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Fungi-Derived Natural Products with Anticancer Activity
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Abstract

There is considerable promise for bioactive natural products present in fungi. It is estimated that there are 1.5 million fungal
species worldwide, but only a small fraction has been studied. They have produced secondary metabolites with anticancer,
antibacterial, antioxidant, and immunomodulatory properties. Beta-lactam antibiotics, statins, cyclosporins, and strobilurin-
derived compounds are all produced by major fungal groups, such as Ascomycota, Basidiomycota, Chytridiomycota, and
Zygomycota. A number of metabolites also serve as scaffolds for semi-synthetic drugs with potent properties. In view of their
remarkable chemical diversity and biological activity, fungi remain a rich and promising source of anticancer drugs. Despite
the immense yet untapped potential of fungi as a source of bioactive metabolites, this brief review highlights their potential
as an anticancer source. As a result of consolidating existing knowledge about key fungal groups and their pharmacologically
relevant secondary metabolites, this article demonstrates the value of fungi derived compounds as scaffolds for future drug
development. The overview aims to guide ongoing research on leveraging fungal biodiversity to develop innovative anticancer

drugs.
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1. Introduction
Fungi are eukaryotic organisms that are found in both plants
and animals. Their main source of nutrition and food is organic
matter that they absorb and decay. Approximately 1.5 million
fungi species exist on Earth.l'l The vast majority of it, however,
remains untouched.>3] There are many types of fungi, ranging
from unicellular yeast to multicellular higher fungi (for
example, mold and mushrooms). Chitin is also present in the
cell wall of fungi. Through hyphae, they absorb food by
producing digestive enzymes.[¥! Fungal-derived natural
compounds with nutritional and pharmaceutical properties
have been investigated by scientists since the discovery of
penicillin as a powerful medicine against fungal infections.
Most importantly, fungi are the primary sources of
pharmaceutically active substances with anticancer,*
antioxidant, hepatitis-protecting, antibacterial, and anti-
diabetic effects.'*!!)

The Ascomycota belong to the kingdom Fungi, and have a
saclike composition, the ascus, which contains four to eight
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ascospores during their sexual period. In the kingdom Fungi,
Ascomycota is the most important phylum. There are a
number of them that are pathogenic to humans, animals, and
plants.l'>"3] Among them are several industrially important
fungi.l'+151 Many others belong to the industrially significant
metabolite-producing strains.l'¢!7 The basidiomycota are
fungi that produce mushrooms and are commonly known as
club fungi. Approximately 30% of the fungal species reported
are included in this list. Basidiomycetes decompose wood, and
they also show symbiotic relationships with plants.['sI In the
kingdom of Fungi, Chytridiomycota, also known as chytrids,
are zoosporic organisms. By means of zoospores, they
reproduce. About 1050 zygomycetes have been identified, and
they reproduce by producing zygospores.!”!

The fungi produce a variety of natural products, including
terpenes, alkaloids, sesquiterpenoids, and sugars. Humans
benefit from many fungal secondary metabolites. Antibiotics
with beta-lactams, for example, are the most commonly
used.?231 Our group has demonstrated the synthesis>+281 and
application-? of beta-lactams extensively. In spite of the fact
that few fungal species have been tested for their ability to
produce secondary metabolites, remarkable lead structures
have been obtained that can be used for producing medicinally
and agriculturally valuable agents. It is possible to produce
fungicides such as strobilurin from fungi, which are useful in
crop protection. The majority of crop-protecting agents come
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from these sources.*!

There are a few fungal secondary metabolites that have
cholesterol-lowering properties like statins. In order to achieve
this, they selectively inhibit the enzyme squalene synthase
pathway. A rate-limiting step in cholesterol biosynthesis is
performed by this reductase enzyme.** These characteristics
are present in meavstatin from Penicillium citrinum and
lovastatin from Aspergillus terreus.?*’ Immunomodulatory
properties are found in cyclosporin isolated from
Tolypocladiumniveum.B¢! It has been established that
fingolimod, a product of myriocin, is active against multiple
sclerosis.?”

Furthermore, in some cases, fungal secondary metabolites
are not used in their original form. However, they are modified
to produce synthetic molecules with a wide variety of
properties. Strobilurin A, isolated from  the
Strobilurustenacellus,** was used to exploit beta-methoxy-
acrylic acid. Among these antifungals is the popular fungicide,
azoxystrobin.*’! The importance of exploring natural fungi for
anticancer research cannot be overstated. This brief review
underscores the immense yet underexplored potential of fungi
as a prolific source of structurally diverse bioactive
metabolites with significant anticancer promise. By
consolidating current knowledge on key fungal groups and
their pharmacologically relevant secondary metabolites, it
highlights the value of fungi-derived compounds as scaffolds
for future drug development. The overview aims to guide
ongoing research efforts toward harnessing fungal
biodiversity for innovative anticancer therapeutics.

2. Anticancer compounds from fungi

2.1 Strobilurins

A basidiomycete called Strobilurustenacellus is an agaric that
grows on decaying cones of the PurusSilverstris.’*] The
cultures of this species produced on agar plates or in
submerged cultures showed significant antifungal properties.
It was found that the mycelium of Strobilurustenacellus strain
No. 21602 produced two antibiotics, strobilurins A and B. The
anticancer activity was tested on cells of the ascitic form of
EHRLICH carcinoma. Stabilurinsinhibited the incorporation
of radioactive leucine, uridine, and thymidine into acid-
insoluble fractions of cells.

2.2 Griseofulvin

There is evidence that the antifungal compound griseofulvin
inhibits mitosis in both fungal and mammalian cells by
altering the function of the mitotic spindle microtubules
(MT).*1 Griseofulvin inhibited the progression of the cell-
cycle at the G2/M phase of human cancer cells and induced
apoptosis in these cancer cells. It was investigated whether
griseofulvin can stop cell proliferation and mitosis and change
MT polymerization and organization in HeLa cells, along with
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MT polymerization and dynamic instability. Upon injection of
griseofulvin, cell-cycle progression was inhibited during
prometaphase/anaphase of mitosis, and cell proliferation was
prevented. The spindles in the blocked cells showed normal
numbers of MTs along with normal MT organization, similar
to the spindles that were arrested by a number of molecules
that target MTs. It was found that lower concentrations (1-20
uM) adequately inhibited the dynamic instability activity of
the MT. The ability of this compound to stop spindle MT
dynamics was similar to that of some other strong anti-mitotic
drugs (vinca alkaloids and taxanes).

2.3 Asperjinone

Cells with breast cancer express ABCG2 transporters that
create multidrug resistance. In order to improve breast cancer
treatment, it is essential that a novel molecule be developed
that suppresses ABCG2 expression and restores drug
sensitivity. In order to reach this goal, a new nor-neolignan,
asperjinone (1), has been isolated from Aspergillus terreus
along with 12 other known molecules.*! The anticancer
activity of terrein (2), among these compounds, was
exceptional against breast cancer cells MCF-7. Treatment with
terrein (2) suppressed ABCG2-expressing breast cancer cells'
growth. Through activating caspase-7 and blocking Akt
signaling, the suppressive activity was attributed to an
apoptotic effect.

2.4 Brefeldin A

There was an isolation of Paecilomyces sp. and Aspergillus
clavatus from Taxus mairei, and Torreya grandis was found to
produce toxic metabolites.*?] Brefeldin A's structure was
identified by nuclear magnetic resonance, infrared
spectroscopy, ionization mass spectroscopy, and X-ray
analysis. Many fungal species produce this bioactive
metabolite, including Alternaria, Ascochyta, Penicillium,
Curvularia, Cercospora, and Phyllosticta.

In this study, three endophytic fungi were examined. For
further study, strains W-001 from T. mairei and H-036 and H-
037 from T. grandis were chosen because they had antitumor
properties (Table 1).

A cytotoxin was isolated from Paecilomyces sp. and
A.clavatus in this study, which is considered the first report of
its isolation. A study was conducted to examine the relevance
of brefeldin A (Fig. 1) in determining the association between
these fungi and their hosts.

Natural compound Brefeldin A (BFA) is used as a cancer
chemotherapy agent.”] Following BFA wuptake, DNA
fragmentation was associated with apoptosis in a range of cancer
cells. With low BFA concentrations, DNA fragmentation was
induced in HL-60 leukemia, K-562 leukemia, and HT-29
colon carcinoma cells. In the HL-60 and HT-29 cells, DNA
fragmentation showed an internucleosomal pattern. In HL-60 and
K-562 cells, mediated apoptosis was independent of p53.
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Table 1: Cytotoxicity of the endophytic fungi and brefeldin A.[“?

Spc-A-1 MCF-7 Hela KB HL-60
IDso
W-001 1:1000 1:4000 1:5000 1:1000 1:300
H-036 1:3000 1:2000  1:3000 1:3000 1:1500
H-037 1:4000 1:200 1:1000 1:200  1:200
ICso (ng ml!)

Taxol 0.8 5 1.8 0.16 1.2
Brefeldin A 1 2 1.8 9 10

Brefeldin A
Fig. 1: Molecular structure of Brefeldin A.

Ergosterol peroxide
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Acetoxyscirpenediol

Fig. 2: Structures of ergosterol peroxide and acetoxyscirpenediol that were isolated from carpophores of Paecilomycestenuipes.

It was found that BFA potentiated DNA fragmentation
induced by UCN-01 and staurosporine in HL-60 cells. The
activity of cyclin B1/Cdc2 kinase was decreased in HL-60
cells after treatment with BFA. This indicates that BFA-
induced DNA fragmentation does not involve cyclin B1/Cdc2
kinase up-regulation. In HL-60 cells, cycloheximide could not
prevent DNA fragmentation induced by BFA. Apoptosis in
HL-60 cells is not dependent on protein synthesis, as this study
suggested. However, cycloheximide was able to block BFA-
induced DNA fragmentation in HT-29 cells, confirming that
macromolecular synthesis is required for apoptosis in this cell
line. In cell-free experiments, cytosolic proteins were found to
trigger DNA fragmentation during apoptosis induced by BFA.

In bioassay-guided fractionation of the endophytic fungus
KLAR 5, brefeldin A, 8-deoxy-trichothecin, trichothecolone,
7-0-hydroxytrichodermol, and 7-a-hydroxyscirpene were
isolated.l**! There was a high level of activity of brefeldin A
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against human epidermoid carcinoma of the mouth, breast
cancer (BC-1), and small cell lung cancer (NCI-H187). 8-
Deoxy-trichothecin and 7-a-hydroxytrichodermol were active
against BC-1 and NCI-H187 cells. In these three cancer cells,
trichothecolone and 7 a-hydroxyscirpene had a mild effect.

2.5 Taxol and taxane

In the pinner bark of the Pacific yew, Taxus brevifolia,
Taxomycesandreanae was isolated.[*] It produced Taxol and
related compounds in a synthetic liquid medium. L-[U-
14C]phenylalanine and [1-'*Cacetic acid serve as precursors
of ['*C]taxol in fungal cultures. In the inner bark of a small
branch of Himalayan yew, Taxus wallachiana, Pestalotiopsis
microspora was collected. In mycelial culture, this produced
taxol.[*! It took 2-4 weeks for the still culture at 23 °C to reach
an optimal level of taxol production. ['*C]Acetate and
['*C]phenylalanine served as precursors to fungal ['“C]taxol.
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As an anticancer agent, the diterpenoid Taxol plays a
crucial role. An investigation was conducted to identify a
taxol-producing endophytic fungus from Taxus mairei.[*” It
was found that strain TFS5 produced Taxol when grown in
potato dextrose liquid. In the MTT assay, the fungal taxol
isolated from the organic extract of the TF5 culture showed
excellent cytotoxic activity against KB and P-388 cancer cells.
In cultured cells, fungal taxol improved microtubule stability
and bundling.

Paecilomycestenuipes is a  Chinese  medicinal
entomopathogenic fungus that parasitizes silkworm larvae.[*]
It has been found that the methanolic extract of the
carpophores of this fungus contains two cytotoxic compounds.
The cytotoxic components were found to be ergosterol
(50,8a-epidioxy-24(R)-methylcholesta-6,22-dien-
3B-ol) and acetoxyscirpenediol (4p-acetoxyscirpene-3a,15-
diol) (Fig. 2).

As measured by the 50% inhibitory concentrations (IC-
50s), ergosterol peroxide was effective against gastric tumor
cell lines (SNU-1), hepatoma cell lines (SNU-354), colorectal
tumor cell lines (SNU-C4), and murine sarcoma-180.
Acetoxyscirpenediol's ICso values against SNU-1, SNU-C4,
SNU-354, and sarcoma-180 were 1.2, 4.0, 2.2, and 1.9 puM,
respectively (Table 2). Acetoxyscirpenediol exerts cytotoxic
effects four to six times greater than cisplatin.

A new glycoside of ergosta-7,22-diene-3,5,6-triol has been

peroxide

isolated from Hericumerinacens' body, and its structure has
been determined by spectroscopy.[*’ The Herinacens were also
used to produce six ergosterol derivatives. The activity-guided
fractionations led to the isolation of two anticancer molecules,
5,6-epoxy-24(R)-methylcholesta-7,22-dien-33-ol and 5a,8a-
epidioxy-24(R)-methylcholesta-6,22-dien-33-d-
glucopyranoside from Cordyceps sinensis (Fig. 3).5% There
two 22-
dihydroergosteryl-3-O-B-d-glucopyranoside and ergosteryl-3-
O-B-d-glucopyranoside.

In experiments with K-562, Jurkat, WM-1341, HL-60, and
RPMI-8226 tumor cells at 10 pg/ml, the glycosylated form of
ergosterol peroxide was more effective in inhibiting their
proliferation than the aglycone, S5a,80-epidioxy-24(R)-
methylcholesta-6,22-dien-3f3-ol.

were also known compounds obtained:

2.6 Leucinostatins

Paecilomyceslilacinus culture filtrate was used to obtain a new
antibiotic, leucinostatin.*'1 In a mixture of several compounds,
leucinostatin is present in peptide form, which can be
separated into leucinostatin A and B.

2.7 Polygalactosamine

An investigation was conducted on polygalactosamine
(PF102), which was derived from the Paecilomycessp I-1
strain, and the mechanisms of its antitumor action.[*?! When
this molecule was administered intravenously to mice,
immune responses were increased on both a cell-mediated and
humoral level. It was also observed that MM46 solid tumors
were inhibited in their growth. The deoxyribonucleic acid
synthesis of target cells was stopped by macrophages
generated by PF102 into the peritoneal cavity. Furthermore,
PF102 could increase the incorporation of 3H-thymidine into
thymic cells. There was a significant activation of the
cytostatic property of the peritoneal macrophages after T
lymphocytes were stimulated with PF102. Furthermore, this
culture supernatant fluid contained interferon (IFN). As a
result, PF102's anticancer activity was due to the activation of
macrophage lineage cells and/or the generation of IFN by
stimulated T lymphocytes.

2.8 Saintopin

Through a concerted process of breaking and rejoining, DNA
topoisomerases [ and II alter their conformation. Many
clinically active agents with diverse structures target
topoisomerase Il as their primary target. Known as
topoisomerase II poisons, these antitumor medicines stabilize
the DNA-topoisomerase II complex. These molecules'
antitumor properties are largely attributed to their ability to
induce topoisomerase II-dependent DNA cleavage (TDC).

To examine TDC in vitro, actinomycetes and fungi cultures
were screened. There is evidence that flavonoids, genistein,
and orobol are potent inhibitors of TDC. Saintopin, a novel
compound with TDC activity, was isolated from
Paecilomycessp culture broth.[3 It was found that Saintopin
exhibited weak antimicrobial activity against Gram-positive
bacteria without having any effect on Gram-negative bacteria
or fungi. A cytotoxic effect of Saintopin was demonstrated
against the human tumor cell line, HeLa S3, as well as against
the murine leukemia P388 cell line.

Table 2: IC50 of ergosterol peroxide and acetoxyscirpenediol from Paecilomycestenuipes. *®!

Cell line [

Acetoxyscirpenediol Ergosterol peroxide Cisplatin
SNU-1 0.4 pg/ml (1.2 uM) 8.0 pg/ml (18.7 uM) 2.4 ug/ml (8 uM)
SNU-C4 1.3 pg/ml (4 uM) 67.7 ng/ml (158.2 uM) 6.3 pg/ml (21uM)
SNU-354 0.7 pg/ml (2.2 uM) 36.2 pg/ml (84.6 uM) 2.7 ug/ml (9 uM)

Sarcoma-180 0.6 pg/ml (1.9 uM)

31.7 pg/ml (74.1 uM) 2.3 pg/ml (7.7 uM)
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Fig. 3: Molecular structure of the compounds.

2.9 Trichothecenes
Several Trichoderma species can be found in soils and habitats
other than the so0il.5*3¢ A variety of metabolites are produced

by the genus Trichoderma, including
epipolythiodioxopiperazines, peptides, pyridones,
anthraquinones, pyrones, butenolides, and steroids.l’”

Trichothecenes are sesquiterpenes containing a tetracyclic
12,13-epoxytrichothec-9-ene ring found in several fungi such
as Trichoderma, Myrothecium, Trichothecium, and
Fusarium.>4%-¢0 = A number of trichothecene-derived
compounds, including trichodermin, HT-2  toxin,
deoxynivalenol, and satratoxin, have been demonstrated to
exhibit cytotoxic, antiphytopathogenic, antimicroalgal,
antifungal, antimalarial, antiviral, antibiotic, and antileukemic
effects.l6-63)

The saltwater culture of Myrotheciumverrucaria yielded
three new trichothecenes, 3-hydroxyroridin E, 13'-
acetyltrichoverrin B, and miophytocen C, as well as nine
related compounds.[* Apart from miophytocen C, all these
compounds displayed excellent cytotoxicity against murine
and human tumor cells.

Three endophytic Myrothecium roridum strains were
found to produce six new macrolides, myrothecins D-G, 16-
hydroxymytoxin B, and 14'-dehydrovertisporin, as well as
four 10,13-cyclotrichothecanes.[) In leukemia K562 and

colorectal carcinoma SW1116 cell lines, macrolides exhibited
antiproliferative  properties. ~ Myrothecins D-G, 16-
hydroxymytoxin B, and 14'-dehydrovertisporin = were

cytotoxic with low ICsg values. To explore the 3D QSAR of
these compounds, the COMFA (comparative molecular field
analysis) and CoMSIA (comparative molecular similarity
indices analysis) methods were used. Based on the results, the
steric, electrostatic, hydrophobic, and H-bond acceptor factors
were responsible for their cytotoxicity.
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A number of health problems are caused by fungi that
produce trichothecenes, as well as the trichothecenes
themselves.[* Their application may benefit from a reduction
in toxicity. An endophyte of the herb plant Ajuga decumbens
produced two new trichothecenes along with seven previously
known trichothecenes. According to the MTT study, the new
trichothecenes 2',3’-epoxymyrothecine A, and myrothecine A,
are less toxic than other trichothecenes. As well, the new
trichothecene 2’,3’-epoxymyrothecin A was able to induce
phosphorylation of JNK protein and PARP (poly ADP-ribose
polymerase) cleavage in cancer cells, resulting in apoptosis.

The  solid-state  fermentation of  Trichoderma
brevicompactum NTU439 resulted in the production of eight
trichothecenes, including four new molecules 1-4, four
previously known compounds 5-8, and one cyclonerane (9)
(Fig. 4).le7

Using the SRB assay, these compounds were tested for
their cytotoxic activity against HCT-116, PC-3, and SK-Hep-
1 cancer cells. There were promising cytotoxic effects of
compound 8 against three cancer cell lines, with ICso values of
3.3, 5.3, and 1.8 uM, respectively (Table 3). A number of
compounds1-2, 4-6, and 7-8 inhibited LPS-mediated NO
generation, and compounds 5 and 8 inhibited gelatinolysis of
MMP-9 in THP-1 monocytes stimulated with S1 protein.

2.10 Chaetoglobosins

The cultivation of Chaetomium globosum, an endophytic
fungus in Ginkgo biloba, produced five cytochalasan
mycotoxins, chaetoglobosins A, G, V, Vb, and C (1-5).16%
Methanol extracts of the same endophyte have yielded 5
known chaetoglobosins, C, E, F, Fex, and 20-
dihydrochaetoglobosin A (5-9), along with 4 known
compounds (11-14). Radish seedlings were used to study the
phytotoxic effects of molecules 1, 3-8, and 10. At a concentration
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Fig.4: Structures of compounds 1-9. Adapted with permission from Reproduced from.[”!

Table 3: ICso of compounds 1-9 against three cancer cell lines (HCT-116, PC-3, and SK-Hep-1), inhibition of NO production in
microglial BV-2 cell-induced LPS treated with 10 uM of compounds 1-9, and percent cell viability in BV-2 cells. ? Positive control

for cytotoxicity test; ** p < 0.01, and ™ p < 0.001 compared with the vehicle;

permission from.[*”

##p < 0.001 compared with the resting. Adapted with

Cytotoxicity (ICso, tM) NO (uM) £ SD Cell Viability (%)

Compounds .

HCT-116 PC-3 SK-Hep-1 + SD in BV-2 Cell
1 >10 >10 >10 10.8+2.1" 954 £5.7
2 >10 >10 >10 8.1+0.7" 999=+1.6
3 >10 >10 >10 124+1.7™ 105.8+2.9
4 >10 >10 >10 92+£12™ 1028 +£9.4
5 54+03 6.4+0.1 50+03 1.9+05" 629+3.7"™
6 >10 >10 >10 121+£15™ 104.9+12.2
7 7.5+03 93+04 59+02 42+1.1™ 94.7+17.8
8 33+03 53+03 1.8+0.8 1.9+0.1" 633+64™"
9 >10 >10 >10 125+0.8™ 103.5+45
Trichodermin® 0.5+0.0 0.9+0.1 0.4+0.1 - -
Resting - - - 24+0.2 100+ 0.0
Vehicle - - - 16.4 £ 0.5

of 50 ppm for some of them (1, 3, and 6-8), there was an
inhibitory power of more than 60% with regard to the growth
of radish seedlings. In comparison to the positive control,
glyphosate, this was comparable or superior. The cytotoxic
potential of the compound was also evaluated against HCT116
colon cancer cells. Compounds 1 and 8-10 showed
cytotoxicity with IC50s ranging from 3.15 to 8.44 uM,
compared to etoposide (ICso = 2.13 uM). There was an
increase in cytotoxicity but a decrease in phytotoxicity in
chaetoglobosin Fa (10).

2.11 Amides

Two new metabolites, 3-hydroxy-2-methoxy-5-
methylpyridin-2(1H)-one (1) and 3-hydroxy-N-(1-hydroxy-3-
methylpentan-2-yl)-5-oxohexanamide (2), and another natural
compound, 3-hydroxy-N-(1-hydroxy-4-methylpentan-2-yl)-
5-oxohexanamide (3), were obtained from the endophytic
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fungus Botryosphaeria dothidea KJ-1, along with 15 known
molecules, including chaetoglobosin C (7) and chaetoglobosin
F (8).1°! Antimicrobial, antioxidant, and cytotoxic properties
were assessed for these metabolites. It was found that
Pycnophorin (4) inhibited the growth of Bacillus subtilis and
Staphylococcus aureus. Stemphylopyronol (5) exhibited
potent antifungal activity against Alternaria solani with a MIC
of 1.57 uM. Alternusin (9) as well as djalonensone (10)
demonstrated DPPH radical scavenging activity. The
cytotoxicity of stemphyperylenol (5) and altenuene (6) against
HCT116 was also strong.

2.12 Extracts

There was cytotoxicity observed by aqueous extracts from the
mycelium of Paecilomyces japonica against numerous tumor
cells, including Jurkat, U937, HL-60, HepG2, BW5147.G.1.4,
and NIH3T3. Fractionation was performed on the aqueous
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extract. Cytotoxicity was most prominent in the ethyl acetate
fraction. Tumor cells showed ICso values ranging from 1.5 to
10.0pg/ml. Cell cycle progression and apoptotic DNA
fragmentation were examined in Jurkat T cells. Within 1 h, the
DNA fragmentation of the cells was observed in a time-
dependent manner. A sub-G1 peak was observed by flow
cytometry under these conditions.

In cell culture and animal models, a waterextract prepared
from dried Cordyceps sinensis was tested for anticancer
activity.”! Ehrlich ascites carcinoma cells (EAC), allogeneic
to ICR mice, and Meth A fibrosarcoma cells (Meth A),
syngeneic to BALB/c mice, were used as tumor cells. The
median survival period of the allogeneic mice improved with
ECS treatment. After EAC implantation, eight out of ten ECS-
treated mice survived well. Syngeneic mice inoculated with
Meth A also survived longer after receiving ECS treatment.
ECS had no cytotoxic effect on either EAC or Meth A.
According to these results, ECS has antitumor activity due to
its immune-modulating properties.

A study of the effects of Cordyceps sinensis (WECS)
extracts on liver cancer of Lewis lung carcinoma (LLC), and
B16 melanoma (B16) cells was conducted.? In tumor-
inoculated mice, the liver weight was greater than that of
normal mice due to tumor metastasis. In the LLC and B16 tests,
the relative liver weight of WECS-administered mice was
lower than that of control mice. Against LLC and B16 cells,
WECS demonstrated excellent cytotoxicity. Whilst
cordycepin (3'-deoxyadenosine), one of WECS's active
components, has no cytotoxic effects.

2.13 Polysaccharides

It was found that Cordyceps sinensis suppressed the growth of
mouse Sarcoma 180 by inhibiting its growth.””] An
investigation was conducted on the polysaccharide fraction of
Cordyceps sinensis (PSCS). The results showed that the
medium from PSCS-stimulated blood mononuclear cells
(PSCS-MNC-CM) inhibited the proliferation of U937 cells.
Additionally, 50% of the cells differentiated into mature
monocytes/macrophages after PSCS-MNC-CM treatment.
However, differentiated U937 cells were capable of
phagocytosis  and  superoxide  production.  PSCS,
independently or normal MNC-CM, however, did not have
similar properties. In normal MNC-CM, interferon (IFN)-
gamma, tumor necrosis factor (TNF)-alpha, and interleukin-1
levels were low. Antibody neutralization experiments showed
that PSCS-MNC-CM's tumoricidal and differentiating effects
were caused by elevated cytokines (IFN-gamma and TNF-
alpha). Cell growth was stopped, and differentiation was
induced in the target U937 cells by these two cytokines.

2.14 Cytochalasans

By cocultivating Aspergillus flavipes and Chaetomium
globosum, sources of cytochalasans, 13 oxygenated
cytochalasans were produced, aspochalasinols A—D (1-4) and
oxichaetoglobosins A—I (5-13), and seven known molecules
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(14-20)."4 One of these molecules, molecule 13, is a new
cytochalasan. The molecules 1-4 represent the first
cytochalasans of the Asp type with C-12 hydroxy groups.
Chae-type cytochalasans from C globosum contain
hydroxylated Me-12 groups. There are also only a few
cytochalasans with oxygenated C-10 groups, namely 5-10.
One notable feature of 13 is that it is the first example of a
natural cytochalasan that has a degraded indole ring. These
new compounds showed anticancer activity against five
human cancer cell lines (SW480, HL-60, A549, MCF-7, and
SMMC-7721).

Bisaspochalasins D (1) and E (2), heterocycle-condensed
cytochalasan homodimers, were isolated from endophytic
Aspergillus flavipes.[” In bisaspochalasin D (1), a triple
heterobridged 3,8-dioxa-6-azabicyclo[3.2.1]octane
framework was present, while in bisaspochalasin E (2),
pyrrole rings were present. There has been some speculation
about the dimerization mechanism of bisaspochalasins D and
E. Cytotoxic effects of bisaspochalasin D were demonstrated
in five cancer cells (HL-60, SMMC-7721, A-549, MCF-7, and
SW-480). A PC12 cell-based experiment also showed that
bisaspochalasin D  exhibits neurotrophic  properties.
Bisaspochalasin D promotes neurite growth by inducing
differentiation in PC12 cells at a concentration of 10uM.

Four rearranged cytochalasans (1-4) have been obtained
from Chaetomium globosum, an endophytic fungus. In
Pchaeglobolactone A (1), a 13-aza-21-oxa-tetracyclo-
[10.6.1.217,19.015,19]henicosane structure was found.l®
Among the cytochalasans, spiropchaeglobosin A (2) is the first
molecule with spiro[5.10]hexadecane units.

Fourteen new [11]-chaetoglobosins have been isolated
from cultures of endophytic fungi, along with two congeners
called cytochalasin X and Y (15 and 16)."1 A cytotoxic effect
of chaetopseudeurin M (1) was observed against seven
different human cancer cell lines. In MCF-7 cells, compound
1 caused G2/M cell cycle arrest and apoptosis through down-
regulating cyclin B1 and Cdkl1 and activating Bcl-2/caspase-
3/PARP pathways.

2.15 Penicidones
The culture of Penicillium sp IFB-E022 proved to yield three
alkaloids, penicidones A—C (1-3), in addition to lumichrome,
physcion, and emodin-1,6-dimethyl ether (Fig. 5).7%

The penicidones A—C were natural products with a
penicidone framework. It was found that compounds 1-3 were
cytotoxic to four types of cancer cells (Table 4).

2.16 Steroids

From the fruiting bodies of Agaricus blazei, four steroids were
obtained (Fig. 6)." Three of these compounds, 2, 3, and 6,
were cytotoxic against HeLa cells.

2.17 Sesquiterpene quinones
In addition to tauranin (2), five metabolites were identified
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R=Me,H

0. OMe

MeO

Fig. 5: Penicidones A—C (1-3).

Table 4: In vitro cytotoxicity (ICso puM) of 1, 2, and 3 against four cancer cell lines.!”

Hela KB K562 SWI1116
1 415+1.6 46.5+4.5 54.0+43 60.1+3.2
2 351+2.1 29.6+1.5 21.1+£0.8 542+2.1
3 547+23 443+2.4 543+14 80.8+5.5
5-Fluorouracil 122.0+5.9 17.0+1.4 431+1.7 47.1+3.1

OR3
R'=H, Ac; R?=H, OH; R3=H, Me, Ac

from Phyllostictaspinarum: (+)-(5S,105)-4'-
hydroxymethylcyclozonarone (1), 3-ketotauranin (3), 3o-
hydroxytauranin  (4), 12-hydroxytauranin  (5), and
phyllospinarone (6).%% Five cancer cells were tested for the
inhibition of cell proliferation by these molecules. Flow
cytometry-based assays indicated that tauranin enhances
apoptosis in PC-3M and NIH 3T3 cells.

2.18 Coumarins
From the fermentation culture of Botryosphaeria sp F00741,
botryoisocoumarin A (1) was obtained along with 3,8-
dihydroxy-3-methylisochroman-1-one (2) and 4,8-dihydroxy-
3-methylisochroman-1-one  (3).  An antitumor and
antimicrobial screening was conducted on compound 1.

Five known molecules and a new isocoumarin were
obtained from the fermentation products of an endophytic
fungus.®? Cytotoxicity testing was performed on compound 1

8 | ES Chem. Sustain., 2026, 6, 2131
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Fig.6: Chemical structure of the compounds.

against five cancer cell lines. Compound 1 exhibited weak
cytotoxicity against NB4, SHSYSY, and MCF7 cells.

2.19 Polyketides

A fermentation culture of Botryosphaeria australis strain ZJ12-
1A was used to isolate four new polyketides, botryosphaerones
A-D (1-4) and four molecules: O-methylasparvenone (5), 6-
ethyl-2,7-dimethoxyjuglon (6), a monoacetyl derivative 7, and
O-methylaspmenone (8) (Fig. 7). Cytotoxic and
antimicrobial properties were demonstrated for molecules 6
and 7.

2.20 Botryorhodines

Botryosphaeria rhodina is an endophytic fungus that was
isolated from stems of Bidens pilosa, a medicinal plant. It has
anti-inflammatory, antiseptic, and antifungal properties.®*
The ethylacetate extract of the fungal isolate showed excellent
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Fig. 7: The structure of compounds 1-8.
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Fig. 8: Chemical structures of compounds 1-5.

Table 5: Antiproliferative (Glsp) and cytotoxic (CCsp) activities of botryorhodines A (1) andB (2). Adapted with permission from.[34

Compounds Cytotoxicity Antiproliferative activity
CCso (HeLa) Glso (HUVEC) Glso (K-562)
1 96.97 uM 1.67 uM 0.84 uM
2 36.41 uyM 0.07 uM 0.003 uM

antifungal, cytotoxic, and antiproliferative properties. By
fractionating, four depsidones, botryorhodins A-D, and auxin
indole carboxylic acid were isolated (Fig. 8).

The cytotoxic properties of botryorhodine A and B were
demonstrated in HeLa cells (Table 5). Moreover, they were
also found to be antifungal against Aspergillus terreus and
Fusarium oxysporum pathogens.

2.21 Depsidones
Three new depsidones (1-3) were isolated from the
endophytic fungus BCC 8616.%5 Breast and epidermoid

Engineered Science Publisher

carcinoma cells were found to be cytotoxic when compound 1
was applied.

2.22 Lovastatins

From the soil-centered fungus Aspergillus sclerotiorum PSU-
RSPG178, three lovastatin analogues (1, 4, and 5) along with
four known lovastatin derivatives, lovastatin (2), a,p-
dehydrolovastatin (3), a,p-dehydrodihydromonacolin K (6),
and o,p-dehydro-4a,5-dihydromonacolin L (7), were
obtained.*¢ There was a potent inhibitory effect of compound
5 on HMG-CoA reductase. A direct interaction between

ES Chem. Sustain., 2026, 6,2131 |9
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molecule 5 and HMG-CoA reductase was observed in this
study.

2.23 Terrequinone and terrefuranone

To discover anticancer drugs from rhizosphere fungi of
Sonoran desert plants, cytotoxic EtOAc extracts of four
Aspergillus strains were analyzed.[®”) Among the metabolites
of As.Terreus detected in the rhizosphere of Ambrosia
ambrosoides were terrequinone A (1), terrefuranone (2), along
with a metabolite called Na-acetyl aszonalemin (3). In
addition to dehydrocurvularin (4) and 11-methoxycurvularin
(5), As terreus also yielded 11-hydroxycurvularin (6). Among
the new compounds found in Ascervinus obtained from
Anicasanthusthurberi were 4R*, 5S*-dihydroxy-3-methoxy-
5-methylcyclohex-2-enone  (7) and  6-methoxy-5(6)-
dihydropenicillic acid (8), along with penicillic acid (9). As a
result of acetylation of 2, 14-acetylterrefuranone (13) was
produced, as well as 14-deoxy-13(14)-dehydroterrefuranone
(14). On four cancer cell lines, compounds 1-9, dienone 14,
and dihydropenicillic acid (16) were screened for cytotoxicity.
The cytotoxicity of compounds 4 and 5 was good. Compared
with normal fibroblast cells, compounds 6 and 9 were
selectively cytotoxic against cancer cells.

2.24 Benzaldehydes

A strain of Penicillium melinii Yuan-25 and a strain of
Penicillium janthinellum Yuan-27, both of which have anti-
Pyricularia oryzae function, were isolated from the roots of
Panax ginseng.®! A new benzaldehyde compound, ginsenocin
(1), has been isolated utilizing a bioactivity-oriented isolation
method. Six cancer cells were screened for their cytotoxicity
against the isolated compounds 1-8. The most cytotoxic agent
was Brefeldin A (8) with ICso values of 0.12 pg/ml against all

™

O
\ LA
\‘\.H.TN

0]

Laad
=0
Iz
ZT
Iz

HO

O

cell lines. Penicillic acid (4) and ginsenocin (1) both showed
potent cytotoxicity with ICsy values (0.49 to 7.46 pg/ml).

2.25 Cyclohexenone

A new cyclohexenone derivative (1) was obtained from
Diaporthaceous fungus PSU-H2, along with six known
compounds,  2,3-dihydromycoepoxydiene  (4),  (+)-
mycoepoxydiene (5), deacetylmycoepoxydiene (6), and
tyrosol (7). Using MCF-7 breast cancer cells as a model,
cytotoxic activity was studied.

2.26 Emericellipsins

The alkalophilic fungus Emericellopsisalkalina VKPM F1428
produced antimicrobial peptides with antifungal and cytotoxic
properties.[*l The metabolites obtained by an alkaline medium
resulted in the production of four new homologous (Emi B—
E). EmiA's inhibitory properties against drug-resistant
pathogenic fungi were similar to those of amphotericin B
(AmpB). Furthermore, EmiA demonstrated low cytotoxicity
toward HPF cells, but had anticancer selectivity against K-562
and HCT-116 cells. The emericillipsins produced by the
alkalophilic fungus Emericellopsis alkaline have been
proposed as alternatives to antifungal drugs as a potential
treatment option for invasive mycosis.

2.27 Leucinostatins

Acremonium sp is found as an endophyte in European yew
(Taxus baccata).®'l Many antifungal and anticancer peptide
compounds are found in it, including leucinostatins.
Specifically, leucinostatin A is effective against Pythium
ultimum, an oomycetous plant pathogen. There is evidence
that leucinostatin A inhibits the growth of cancer cells. In the
case of the breast cancer cell line, 2.3 nM was the ICs value.

0 0
H O\ /EVH

O

Fig. 9: Structure of emericellipsin A determined by NMR spectroscopy. Adapted with permission from Reproduced from.[®3
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Fig. 10: Comparative cytotoxic activity of emericellipsin A (A—C) and doxorubicin (positive control) (D-F): HepG2 tumor cell line
(A,D); HeLa tumor cell line (B,E), and human fibroblasts (C,F). Adapted with permission from Reproduced form.3!

Through the administration of [14C]leucine or [14C]pyruvate,
leucinostatin A was effectively radiolabeled.

2.28 Atroviridins

From the culture broth of fungal strain F80317, seven
peptaibols, atroviridins A-C containing 20 residue amino acids,
and neoatroviridins A-D containing 18 residues, were
isolated.’” The molecules displayed antimicrobial activity
against Gram-positive bacteria and phytopathogenic fungi, as
well as cytotoxicity against cancer cell lines. It was discovered
that atroviridins possess an antibiotic property resulting from
a membrane-perturbation function.

2.29 Emericellipsin

LipopeptaibolEmericellipsin A (Fig. 9) has been produced by
the extremophilic fungus Emericellopsisalkalina with the

Engineered Science Publisher

ability to act as an antibacterial and antitumor agent.%]

The molecules include peptaibols, which are non-
ribosomal polypeptides with amino acid residues (alpha-
aminoisobutyric acid). The peptide demonstrated antifungal
activity against Candida albicans. Additionally, it showed
antimicrobial properties against Gram-positive and Gram-
negative bacteria. Moreover, emericellipsin A  exhibits
excellent cytotoxic properties and is active against Hep G2 and
HeLa tumor cells (Fig. 10).

It is also believed that the study of fungi-derived natural
products aligns closely with the principles of green chemistry,
which can provide a more sustainable means of discovering
anticancer drugs in the future.’**! As a result of the low-
energy, aqueous, and renewable nature of fungal biosynthesis,
it greatly reduces the environmental footprint associated with
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traditional synthetic chemistry processes. The advancements
in fermentation optimization, metabolic engineering, and
bioreactor design further enhance sustainability by enabling
higher yields, reduced solvent use, and a minimal amount of
hazardous waste. As a result of integrating these green
methodologies into natural product research, it is possible to
support environmentally sustainable innovation, as well as
make the development of fungi-based anticancer therapeutics
more viable in the long run.

3. Conclusion

There are many natural compounds found in fungi that are
effective against cancer. This article examines the chemistry
of such compounds, their mechanisms of action, and their
other pharmacological effects. Typically, the focus is on
natural compounds derived from fungi associated with
terrestrial plants, the environment, and the soil. There are
many natural products derived from fungi that have excellent
anticancer profiles, but their clinical translation is still
constrained by several challenges, such as their low
bioavailability, rapid metabolic degradation, and poor
pharmacokinetic stability. A number of factors, including
variable yields of compounds, structural complexity, and
challenges associated with large-scale production, further
hamper consistent assessment of preclinical results. As
formulation science advances, such as nanodelivery systems
and targeted carriers, they are beginning to address some of
these limitations, although they are still in the early stages of
their development. To bridge the gap between laboratory
efficacy and clinical applicability, it will be necessary to
continue integrating synthetic biology, medicinal chemistry,
and advanced drug delivery strategies.
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