalarial activity. However, some of its synthetic
derivatives 36a–g (Figure 7) exhibited antimalarial activity with
IC50 values of 4.85, 4.48, 4.16, 4.46, 3.45, 3.23, and 3.41 μg/mL,
respectively, with dihydroartemisinin (mefloquine) as a positive
control (IC50 of 0.036 μg/mL). Only compound 36e showed
toxicity against VERO cell lines, with IC50 26.48 μg/mL.

3.3. Astraeus Asiaticus

Several studies have highlighted various medicinal properties of
A. asiaticus. Isaka et al. (2017)[74] and Pimjuk et al. (2015)[73]

identified its anticancer properties. Isaka et al. (2017)[74] found it
has antimalarial activity against P. falciparum K1. Phadannok
et al. (2020)[148] discovered its antidiabetic properties, while
Tassaneetritap et al. (2021)[161] discovered its antiviral activity
against Herpes Simplex Virus type 2. Pandey et al. (2022)[46,52]

also explored its antioxidant properties. Table 6 summarises the
biological activities of extracts and isolated compounds of A.
asiaticus.

3.3.1. Antioxidant Properties

Pandey et al.[52] conducted a study in 2022 to investigate the
antioxidant properties of acetone and chloroform extracts of A.
asiaticus using the DPPH assay. The IC50 values for the acetone
and chloroform extracts were 40.63 and 58.38 μg/mL, respec-
tively, compared to positive control butylated hydroxyanisole
BHA (IC50=32.41 μg/mL). The study found that the acetone
extract had a more potent antioxidant activity than the chloro-
form extract due to the presence of phenolics, flavonoids, and
ascorbic acid. Specifically, the acetone extract had 15.84 mg
GAE /g DW, 2.76 mg QE /g DW, and 1.70 mg AAE /g DW for
phenolic, flavonoid, and ascorbic acid contents, respectively. On
the other hand, the chloroform extract had 6.22 mg GAE /g DW,
1.26 mg QE /g DW, and 1.09 mg AAE /g DW for phenolic,
flavonoid, and ascorbic acid, respectively.

The group further studied the antioxidant properties of hot
water and hexane extracts of A. asiaticus.[46] They also re-
investigated the antioxidant properties of the acetone extract.
The hot water extract exhibited strong ROS scavenging activity
with an IC50 value of 42.54 μg/mL, while the hexane extract
showed less potent antioxidant activity with an IC50 value of
82.97 μg/mL, in comparison to the positive control BHA (IC50=

32.41 μg/mL). Surprisingly, the acetone extract showed weaker
activity (IC50=54.06 μg/mL) than a previous study.[52] The IC50

values were used to reflect the amount of phenolic, flavonoid,

Figure 7. Synthetic derivatives of astraodorol (36a–g) were shown to have
antimalarial activity.[149]
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and ascorbic acid contents in the extracts. For instance, the hot
water extract contained 6.8 mg GAE/g DW, 2.03 mg QE/g DW,
and 0.167 AAE/g DW for phenolic, flavonoid, and ascorbic acid,
respectively. On the other hand, the hexane extract had much
lower phenolic (2.16 mg GAE/g DW), flavonoid (1.01 mg QE/g
DW), and ascorbic acid (0.11 mg AAE/g DW) contents. The
acetone extract used in this study exhibited lower levels of
phenolic (3.95 mg GAE/g DW), flavonoid (1.65 mg QE/g DW),
and ascorbic acid (0.14 mg AAE/g DW) contents when com-
pared to a previous study.[52] These reduced contents are
consistent with the weaker activity observed in this study, with
an IC50 value of 54.06 μg/mL.

3.3.2. Antidiabetic Properties

In a study conducted by Phadannok et al. (2020),[148] it was
demonstrated that when the extract of A. asiaticus was added
to L6 myotubes, the glucose level in the medium further
decreased compared to the basal level, indicating enhanced
glucose uptake activities by the extracts. The concentration of
A. asiaticus required to decrease medium glucose to 50% (EC50)
was 144 μg/mL, compared to insulin, the positive control, which
had an EC50 of 6.6 nM. The range of A. asiaticus required for
glucose-lowering effect was 12.5–200 μg/mL, reaching approx-
imately 70% at 200 μg/mL and plateauing at 400 μg/mL (80%
response) after 50 hours of incubation. L6 cells remained viable

at 400 μg/mL of A. asiaticus. Therefore, for further studies, A.
asiaticus at 200 μg/mL and an incubation time of 50 hours were
used to investigate the mechanism of action, which was driven
by the increase in GLUT1 and GLUT-4 protein levels. It can be
postulated that A. asiaticus activates GLUT-4 partially through
p38MAPK, as well as PI-3 K, for synthesis and translocation to
the cell membrane. Thus, A. asiaticus has a better insulin-
mimetic effect than A. odoratus.

The hexane fraction A. asiaticus was analysed using TLC and
HPLC, which showed that ergosterol (9) is the main active
compound and the contributor to enhancing glucose uptake in
L6 myotubes. Ergosterol (9) is known to enhance GLUT-4
translocation and upregulate GLUT-4 expression and the
phosphorylation of Akt and protein kinase C.[152] The TLC and
HPLC analysis also revealed the presence of other compounds,
including lanostane triterpenoids. In 2015, Pimjuk et al. isolated
artabotryol B (37) (0.024%) and artabotryol C1 (42) (0.05%)
from the hexane extract of A. asiaticus. Isaka et al. 2017[74]

isolated another three major compounds from the hexane
fraction of A. asiaticus, namely astrasiaone (41) (0.22%),
astraeusin M (48) (0.16%), and astraeusin A (24) (0.12%). Four
minor compounds were also obtained, including 26-epi-astra-
sione (43) (0.09%), lanosterol (38) (0.03%), astrabotryol A (36)
(0.02%), and astrabotyol B (37) (0.02%). Interestingly, the group
also isolated ergosterol (9) as a major compound (0.32%) from
the polar ethyl acetate fraction.

Table 6. Bioactivities of extracts and isolated compounds of A. Asiaticus.

Bioactivity Crude extract or Bio-
active compound[a]

Experimental model Finding/Active dose Ref.

Antioxidant acetone and chloro-
form extracts

In vitro DPPH scavenging assay IC50 values were 40.63 and 58.38 μg/mL for the acetone and
chloroform extracts, respectively

[52]

Antioxidant hot water, hexane,
and acetone extracts

In vitro DPPH scavenging assay IC50 values were 42.54, 82.97 and 54.06 μg/mL. for hot
water, hexane, and acetone extracts, respectively

[46]

Antidiabetic:
glucose up-
take

Hexane fraction cell-based assay using L6 myotubes
(muscle cells)

IC50=144 μg/mL required to decrease medium glucose to
50%.

[148]

Anticancer Astrasiate (46) and ar-
tabotryol B (37)

cell-based: cell growth inhibition
against KB and NCI� H187 and MCF-
7 cell lines, using REMA

Astrasiate (46), IC50 values 46.49 and 36.94 μg/mL against KB
and NCI� H187, respectively
artabotryol B (37), IC50 values 38.78 and 19.54 μg/mL against
KB and NCI� H187respectively

[73]

Anticancer astraeusin M (48), as-
traeusin P (51) and
epi-inotodiol (52)

cell-based: cell growth inhibition
against NCI� H187, MCF-7, and KB,
using REMA

epi-inotodiol (52), IC50 values of 30, 18, and 18 μg/mL
against NCI� H187, MCF-7, and KB, respectively; astraeusin P
(51), IC50 values of 49 and 34 μg/mL against NCI� H187 and
KB, respectively; astraeusin M (48), IC50=25 μg/mL against
NCI� H187

[74]

Antiviral: anti-
Herpes Sim-
plex Virus

Aqueous extract In vitro against HSV-1, HSV-2 and
HSV-2 ACV using VERO as host cells.

at 62.50 μg/mL, inhibited approximately 80% of the attach-
ment of HSV-1 and HSV-2 to the tested VERO cells; at
125 μg/ml, inhibited approximately 50% of the attachment
of HSV-2 ACV; at 500 μg/mL, 100% inhibition was observed
for all three viruses; all three viruses were completely
eradicated at 500 μg/mL dose

[161]

Antimalarial astraeusin M (48) Against P. falciparum (K1, multidrug
resistant strain), using a microculture
radioisotope technique

IC50=3.0 μg/mL [74]

[a] Refer to Figure 3 for more information on bioactive compounds. Abbreviations: DPPH, 2,2-Diphenyl-1-picrylhydrazyl; KB, epidermoid carcinoma;
NCI� H187, human small cell lung cancer; MCF-7, human breast cancer; REMA, resazurin microplate assay; HSV-1, Herpes Simplex Virus 1; HSV-2, Herpes
Simplex Virus 2; HSV-2 ACV, Acyclovir-resistant Herpesvirus 2; VERO, African green monkey kidney fibroblasts.
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No literature indicates whether these isolated compounds
from A. asiaticus, except for ergosterol (9), have been inves-
tigated for antidiabetic properties. However, recent works by
Yang et al. (2022),[154] Zhang et al. (2020),[153] and Chen et al.
(2019)[162] have revealed the antidiabetic effects of related
lanostane tetracyclic triterpenoids present in mushrooms. These
studies suggest that the isolated compounds from the hexane
fractions of A. asiaticus[73,74] should be further investigated for
their potential antidiabetic properties and working mechanisms.
There is ample evidence to indicate the therapeutic benefits of
sugar alcohols and polysaccharides.[101–103,113,117,130,131] Investigat-
ing the potential antidiabetic and other therapeutic properties
of sugar alcohols and polysaccharides[47,62–64,66,67,72] in A. asiaticus
would be worthwhile.

3.3.3. Anticancer Properties

Pimjuk et al. (2015)[73] screened eight compounds (9, 22, 36, 37,
41, 42, 46, and 47) isolated from A. asiaticus against KB,
NCI� H187, MCF-7 cancer cell lines, and normal VERO cells.
Astrasiate (46) and artabotryol B (37) were slightly toxic against
KB and NCI� H187, with IC50 values of 46.49 and 36.94 μg/mL
and 38.78 and 19.54 μg/mL, respectively. The remaining com-
pounds (9, 22, 36, 41, 42, and 47) were inactive against the
three cancer cell lines and VERO cells at the highest tested
concentration of 50 μg/mL. Artabotryol B (37) was also toxic to
VERO cells, with an IC50 of 17.95 μg/mL. It is noteworthy that
there is a slight difference in the cytotoxicity level of artabotryol
B (37) against the same cell lines compared to artabotryol B
(37) (IC50 values of 13 and 16 μg/mL for KB and NCI� H187 cell
line, respectively) isolated from A. odoratus.[70] This variation is
primarily due to the purity of the test compounds.

Isaka et al. (2017)[74] screened thirteen compounds (17, 41–
46, and 48–53) isolated from A. asiaticus against three cancer
cell lines (NCI� H187, MCF-7, and KB) and VERO cells, the
resazurin microplate assay. Epi-inotodiol (52) has weak cytotox-
icity against NCI� H187, MCF-7, and KB with IC50 values of 30, 18
and 18 μg/mL, respectively. In contrast, astraeusin P (51)
showed weaker cytotoxic activities against NCI� H187 and KB
with IC50 values of 49 and 34 μg/mL. While astraeusin M (48)
only showed activity against NCI� H187 with IC50 values of
25 μg/mL. Doxorubicin hydrochloride was used as a positive
control against NCI� H187, MCF-7, and KB, with IC50 values of
0.079, 7.4, and 0.6 μg/mL, respectively. Astraeusin M (48),
astraeusin P (51), and epi-inotodiol (52) were found to be also
toxic to VERO cells, with IC50 values of 16.0, 9.9, and 17 μg/mL,
respectively. The remaining tested compounds (17, 41–46, 49,
50, and 53) showed no cytotoxicity against all four cell lines at
the highest test concentration of 50 μg/mL.

As discussed in a previous study by Isaka et al. 2016,[70] the
artabotryol B (37) isolated from A. odoratus showed cytotoxic
properties on various cell lines. The researchers found that
artabotryol B (37) was active against KB and NCI� H187 cell lines
but at lower IC50 values. Furthermore, artabotryol B (38) was
toxic to VERO cells, with an IC50 of 9 μg/mL, twice as toxic as the
findings of Pimjuk et al. (2015).[73] These results imply that

artabotryol B (37) is more toxic to normal VERO cells than the
tested cancerous cell lines.

3.3.4. Antiviral Properties

A recent patent application by Tassaneetritap et al. (2021)[161]

reported on the antiviral properties of an aqueous extract of A.
asiaticus against various types of Herpes Simplex Virus (HSV),
including Herpes Simplex Virus 1 (HSV-1), Herpes Simplex Virus
2 (HSV-2), and Acyclovir-resistant Herpesvirus 2 (HSV-2 ACV).
Acyclovir is a commonly used antiviral medication for treating
symptoms caused by HSV-1 and HSV-2 viruses. The study
highlighted the antiviral activity of A. asiaticus against Enter-
ovirus 71 (EV� A71) and Coxsackie virus A16 (CAV16), which are
responsible for hand, foot, and mouth disease (HFMD). The
results showed that the aqueous extract of A. asiaticus can
inhibit the attachment of HSV-1, HSV-2, and HSV-2 ACV to host
cells (VERO cells). At a concentration of 62.50 μg/mL, the extract
inhibited approximately 80% of the attachment of HSV-1 and
HSV-2 to the tested VERO cells. This was in comparison to the
positive control acyclovir, which had an IC10 value of 0.2 μg/mL.
For HSV-2 ACV, 125 μg/ml of the extract was required to inhibit
50% of attachment, while 100% inhibition was observed for all
three viruses at 500 μg/mL.[161] These findings suggest that the
aqueous extract of A. asiaticus can prevent viruses from
entering and infecting the host cells through attachment.

Moreover, the study found that the aqueous extract of A.
asiaticus can eliminate approximately 70% of HSV-1, HSV-2, and
HSV-2 ACV at a concentration of 62.50 μg/mL. All three viruses
were completely eradicated at a 500 μg/mL concentration. This
indicates that the extract can effectively eliminate these
enveloped viruses and prevent potential infections caused by
them. At 125 μg/mL, the extract can completely block the
entrance of HSV-1, HSV-2, and HSV-2 ACV into the host cells. At
500 μg/mL, the extract from A. asiaticus completely inhibited
HSV-1 replication. For HSV-2 and HSV-2 ACV, the extract
inhibited ~65% of viral replication at the same concentration.

The authors also showed that the aqueous extract of A.
asiaticus can be co-administered with acyclovir to effectively
inhibit the replication of HSV-1 and HSV-2 viruses at lower
concentrations. The study found that a combination of 300 μg/
mL (IC65) of A. asiaticus and 0.2 μg/mL of acyclovir (IC10) can
synergistically inhibit 82.5% of HVS-1 replication. In comparison,
500 μg/mL (IC65) of A. asiaticus combined with 0.2 μg/mL of
acyclovir (IC10) can completely inhibit HVS-2 replication. Addi-
tionally, the study found that a combination of 300 μg/mL (IC20)
of A. asiaticus and 12.5 μg/mL of Acyclovir (IC10) can synergisti-
cally inhibit 72% of HSV-2 ACV replication. They observed that
HSV-1 and HSV-2 can develop resistance to acyclovir without
the aqueous extract of A. asiaticus. They also showed that the
aqueous extract of A. asiaticus can completely inhibit viral
replication of EV� A71 and CAV16 (100%) at 400 μg/ml.
Furthermore, the aqueous extract of A. asiaticus had no
detectable toxicity effect on the Vero cell line, even at a dosage
as high as 2000 μg/ml.
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As mentioned above, the aqueous extracts of A. hygrome-
tricus and A. odoratus a rich source of bioactive
polysaccharides.[47,62–64,72] Similarly, potential bioactive polysac-
charides, waiting to be discovered, may be responsible for the
reported antiviral activities of the active aqueous extract of A.
asiaticus.

3.3.5. Antimalarial Properties

Isaka et al. (2017)[74] tested their isolated compounds against P.
falciparum K1, a multi-drug-resistant strain of malaria. Only
astraeusin M (48) showed antimalarial activity, with an IC50

value of 3.0 μg/mL, while the other compounds showed no
activity at the highest test concentration of 10 μg/mL. Based on
the World Health Organization (WHO) guidelines,[159] astraeusin
M (48) would be considered highly active (IC50<5 μg/mL).
However, according to the categories developed by Lemma
et al. 2017,[160] astraeusin M (48) would only be considered
moderately active. The positive control, dihydroartemisinin
(Mefloquine), displayed an IC50 of 0.79 ng/mL against P.
falciparum K1. Astraeusin M (48) was toxic to VERO cells at an
IC50 of 16 μg/mL, with a safety index of 5.3. Furthermore, the
antimalarial activity of astraeusin M (48) is comparable to that
of astraodorol synthetic derivative 36a–g (Figure 7).[149] How-
ever, the working mechanism is yet to be determined in future
studies.

3.4. Astraeus Pteridis

There is no evidence to suggest that A. pteridis has been used
as traditional medicine or as food. In comparison to the three
previously discussed Astraeus species, A. pteridis has been the
least studied in terms of its biological properties. Table 7
summarises the biological activities of extracts and isolated
compounds of A. pteridis.

3.4.1. Anti-Tuberculosis

In 2007, a study by Stanikunaite et al.[163] investigated the crude
extract of A. pteridis collected in Oregon, North America, for its
antimicrobial, antimalarial, antioxidant, anti-inflammatory, anti-

tuberculosis and anticancer properties. The 95% and 70%
ethanolic extracts were inactive in all assays except for the anti-
tuberculosis assay. The study found that the 95% ethanolic
extract is active against M. tuberculosis H37Rv (ATCC 27294)
with an IC50 of less than 20 μg/mL. The 70% ethanolic extract is
moderately active with an IC50 value of 20–50 μg/mL.

The team conducted a follow-up investigation on an active
95% ethanolic extract[75] by evaluating isolated compounds for
their activity against M. tuberculosis H37Rv. They found that
astrahygrone (1), 3-epi-astrahygrol (3) (Figure 1) and 3-epi-
astrapteridiol (56) (Figure 4) exhibited moderate activity, with
MIC values of 64.0, 58.0 and 34.0 μg/mL, respectively, compared
to positive control rifampin with MIC ranges of 0.06–0.125 μg/
mL. These results are comparable to the anti-tuberculosis
activity of astraodoric acids A (15) and B (16) [(MIC) values of 50
and 25 μg/mL, respectively] reported by Arpha et al. (2012).[69]

However, hypaphorine (22), astrapteridone (54) and astrapter-
idiol (55) showed no activity (MIC of >64 μg/mL). Furthermore,
none of the isolated compounds exhibited cytotoxicity to VERO
cells up to 100 μg/mL.

Astrahygrone (1) and 3-epi-astrahygrol (3) are compounds
that were also found in A. hygrometricus.[58] Nasomjai et al.
(2014) tested the antimalarial activity of synthetic astrahygrone
(1) against P. falciparum (K1, multidrug-resistant strain) and its
cytotoxicity activity against KB, MCF-7, and NCI� H187 cell lines.
They also tested its toxicity against VERO cells.[149] However,
astrahygrone (1) was inactive in all assays at a concentration of
50 μg/mL. Apart from its anti-tuberculosis activity, no other
biological activities have been reported for 3-epi-astrahygrol
(3).

Since the research conducted by Stanikunaite et al.
(2007),[163] no additional studies have been reported on the
biological properties of A. pteridis. It is important to note that
despite the bioactive properties of A. hygrometricus, A. odoratus,
and A. asiaticus, A. pteridis is a species that has been under-
researched. This could be because A. pteridis has not been used
as food or medicine for local communities.

3.5. Safety and Toxicity of Astraeus mushrooms

It is important to note that consuming wild mushrooms,
including Astraeus mushrooms, carries potential risks. This
underscores the crucial role of public safety and awareness in

Table 7. Bioactivities of extracts and isolated compounds of A. pteridis.

Bioactivity Crude extract or Bioactive
compound[a]

Experimental model Finding/Active dose Ref.

Anti-TB 95% ethanolic extract
and 70% ethanolic

In vitro assay against M. tuberculosis
H37Rv (ATCC27294) using micro-
plate Alamar Blue assay.

95% ethanolic extract is active against M. tuberculosis H37Rv
(ATCC 27294) with an IC50 of less than 20 μg/mL; 70%
ethanolic extract is moderately active with an IC50 value of
20–50 μg/mL

[163]

Anti-TB astrahygrone (1), 3-epi-as-
trahygrol (3), and 3-epi-
astrapteridiol (56)

In vitro assay against M. tuberculosis
H37Rv (ATCC27294) using micro-
plate Alamar Blue assay.

astrahygrone (1), 3-epi-astrahygrol (3) and 3-epi-astrapteridiol
(56) are active against M. tuberculosis H37Rv (ATCC 27294),
with MIC values of 64.0, 58.0 and 34.0 μg/mL, respectively

[75]

[a] Refer to Figures 3 and 4 for more information on bioactive compounds.
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managing their gathering and consumption. An edible mush-
room is defined as one that is safe and suitable for
consumption. There is ample evidence that A. hygrometricus, A.
odoratus, and A. asiaticus have been sold and consumed as
food in many parts of Asia.[26,27,36,37,48,68]

A revised evidence-based classification system for categoris-
ing mushroom edibility has been established with greater
clarity by Li et al.[164] The system classifies mushrooms based on
2,786 taxa and 9,783 case reports into four categories: E1 for
edible and confirmed, E2 for edible with conditions, E3 for
edible uncertainty, and P for poisonous. A. hygrometricus has
been classified as E2, indicating that it can be consumed after
being cooked or prepared in a way that makes it safe to eat.

Sing et al. (2020)[68] conducted a study investigating the
proximate nutritional composition and taste-imparting compo-
nents in A. hygrometricus mushrooms growing wild in India. The
analysis revealed that trace elements such as copper (Cu) and
zinc (Zn), as well as toxic elements[165] like arsenic (As), mercury
(Hg), cadmium (Cd), chromium (Cr), nickel (Ni) and lead (Pb),
were not found in A. hygrometricus. The authors suggested that
A. hygrometricus is safe and can provide health benefits
attributed to minerals.

The safety of extracts and isolated compounds of A.
hygrometricus is discussed in the following. Badshah et al.
(2015)[79] conducted a toxicity test on the methanolic extract of
A. hygrometricus using the brine shrimp lethality test. They
found that the LC50 value was 19.0 μg/mL, lower than the LC50

value of the reference drug ampicillin trihydrate, which is
16 μg/mL. These values indicate that the methanolic extract of
A. hygrometricus is relatively safe. Pal et al. (2021, 2024)[66,133]

demonstrated that the extracts from A. hygrometricus are non-
toxic to healthy human PBMC cells. The methanol and ethyl
acetate extracts had minimal effect on cell growth, even at the
highest test concentration (100 μg/mL). The authors concluded
that the extracts are safe for PBMC cells.

Mallick et al. (2009, 2010)[127,128] demonstrated that polysac-
charide AE2-(14) isolated from A. hygrometricus showed no sign
of hepatotoxicity and spleen toxicity in AE2 (20 mg/kg)-treated
mice. These findings suggest that polysaccharide AE2-(14) is
safe for use. Astrakurkurone (4) and astrakurkurol (5) are the
two major terpenoids isolated from A. hygrometricus. Mallick
et al. (2016)[143] estimated the LC50 value of astrakurkurone (4)
against murine splenocytes at a high dose of 250 μg/ml
(531.1 μM). Dasgupta et al. (2019)[134] further showed that
astrakurkurone (4) had no toxicity in the normal liver cell
(Chang liver) line, even at the highest dose of 250 μM. Nandi
et al. (2019)[136] demonstrated that when astrakurkurol (5) was
administered at a concentration of approximately 30 μM, the
cell viability of Chang liver and PBMC cells was higher than
90%.

The safety or toxicity of A. odoratus, A. asiaticus, or A. pteridis
can be determined by their edibility in local communities over
the years through traditional knowledge. Unlike A. hygrometri-
cus, there is a lack of systematic classification of their edibility.
Analytical data on trace and toxic elements are unavailable for
A. odoratus, A. asiaticus, or A. pteridis, making it difficult to
conclude the potential health risks of consuming these mush-

rooms. However, their safety or toxicity may be assessed based
on the existing biological data on extracts and isolated
compounds.

Phadannok et al. (2020)[148] discovered that the hexane
fractions of A. odoratus and A. asiaticus are non-toxic to normal
L6 myotubes (muscle cells). They observed increased cell
viability (>120%) when treated with extracts of A. odoratus and
A. asiaticus at 200 and 400 ug/mL concentrations, respectively,
using the MTT assay. Additionally, in the study by Tassanee-
tritap et al. (2021),[161] it was shown that the aqueous extract of
A. asiaticus had no detectable toxic effects on the Vero cell line,
even at a dosage as high as 2000 μg/mL.

The majority of compounds isolated from A. odoratus
showed little to no toxicity towards VERO cells, even at the
highest test concentration of 50 μg/mL. However, artabotryol B
(37) was toxic to VERO cells, with an IC50 value of 9 μg/mL.[70]

Similarly, most of the compounds from A. asiaticus showed
minimal to no toxicity to normal VERO cells at 50 μg/mL.[73,74]

However, specific compounds such as artabotryol B (37),
astraeusin M (48), astraeusin P (51), and epi-inotodiol (52) were
found to be toxic to VERO cells with IC50 values of 17.95, 16.0,
9.9, and 17 μg/mL, respectively.

In the case of A. pteridis, its isolated compounds were non-
toxic against VERO cells at 50 μg/mL. Notably, the compounds
found in A. odoratus, A. asiaticus, and A. pteridis are present in
very low concentrations. For example, the concentrations of
artabotryol B (37) are around 0.03%[70] and 0.024%[73] in A.
odoratus and A. asiaticus, respectively.

These findings have highlighted the potential non-toxic
nature of these Asatraeus species. However, concerns such as
safety and awareness in their gathering and consumption
should be carefully considered since there are always potential
risks in consuming wild mushrooms.

4. Conclusions

The nutritional composition of A. hygrometricus, A. odoratus,
and A. asiaticus suggests that these mushrooms are rich sources
of minerals, proteins, both digestible and non-digestible
carbohydrates, unsaturated fatty acids, and amino acids. There-
fore, they have the potential to be classified as functional foods
that offer significant health benefits. However, more research is
needed to determine the nutritional profile of A. pteridis and
realise its potential health benefits. Unfortunately, these mush-
rooms are not readily available to the general public due to
their scarcity, emphasising the need for further research into
their sustainable cultivation. Such cultivation could bring about
substantial social, commercial, and environmental benefits.
Additionally, growing these mushrooms commercially would
help reduce the environmental impact by decreasing the need
for wild harvesting.

This review presents a comprehensive discussion of the
bioactive properties and possible mode of action of Astraeus
spp extracts and isolated compounds, including antioxidant,
anti-inflammatory, antidiabetic, anticancer, anti-tuberculosis,
antimalarial, antiviral, and antileishmanial activities. Addition-
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ally, the review explores the potential benefits of these
compounds for metabolic and cardiovascular health as well as
immune function. It further highlights the significance of the
biological potential of isolated bioactive compounds such as
sugar alcohols, polysaccharides, steroids and lanostane triterpe-
noids. It emphasises the need for further research into the
phytochemistry of Astraeus mushrooms, which has not been
explored thoroughly. It also highlights the nontoxic nature of
mushroom extracts in in vitro studies, considering their long
history of safe consumption as food. These findings are
particularly significant in the context of drug safety and
effectiveness, suggesting that these mushrooms could hold
promise for nutraceutical or therapeutic applications. However,
further research is needed to ensure their efficacy and safety,
particularly in terms of drug stability, formulation, and metabo-
lism.

List of Abbreviations

AAE Ascorbic acid equivalent
ADP adenosine diphosphate
Akt Serine/threonine kinase or serine/threonine kinase

(PKB)
AMPK Adenosine-monophosphate-activated protein kinase
ANF Atrial natriuretic factor
AngII Angiotensin II
Bax Proapoptotic protein
BW body weight
CAV16 Coxsackie virus A16
CCK Cholecystokinin
CE Catechin equivalents
DMSO Dimethyl sulfoxide
DPPH 2,2-Diphenyl-1-picrylhydrazyl
EC50 Half-maximal effective concentration
EV� A71 Enterovirus 71
FAs Fatty acids
FRAP ferric reducing potential
GAE gallic acid equivalents
GI glycaemic index
GLP-1 Glucagon-like peptide-1
GLUT-1 Glucose transporter type-1
GLUT-4 Glucose transporter type-4
HDL High-density lipoprotein
HFMD hand, foot and mouth disease
HSV Herpes simplex virus
HSV-2ACV Acyclovir-resistant HSV-2 strain
IC50 Half-maximal inhibitory concentration
Ikk IkB kinase
IL-1 Interleukin-1
IRS-1 Insulin receptor substrate-1
LC50 Half-maximal lethal concentration
LDL Low-density lipoprotein
MAPK Mitogen-activated protein kinase
β-MHC β-myosin heavy chain
MIC Minimum inhibition concentration
NADH Nicotinamide adenine dinucleotide H

NF-kB Nuclear factor kappa B
NMR Nuclear magnetic resonance
PBMCs Peripheral blood mononuclear cells
PGE2 Prostaglandin E2
PI3k phosphatidylinositol 3-kinase
QE quercetin equivalents
ROS Reactive oxygen species
SI Safety index
TAC Total antioxidant capacity
T2D Type 2 diabetes
TE Trolox equivalent
TFC Total flavonoid content
TLC Thin-layer chromatography
TLR9 Toll-like receptor-9
VERO African green monkey kidney fibroblasts

Author Contributions

Alison Ung: Conceptualisation, methodology, validation, formal
analysis, data curation, writing-original draft preparation, re-
viewing and editing. Hui Chen: formal analysis, reviewing and
editing. All authors have read and agreed to the published
version of the manuscript.

Acknowledgements

The author thanks the University of Technology of Sydney for
supporting this study. Open Access publishing facilitated by
University of Technology Sydney, as part of the Wiley -
University of Technology Sydney agreement via the Council of
Australian University Librarians.

Conflict of Interests

The author declares no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available in
the supplementary material of this article.

Keywords: Astraeus mushrooms · Nutritional benefits ·
Biological properties · Natural products · β-glucans · Lanostane
triterpenoids

[1] A. K. Das, P. K. Nanda, P. Dandapat, S. Bandyopadhyay, P. Gullón, G. K.
Sivaraman, D. J. McClements, B. Gullón, J. M. Lorenzo, Molecules 2021,
26, 2463.

[2] N. Rousta, M. Aslan, M. Yesilcimen Akbas, F. Ozcan, T. Sar, M. J.
Taherzadeh, Crit. Rev. Food Sci. Nutr. 2024, 64, 7004–7027.

[3] D. Sande, G. P. de Oliveira, M. A. F. e Moura, B. de Almeida Martins,
M. T. N. S. Lima, J. A. Takahashi, Food Res. Int. 2019, 125, 108524.

[4] A. G. Niego, S. Rapior, N. Thongklang, O. Raspé, W. Jaidee, S. Lumyong,
K. D. Hyde, J. Fungi 2021, 7, 397.

Wiley VCH Donnerstag, 12.12.2024

2412 / 373792 [S. 125/128] 1

Chem. Biodiversity 2024, 21, e202401295 (23 of 26) © 2024 The Author(s). Chemistry & Biodiversity published by Wiley-VHCA AG

doi.org/10.1002/cbdv.202401295 Review

https://doi.org/10.3390/molecules26092463
https://doi.org/10.3390/molecules26092463
https://doi.org/10.1080/10408398.2023.2178379
https://doi.org/10.1016/j.foodres.2019.108524
https://doi.org/10.3390/jof7050397


[5] N. Suwannarach, J. Kumla, K. Sujarit, T. Pattananandecha, C. Saenjum,
S. Lumyong, Molecules 2020, 25, 1800.

[6] F. Hassan, S. Ni, T. L. Becker, C. M. Kinstedt, J. L. Abdul-Samad, L. A.
Actis, M. A. Kennedy, Int. J. Med. Mushrooms 2019, 21, 131–141.

[7] M. Jose Alves, I. CFR Ferreira, J. Dias, V. Teixeira, A. Martins, M. Pintado,
Curr. Top. Med. Chem. 2013, 13, 2648–2659.

[8] Y. Zhou, M. Chu, F. Ahmadi, O. T. Agar, C. J. Barrow, F. R. Dunshea, H. A.
Suleria, Food Rev. Int. 2024, 40, 924–951.

[9] M. Zeb, C. H. Lee, Molecules 2021, 26, 251.
[10] C. Sillapachaiyaporn, S. Nilkhet, A. T. Ung, S. Chuchawankul, BMC

Complementary Altern. Med. 2019, 19, 1–10.
[11] M. Z. Shamim, A. K. Mishra, T. Kausar, S. Mahanta, B. Sarma, V. Kumar,

P. K. Mishra, J. Panda, K.-H. Baek, Y. K. Mohanta, Molecules 2023, 28,
2837.

[12] A. Abitbol, B. Mallard, E. Tiralongo, J. Tiralongo, Cells 2022, 11, 3938.
[13] V. E. Ooi, F. Liu, Curr. Med. Chem. 2000, 7, 715–729.
[14] H. A. El Enshasy, R. Hatti-Kaul, Trends Biotechnol. 2013, 31, 668–677.
[15] M. A. Khan, M. Tania, Food Rev. Int. 2012, 28, 313–329.
[16] M. E. Valverde, T. Hernández-Pérez, O. Paredes-López, Int. J. Microbiol.

2015, 2015, 1–14.
[17] G. Venturella, V. Ferraro, F. Cirlincione, M. L. Gargano, Int. J. Mol. Sci.

2021, 22, 634.
[18] F. Mustafa, H. Chopra, A. A. Baig, S. K. Avula, S. Kumari, T. K. Mohanta,

M. Saravanan, A. K. Mishra, N. Sharma, Y. K. Mohanta, J. Fungi 2022, 8,
211.

[19] P. Rangsinth, C. Sillapachaiyaporn, S. Nilkhet, T. Tencomnao, A. T. Ung,
S. Chuchawankul, J. Tradit. Complement Med. 2021, 11, 158–172.

[20] P. Baruah, A. Patra, S. Barge, M. R. Khan, A. K. Mukherjee, J. Fungi 2023,
9, 897.

[21] G. Biswas, S. Nandi, D. Kuila, K. Acharya, Pharmacogenomics J. 2017, 9,
799.

[22] M. Pavithra, K. R. Sridhar, A. A. Greeshma, in Fungi and their role in
sustainable development: current perspectives (Eds.: P. Gehlot, J. Singh),
Springer Singapore, Singapore, 2018, pp. 367–382.

[23] C. Phosri, M. P. Martín, R. Watling, IMA Fungus 2013, 4, 347–356.
[24] M. Pavithra, A. Greeshma, N. Karun, K. Sridhar, Mycosphere 2015, 6,

421–432.
[25] E. Lodge, Asian Anthropol. 2024, 23, 1–21.
[26] P. E. Mortimer, S. C. Karunarathna, Q. Li, H. Gui, X. Yang, X. Yang, J. He,

L. Ye, J. Guo, H. Li, Fungal Divers. 2012, 56, 31–47.
[27] C. Phosri, M. P. Martín, P. Sihanonth, A. J. Whalley, R. Watling, Mycol.

Res. 2007, 111, 275–286.
[28] P. Kirk, P. Cannon, D. Minter, J. Stalpers, Ainsworth and Bisby’s

Dictionary of the Fungi, 10 ed., CABI Publishing, UK, 2008, pp. 66–67.
[29] V. Petcharat, Nord. J. Bot. 2003, 23, 499–503.
[30] C. Phosri, R. Watling, M. Martín, A. Whalley, Mycotaxon 2004, 89, 453–

464.
[31] C. Phosri, R. Watling, N. Suwannasai, A. Wilson, M. P. Martín, PLoS One

2014, 9, e71160.
[32] M. E. Hembrom, A. Parihar°, M. P. Martín, R. Watling, K. Das, KAVAKA

2014, 42, 16–19.
[33] S. M. Zeller, Mycologia 1948, 40, 639–668.
[34] P. Kirk, P. Cannon, D. Minter, J. David, J. Stalpers, Ainsworth and Bisby’s

Dictionary of the Fungi, 9 ed., (Eds: P. Kirk, P. Cannon, D. Minter, J.
David, J. Stalpers), CABI Publishing, UK, 2001, pp. 507–511.

[35] W. Fangfuk, M. Fukuda, A. Yamada, R. Petchang, C. To-anun,
Mycoscience 2010, 51, 291–299.

[36] M. Pavithra, K. R. Sridhar, A. A. Greeshma, K. Tomita-Yokotani, Mycology
2016, 7, 191–202.

[37] K. R. Topno, A. K. Srivastava, J. Pharmacogn. Phytochem. 2021, 10, 404–
407.

[38] N. Malajczuk, R. Molina, J. M. Trappe, New Phytol. 1982, 91, 467–482.
[39] R. Molina, J. M. Trappe, For. Sci. 1982, 28, 423–458.
[40] A. S. Ahmadzai, H. Ejtehadi, M. Farzam, M. Bashirzadeh, MycoAsia 2023,

02, 1–10.
[41] E. R. Nouhra, L. D. De Toledo, Mycologist 1998, 12, 112–113.
[42] P. W. Crous, A. J. Carnegie, M. J. Wingfield, R. Sharma, G. Mughini, M. E.

Noordeloos, A. Santini, Y. S. Shouche, J. D. Bezerra, B. Dima, Pers.: Mol.
Phylogeny Evol. Fungi 2019, 42, 291.

[43] R. Ryoo, H. Sou, H. Park, K.-H. Ka, Mycotax 2017, 132, 63–72.
[44] N. Suwannasai, P. Dokmai, A. Yamada, R. Watling, C. Phoshi,

Biodiversitas Journal of Biological Diversity 2020, 21, 231–238.
[45] F. D. Calonge, M. P. Martín, Mycotaxon 2000, 79, 9–15
[46] K. Pandey, S. K. Ghosh, Acta Mycol. 2022, 57, 575.

[47] N. On-Nom, U. Suttisansanee, W. Chathiran, S. Charoenkiatkul, P.
Thiyajai, W. Srichamnong, Sustainability 2023, 15, 14034.

[48] R. Sanmee, B. Dell, P. Lumyong, K. Izumori, S. Lumyong, Food Chem.
2003, 82, 527–532.

[49] B. Gunjan, S. Sagartirtha, A. Krishnendu, J. Mycopathol. Res. 2010, 48,
155–158.

[50] N. Singh, Int. J. Pharm. Sci. Res. 2011, 2, 216–225.
[51] A. Srikram, S. Supapvanich, Agric. Nat. Resour 2016, 50, 432–436.
[52] K. Pandey, S. Ghosh, Kumar, Plant Cell Biotechnol. Mol. Biol. 2022, 88–

99.
[53] T. M. Beecher, N. Magan, K. S. Burton, Postharvest Biol. Technol. 2001,

22, 121–131.
[54] J. Ruiz-Herrera, R. Sentandreu, Curr. Med. Mycol. 1989, 3, 168–217.
[55] I. A. Kadnikova, R. Costa, T. K. Kalenik, O. N. Guruleva, S. Yanguo, J.

Food Nutr. Res. 2015, 3, 478–482.
[56] E. Liu, Y. Ji, F. Zhang, B. Liu, X. Meng, J. Agric. Food Chem. 2021, 69,

1739–1750.
[57] C. Cerletti, S. Esposito, L. Iacoviello, Nutrients 2021, 13, 2195.
[58] Y. Takaishi, Y. Murakami, T. Ohashi, K. Nakano, T. Tomimatsu,

Phytochemistry 1987, 26, 2341–2344.
[59] S. Hongjun, F. Lizhen, Y. Wanqiu, W. Fei, L. Jikai, Plant Divers 2007, 29,

371.
[60] T. K. Lai, G. Biswas, S. Chatterjee, A. Dutta, C. Pal, J. Banerji, N.

Bhuvanesh, J. H. Reibenspies, K. Acharya, Chem. Biodiversity 2012, 9,
1517–1524.

[61] A. Pramanik, S. S. Islam, Indian J. Chem. 2000, 39B, 525–529.
[62] I. Chakraborty, S. Mondal, M. Pramanik, D. Rout, S. S. Islam, Carbohydr.

Res. 2004, 339, 2249–2254.
[63] I. Chakraborty, S. Mondal, D. Rout, K. Chandra, S. S. Islam, Carbohydr.

Res. 2007, 342, 982–987.
[64] D. Maiti, K. Chandra, S. Mondal, A. K. Ojha, D. Das, S. K. Roy, K. Ghosh, I.

Chakraborty, S. S. Islam, Carbohydr. Res. 2008, 343, 817–824.
[65] H. Yoshida, T. Sugahara, J. Hayashi, Nippon Shokuhin Kogyo Gakkaishi

1986, 33, 426–433.
[66] A. Pal, R. Ray, K. Acharya, S. Paul, J. Adv. Biotechnol. Exp. Ther. 2021, 4,

388–404.
[67] P. Kakumyan, K. Matsui, Biosci. Biotechnol. Biochem. 2009, 73, 2742–

2745.
[68] P. Singh, V. K. Varshney, Int. J. Med. Mushrooms 2020, 22, 909–918.
[69] K. Arpha, C. Phosri, N. Suwannasai, W. Mongkolthanaruk, S. Sodngam,

J. Agric. Food Chem. 2012, 60, 9834–9841.
[70] M. Isaka, S. Palasarn, P. Srikitikulchai, V. Vichai, S. Komwijit, Tetrahedron

2016, 72, 3288–3295.
[71] S. Srisurichan, J. Piapukiew, S. Puthong, S. Pornpakakul, Phytochem.

Lett. 2017, 21, 78–83.
[72] K. Wunjuntuk, M. Ahmad, T. Techakriengkrai, R. Chunhom, E.

Jaraspermsuk, A. Chaisri, R. Kiwwongngam, S. Wuttimongkolkul, S.
Charoenkiatkul, J. Food Compos. Anal. 2022, 105, 104226.

[73] P. Pimjuk, C. Phosri, T. Wauke, S. McCloskey, Phytochem. Lett. 2015, 14,
79–83.

[74] M. Isaka, S. Palasarn, S. Sommai, S. Veeranondha, K. Srichomthong, P.
Kongsaeree, S. Prabpai, Tetrahedron 2017, 73, 1561–1567.

[75] R. Stanikunaite, M. M. Radwan, J. M. Trappe, F. Fronczek, S. A. Ross, J.
Nat. Prod. 2008, 71, 2077–2079.

[76] P. Singh, V. K. Varshney, K. J. Kumar, S. Singh, Int. J. Med. Mushrooms
2019, 21, 523–536.

[77] G. Biswas, S. Chatterjee, S. Sarkar, K. Acharya, Int. J. of Biomed. Pharm.
Sci 2010, 4, 21–26.

[78] S. Mandal, S. Basu, T. Maiti, A. Mandal, S. Mandal, P. Banerjee, Eur J
Pharm Med Res 2015, 2, 358–361.

[79] H. Badshah, F. Ullah, M. Khan, A. Mumtaz, R. Malik, S. Afr. J. Bot. 2015,
97, 107–110.

[80] N. Singh, NEPT 2010, 9, 597–600.
[81] M. Francisco-Marquez, M. Aguilar-Fernández, A. Galano, Comput. Theor.

Chem. 2016, 1077, 18–24.
[82] J. Yang, J. Chen, Y. Hao, Y. Liu, Lwt 2021, 146, 111411.
[83] I. Bartel, I. Mandryk, J. O. Horbańczuk, A. Wierzbicka, M. Koszarska,

Nutrients 2023, 16, 10.
[84] S. Zhang, Z. Gai, T. Gui, J. Chen, Q. Chen, Y. Li, Evid.-Based Complement.

Altern. Med. 2021, 2021, 1–19.
[85] A. Kettawan, K. Chanlekha, R. Kongkachuichai, R. Charoensiri, Pak J.

Nutr. 2011, 10, 1094–1103.
[86] G. Biswas, S. Sarkar, K. Acharya, Lat. Am. J. Pharm. 2010, 29, 549–553.
[87] M. Maccarrone, B. Brüne, Cell Death Differ. 2009, 16, 1184–1186.

Wiley VCH Donnerstag, 12.12.2024

2412 / 373792 [S. 126/128] 1

Chem. Biodiversity 2024, 21, e202401295 (24 of 26) © 2024 The Author(s). Chemistry & Biodiversity published by Wiley-VHCA AG

doi.org/10.1002/cbdv.202401295 Review

https://doi.org/10.3390/molecules25081800
https://doi.org/10.1615/IntJMedMushrooms.2018029710
https://doi.org/10.1080/87559129.2023.2202738
https://doi.org/10.3390/molecules26020251
https://doi.org/10.3390/molecules28062837
https://doi.org/10.3390/molecules28062837
https://doi.org/10.3390/cells11233938
https://doi.org/10.1016/j.tibtech.2013.09.003
https://doi.org/10.1080/87559129.2011.637267
https://doi.org/10.1155/2015/376387
https://doi.org/10.1155/2015/376387
https://doi.org/10.3390/ijms22020634
https://doi.org/10.3390/ijms22020634
https://doi.org/10.3390/jof8020211
https://doi.org/10.3390/jof8020211
https://doi.org/10.1016/j.jtcme.2020.12.002
https://doi.org/10.3390/jof9090897
https://doi.org/10.3390/jof9090897
https://doi.org/10.5598/imafungus.2013.04.02.13
https://doi.org/10.1080/1683478X.2023.2283359
https://doi.org/10.1007/s13225-012-0196-3
https://doi.org/10.1016/j.mycres.2007.01.004
https://doi.org/10.1016/j.mycres.2007.01.004
https://doi.org/10.1111/j.1756-1051.2003.tb00423.x
https://doi.org/10.1371/journal.pone.0071160
https://doi.org/10.1371/journal.pone.0071160
https://doi.org/10.1080/00275514.1948.12017736
https://doi.org/10.1007/S10267-010-0039-6
https://doi.org/10.1080/21501203.2016.1260663
https://doi.org/10.1080/21501203.2016.1260663
https://doi.org/10.22271/phyto.2021.v10.i4e.14190
https://doi.org/10.22271/phyto.2021.v10.i4e.14190
https://doi.org/10.1111/j.1469-8137.1982.tb03325.x
https://doi.org/10.1016/S0269-915X(98)80009-8
https://doi.org/10.3390/su151814034
https://doi.org/10.1016/S0308-8146(02)00595-2
https://doi.org/10.1016/S0308-8146(02)00595-2
https://doi.org/10.56557/pcbmb/2022/v23i13-147611
https://doi.org/10.56557/pcbmb/2022/v23i13-147611
https://doi.org/10.1016/S0925-5214(00)00195-2
https://doi.org/10.1016/S0925-5214(00)00195-2
https://doi.org/10.1007/978-1-4612-3624-5_8
https://doi.org/10.1021/acs.jafc.0c05934
https://doi.org/10.1021/acs.jafc.0c05934
https://doi.org/10.3390/nu13072195
https://doi.org/10.1016/S0031-9422(00)84715-9
https://doi.org/10.1002/cbdv.201100272
https://doi.org/10.1002/cbdv.201100272
https://doi.org/10.1016/j.carres.2004.07.013
https://doi.org/10.1016/j.carres.2004.07.013
https://doi.org/10.1016/j.carres.2007.02.004
https://doi.org/10.1016/j.carres.2007.02.004
https://doi.org/10.1016/j.carres.2007.12.003
https://doi.org/10.3136/nskkk1962.33.6_426
https://doi.org/10.3136/nskkk1962.33.6_426
https://doi.org/10.5455/jabet.2021.d138
https://doi.org/10.5455/jabet.2021.d138
https://doi.org/10.1271/bbb.90282
https://doi.org/10.1271/bbb.90282
https://doi.org/10.1615/IntJMedMushrooms.2020035884
https://doi.org/10.1021/jf302433r
https://doi.org/10.1016/j.tet.2016.04.057
https://doi.org/10.1016/j.tet.2016.04.057
https://doi.org/10.1016/j.phytol.2017.05.020
https://doi.org/10.1016/j.phytol.2017.05.020
https://doi.org/10.1016/j.jfca.2021.104226
https://doi.org/10.1016/j.phytol.2015.09.009
https://doi.org/10.1016/j.phytol.2015.09.009
https://doi.org/10.1016/j.tet.2017.01.070
https://doi.org/10.1021/np800577p
https://doi.org/10.1021/np800577p
https://doi.org/10.1615/IntJMedMushrooms.2019030896
https://doi.org/10.1615/IntJMedMushrooms.2019030896
https://doi.org/10.1016/j.sajb.2014.12.002
https://doi.org/10.1016/j.sajb.2014.12.002
https://doi.org/10.1016/j.comptc.2015.09.025
https://doi.org/10.1016/j.comptc.2015.09.025
https://doi.org/10.1016/j.lwt.2021.111411
https://doi.org/10.3390/nu16010010
https://doi.org/10.3923/pjn.2011.1094.1103
https://doi.org/10.3923/pjn.2011.1094.1103
https://doi.org/10.1038/cdd.2009.65


[88] G. Biswas, S. Sarkar, K. Acharya, Digest J. Nanomat. Biostruct. 2011, 6,
637–641.

[89] H. Tilg, A. M. Diehl, N. Engl. J. Med. 2000, 343, 1467–1476.
[90] M. Parola, G. Robino, J. Hepatol. 2001, 35, 297–306.
[91] P. Lam, F. Cheung, H. Y. Tan, N. Wang, M. F. Yuen, Y. Feng, Int. J. Mol.

Sci. 2016, 17, 465.
[92] A. A. Soares, A. B. de Sá-Nakanishi, A. Bracht, S. M. G. da Costa, E. A.

Koehnlein, C. G. M. de Souza, R. M. Peralta, Molecules 2013, 18, 7609–
7630.

[93] Y. Y. Chirkov, T. H. Nguyen, J. D. Horowitz, Int. J. Mol. Sci. 2022, 23,
1042.

[94] G. Biswas, S. Rana, S. Sarkar, K. Acharya, Pharmacologyonline 2011, 2,
808–817.

[95] A. Rohini, N. Agrawal, C. N. Koyani, R. Singh, Pharmacol. Res. 2010, 61,
269–280.

[96] B. Fuhrman, N. Volkova, R. Coleman, M. Aviram, J. Nutr. 2005, 135, 722–
728.

[97] M. Sarr, M. Chataigneau, S. Martins, C. Schott, J. El Bedoui, M.-H. Oak, B.
Muller, T. Chataigneau, V. B. Schini-Kerth, Cardiovasc. Res. 2006, 71,
794–802.

[98] M. M. Rogero, P. C. Calder, Nutrients 2018, 10, 432.
[99] Z. Guo, X. Jia, Z. Zheng, X. Lu, Y. Zheng, B. Zheng, J. Xiao, Phytochem.

Rev. 2018, 17, 1091–1110.
[100] G. Biswas, K. Acharya, Int. J. Pharm. Pharm. Sci. 2013, 5, 391–394.
[101] M. Friedman, Food 2016, 5, 80.
[102] A. Ganeshpurkar, S. Kohli, G. Rai, Int. J. Med. Mushrooms 2014, 16, 207–

217.
[103] K. L. Nyam, C. F. Chow, C.-S. Tan, S.-T. Ng, Int. J. Med. Mushrooms 2017,

19, 607–617.
[104] T. W. Oh, Y. A. Kim, W. J. Jang, J. I. Byeon, C. H. Ryu, J. O. Kim, Y. L. Ha, J.

Agric. Food Chem. 2010, 58, 4113–4119.
[105] A. Kato, H. Yasuko, H. Goto, J. Hollinshead, R. J. Nash, I. Adachi,

Phytomedicine 2009, 16, 258–261.
[106] Y.-T. Liu, J. Sun, Z.-Y. Luo, S.-Q. Rao, Y.-J. Su, R.-R. Xu, Y.-J. Yang, Food

Chem. Toxicol. 2012, 50, 1238–1244.
[107] F. F. Jubaidi, S. Zainalabidin, V. Mariappan, S. B. Budin, Int. J. Mol. Sci.

2020, 21, 6043.
[108] J. Song, Y. He, C. Luo, B. Feng, F. Ran, H. Xu, Z. Ci, R. Xu, L. Han, D.

Zhang, Pharmacol. Res. 2020, 161, 105109.
[109] E. O. Alegbe, K. Teralı, K. A. Olofinsan, S. Surgun, C. C. Ogbaga, T. O.

Ajiboye, J. Food Biochem. 2019, 43, e12927.
[110] B. Scazzocchio, R. Varì, C. Filesi, I. Del Gaudio, M. D’Archivio, C.

Santangelo, A. Iacovelli, F. Galvano, F. R. Pluchinotta, C. Giovannini,
Mol. Nutr. Food Res. 2015, 59, 1472–1481.

[111] P. Ormazabal, B. Scazzocchio, R. Varì, C. Santangelo, M. D’Archivio, G.
Silecchia, A. Iacovelli, C. Giovannini, R. Masella, Int. J. Obes. 2018, 42,
2012–2021.

[112] N. Z. Msomi, O. L. Erukainure, M. S. Islam, J. Food Drug Anal. 2021, 29,
1.

[113] F. O. Omoruyi, D. Stennett, S. Foster, L. Dilworth, Molecules 2020, 25,
1720.

[114] G. Livesey, in Sweeteners and Sugar Alternatives in Food Technology, 1
ed. (Ed.: K. M. O’Donnell, W. Kearsley), Wiley Online, 2012, pp. 1–26.

[115] K.-W. Kang, S.-H. Kwak, S.-Y. Yun, S.-K. Kim, Toxicol. Rev. 2007, 23, 143–
150.

[116] C. I. Chukwuma, M. G. Matsabisa, O. L. Erukainure, C. U. Ibeji, M. S.
Islam, Food Biosci. 2019, 29, 30–36.

[117] J. J. DiNicolantonio, J. H. O’Keefe, Open Heart 2022, 9, e001989–
e001989.

[118] S. R. Foster, L. L. Dilworth, R. K. Thompson, R. L. Alexander-Lindo, F. O.
Omoruyi, Chem.-Biol. Interact. 2017, 275, 108–115.

[119] S. R. Foster, F. O. Omoruyi, J. Bustamante, R. L. Lindo, L. L. Dilworth, Int.
J. Exp. Pathol. 2016, 97, 397–407.

[120] L. Dilworth, F. Omoruyi, H. Asemota, Int. J. Food Sci. Nutr. Eng 2015, 5,
53–58.

[121] P. de Cock, K. Mäkinen, E. Honkala, M. Saag, E. Kennepohl, A. Eapen,
Int. J. Dent. 2016, 2016, 498–512.

[122] T. Yokozawa, H. Y. Kim, E. J. Cho, J. Agric. Food. Chem. 2002, 50, 5485–
5489.

[123] B. K. Wölnerhanssen, A. C. Meyer-Gerspach, C. Beglinger, M. S. Islam,
Crit. Rev. Food Sci. Nutr. 2020, 60, 1986–1998.

[124] B. K. Wölnerhanssen, L. Cajacob, N. Keller, A. Doody, J. F. Rehfeld, J.
Drewe, R. Peterli, C. Beglinger, A. C. Meyer-Gerspach, Am. J. Physiol.
Endocrinol. Metab. 2016, 310, E1053–E1061.

[125] C. I. Chukwuma, R. Mopuri, S. Nagiah, A. A. Chuturgoon, M. S. Islam,
Eur. J. Nutr. 2018, 57, 2431–2444.

[126] M. Witkowski, I. Nemet, H. Alamri, J. Wilcox, N. Gupta, N. Nimer, A.
Haghikia, X. S. Li, Y. Wu, P. P. Saha, Nat. Med. 2023, 29, 710–718.

[127] S. K. Mallick, S. K. Bhutia, T. K. Maiti, Int. J. Med. Mushrooms 2009, 11,
237–248.

[128] S. K. Mallick, S. Maiti, S. K. Bhutia, T. K. Maiti, J. Med. Food 2010, 13,
665–672.

[129] S. K. Mallick, S. Maiti, S. K. Bhutia, T. K. Maiti, Cell Biol. Int. 2011, 35,
617–621.

[130] Y. Mingyi, T. Belwal, H. P. Devkota, L. Li, Z. Luo, Trends Food Sci.
Technol. 2019, 92, 94–110.

[131] F. Motta, M. E. Gershwin, C. Selmi, J. Autoimmun. 2021, 117, 102576.
[132] S. Maiti, S. K. Bhutia, S. K. Mallick, A. Kumar, N. Khadgi, T. K. Maiti,

Environ. Toxicol. Pharmacol. 2008, 26, 187–191.
[133] A. Pal, R. Ray, A. Chouni, S. Hajra, S. Paul, J. Tradit. Chin. Med. Sci. 2024,

11, 67–77.
[134] A. Dasgupta, D. Dey, D. Ghosh, T. K. Lai, N. Bhuvanesh, S. Dolui, R.

Velayutham, K. Acharya, IUBMB Life 2019, 71, 992–1002.
[135] G. Biswas, S. Chatterjee, K. Acharya, Dig. J. Nanomater. Biostructures

2012, 7, 185–191.
[136] S. Nandi, S. Chandra, R. Sikder, S. Bhattacharya, M. Ahir, D. Biswal, A.

Adhikary, N. R. Pramanik, T. K. Lai, M. G. Drew, J. Agric. Food Chem.
2019, 67, 7660–7673.

[137] S. Mallick, S. Maiti, S. Bhutia, T. Maiti, Food Chem. Toxicol. 2010, 48,
2115–2121.

[138] R. P. Yadav, S. Chatterjee, A. Chatterjee, D. K. Pal, S. Ghosh, K. Acharya,
M. Das, J. Recept Signal Transduct. 2022, 42, 599–607.

[139] E. Melcon-Fernandez, G. Galli, C. García-Estrada, R. Balaña-Fouce, R. M.
Reguera, Y. Pérez-Pertejo, Int. J. Mol. Sci. 2023, 24, 1635.

[140] S. Scarpini, A. Dondi, C. Totaro, C. Biagi, F. Melchionda, D. Zama, L.
Pierantoni, M. Gennari, C. Campagna, A. Prete, Microorganisms 2022,
10, 1887.

[141] S. Mallick, A. Dutta, S. Dey, J. Ghosh, D. Mukherjee, S. S. Sultana, S.
Mandal, S. Paloi, S. Khatua, K. Acharya, Exp. Parasitol. 2014, 138, 9–17.

[142] S. Mallick, S. Dey, S. Mandal, A. Dutta, D. Mukherjee, G. Biswas, S.
Chatterjee, S. Mallick, T. K. Lai, K. Acharya, Future Microbiol. 2015, 10,
763–789.

[143] S. Mallick, A. Dutta, A. Chaudhuri, D. Mukherjee, S. Dey, S. Halder, J.
Ghosh, D. Mukherjee, S. S. Sultana, G. Biswas, Antimicrob. Agents.
Chemother. 2016, 60, 2696–2708.

[144] Z. Dongye, J. Li, Y. Wu, Br. J. Cancer 2022, 127, 1584–1594.
[145] A. S. Sameer, S. Nissar, Biomed. Res. Int. 2021, 2021, 1157023.
[146] A. Dasgupta, K. Acharya, Biotech. 2019, 9, 369.
[147] S. Fong-in, P. Khwanchai, T. Promjak, S. Boonsom, Int. J. Gastron. Food

Sci. 2023, 33, 100743.
[148] P. Phadannok, A. Naladta, K. Noipha, N. Nualkaew, Pharmacogn. Mag.

2020, 16, 34–34.
[149] P. Nasomjai, K. Arpha, S. Sodngam, S. D. Brandt, Arch. Pharmacal Res.

2014, 37, 1538–1545.
[150] M. Isaka, P. Chinthanom, M. Sappan, K. Danwisetkanjana, T. Boonpra-

tuang, R. Choeyklin, J. Nat. Prod. 2016, 79, 161–169.
[151] P. Rodphet, C. Champachan, P. Poungcho, N. Nualkaew, Planta Med.

2013, 79, PN70.
[152] M. Xiong, Y. Huang, Y. Liu, M. Huang, G. Song, Q. Ming, X. Ma, J. Yang,

S. Deng, Y. Wen, Mol. Nutr. Food Res. 2018, 62, 1700444.
[153] J. Zhang, B. Chen, J. Liang, J. Han, L. Zhou, R. Zhao, H. Liu, H. Dai, J.

Agric. Food Chem. 2020, 68, 10036–10049.
[154] L. Yang, D.-X. Kong, N. Xiao, Q.-Y. Ma, Q.-Y. Xie, J.-C. Guo, C. Y. Deng,

H.-X. Ma, Y. Hua, H.-F. Dai, Bioorg. Chem. 2022, 127, 106025.
[155] C. Dillard, K. Kunert, A. Tappel, Arch. Biochem. Biophys. 1982, 216, 204–

212.
[156] F. S. Atkinson, J. C. Brand-Miller, K. Foster-Powell, A. E. Buyken, J.

Goletzke, Am. J. Clin. Nutr. 2021, 114, 1625–1632.
[157] S. H. Song, C. Vieille, Appl. Microbiol. Biotechnol. 2009, 84, 55–62.
[158] G. Livesey, Nutr. Res. Rev. 2003, 16, 163–191.
[159] L. K. Basco, Field application of in vitro assays for the sensitivity of

human malaria parasites to antimalarial drugs, (Ed: E. Heseltine), World
Health Organization, Geneva, 2007, pp. 1–189.

[160] M. T. Lemma, A. M. Ahmed, M. T. Elhady, H. T. Ngo, T. L.-H. Vu, T. K.
Sang, E. Campos-Alberto, A. Sayed, S. Mizukami, K. Na-Bangchang,
Parasitol. Int. 2017, 66, 713–720.

[161] B. Tassaneetritap, Phawong, Chintana, Nualkaew, Natsajee,
Priengprom, Thongkoon, Saelee, Jantip, in World Intellectual Property
Organization, Vol. WO2021257007, Mahidol University, Thailand, 2021.

Wiley VCH Donnerstag, 12.12.2024

2412 / 373792 [S. 127/128] 1

Chem. Biodiversity 2024, 21, e202401295 (25 of 26) © 2024 The Author(s). Chemistry & Biodiversity published by Wiley-VHCA AG

doi.org/10.1002/cbdv.202401295 Review

https://doi.org/10.1056/NEJM200011163432007
https://doi.org/10.1016/S0168-8278(01)00142-8
https://doi.org/10.3390/ijms17040465
https://doi.org/10.3390/ijms17040465
https://doi.org/10.3390/molecules18077609
https://doi.org/10.3390/molecules18077609
https://doi.org/10.3390/ijms23031042
https://doi.org/10.3390/ijms23031042
https://doi.org/10.1016/j.phrs.2009.11.012
https://doi.org/10.1016/j.phrs.2009.11.012
https://doi.org/10.1093/jn/135.4.722
https://doi.org/10.1093/jn/135.4.722
https://doi.org/10.1016/j.cardiores.2006.05.022
https://doi.org/10.1016/j.cardiores.2006.05.022
https://doi.org/10.3390/nu10040432
https://doi.org/10.1007/s11101-017-9526-0
https://doi.org/10.1007/s11101-017-9526-0
https://doi.org/10.3390/foods5040080
https://doi.org/10.1615/IntJMedMushr.v16.i3.10
https://doi.org/10.1615/IntJMedMushr.v16.i3.10
https://doi.org/10.1615/IntJMedMushrooms.2017021186
https://doi.org/10.1615/IntJMedMushrooms.2017021186
https://doi.org/10.1021/jf9036672
https://doi.org/10.1021/jf9036672
https://doi.org/10.1016/j.phymed.2007.04.008
https://doi.org/10.1016/j.fct.2012.01.023
https://doi.org/10.1016/j.fct.2012.01.023
https://doi.org/10.3390/ijms21176043
https://doi.org/10.3390/ijms21176043
https://doi.org/10.1016/j.phrs.2020.105109
https://doi.org/10.1002/mnfr.201400816
https://doi.org/10.1038/s41366-018-0075-4
https://doi.org/10.1038/s41366-018-0075-4
https://doi.org/10.38212/2224-6614.3107
https://doi.org/10.38212/2224-6614.3107
https://doi.org/10.3390/molecules25071720
https://doi.org/10.3390/molecules25071720
https://doi.org/10.5487/TR.2007.23.2.143
https://doi.org/10.5487/TR.2007.23.2.143
https://doi.org/10.1016/j.fbio.2019.03.001
https://doi.org/10.1136/openhrt-2022-001989
https://doi.org/10.1136/openhrt-2022-001989
https://doi.org/10.1016/j.cbi.2017.07.024
https://doi.org/10.1111/iep.12210
https://doi.org/10.1111/iep.12210
https://doi.org/10.1021/jf020168z
https://doi.org/10.1021/jf020168z
https://doi.org/10.1080/10408398.2019.1623757
https://doi.org/10.1152/ajpendo.00037.2016
https://doi.org/10.1152/ajpendo.00037.2016
https://doi.org/10.1007/s00394-017-1516-x
https://doi.org/10.1038/s41591-023-02223-9
https://doi.org/10.1615/IntJMedMushr.v11.i3.30
https://doi.org/10.1615/IntJMedMushr.v11.i3.30
https://doi.org/10.1089/jmf.2009.1300
https://doi.org/10.1089/jmf.2009.1300
https://doi.org/10.1042/CBI20100199
https://doi.org/10.1042/CBI20100199
https://doi.org/10.1016/j.tifs.2019.08.009
https://doi.org/10.1016/j.tifs.2019.08.009
https://doi.org/10.1016/j.jaut.2020.102576
https://doi.org/10.1016/j.etap.2008.03.009
https://doi.org/10.1002/iub.2047
https://doi.org/10.1021/acs.jafc.9b01203
https://doi.org/10.1021/acs.jafc.9b01203
https://doi.org/10.1016/j.fct.2010.05.013
https://doi.org/10.1016/j.fct.2010.05.013
https://doi.org/10.1080/10799893.2022.2123515
https://doi.org/10.3390/ijms24021635
https://doi.org/10.3390/microorganisms10101887
https://doi.org/10.3390/microorganisms10101887
https://doi.org/10.1016/j.exppara.2014.01.002
https://doi.org/10.2217/fmb.14.149
https://doi.org/10.2217/fmb.14.149
https://doi.org/10.1128/AAC.01943-15
https://doi.org/10.1128/AAC.01943-15
https://doi.org/10.1038/s41416-022-01876-6
https://doi.org/10.1155/2021/1157023
https://doi.org/10.1016/j.ijgfs.2023.100743
https://doi.org/10.1016/j.ijgfs.2023.100743
https://doi.org/10.1007/s12272-014-0393-6
https://doi.org/10.1007/s12272-014-0393-6
https://doi.org/10.1021/acs.jnatprod.5b00826
https://doi.org/10.1021/acs.jafc.0c04460
https://doi.org/10.1021/acs.jafc.0c04460
https://doi.org/10.1016/j.bioorg.2022.106025
https://doi.org/10.1016/0003-9861(82)90205-3
https://doi.org/10.1016/0003-9861(82)90205-3
https://doi.org/10.1093/ajcn/nqab233
https://doi.org/10.1007/s00253-009-2086-5
https://doi.org/10.1079/NRR200371
https://doi.org/10.1016/j.parint.2017.09.002


[162] B. Chen, J. Zhang, J. Han, R. Zhao, L. Bao, Y. Huang, H. Liu, J. Agric.
Food Chem. 2019, 67, 7348–7364.

[163] R. Stanikunaite, J. M. Trappe, S. I. Khan, S. A. Ross, Int. J. Med. Mush-
rooms 2007, 9, 7–14.

[164] H. Li, Y. Tian, N. Menolli, L. Ye, S. Karunarathna, J. Perez-Moreno, M.
Rahman, M. Rashid, P. Phengsintham, L. Rizal, Compr. Rev. Food Sci.
Food Saf. 2021, 20, 1982–2014.

[165] H. Karami, N. Shariatifar, S. Nazmara, M. Moazzen, B. Mahmoodi, A.
Mousavi Khaneghah, Biol. Trace Elem. Res. 2021, 199, 389–400.

Manuscript received: May 23, 2024
Accepted manuscript online: August 23, 2024
Version of record online: October 26, 2024

Wiley VCH Donnerstag, 12.12.2024

2412 / 373792 [S. 128/128] 1

Chem. Biodiversity 2024, 21, e202401295 (26 of 26) © 2024 The Author(s). Chemistry & Biodiversity published by Wiley-VHCA AG

doi.org/10.1002/cbdv.202401295 Review

https://doi.org/10.1021/acs.jafc.9b02606
https://doi.org/10.1021/acs.jafc.9b02606
https://doi.org/10.1615/IntJMedMushr.v9.i1.20
https://doi.org/10.1615/IntJMedMushr.v9.i1.20
https://doi.org/10.1111/1541-4337.12708
https://doi.org/10.1111/1541-4337.12708
https://doi.org/10.1007/s12011-020-02130-x

	Biological Properties, Health Benefits and Semisynthetic Derivatives of Edible Astraeus Mushrooms (Diplocystidiaceae)꞉ A Comprehensive Review
	1. Introduction
	1.1. Astraeus Species
	1.2. Taxonomy
	1.3. Historical Overview of Discovery and Identification of Astraeus Species
	1.4. Morphology of Astraeus
	1.5. Nutritional Benefits of Astraeus Mushrooms
	1.6. Aims

	2. Chemistry of Astraeus Mushrooms
	2.1. Compounds Isolated from A. hygrometricus
	2.2. Phytochemicals Isolated from A. odoratus
	2.3. Phytochemical Isolated from A. asiaticus
	2.4. Phytochemical Isolated from A. pteridis

	3. Biological Properties of Astraeus
	3.1. Astraeus Hygrometricus
	3.1.1. Antioxidant Properties
	3.1.2. Anti-Inflammatory Properties
	3.1.3. Hepatoprotective Properties
	3.1.4. Cardioprotective Properties
	3.1.5. Antidiabetic Properties
	3.1.6. Immunomodulatory Properties
	3.1.7. Anticancer Properties
	3.1.8. Leishmanicidal Properties

	3.2. Astraeus Odoratus
	3.2.1. Antioxidant Properties
	3.2.2. Antidiabetic Properties
	3.2.3. Anticancer Properties
	3.2.4. Antibacterial Properties
	3.2.5. Antimalarial Properties

	3.3. Astraeus Asiaticus
	3.3.1. Antioxidant Properties
	3.3.2. Antidiabetic Properties
	3.3.3. Anticancer Properties
	3.3.4. Antiviral Properties
	3.3.5. Antimalarial Properties

	3.4. Astraeus Pteridis
	3.4.1. Anti-Tuberculosis

	3.5. Safety and Toxicity of Astraeus mushrooms

	4. Conclusions
	List of Abbreviations
	Author Contributions
	Acknowledgements
	Conflict of Interests
	Data Availability Statement


