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Abstract

Endophytic fungi represent a significant renewable resource for the discovery of pharma-
ceutically important compounds, offering substantial potential for new drug development.
Their ability to address the growing issue of drug resistance has drawn attention from
researchers seeking novel, nature-derived lead molecules that can be produced on a large
scale to meet global demand. Recent advancements in genomics, metabolomics, bioinfor-
matics, and improved cultivation techniques have significantly aided the identification and
characterization of fungal endophytes and their metabolites. Current estimates suggest there
are approximately 1.20 million fungal endophytes globally, yet only around 16% (190,000)
have been identified and studied in detail. This underscores the vast untapped potential of
fungal endophytes in pharmaceutical research. Research has increasingly focused on the
transformation of bioactive compounds by fungal endophytes through chemical and enzy-
matic processes. A notable example is the anthraquinone derivative 6-O-methylalaternin,
whose cytotoxic potential is enhanced by the addition of a hydroxyl group, sharing struc-
tural similarities with its parent compound macrosporin. These structure-bioactivity studies
open up new avenues for developing safer and more effective therapeutic agents by synthe-
sizing targeted derivatives. Despite the immense promise, challenges remain, particularly
in the large-scale cultivation of fungal endophytes and in understanding the complexities of
their biosynthetic pathways. Additionally, the genetic manipulation of endophytes for opti-
mized metabolite production is still in its infancy. Future research should aim to overcome
these limitations by focusing on more efficient cultivation methods and deeper exploration
of fungal endophytes’ genetic and metabolic capabilities to fully harness their therapeutic
potential.
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Introduction

Nature has a treasure of tremendous resources for research and development based on plant
and their products. Natural resources used in traditional therapies are now utilized for the
innovation and development of modern medication [1, 2]. Health issues can also depend on
the diet intake [3]. Developing drug resistance remains a big challenge to drug developers to
date [4]. A number of plants, animals, or microbes may produce pharmaceutically important
bioactive compounds through their primary and secondary metabolism. The total number of
plant-based compounds had reached one million because of technological advancements in
screening programs, and also in extraction and separation processes [5, 6]. Plant-associated
metabolites were discovered by studying 5 to 15% of higher plants and approximately 5 to
7% of microbe-derived compounds. Naturally derived chemicals which are less studied offer
promising opportunities for research and development of novel bioactive molecules [7, 8].
Endophytes constitute a polyphyletic group comprising various microbes that dwell within the
healthy tissue of plants and produce favorable impacts on their plant host. They develop a
variety of complex biological intra and inter-associations with the plant host [9-11]. Endo-
phytes have capabilities to producing a distinct spectrum of bioactive chemicals having a num-
ber of biological characteristics [12—15]. Endophytic fungi found in medicinal plants possess
the potential to generate bioactive chemicals having structurally and chemically identical to
compounds produced by their host plant [16]. The landmark discovery in 1993 revealed the
production of Taxus brevifolia plant-associated anticancer chemical “Taxol” through their
endophytic fungus Taxomyces andreanae [17]. This discovery sparked an interest in fungal
endophytes for isolating and characterizing the plant-derived therapeutic molecules [18-21].
The potential that enables a fungal endophyte to generate bioactive chemicals comparable to
that of its host species could be linked to a process of horizontal transfer of genes [22]. The
asexual form of fungal endophytes of grasses may also interact via vertical gene transfer pro-
cesses [23]. Researchers are using endophytic fungi as a viable resource for natural bioac-
tive compounds to meet the opportunity appearing to broad interest [24-28]. Taxol has now
become a billion-dollar anticancer medicine in the world to treat cases of pulmonary, breast,
and ovarian malignancies, as well as polycystic kidney disease, which are widely utilized in
healthcare facilities [29]. Taxol may also be produced by another fungal endophyte, like Epi-
coccum nigrum TXB502, a fungal endophyte dwelling within the Taxus baccata plant that
produces the anticancer chemical Taxol [30]. Another anticancer chemical, N-(2-hydroxye-
thyl) hexadecanamide (palmitoylethanolamide, PEA), had recently been discovered in the
leaf-associated endophytic fungal strain Colletotrichum gloeosporioides that survives in the
host plant Oroxylum indicum [31]. Fungal endophyte-derived compounds have distinct bio-
logical activities comprising antioxidants, antimicrobial, cytotoxic, anticancerous, antidia-
betic, neuroprotective, and antihypercholesterolemic etc., [32-38] (Fig. 1). We have explored
the information on fungal endophyte-derived compounds having bioactivities such as antioxi-
dant, antibacterial, cytotoxic, anticancer, antidiabetic, neuroprotective, and antihypercholester-
olemic properties (Figure. 3 and Figure. 4). We have discussed here the biological activity of
fungal endophyte-derived metabolites in vitro and in vivo conditions. We have also discussed
several potent bioactive compounds produced from fungal endophytes and their mechanisms
of action along with signaling pathways. The OSMAC method, which refers to “one strain
many compounds,” has been used in the discovery of microbial natural products. It means
culturing a single microbe under a variety of environmental and nutritional conditions in order
to trigger the synthesis of numerous secondary bioactive metabolites [39]. The concept indi-
cates that altering parameters such as nutrition supplies, pH level, temperature, or co-culture
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partners may stimulate the microbe to create a wide range of compounds because it would
not generally produce under ordinary laboratory settings [40]. This technique becomes use-
ful for identifying novel bioactive compounds from identified microbes, including antimicro-
bial agents, anticancer compounds, and other pharmaceutically important products [41, 42].
Researchers have employed OSMAC, co-cultivation, epigenetic modifiers, pleiotropic regula-
tors, elicitors, and molecular techniques involved in enhancing secondary metabolite synthesis
by activating silent biosynthetic gene clusters (BGCs) in fungi. This manuscript focuses on
investigating the therapeutic potential of compounds derived from endophytic fungi, aiming
to develop effective and advanced treatments for diseases such as microbial infections, cancer,
diabetes, and neurodegenerative conditions. The primary objectives include identifying bioac-
tive compounds with antimicrobial, antioxidant, antidiabetic, anticancer, antimalarial, neuro-
protective, and cholesterol-lowering properties. The study utilizes a combination of bioactiv-
ity screening, metabolite profiling, and molecular pathway analysis to understand how these
fungal endophyte-derived compounds exert their effects. By studying how these compounds
work, the research aims to help in discovering new drugs and tackling issues such as drug
resistance and the lack of effective treatments for certain diseases.

Fungal Endophyte Bioprospecting: Upstream and Downstream
Processes, Yield, Yield Coefficient, Conditions for Cultivation

Upstream processing regarding fungal endophyte bioprospecting comprises the first stages of
isolating and characterizing endophytic fungi from the plant samples, then optimizing the cul-
tivation parameters [43]. At this step, the fungi’s development within bioreactors can also be
accelerated in order to generate more bioactive chemicals. The aim seems to create the opti-
mal environment for fungal growth along with metabolite synthesis, which includes the appro-
priate medium, pH level, and temperature conditions as well as levels of oxygen [44—46].

Following the production of the bioactive chemicals, downstream processing includes
removing the biomass of fungi from the growth medium, extracting the essential chemicals,
and purification of chemicals as well [47]. Methods like solvent extraction as well as chroma-
tography are utilized frequently [48, 49]. The last steps can include transforming the purified
components into a useful product form, assuring their high quality along with suitability for
future use [50].

The yield value refers to the total amount of metabolites acquired via the fungal culture,
whereas the yield coefficient seems to be the fungal efficiency with which substrate can be
transformed into the product of choice in cultured fungal biomass. These indicators are essen-
tial for evaluating the bioprospecting process’s feasibility along with efficiency [51]. The
amount of a particular bioactive substance that the fungal endophyte produces during culture
can be referred to as the yield concerning fungal endophyte bioactive metabolites. It is com-
monly represented as the quantity of metabolite acquired per unit mass of endophytic fungus
biomass as well as per unit volume concerning medium for culture, represented in grams or
milligrams [52]. In the scenario of endophytic fungal metabolites, the yield coefficient meas-
ures the connection between the quantity of metabolite synthesized in comparison with the
total amount of substrates utilized, including nutrients as well as carbon sources [53]. It is
often represented by a ratio, for example, Y_P/S, in which Y_P/S defines the quantity of prod-
uct (metabolite) produced per unit of substrates utilized. In order to maximize production and
comprehend the effectiveness of metabolite synthesis via the endophytic fungi, it is essential
to know the yield coefficient [54, 55].
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Fig. 1 Elucidates the isolation as well as characterization of endophytic fungal-derived potent bioactive
metabolites and various approaches involved to improve the biosynthesis of metabolites. This figure rep-
resents the processes involved in the isolation, identification, and mass production of fungal endophyte-
derived compounds with various bioactivities including antimicrobial, antioxidant, cytotoxicity, etc. Take
the sterilized parts of the targeted plant and cut them into small pieces; further place these small plant
pieces onto potato dextrose agar (PDA) plates supplemented with antibiotics. Allow fungal mycelia to
emerge at ambient temperature and then transfer the emerged fungal colonies onto fresh PDA plates to
obtain single fungal strains. The fungus is identified by their morphological and molecular characteristics.
There are two methods for metabolite extraction, namely, Soxhlet extraction and solvent—solvent extrac-
tion that is utilized as per requirements. Mostly fungal metabolites are extracted using the solvent—solvent
extraction method from broth cultures of fungi. The crude extract may contain some solvent residues which
are removed using vacuum rotary evaporation. The dried crude metabolites are then analyzed on TLC
plates to identify various classes of metabolites by using the specific detecting reagents. Fractionation of the
crude extract using HPLC and further assessed their potential for biological activities through bioactivity-
guided fractionation. The purified bioactive compounds are subsequently chemically characterized through
spectroscopic analyses like mass spectrometry (MS) along with nuclear magnetic resonance (NMR) spec-
troscopy. Co-cultivation of fungus with roots of plants offers advantages because it promotes plant growth,
facilitates nutrient absorption, and strengthens disease resistance. Fungi, specifically mycorrhizal forms,
create symbiotic associations with plant roots, allowing plants to uptake vital nutrients such as phosphorus
whereas getting sugars in return. This relationship also enhances soil fertility along with structure while
boosting the plant’s resistance to environmental challenges. Co-cultivation can also result in the develop-
ment of valuable secondary metabolites, which can help in bioremediation actions by degrading soil pollut-
ants. Various approaches may be utilized for increased production of potent metabolite linked with fungal
entophytes using the genome-editing CRISPR/Cas9 technique; co-cultivation with other fungi, bacteria, or
plants; and chromatin remodeling, etc

The term “culture conditions” refers to the combination of environmental along with nutri-
tional parameters, comprising the temperature level of the incubator, pH level of the culture
medium, optimum levels of oxygen during cultivation, along with incubation time, affecting
fungal growth along with metabolite synthesis [56, 57]. Ensuring the effective production
of crucial bioactive chemicals from fungal endophytes as well as improving yield depends
on optimizing these circumstances [43]. Thus, fungal endophyte bioprospecting, optimizing
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upstream as well as downstream processes, maximizing yield, along with modifying culture
conditions are all essential for appropriately discovering and synthesizing bioactive chemicals.

The authors present an in-depth analysis of fungal endophyte bioprospecting. They effec-
tively underscore the importance of fine-tuning both upstream and downstream processes to
maximize the efficiency of bioactive chemical production. This includes optimizing culture
conditions—such as temperature, pH, and oxygen levels—as well as refining the methods for
biomass removal, metabolite extraction, and purification. They also emphasize the signifi-
cance of yield metrics, which gauge both the quantity of metabolites produced and the effi-
ciency of substrate conversion. Such a detailed approach is crucial for advancing the discovery
and synthesis of valuable bioactive compounds from fungal endophytes.

Molecular Mechanisms Underlying Fungal Endophyte-Derived
Metabolite Production

Fungal endophytes use a number of molecular processes that control how they synthesize
and release bioactive substances to produce metabolites via fermentation. These intricate
processes involve the coordination of regulatory, enzymatic, and genetic processes inside
the fungal cells [58]. An outline of the fundamental molecular processes is described
below:

Regulation and Expression of Genes

Fungal endophytes have complex genetic regulation controlling their metabolite synthesis.
Certain genes produce the enzymes that participate in the processes of biosynthesis lead-
ing to the creation of metabolites [59]. Various environmental conditions, including tem-
perature, pH, oxygen supply, and nutrition availability, regulate whether such gene clus-
ters express themselves in fungi [60-62]. In response to certain external stimuli, regulatory
proteins—such as transcription factors—play a critical role in activating or deactivating
fungal gene clusters [63]. Global regulators as well as pathway-specific regulators can fre-
quently coordinate and control the activation of deactivation gene clusters for secondary
metabolite, known as collections of genes that produce a particular metabolite[58].

Biosynthesis Pathways

Simple substrates (such as sugars and amino acids) are transformed into complex metabo-
lites via a sequence of biochemical processes that are catalyzed by the enzymes encoded
by the corresponding genes whenever the substances are gathered [64]. These biosyn-
thetic routes frequently include several stages which are typically catalyzed by a par-
ticular enzyme and therefore are very specific. For instance, non-ribosomal peptide syn-
thetases (NRPSs) as well as polyketide synthases (PKSs) are essential enzymes in the
synthesis of several beneficial secondary metabolites. In order to create the product, these
kinds of enzymes improve along with systematically transforming molecular building
components[65].
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Enzymatic Alterations

In addition to assembling the metabolites, enzymes also carry out modifications on them,
including acylation, glycosylation, hydroxylation, and methylation. The final metabo-
lite’s biological activity and stability, along with solubility, depend on these alterations.
Enzymes accountable for these alterations are frequently encoded under specific gene clus-
ters as the fundamental biosynthetic enzymes, ensuring a strong correlation between the
changes and the synthesis of metabolites [66].

Control in Transport and Secretion Level

Metabolites can get transmitted from the fungal cells to surrounding media following their
synthesis. Particular transport proteins can actively transfer the metabolites through the cell
membrane, involving ABC (ATP-binding cassette) transporters, and can frequently involve
in this process. Secretion is needed not only for metabolite collection throughout the cul-
ture medium but also for avoiding metabolite-induced toxicity in the generating fungal
cells [67].

Signal Transduction Processes

Metabolite synthesis can also be controlled via signal transduction processes, which act as
internal communication networks in fungal cells and depend on surroundings factors. Recep-
tor proteins that sense environmental changes, including nutritional depletion or stressful
situations, and transmit this information via a series of signaling molecules are frequently
involved in such pathways. This eventually can result in either the activation or suppression of
genes that regulate metabolite synthesis [68, 69].

Epigenetic Modifications

The expression of genes involved in the biosynthesis of metabolites can sometimes be regu-
lated by epigenetic processes such as DNA methylation as well as histone remodeling. With-
out changing the basic genetic coding, these changes can affect gene expression by changing
the DNA’s accessibility towards transcription machinery. Fungal endophytes use epigenetic
control to dynamically control metabolite synthesis in response to changing environmental
circumstances [70].

Interaction Between the Environment and the Host

Interactions between fungal endophytes together with the plants they inhabit, as well as the
environment around them, have a significant impact on the development of metabolites via
fermentation [71]. Hormones as well as root exudates are examples of host-plant interactions
that can stimulate or decrease the synthesis of certain metabolites via activation or suppres-
sion of relevant genes of endophytic fungi [72, 73]. Environment-related factors like as pH,
temperature, along with nutrient availability, are also very important since they frequently
cause stress-related responses which lead to the creation of bioactive chemicals [74]. Further-
more, interactions—whether cooperative or competitive—with other microbes can change the
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process by which metabolites are produced, possibly leading to the emergence of new com-
pounds [75]. Such dynamic interactions are important factors regarding fungal endophyte bio-
prospecting due to their optimized metabolite production along with diversity.

To summarize, the complex molecular mechanisms that include gene expression, enzyme
activity, regulation pathways, along with environmental interactions, lead to the synthesis of
metabolites produced from fungal endophytes during fermentation. Gaining insight into these
mechanisms might be essential to improving fermentation processes in addition to increasing
the diversity and yields of bioactive metabolites.

The authors thoroughly examine the complex molecular mechanisms of fungal endophytes
in metabolite synthesis. They highlight the roles of gene regulation, biosynthesis pathways,
enzymatic modifications, transport, signal transduction, and epigenetic changes. Environmen-
tal and host interactions also significantly influence metabolite production, emphasizing the
need for deeper insights to optimize fermentation processes and enhance bioactive metabolite
yields.

Estimated Population of Fungal Endophytes on Earth

In nature, almost every plant has been observed to be harboring a minimum of one symbi-
otic fungal endophyte [76]. However, the colonization and richness of the endophytic fun-
gus depends on spatial location and environmental factors around the host plant [77-79].
The plant’s genetic makeup is crucial for how fungal endophytes colonize and interact with
it. Thus, genotypic factors play a key role in host-endophyte interaction [80-82]. Endo-
phytic fungus colonization within their plant host can be attributed to various factors such
as canopy cover, plant age, different plant parts, leaf structure, and variations in climatic
conditions [83—85]. Hawksworth and Liicking proposed that fungi, estimated to range from
2.2 to 3.8 million species, represent the largest number among all organisms globally. They
also suggested in 2008 that fungal endophytes make up around 5% of fungal diversity [86,
87]. Ongoing research on fungal endophytes suggests that a significant number of these
organisms remain unidentified to date [88]. According to the Botanical Survey of India,
the number of identified plants in India is approximately 44,500, accounting for 7% of the
world’s plant species (https://bsi.gov.in/page/en/national-wild-life-action-plan). We used
secondary data from 50 medicinal plants across different geographical areas worldwide to
estimate the total number of fungal endophytes expected to inhabit plants globally. Using
the 95% confidence interval statistical method for estimation, we found that each plant con-
tains a minimum of 2, an average of 30, and a maximum of 58 fungal endophytes. If we
consider approximately 3.8 million fungal species, around 5% (Fig. 2A), which may be
0.19 million, could represent the identified fungal endophytes. We also found that mini-
mum of ~ 1.20 million fungal endophytes might present globally. Resulting in about 1.01
million, i.e., about 84% of total expected fungal endophyte diversity might be unidentified
to date (Fig. 2B). This study might offer researchers a great opportunity to identify and
characterize fungal endophytes.

The authors highlight that nearly every plant harbors at least one fungal endophyte, with
colonization influenced by genetic and environmental factors. They estimate that, globally,
approximately 1.2 million fungal endophytes exist, with about 84% remaining unidentified.
This underscores the vast potential for future research and discovery in fungal endophyte
diversity.
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Fungal Endophyte-Derived Compounds with Antimicrobial Activities

A natural or chemically synthesized compound that destroys or hinders the growth and
development of microorganisms including bacteria and fungi is known as an antimicrobial
compound. Various antimicrobial chemicals have been categorized based on their distinct
functions or mode of action. One category encompasses agents that hinder the formation of
bacterial cell walls, including vancomycin, beta-lactams, and fosfomycin. Another group
involves substances that impede protein production, such as tetracyclines, macrolides, and
aminoglycosides. Additionally, there are compounds like 4-quinolones that inhibit DNA
synthesis and others like rifampicin that halt RNA synthesis [89]. Numerous antibacterial
compounds have exhibited antibacterial effects towards Bacillus subtilis through some
modes of action, particularly cell wall biosynthesis inhibition, class II topoisomerases, pro-
tein, fatty acid, and folic acid biosynthesis, along with ionophores and detergents [90].
Now, fungus mRNA splicing along with bacterial DNA synthesis is being used as a target
site for antimicrobial compounds [91-94]. The riboswitching approach is a new area for
antimicrobial drug development [95]. The fungal endophyte Phoma sp., residing within the
leaf tissues of the Glycyrrhiza glabra Linn. plant, generated two thiodiketopiperazine
derivative compounds known for their antimicrobial effects. Both compounds exhibited
antibacterial activities against pathogenic bacteria, particularly Staphylococcus aureus, as
well as Streptococcus pyogenes, having an ICs, value under 10 pM. The in vitro study
revealed that both compounds had bactericidal activity, bacterial transcription/translation
inhibition activity, and inhibition of staphyloxanthin synthesis in Staphylococcus aureus

A

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%  100%
% fungal diversity

® Fungal diversity = Fungal endophytes

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%  100%
% fungal endophyte diversity

= % of identified global fungal endophytes = % of unidentified global fungal endophytes

Fig.2 A Percent of the identified fungal endophytes among total fungal diversity as per suggested data of
Hawksworth and Liicking in 2008. B Percent of identified and unidentified fungal endophytes estimated
using the 95% confidence interval statistical method based on secondary data collected from 50 medicinal
plants across various global geographical regions
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[96]. The fungal endophyte Penicillium janthinellum SYPF 7899, found within the host
plant Panax notoginseng, generated the bioactive compound Brasiliamide J which exhib-
ited significant antibacterial effect towards Bacillus subtilis along with Staphylococcus
aureus with MIC values of 15 and 18 pg/ml, respectively, and also alter the morphology of
both bacteria. The computational findings indicate that both Brasiliamide J along with its
rotamer demonstrate significant binding energies, forming strong hydrogen bonds as well
as hydrophobic interactions at the binding sites within the protein FtsZ (filamenting tem-
perature-sensitive protein Z) [97]. A fungal endophyte Penicillium setosum had potency to
produce secondary metabolites with antimicrobial action. The crude extract of Penicillium
setosum showed considerable antibacterial activity towards Escherichia coli as well as
Staphylococcus aureus. The in vitro and in silico study revealed that Penicillium setosum
show antimicrobial action via bacterial morphological alteration, Na* and K* ion regula-
tion through bacterial membrane, and upregulation of p-galactosidase production. The
active fraction of crude extract of Penicillium setosum was obtained through HPLC microf-
ractionation. The active fraction displayed notable antibacterial effect towards Escherichia
coli and Staphylococcus aureus with a MIC (minimum inhibitory concentration) value of
8 pg/mL. The LC-HR-MS data revealed that the active fraction contains plant metabolites,
namely, leucodelphinidin and dihydroquercetin, along with kaempferol, quercetin (22)
(Fig. 4), and patulin. The in silico study revealed leucodelphinidin, and dihydroquercetin
had significant binding interaction with several antimicrobial targets of FabG (1101), FabZ
(1U1Z), Fabl (5CG1), D-ALA:D-ALA ligase (2I80), penicillin-binding protein (1VQQ),
DNA gyrase (2XCS), dihydropteroate (1AJO), and 16S rRNA A site (IMWL) bonded
along with EFTu (10B2)[98]. An endophytic fungus Phomopsis sp. that dwells inside the
plant host Salix gracilistyla var. melanostachys was found to produce an antimicrobial
compound phomopsichalasin which on structural characterization represented a novel
cytochalasin-type compound, but unlike typical cytochalasins, it possesses a unique three-
ring system in place of the traditional cytochalasin macrolide ring. This compound exhib-
ited a considerable antimicrobial effect towards bacterial species comprising Bacillus sub-
tilis, Staphylococcus aureus, and Salmonella galinarum, along with the fungal species
Candida tropicalis [99]. An endophytic fungal strain Aspergillus versicolor Eich.5.2.2.,
isolated from the flower tissue of the Eichhornia crassipes plant produced a new com-
pound, 22S-aniduquinolone A, along with an isomer Aniduquinolone A. Both compounds
exhibited potent antibacterial effect towards Staphylococcus aureus (ATCC700699) having
a MIC value of 0.4 pg/mL. This study suggested that both compounds may work synergis-
tically to show antibacterial activity [100]. An endophytic fungus Acremonium sp., which
survives in the host plant Taxus baccata generated a few antifungal and anticancer peptides
known as leucinostatins. Leucinostatin A particularly exhibited significant antifungal activ-
ity against another fungus Pythium ultimum. NMR along with MS spectroscopic method
was used to determine the molecular structure of the compound leucinostatin A[101]. Lu
et al. demonstrated Colletotrichum sp., a fungal endophyte, dwells in the Artemisia annua
plant. This endophytic fungus produces several bioactive compounds, namely, ergosterol
(1), 3B,5a,6p-trihydroxyergosta-7,22-diene (2), 3p-hydroxy-ergosta-5-ene (3), 3-oxo-
ergosta-4,6,8(14),22-tetraene  (4), 3p-hydroxy-5a,8a-epidioxy-ergosta-6,22-diene (5),
3B-hydroxy-5Sa,8a-epidioxy-ergosta-6,9(11),22-triene (6), 3-oxo-ergosta-4-ene (7), 6-iso-
prenylindole-3-carboxylic acid (8), 3f,5a-dihydroxy-6p-acetoxy-ergosta-7,22-diene (9),
3B,5a-dihydroxy-6p-phenylacetyloxy-ergosta-7,22-diene (10), and a phytohormone indole-
3-acetic acid (IAA). The structure of new bioactive compounds was identified by the com-
bination of spectroscopic methods such as 'H NMR, '*C NMR, and IR, along with MS.
The compounds 3-5 and 8-10 exhibited antibacterial effects towards Bacillus subtilis,
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Staphylococcus aureus, and Sarcina lutea, along with Pseudomonas sp. exhibiting MIC
values ranging between 25 and 75 pg/ml. However, compounds 3, 5, 9, and 10 discussed
previously exhibited antifungal effects towards Candida albicans and Aspergillus niger
exhibiting MIC values ranging between 50 and 100 pg/ml. Compounds 3, 4, 8, 9, and 10
exhibited fungistatic effects towards the other crop pathogenic fungi Gaeumannomyces
graminis var. tritici, Rhizoctonia cerealis, and Helminthosporium sativum, as well as Phy-
tophthora capisici [27]. The fungal endophyte Gliocladium sp., isolated from the plant
Eucryphia cordifolia, produces many volatile organic compounds (VOCs) with antimicro-
bial properties. The compound 1,3,5,7-cyclooctatetraene, known as Annulene derived from
Gliocladium sp., exhibited a selective antimicrobial effect against the fungus Pythium ulti-
mum and Verticillium dahlia [102]. The fungal endophyte Chalara sp., dwelling in the
Artemisia vulgaris plant, produces four bioactive compounds such as isofusidienol A, iso-
fusidienol B, isofusidienol C, and isofusidienol D. The isofusidienols have antifungal
effects towards another fungus Candida albicans along with antibacterial activity towards
gram-positive and gram-negative bacteria [103]. The fungal endophyte Trichoderma erina-
ceum had been obtained from healthy bean field crops and produced a new compound
(Z)—5-amino-5-(1,1,2-trihydroxybuta-1,3-dienyloxy)pentane-6,7,8,9-tetraol and five previ-
ously identified compounds. Ethyl acetate extract along with purified compounds obtained
from Trichoderma erinaceum exhibited significant antifungal activity towards Pythium
ultimum [104]. Another recent study showed that six endophytic fungi, namely, Fusarium
solani, Talaromyces trachyspermus, Aspergillus cejpii, Talaromyces assiutensis, Saccharo-
mycopsis fibuligera, and Aspergillus niger, were isolated from the tissues of the root, stem,
and leaf of the host plant Hedera helix. Among isolated endophytes, the ethyl acetate
extract of Aspergillus cejpii exhibited potent antimicrobial activity against Escherichia
coli, Pseudomonas aeruginosa, Staphylococcus aureus, Serratia marcescens, Acinetobac-
ter baumannii, and Salmonella typhi with MIC values ranging from 62.5 to 125 ug/ml.
Spiculisporic acid, a potent bioactive compound, was isolated from the active fraction of
Aspergillus cejpii via a bioactive-guided fractionation. Its structure was elucidated using
spectroscopic techniques such as 'H and '*C-NMR analysis. Spiculisporic acid exhibited
significant antimicrobial activity against pathogenic strains such as E. coli, P. aeruginosa,
S. aureus, S. marcescens, A. baumannii, and S. typhi, along with multidrug resistant
(MDR) strains comprising methicillin-resistant S. aureus (MRSA, H1), P. aeruginosa (PS
16), and A. baumannii (ACT 322) with MIC values ranging from 3.80 to 31.133 ug/ml
[105]. Endophytic fungus derived several potent bioactive compounds with various classes
of compounds including aliphatic, alkaloids, peptides, and phenolics; polyketides along
with terpenoids have antimicrobial activities, but their mode of action was less explored
[106—114]. Thus, antibacterial effects may be due to bacterial cell wall biosynthesis inhibi-
tion, DNA synthesis inhibition, transcription, translation process inhibition, and several
proteins inhibition. However, antifungal effects may be due to disrupted fungal mRNA
splicing and sporulation inhibitions. The authors review diverse antimicrobial compounds
from fungal endophytes, noting their varied mechanisms of action including cell wall bio-
synthesis inhibition, DNA and RNA synthesis disruption, and protein inhibition. They
highlight significant findings such as novel compounds with potent antibacterial and anti-
fungal activities, emphasizing the need for further exploration of their modes of action.
The antimicrobial properties of some plant-associated fungal endophyte-derived bioactive
compounds have been given in Table 1.
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Fungal Endophyte-Derived Compounds with Antioxidant Activities

An antioxidant is a chemical that when present in small amounts in comparison with the
oxidizable substrate considerably slows or prevents its oxidation [127]. Antioxidants pre-
sent in phenolic compounds can prevent free radical production and/or stop the progression
of autoxidation. Plant extracts, which are typically employed for their flavoring properties,
frequently contain high H-donating activity, which makes them particularly potent anti-
oxidants [128-130]. Reactive oxygen species comprise a variety of oxygen radicals con-
sisting of hydroxyl radical, peroxyl, and hydroperoxyl along with superoxide radical, in
addition to nonradical oxidizing agents such as hydrogen peroxide, ozone, hypochlorous
acid, and others which may be easily transformed to radicals. Fungal metabolites have the
potency to scavenge ROS produced by metabolism in cells of plants or animals [131]. Fun-
gal endophyte-derived bioactive compounds exhibiting antioxidant properties have been
reported in prior studies [132-135]. A recent study elucidated the fermentation, separa-
tion, structural elucidation, and antioxidant effects of the fungal endophyte-derived com-
pound. The fungal colonies were isolated from the host plant using potato dextrose agar
medium to culture fungi for single-colony isolation and M 1D medium to culture fungus for
mass production of metabolites. Thin-layer chromatography was used to micro-fractionate
fungal metabolites, which were then purified via the silica gel column chromatographic
method. Structural characterization of fungal endophyte-derived bioactive compounds was
performed by using techniques like NMR (nuclear magnetic resonance), EPR (electron
paramagnetic resonance), HREIMS (high-resolution electron spray ionization mass spec-
trometry), and X-ray crystallography. Pestalotiopsis microspora, a fungal endophyte that
survives in the Terminalia morobensis plant, generated the bioactive chemical isopestacin.
This chemical showed antioxidant properties against superoxide as well as hydroxy free
radicals [136]. An endophytic fungus Cephalosporium sp. IFB-E001 dwells inside the host
plant Trachelospermum jasminoides and produced the bioactive compound graphislactone
A. The antioxidant activities of the compound graphislactone A were found against DPPH
(2,2-diphenyl-1-picrylhydrazyl) radicals, and Cu**-induced LDL peroxidation having ICs,
values of 9.6 mM and 7.3 mM respectively. It also exhibited a significant antioxidant effect
against hydroxyl radicals and linoleic acid peroxidation [132]. The fungal endophyte Acre-
monium sp., derived from the Garcinia griffithii plant, produced the bioactive compound
3,5-dihydroxy-2,5-dimethyltrideca-2,9,11-triene4,8-dione. ~This compound exhibited
potent antioxidant activity towards DPPH free radicals having an ICs, value of 10.8 ug/mL
[137]. A fungal endophyte Monascus purpureus, dwelling in the root tissues of the host
plant Avicennia marina, produced antioxidant pigments. The fungus’ methanolic extract
produced the most extracellular colorants (647.87 mg. equivalent of Carmine per liter) and
exhibited antibacterial as well as antioxidant activity. The colorants had been shown to
be an antioxidant effect on ABT (2,2-azino-bis-3-ethylbenzothiazoline-6-sulphonic acid)
radicals with an ICs, value of 14.42 pug/mL along with a TEAC (Trolox-equivalent anti-
oxidant capacity) value with 0.571 uM Trolox/ug [138]. The ethyl acetate (EA) extract of
Fusarium foetens AQF6, a fungal endophyte that survives in the host plant Amentotaxus
yunnanensis H.L.Li, showed a scavenging % potential of 95.75+1.1% and 85.66+1.91%
towards free radicals as well as hydroxyl radicals, respectively, at a concentration of
400 pg/ml. Fifteen compounds were isolated and characterized using the HPLC technique,
with their chemical structures identified through HR-ESI-MS, 1D, and 2D NMR spectros-
copy analyses from the crude extract of Fusarium foetens AQF6. Among the identified 15
compounds, a new sesquiterpene FUS (Fusafoetriol) and five known compounds namely
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phenylacetic acid, p-hydroxybenzaldehyde, 2-(4-hydroxyphenyl)ethanol, salicylic acid, and
isoformononetin exhibited antioxidant activity against DPPH free radicals with ICy, values
of 1.76+0.32 Mm, 3.73+0.39 mM, 1.65+0.27 mM, 5.33+0.06 mM, 0.95+0.08 mM,
and 1.02+0.09 mM, respectively, and against hydroxyl radical with ICs, values of
0.95+0.37 mM, 4.46+0.86 mM, 0.36+0.09 mM, 3.97+0.11 mM, 1.92+0.61 mM, and
1.14 £0.25 mM, respectively. The new compound fusafoetriol (FUS), at concentrations of
2 mM and 4 mM, showed yeast cell survival rates of 28.49% and 43.31%, respectively,
against H,O,-induced oxidative stress [139].

Fungal Endophyte-Derived Compounds with Cytotoxic and Anticancer Effects

Plants are the reservoir of anticancer compounds [140]. Even after several decades of
study, cancer remains a significant worldwide health issue [141]. Anticancer compounds
generally target the DNA and DNA-binding proteins of cells [142]. The anticancer charac-
teristics of bioactive chemicals include anti-angiogenic, anti-migratory, and anti-prolifer-
ative activities [143]. Previous research demonstrated that fungal endophytes could serve
as a promising source of anticancer compounds [144-147]. Another study demonstrated
the fermentation process, separating the compound, determining its chemical structure,
and assessing its cytotoxicity and potential anticancer effects. The fermentation of fungal
endophyte was performed by using a potato dextrose broth medium to produce bioactive
metabolites in large quantities. The study employed silica gel and flash reverse-phase chro-
matography techniques for bioactivity-guided fractionation of fungal metabolites. Struc-
tural elucidation of bioactive compounds had been identified by spectroscopy analysis
like 3C NMR, '"H NMR, COSY (correlation spectroscopy), HMBC (heteronuclear mul-
tiple bond correlation), ROESY (rotating frame Overhauser effect spectroscopy), and IR
(infrared) spectroscopy along with X-ray crystallography. The fungal endophyte Pestaloti-
opsis microspora was derived from the plant Torreya taxifolia and generated the bioactive
compound torreyanic acid. The compound torreyanic acid appeared to be approximately
5-10 times comparatively more effective towards cell lines responsive to agonist of pro-
tein kinase C along with induced apoptotic cell death. It also exhibited cytotoxic activ-
ity towards 25 distinct cancerous cell lines with ICy, values ranges between 3.5 pg/mL
(NEC—neuroendocrine carcinoma) and 45 pg/mL (A549). It can induce cell cycle arrest
during the G, stage of G synchronized cells at concentrations ranging between 1 and 5 pg/
mL, based on the characteristics of the cell line [148]. An endophytic fungus Aspergillus
parasiticus dwells inside the Sequoia sempervirens plant and produces two novel bioac-
tive compounds namely sequoiatone A and sequoiatone B. The compounds sequoiatone
A and sequoiatone B also showed selective inhibition of the growth of human tumor cells,
along with a stronger effect observed towards breast cancerous cell lines. The maximum
value of Gls, obtained for sequoiatone A and sequoiatone B was between 4 and 10 uM,
indicating that these doses were effective in preventing tumor cell proliferation. The LCy,
values, on the other hand, were larger than 100 uM, indicating that the chemicals were
not very hazardous to the cells at growth inhibitory concentrations [149]. The cytotoxic
compounds dicerandrols A—C were extracted through bioactivity-guided fractionation of
the crude extract of a fungal endophyte Phomopsis longicolla, isolated from the Diceran-
dra frutescens plant [150]. The fungal endophyte Talaromyces radicus, derived from the
plant Catharanthus roseus, produced potent compounds vincristine and vinblastine. Both
these compounds had the ability to cause apoptotic cell death, making them useful in
cancer therapy [151]. The crude metabolites of a fungal endophyte Penicillium citrinum
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Thom., derived from the plant Jatropha heynei, was shown to be cytotoxic in both A549
and MCF-7 cells having ICs, values of 280.7 ug/mL and 283.0 pug/mL, respectively [152].
Using the OSMAC approach and molecular networking, 12 chemicals were identified
from an endophytic fungus Talaromyces sp. CY-3. These compounds include sambutoxin
C, sambutoxin D, sambutoxin A, sambutoxin E, sambutoxin B, N-demethylsambutoxin,
(—)-sambutoxin, sambutoxin F, sambutoxin G, ilicicolin H, deoxyleporin B, and leporin
B. The chemical structure of these compounds had been identified using 1D/2D-NMR,
HR-ESI-MS, and ECD spectra analysis, along with the common biosynthesis path. These
isolated compounds showed cytotoxic effects towards cancer cell lines of MDA-MB-435
(M.D. Anderson-Metastatic Breast-435) cells, MDA-MB-231 (M.D. Anderson-Meta-
static Breast-231) cells, A549 cells, SNB19 cells, HCT116 cells, and PC-3 cells exhibit-
ing ICy, concentrations ranging from 1.76 to 49.13 pM. The compound ilicicolin H was
chosen for evaluating its mechanism of action against cancer. Ilicicolin H exhibited cyto-
toxic activities towards cancer cell lines such as MDA-MB-435, MDA-MB-231, SNB-
19, HCT-116, A-549, H1703, 4T1, CT26, MC38, B16F10, Hepal-6, and LLC cells with
IC50 values of 6.34+1.626 uM, 9.98+0.025 uM, 14.59+3.742 uM, 10.75+0.907 uM,
27.90+0.223 pM, 6.65+0.062 upM, 13.84+0921 pM, 19.54+0.638 uM,
19.55+0.902 uM, 21.580+0.950 uM, 19.570+0.667 pM, and 5.78 +0.127 uM, respec-
tively. Ilicicolin H exhibited G/G, phase cell cycle arrest through upregulation of the p53
along with p21/CyclinD1/Rb signaling pathways [153]. The anticancerous properties with
their mode of action of some plant-associated fungal endophyte-derived bioactive com-
pounds have been given in (Tables 2 and 3).

Fungal Endophyte-Derived Compounds with Antidiabetic Activity

In diabetes, there is a metabolic dysregulation characterized by increased gluconeogenesis
and reduced glycolysis in the liver, along with decreased glycogen synthesis. Additionally,
lipid metabolism is also altered, leading to increased lipolysis and fatty acid production
[187]. The anti-diabetic effect is demonstrated through the regulation of metabolic pro-
cesses in the liver and kidney [188, 189]. Some antidiabetic compounds like metformin,
insulin, and PPAR (peroxisome proliferator-activated receptor) agonists may affect the
metabolic pathways by reducing gluconeogenesis, increasing glycolysis and glycogen pro-
duction, or modulating lipid metabolism. Inhibitors of SGLT2 and metformin may hinder
glucose reabsorption as well as decrease renal gluconeogenesis, respectively [190]. Fur-
thermore, the experimental study suggests that during diabetes, the oxidative stress and
inflammation are elevated in the kidney. However, anti-diabetic drugs having antioxidant
and anti-inflammatory characteristics may help to reduce these effects [191, 192]. Anti-
diabetic compounds exhibited inhibition activity of enzymes alpha-glucosidase and alpha-
amylase [193-195]. An endophytic fungal strain MEXU 27095, dwelling inside the plant
host Hintonia latiflora, produced thielavin A, thielavin J, and thielavin K and exhibited
concentration-dependent inhibition of Saccharomyces cerevisiae-derived o-glucosidase
(xGHY) enzyme activity having ICs, concentrations of 23.8 pM, 15.8 pM, and 22.1 pM,
respectively. The in vivo study showed that thielavin K had a-glucosidase inhibitory actions
as shown by its strong antihyperglycemic activity in normal and nicotinamide-streptozo-
tocin—induced diabetes-prone mice via the oral sucrose—tolerant experiment at dosages of
3.1, 10.0, and 31.6 mg/kg bwt. Furthermore, it demonstrated modest hypoglycemic action
in diabetic mice at a dosage of 10 mg/kg bwt[196]. A fungal endophyte Xylariaceae sp.
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QGS 01, that survives in the tissue of the stem of the plant Quercus gilva Blume, generated
an anti-diabetic chemical 8-hydroxy-6,7-dimethoxy-3-methylisocoumarine which exhibited
significant a-glucosidase inhibition activity with a concentration of 41.75 pg/mL as the
ICsq [197]. An endophytic fungus Fusarium equiseti derived from the Gymnema sylvestre
plant produced the potent bioactive compound mycosterol that showed anti-diabetic prop-
erties. The endophytic fungus Fusarium equiseti crude extract showed inhibition activity of
enzymes o-amylase along with a-glucosidase having ICs, values of 4.22 +0.0005 pg/mL
and 69.72+0.001 pg/mL, respectively [198]. A fungal endophyte Nigrospora sphaerica
BRN 01 (NEE) that dwells in the leaf of the plant Bauhinia purpurea L. produced several
bioactive compounds. The ethyl acetate crude extract of NEE exhibited significant inhibi-
tion activity of enzyme a-glucosidase having an ICs, concentration of 0.020+0.001 mg/
mL [199]. Yu et al. explore the potential antidiabetic effects of a new compound phomo-
pamide A, characterized by a pentadepsipeptide structure. This compound comprises two
phenylalanine units, one valine unit, one leucine unit, and one 2-hydroxyoctanoic acid unit.
It is sourced from a fungal endophytic genus, Diaporthe sp., found within the host plant
Artemisia argyi. Phomopamide A was found to have no cytotoxicity effect on cancer cell
lines such as SF-268 cells, MCF-7 cells, HepG-2 cells, and A549 cells. However, pho-
mopamide A demonstrated significant inhibition of a-glucosidase activity having an ICs,
concentration of 62.35+10.67 pM, in comparison with standard drug acarbose with an
IC4, concentration of 154.1+5.46 pM [200]. The antidiabetic properties with their mode
of action of some plant-associated fungal endophyte-derived bioactive compounds have
been given in Table 4.

Fungal Endophyte-Derived Compounds with Antimalarial Activity

Antimalarials are a class of chemical compounds, often derived from natural sources, use-
ful for the treatment or prevention of malaria. They specifically target the malarial para-
site and are effective against different stages of its life cycle. Antimalarials are commonly
used to protect children and pregnant women, who are particularly vulnerable to the dis-
ease [211]. Plants are the natural sources of bioactive compounds with antimalarial activity
[212-214]. The malarial parasite primarily derives its energy through anaerobic respira-
tion, and the key enzyme in this process is LDH (lactate dehydrogenase), which converts
pyruvate to lactate and generates NAD*. Consequently, LDH has recently become an
alternative target for the malarial illness treatment [215]. Recently, small distinct organic
molecules have been synthesized to serve as LDH inhibitors and their use in future drug
development to combat malaria [216]. Some specific inhibitors that inhibit parasite LDH
enzyme activity have been explored as a potent new antimalarial drugs [217]. Interfering
with heme interaction towards histidine-rich protein-2 (HRP2) offers a promising antima-
larial strategy to inhibit the growth of malarial parasites through disrupting the heme-HRP2
interaction. The inhibition of Heme detoxification in malarial parasites leads to accumula-
tion of free heme in toxic form, which causes death of parasites [218]. A couple of studies
demonstrated that natural compounds exhibited inhibitory effect to disrupt the interaction
between heme-hrp2 complex [214, 219]. Similarly, a peptide and their cocktails also have
been exhibiting similar activity to interfere with the development of the heme-hrp2 interac-
tion [220]. These researches open up a new area of exploration into bioactive compounds
and peptides as inhibitors of heme-hrp2 binding. Such discoveries might provide the way
for alternative drugs against malaria in the pharmaceutical sector [221, 222]. A fungal
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endophyte Pullularia sp. BCC 8613 survived in the host plant Culophyllum sp. and pro-
duced four bioactive compounds pullularins A-D. The compound pullularin A exhibited
antimalarial action towards Plasmodium falciparum K1 having an ICs, concentration of
3.6 pg/mL [223]. A fungal endophyte Xylaria sp. derived from the host plant Sandoricum
koetjape generated two novel compounds 2-chloro-5-methoxy-3-methylcyclohexa-2,5-di-
ene-1,4-dione and xylariaquinone A demonstrated antimalarial action towards Plasmodium
falciparum K1 having ICs, concentrations of 1.84 uM and 6.68 pM, respectively [224].
Bioactive metabolites were identified by LC-HR-MS-based metabolomics, and a multivari-
ate approach along with the in silico data analysis was performed to screen antimalarial
active metabolites. A total of 11 endophytic fungi were derived from tissues of the leaf and
stem of the plant Artemisia annua exhibited antimalarial activity. The extracts produced by
the three Penicillium strains showed significant antimalarial activity towards pathogenic
Plasmodium falciparum strains, having an ICs, concentration ranging between 1.1 and
3.3 ug/mL; Talaromyces strains with ICy, values of 7.6 +2.4 and 9.9+ 2.1 ug/mL, followed
by Aspergillus terreus-derived extract with the least antimalarial action having an ICs,
concentration of 351.1 ug/mL. The in silico study revealed that the endophyte extract had
antimalarial compounds like Emodin (6) (Fig. 3) and Physcion [225]. A fungal endophyte
Aspergillus niger 58 survived in the tissue of the host plant Terminalia catappa and gener-
ated two bioactive compounds, namely, flavasperone and aurasperone A. The compound
aurasperone A showed strong antimalarial activity towards Plasmodium falciparum 3D7
having an ICs, concentration of 4.17 pM along with antimalarial action towards Plasmo-
dium falciparum INDO (PAINDO) having an ICs, concentration of 3.08 pM, respectively.
The crude extract of Aspergillus niger 58 showed antimalarial action towards Plasmodium
falciparum 3D7 (Pf3D7) strain having an ICs, concentration of 4.03 pg/mL. Two frac-
tions of fungal crude, namely, RP-HPLC F17 and RP-HPLC F18, also showed antimalarial
action towards Plasmodium falciparum 3D7 (Pf3D7) strain having ICs, concentrations
of 0.09 pg/mL and 0.1 pg/mL, respectively [226]. Violaceoid A, a hydroquinone deriva-
tive sourced from a fungal endophyte Aspergillus aculeatus, showed antimalarial activity
towards the Plasmodium falciparum (K1) strain, having an ICs, concentration of 9.62 pM
[227]. The antimalarial properties of some plant-associated fungal endophyte-derived bio-
active compounds have been given in Table 5.

Fungal Endophyte-Derived Compounds with Neuroprotective Activity

Neuroprotective chemicals are molecules that protect neurons in the brain and central
nervous system for healthy functioning. They can help to prevent or reduce the effects
of neurodegenerative diseases, injuries, and stressful circumstances [243]. Mitochon-
dridrial dysfunction becomes a major cause of neurodegenerative circumstances [244].
Neuroprotective compound exhibits antioxidant, anti-inflammatory, and growth-promot-
ing characteristics that contribute to neuroprotection [245-248]. Phytochemicals exhibit
multitargeted characteristics with a biological system to combat neuronal dysfunction
[249]. Phytochemicals exert a neuroprotective effect through regulating numerous neuro-
transmitters and their receptors of neurons in the brain for appropriate functioning [250,
251]. Chrysogenamide A was obtained from the fungal endophyte Penicillium chrysoge-
num, which dwells inside the root tissue of the host plant Cistanche deserticola Y. C.
Ma. The compound chrysogenamide A exhibited a neuroprotective action towards oxi-
datively damaged SH-SYSY cells [252]. An endophytic fungus Penicillium citrinum that
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survives in the tissue of plant host Bruguiera gymnorrhiza produced bioactive compounds
namely (Z)—7,4'-dimethoxy-6-hydroxyl-auraone-4-O-p-glucopyranoside, along with
(1S,3R,4S)—1-(4'-hydroxyl-phenyl)—3,4-dihydro-3,4,5-trimethyl- 1 H—2-benzopyran-6,8-
diol. The compound (Z)—7,4'-dimethoxy-6-hydroxy-aurone-4-O-p-glucopyranoside dem-
onstrated considerable neuroprotective efficacy in MPP*-induced oxidative stressed PC12
cells by increasing mitochondrial membrane potential, decreasing DNA fragmentation, and

OH O OH
900 CEWNH
(0] \g
1. Danthron 3. Fusarithioamide A
(0}

OH O OH
OH N

a1 0‘0
4. Phomoenamide OH O OH OH

(0]
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(o) 6. Emodm
(0]
H )
(o) 0 @%0>
_ (0]
OH 8. Piperine
7. Epoxydon

11. Epicocconigrone A

o o7
()
HO _
(0] 12. Scequinadoline D
(0]

14. Herbarin

. 16. Epoxycytochalasin H
15. Neglectine A

Fig. 3 Elucidates the chemical structure of fungal endophytes derived biologically active compounds
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inhibiting caspase-3 and caspase-9 cascades [253]. Fungal endophyte Colletotrichum sp.
JS-0367, derived from the plant Morus alba, produces the compound evariquinone (21)
which exhibited a neuroprotective action towards oxidative damaged HT22 (hippocam-
pal neuronal) cells via downregulation of intracellular ROS production, Ca®* influx, and
glutamate-induced phosphorylation of JNK, ERK,,,, and p38 proteins [254]. Neosarto-
rya fischeri JS0553, an endophytic fungus, produces bioactive compound Fischerin (23)
which exhibited a neuroprotective effect against oxidative damaged HT22 (hippocam-
pal neuronal) cells via downregulation of intracellular ROS production, Ca?* influx, and
glutamate-induced phosphorylation of JNK, ERK,,, and p38 proteins [255]. A fungal
endophyte Nigrospora oryzae, which survives in the Tinospora cordifolia plant, produces
a bioactive compound quercetin. The Nigrospora oryzae (GL15) crude extract exhibited
a potent neuroprotective effect via the inhibition of acetylcholinesterase (AChE) activ-
ity in scopolamine (SCO)-induced mice [256]. Fan et al. investigated the neuroprotective
features of undescribed pyrone derivative compounds produced by the fungal endophyte
Nigrospora oryzae, which survive in the root tissue of the host plant Taxus chinensis var.
mairei. In order to determine the structures and absolute configurations of the six known
compounds, namely, solanapyrones A—C and solanapyrones E-G and the uncharacter-
ized pyrones, solanapyrones U-Z, and precursor-like compounds prosolanapyrones A-B,
a thorough spectroscopic analysis was performed along with the adapted Mosher’s pro-
cess along with ICD (induced circular dichroism) spectrum analysis. All undescribed com-
pounds underwent assessment for nerve growth factor (NGF) expression using HEK-293 T
cells and bMSCs (bone marrow mesenchymal stem cells). Solanapyrones A-B and a novel
pyrone, solanapyrone U, exhibited superior neuroprotective effects compared to the stand-
ard drug Clenbuterol in stimulating NGF secretion from bMSCs [257].

A study transformed common ginsenosides in American ginseng stems and leaves
(AGSL) into rare ginsenosides using endophytic fungal fermentation. The fermented
extract showed higher saponin content and significantly inhibited Ap42 concentration and
fB-secretase activity, indicating potential as a therapeutic or nutritional treatment for Alzhei-
mer’s disease [258]. Amyotrophic lateral sclerosis (ALS) involves toxic SOD1 mutations.
Phialomustin-B, a fungal metabolite, reduces SOD1 aggregation by binding at the dimer
interface, offering therapeutic potential for familial ALS (fALS) [259]. Neuroprotection is
crucial against damage from neurodegenerative diseases like Alzheimer’s and Parkinson’s
[260-262]. Endophytic fungi produce bioactive compounds that support growth factors,
enhance antioxidant defenses, and reduce neuroinflammation. Evaluated through enzymes,
cell lines, and in vivo models, these compounds show promise, though clinical trials are
needed to confirm their neuroprotective efficacy and safety [263]. A recent study identified
an endophytic fungus, Fusarium sp., from tea leaves that inhibit a-synuclein aggregation
by reducing oxidative stress and oligomerization, showing potential for Parkinson’s disease
therapy [264]. Another study identified Aspergillus niveus Fv-er401 from Foeniculum vul-
gare roots with anticholinesterase activity. Isolated compounds, including terrequinone A
and citrinin, and others showed strong AChE and BuChE inhibition, suggesting potential
for Alzheimer’s drug development [265]. In addition, a study identified endophytic fungi
from Catharanthus roseus with acetylcholinesterase (AChE) inhibitory activity. Active
compounds 9-hexadecen-1-ol and Erucamide were found, showing promising AChE inhi-
bition through specific interactions [266]. The neuroprotective properties with their mode
of action of some plant-associated fungal endophyte-derived bioactive compounds have
been given in Table 6.
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Fungal Endophyte-Derived Compounds with Antihypercholesterolemic
and Lipid-Lowering Activity

Antihypercholesterolemic drugs are compounds that assist in the reduction of elevated
amounts of cholesterol in the bloodstream, thereby treating hypercholesterolemia and low-
ering the probability of cardiovascular diseases [276]. Lovastatin (26) is a well-known
compound that acts as an inhibitor of the HMG-CoA reductase, a crucial enzyme for
cholesterol biosynthesis [277, 278]. Several studies demonstrated that cholesterol-low-
ering compounds were also produced by plants and their associated fungal endophytes
[279-281]. The fungal endophyte Stachybotrys chartarum that survived in the Niphates
recondita led to the production of 16 new phenylspirodrimanes known as chartarlactams
A-P and eight identified analogues. The stachybotrys chartarum-derived compounds char-
tarlactams D-F, K-L, N-O, and N-(2-benzenepropanoic acid) stachybotrylactam exhibited
potent antihyperlipidemic activity in hepatocarcinoma HepG2 cells at a dose of 10 pM
[282]. A fungal endophyte Diaporthe arengae TATW?2, derived from the host plant 7er-
minalia arjuna Roxb., generated three bioactive compounds, namely, benzene propionic
acid, 3, 5-bis (1,1-dimethylethyl)—4-hydroxy methyl ester; and pterin-6-carboxylic acid,
along with 2,6-ditert-butyl-4-phenol. In vivo, effectiveness experiments of all three iso-
lated chemicals on albino Wistar rats indicated major alterations in the albino Wistar rats’
serum and tissue lipid profiles. Diaporthe arengae TATW2 crude extract also exhibited
potent anti-hypercholesterolemic action in biochemical test along with reduced lipid per-
oxidation regarding hRBCs [283]. A fungal endophyte Diaporthe sp. JC-J7 dwells inside
the stem tissue of the plant Dendrobium nobile Lindl. and produces 11 polyketones namely
diaporthsins (A to K). The compound diaporthsin E (27), derived from Diaporthe sp.
JC-J7, showed antihyperlipidemic action towards triglycerides (TG) using steatotic L-02
cells with inhibition ratios of 26% [284]. The fungal endophytes Trichoderma sp. CNB
2.5.3, an unidentified fungus CND 2.5.4, along with Nigrospora sp. CND 2.1.1, were iso-
lated from the leaf as well as stem tissues of the host plant Cymbopogon nardus. These
three potent fungal strains produced significant levels of the bioactive compound lovastatin
(26). Fungal endophytes have the potential to synthesize lovastatin (26) may be studied in
order to optimize fermentation processes to achieve efficient lovastatin (26) synthesis and
to investigate its potential in cholesterol-lowering activity [285]. Liu et al. (2024) evalu-
ated the lipid-lowering effect of lovastatin derivatives, specifically seven new compounds:
aculeatiol A, aculeatiol B, aculeatiol C, aculeatiol D, aculeatiol E, aculeatiol F, and acu-
leatiol G, along with known compounds, namely, peniciversiol C, versiol, and decum-
benone B, which were isolated from Aspergillus aculeatus, a fungal endophyte that sur-
vived in the host plant Morinda citrifolia. Aculeatiol F structure had unique aromatized
heterotetracyclic of ring system with 6/6/6/6 characteristics. The structure of aculeatiol F
features a distinctive aromatic heterotetracyclic ring system of 6/6/6/6. Each of these 10
compounds exhibited various levels of lipid-lowering effects against FFA (free fatty acid)-
stimulated in HepG2 cells. Remarkably, aculeatiol E demonstrated a notable lipid-lowering
effect, including reductions in FFA, oil droplet formation, and intracellular triglycerides,
in a dose-dependent manner in HepG2 cells. Aculeatiol E also downregulates the lipid-
metabolic-related proteins and enzymes such as FATP2 (fatty acid transport protein 2),
FATPS (fatty acid transport protein 5), FAS (fatty acid synthase), and SCD1 (stearoyl-CoA
desaturase 1). Aculeatiol E not only downregulates lipid-metabolism—related proteins and
enzymes like FATP2, FATPS, and FAS, and SCD1 but also upregulates the expression of
PPARa and ACOX1 genes, indicating its potential as a lipid-lowering agent and for future
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drug for improving lipid metabolism disorders [286]. Although fungal endophyte—derived
potent compounds showed promise in reducing cholesterol levels, further research will be
required to completely comprehend their mode of action along with assessing their effec-
tiveness as well as safety for therapeutic use. The antihypercholesterolemic properties of
some plant-associated fungal endophyte-derived bioactive compounds have been given in
Table 7).

In Fig. 3 and Fig. 4, a total of 27 potent metabolites derived from fungal endophytes
are mentioned. These compounds have various biological activities such as antimicrobial,
antioxidants, anticancer antidiabetic, neuroprotective, and anti-hypercholesterolemic. The
compounds mentioned in the above figure are (1) danthron, (2) xanthoascin, (3) fusarith-
ioamide A, (4) phomoenamide, (5) altersolanol A, (6) emodin, (7) epoxydon, (8) piperine,
(9) chaetominine, (10) chrysin, (11) epicocconigrone A, (12) scequinadoline D, (13) asper-
pyridone A, (14) herbarin, (15) neglectine A, (16) epoxycytochalasin H, (17) monocerin,
(18) viridiol, (19) phomoarcherin B, (20) codinaeopsin, (21) evariquinone, (22) quercetin,
(23) fischerin, (24) fusarubin, (25) colletotrichamide C, (26) lovastatin, and (27) diaporth-
sin E.

Each compound has peculiar structural characteristics. For example, the emodin is an
anthraquinone-derivative compound and exhibits antimicrobial properties. Emodin has
polar substituents — hydroxyl group at C6 position, and it was found that this polar func-
tional group can increase antibacterial activity [294]. The fungal endophyte-derived emo-
din is reported for antimicrobial activities, but their clear mode of action is not reported
available so far in my knowledge. The antimicrobial mechanism of action of anthraqui-
nones is bacterial cell wall biosynthesis along with membrane inhibition, DNA synthesis
inhibition, several metabolic process inhibitions, etc.

Endophytic Fungus Biotransform to Produce Potent Derivative
Metabolites — a Beneficial Boon

Fungal endophytes could transform both simple and complicated substrates into new mole-
cules via a variety of chemicals along with enzymatic reactions that occur within their cells
[295-299]. The fungi endophytes use a variety of chemical processes through their bio-
chemical pathways, including hydrolysis, condensation, cyclization, reduction, and oxida-
tion to produce secondary metabolites [300-307]. Additionally, a variety of enzymes that
catalyze specific biochemical reactions are present in fungi endophytes, including hydro-
lases, isomerases, oxidoreductases, transferases, lyases, and ligases [308-314]. Overall,
these chemical and enzymatic processes in fungal endophytes could alter precursor mole-
cules, resulting in structurally diverse derivative products [315-318]. Fungal endophyte-
mediated transformation has been widely utilized to create an immense quantity of novel
metabolites, increasing specificity along with bioactivity [319-323]. Fungal endophytes
create robust derivative compounds with additional functional groups, which could
enhance their effectiveness by allowing for specific interactions with biological systems
(Fig. 5 and Fig. 6) [97, 296, 324-326]. a-Pyrone represents a heterocyclic molecule that is
categorized as a lactone with abundance in bioactive metabolites. It has a functional com-
ponent called an alpha ketone attached to its pyran ring. The compounds 6-(2'R-hydroxy-
3'E,5'E-diene-1'-heptyl)—4-hydroxy-3-methyl-2H-pyran-2-one (28a) and 6-(2'S-hydroxy-
5'E-ene-1'-heptyl)—4-hydroxy-3-methyl-2H-pyran-2-one (28b), as well as
6-(2'S-hydroxy-1'-heptyl)—4 -hydroxy-3-methyl-2H-pyran-2-one (28c), were alpha-pyrone
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Fig.4 Elucidates the chemical structure of fungal endophytes derived biologically active compounds

derivatives obtained from a fungal endophyte Penicillium ochrochloronthe and survive in
the Taxus media plant. The antifungal activities of these three compounds towards the
tested 20 pathogenic fungal strains with MIC values were as follows: Cercospora arachidi-
cola Hori (12.5 pg/ml, 12.5 pg/ml, and 25 pg/ml), Alternaria solani (12.5 pg/ml, 25 pg/ml,
12.5 pg/ml), Bipolaris carbonum Wilson (25 pg/ml, 25 pg/ml, 25 pg/ml), Fusarium
graminearum (12.5 pg/ml, 12.5 pg/ml, 50 pg/ml), Cylindrocladium parasiticum (25 pg/ml,
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25 pg/ml, 12.5 pg/ml), Alternaria alternata f. sp. mali (25 pg/ml, 50 pg/ml, 12.5 pg/ml),
Cercospora personata (25 pg/ml, 25 pg/ml, 50 pg/ml), Botrytis cinerea Pers. (25 pg/ml,
50 pg/ml, 25 pg/ml), Ustilago scitaminea Syd. (25 pg/ml, 25 pg/ml, 50 pg/ml), Rhizoctonia
cerealis (50 pg/ml, 50 pug/ml, 25 pg/ml), Helminthosporium maydis (50 pg/ml, 50 ug/ml,
50 pg/ml), Colletotrichum orbiculare (50 pg/ml, 50 pg/ml, 50 pg/ml), Ascochyta gossypii
Syd. (50 pg/ml, 50 pg/ml, 50 ug/ml), Alteraria alternata (Fries) Keissler (50 pg/ml, 50 pg/
ml, 50 pg/ml), Colletortrichum gloeosporiodes (25 ng/ml, 100 pg/ml, 50 pg/ml), Colle-
totrichum graminicola (100 pg/ml, 25 pg/ml, 25 ug/ml), Botrytis fabiopsis (50 ug/ml,
50 pg/ml, 100 pg/ml), Alternaria brassicae (50 pg/ml, > 100 pg/ml, > 100 pg/ml), Sclero-
tinia sclerotiorum (25 pg/ml, 100 pg/ml,> 100 pg/ml), Exserohilum turcicum (100 pg/
ml, > 100 pg/ml, > 100 pg/ml), respectively. However, these three compounds demonstrated
antibacterial activity against the following tested pathogenic bacteria with MIC values:
Bacillus subtilis (50 ug/ml, 50 pg/ml, 50 pg/ml), Micrococcus luteus (50 pg/ml, 50 pg/ml,
50 pg/ml), Staphylococcus aureus (50 pg/ml, 50 pg/ml, 50 ug/ml), Bacillus megaterium
(50 pg/ml, 50 pg/ml, 50 ug/ml), Salmonella enterica (50 pg/ml, 50 ug/ml, 50 pg/ml), Pro-
teusbacillus vulgaris (50 pg/ml, 50 pug/ml, 50 pg/ml), Salmonella typhi (50 pg/ml, 25 pg/
ml, 50 pg/ml), Pseudomonas aeruginosa (50 pg/ml, 50 pg/ml, 50 pg/ml), Escherichia coli
(50 pg/ml, 50 pg/ml, 50 pg/ml), and Enterobacter aerogenes (50 pg/ml, 100 pg/ml, 50 pg/
ml), respectively. Structurally, the compounds 6-(2'R-hydroxy-3'E,5'E-diene-1'-heptyl)—4-
hydroxy-3-methyl-2H-pyran-2-one (28a), 6-(2'S-hydroxy-5'E-ene-1'-heptyl)—4-hydroxy-3-
methyl-2H-pyran-2-one (28b), and 6-(2'S-hydroxy-1'-heptyl)—4-hydroxy-3-methyl-2H-
pyran-2-one (28c) were alpha-pyrone derivatives. The sole difference between them lies in
the unsaturation present within the hydrocarbon chain. Consequently, both their antifungal
and antibacterial activities against certain species were almost comparable. According to
this, their bioactivities of derivative compounds are not affected much by the slight varia-
tion that occurs in the hydrocarbon chain’s process known as dehydrogenation [327].
Eleven compounds, including dihydroaltersolanol B (29a), dihydroaltersolanol C (29b),
acetylalterporriol D (32b), acetylalterporriol E (33b), altersolanol A (30a), altersolanol B
(30b), altersolanol C (30c), alterporriol D (32a), alterporriol E (33a), macrosporin (31),
and 6-O-methylalaternin (31a), were derived from Stemphylium globuliferum, a fungal
endophyte dwelling in the host plant Juncus acutus. Structurally, compounds dihydroalter-
solanol B (29a) and dihydroaltersolanol C (29b) were dihydro derivatives of altersolanol B
(30b) and altersolanol C (30c), respectively. Dihydroaltersolanol C (29b) was structurally
identical to dihydroaltersolanol B (29a), differing only by an extra hydroxy group located
in the C-4 position. Remarkably, only dihydroaltersolanol C (29b) exhibited modest anti-
bacterial activity towards Staphylococcus aureus ATCC 29213 among the four compounds
(29a, 29b, 32b, and 33b) evaluated, with a MIC concentration of 49.7 pM. Dihydroalter-
solanol C (29b) also exhibited significant cytotoxicity towards L5178Y cells having ICs,
concentration of 3.4 pM. This suggests that the additional hydroxy group at the C-4 posi-
tion of dihydroaltersolanol C (29b) contributes to its enhanced bioactivities. Three deriva-
tives of altersolanol, namely, altersolanol A-C (30a, 30b, and 30c), showed potent cytotox-
icity towards L5178Y cells, having ICs, concentrations of 2.53 pM, 3.78 pM, and 4.68 uM,
respectively. This suggests that substituents on the aliphatic cycle have minimal potential to
alter bioactivity efficacy. Moreover, the derivative of anthraquinone compound 6-O-methy-
lalaternin (31a) along with its analogue macrosporin (31) was tested for their cytotoxicity
potential. Interestingly, 6-O-methylalaternin (31a) showed significant percent growth inhi-
bition (98.1%) of L5178Y cells at a particular concentration represent 10 pg/ml along with
ICs, concentration of 1.25 pM. On the other hand, macrosporin (31) showed low cytotoxic
activity on L5178Y cells with 45.5% growth inhibited at similar concentration representing
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Fig.5 Elucidates the chemical
structures of compounds from
fungal endophytes for exploring
the structure-bioactivity relation-

ships
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10 pg/ml. This highlights the importance of ortho-dihydroxy substitution in enhancing the
compound’s cytotoxic efficacy. Surprisingly, acetylalterporriol E (33b) and alterporriol E
(33a), both possessing axial chirality of (aR), demonstrated potent cytotoxic activity
towards L5178Y cells, having ICs, concentrations of 10.4 pM and 6.9 uM, respectively.
Conversely, their (aS) counterparts showed no activity. The findings suggest that the potent
derivative chemicals and related congeners possess various modes of action [328]. The
fundamental structure of intricate natural chemicals called cytochalasans is composed of a
macrocyclic ring joined with a perhydroisoindolone ring. Together with polyketide-derived
additional chains and distinct functional groups, as well as their fundamental stereochemi-
cal elements, play important roles in an array of biological activities, especially in antican-
cer actions. Eleven derivative compounds of cytochalasans were isolated from an endo-
phytic fungal strain, Phomopsis sp. shj2, residing within the stem tissue of the host plant
Isodon eriocalyx var. laxiflora. These compounds include 18-acetoxycytochalasin H (34a),
18-ethoxycytochalasin H (34b), 18-acetoxycytochalasin J (34c), 18-ethoxycytochalasin J
(34d), 7-oxocytochalasin H (34e), cytochalasin H; (34f), cytochalasin H, (34 g), cytocha-
lasin H (34 h), cytochalasin J; (34i), RKS-1778 (34;j), and acetoxycytochalasin J, (34 k).
The compounds 18-acetoxycytochalasin H, 18-ethoxycytochalasin H, 18-acetoxycytocha-
lasin J, cytochalasin H, cytochalasin J, (34i), RKS-1778 (34j), and acetoxycytochalasin J,
(34 k) showed considerable antimigratory property towards MDA-MB-231 cells having
IC4, concentrations of 3.14 pM, 10.42 pM, 6.38 uM, 1.25 pM, 7.31 pM, 1.01 pM, and
6.41 pM, respectively. The reduced anti-migratory activity of 18-acetoxycytochalasin H
(34a) and 18-acetoxycytochalasin J (34c), along with cytochalasin J; (34i), compared to
cytochalasin H (34 h), was attributed to substituting an acetoxy, ethoxy, and methoxy func-
tional group for the C-18 hydroxy functional group. Acetoxycytochalasin J, (34 k) had
higher anti-migratory action than both 18-Ethoxycytochalasin H (34b) and cytochalasin J,
(34i), which might be attributed to an extra dual bond among C-17 and C-18. The better
anti-migratory action of 18-acetoxycytochalasin H (34a) over 18-acetoxycytochalasin J
(34c) seems probably due to the inclusion of an extra acetoxy group located at the C-21
position. When comparing the structure of cytochalasin H, (34 g), cytochalasin H (34 h),
and RKS-1778 (34j), substituting double bonds and hydroxy with tri-substituted alkene
increased activity while adding acetoxy decreased it. As a result, this structure with activ-
ity interaction investigation might aid in the biosynthesis of new anticancer compounds
[329]. Three new triterpene derivative compounds such as xylariacin A (35a), xylariacin B
(35b), and xylariacin C (35c¢) were derived from an endophytic fungal strain Xylarialean
sp. A45, which was isolated from the plant Annona squamosa L. Xylariacins A—C (35a,
35b, and 35c¢) exhibited cytotoxic effects against HepG2 cells, with percent growth inhibi-
tion values of 48.0%, 9.7%, and 46.7%, respectively, at a specific value of 20 pg/ml. The
structural variance between xylariacin A (35a) and xylariacin B (35b) involves the substitu-
tion of a hydroxy group with an oxy group at the C-15 position. This substitution could
potentially impact the bioactivity potential of both compounds [330]. The compounds tala-
peroxides A to D (36a, 36b, 36¢c, and 36d) and steperoxide B (36e) were norsesquiterpene
peroxide derivatives obtained from Talaromyces flavus, a fungal endophyte that survives in
the host plant Sonneratia apetala. Talaperoxide A (36a) shared a similar skeletal structure
with talaperoxide B (36b), differing only in the orientation at the C-7 position, indicating
an epimeric relationship resulting from this alteration. Similarly, talaperoxide D (36d) acts
as epimer of talaperoxide C (36c) differing only in the orientation at the C-7 position. Step-
eroxide B (36e) also shared a common skeletal structure with talaperoxide A (36a), differ-
ing only in the substitution of an acetoxy group with a hydroxy group at the C-3 position.
The cytotoxic effects of these compounds against various cell lines, including MCF-7 cells,
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MDA-MB-435 cells, HepG2 cells, and HeLa cells, as well as PC-3 cells, exhibited 1Cs,
concentrations that ranged as follows: talaperoxide A (36a) (5.70 to 19.77 pg/ml), talaper-
oxide B (36b) (0.89 to 2.78 pg/ml), talaperoxide C (36¢) (2.64 to 15.11 pg/ml), talaperox-
ide D (36d) (0.70 to 1.92 pg/ml), and steperoxide B (36e) (1.82 to 7.97 pg/ml), respec-
tively. The study clearly indicates that alterations in chemical structure, resulting from
different orientations and functional groups, significantly affect the efficacy of bioactive
compounds [331]. Two derivatives of abscisic acid, namely (S)-(+)—2-cis-4-trans-abscisic
acid (37a) and 7'-hydroxy-abscisic acid (37b), along with a derivative of altersolanol A
known as 4-des-hydroxyl altersolanol A (38), were derived from a fungal endophyte,
Nigrospora oryzae, which survived in the leaf tissue of the host plant Combretum dolicho-
petalum. (S)-(+)—2-cis-4-trans-abscisic acid (37a) and 7'-hydroxy-abscisic acid (37b)
share a similar core structure. The main distinction was the extra hydroxy group at position
C-7"in 7'-hydroxy-abscisic acid (37b). The compounds (S)-( +)—2-cis-4-trans-abscisic acid
(37a), 7"-hydroxy-abscisic acid (37b), and 4-des-hydroxyl altersolanol A (38) showed anti-
diabetic effects, lowering blood sugar levels by 5.92%, 44.96%, and 43.70%, respectively,
in alloxan-stimulated diabetic mice over a 9-h treatment, as measured by fasting blood
sugar levels. Thus, an additional hydroxy group of 7'-hydroxy-abscisic acid (37b) could
increase their antidiabetic potential [332]. Recently, diaporpyrone F (39a) and diaporpy-
rone D (39b), both pyrone derivatives, were extracted from an endophytic fungal strain
known as Diaporthe sp. (CB10100), which dwells in the Sinomenium acutum plant. Both
compounds share a similar skeletal structure, differing only in the presence of an ethanoic
group in diaporpyrone D (39b) and a propanoic group in diaporpyrone F (39a), both
located at the C-5 position of the core pyrone ring. Remarkably, diaporpyrone D (39b)
showed a 46.40% inhibition of o-glucosidase activity at a concentration of 800 pM,
whereas diaporpyrone F (39a) demonstrated no such inhibition at the same concentration.
This suggests that the carbon chain length of the functional group may influence the anti-
diabetic effectiveness of pyrone-derived compounds [333]. Another structure—activity
study revealed that four anthraquinone derivative compounds, namely, 1,3-dihydroxy-
2,8-dimethoxy-6-methylanthraquinone (40a), 1-hydroxy-2,3,8trimethoxy-6-methylanth-
raquinone (40b), 1,2-dihydroxy-3,8dimethoxy-6-methylanthraquinone (40c), and evariqui-
none (40d) were isolated from an endophytic fungal strain Colletotrichum sp. (JS-0367),
which survives in the host plant Morus alba. The fundamental core structure of all four
compounds remained similar, with differences observed in the functional groups positioned
at various locations on the anthraquinone ring. Evariquinone (40d) had a distinctive
hydroxy group at position of C-1, C-2, and C-3 of the anthraquinone ring. Structurally, the
compounds  1,3-dihydroxy-2,8-dimethoxy-6-methylanthraquinone  (40a), 1-hydroxy-
2,3,8trimethoxy-6-methylanthraquinone (40b), and 1,2-dihydroxy-3,8dimethoxy-6-methyl-
anthraquinone (40c) had substitution of methoxy group with hydroxy group at position of
C-2 for 1,3-dihydroxy-2,8-dimethoxy-6-methylanthraquinone (40a), and at position of C-2
and C-3 for 1-hydroxy-2,3,8trimethoxy-6-methylanthraquinone (40b) and C-3 position for
1,2-dihydroxy-3,8dimethoxy-6-methylanthraquinone (40c) in comparison with evariqui-
none (40d). Remarkably, evariquinone (40d) exhibited greater neuroprotective activity
towards glutamate-mediated oxidative damage in HT22 cells in comparison with other
three anthraquinone derivative compounds. Evariquinone (40d) also demonstrated antioxi-
dant characteristics towards DPPH-free radicals with ICs, concentration of 42.2 pM. The
enhancement in the neuroprotective activity of these anthraquinones correlates with
increased hydroxyl substitution, trapping excess electrons along with balancing ROS lev-
els, while methylation of hydroxyl groups may reduce neuroprotection [254]. Sixteen pol-
yketide derivatives namely ophicirsins A to P were derived from a fungal endophyte
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Ophiobolus cirsii (LZU-1509), which was obtained from the plant Anaphalis lactea. None
of the 16 compounds had cytotoxic activities against the tested cell lines such as HepG?2
and HT-1080 cells at a concentration of 20 pM. However, among these compounds, only
ophicirsin O (41) exhibited significant neuroprotection against H,O,-induced neurotoxicity
in PC-12 cells, along with strong antioxidant activity against DPPH-free radicals, surpass-
ing the effectiveness of resveratrol, the standard drug. Ophicirsin O (41) represents a novel
polyketide structure, comprising a hydrogenated benzopyran fused with a benzofuran.
Ophicirsin O (41) contains hydroxy groups at C-2' and C-3', which could potentially con-
tribute to its neuroprotective action by readily transferring electrons to scavenge free radi-
cals [334]. Two diastereomeric isoindolinone alkaloid compounds, spirocollequin A (42a)
and spirocollequin B (42b), originated from an endophytic fungal strain Colletotrichum
boninense (AM-12-2). Both compounds exhibit a core structure characterized by
4,5-dihydro-spiro[furan-2,1'-isoindolin]—3'-one. Spirocollequin A (42a) and spirocollequin
B (42b) showed antiplasmodial activity towards Plasmodium falciparum (3D7) having I1Cs,
concentration of 9.72+0.61 pM and 4.71+0.77 uM along with cytotoxicity against HFF
(human foreskin fibroblast) cells with ICs, concentrations of 246.8+10.5 uM and
266.2+3.1 pM, respectively. Spirocollequin A (42a) possesses a configuration of
9R11R12R, while spirocollequin B (42b) features a configuration of 9S11R12R. The vari-
ance in (R) and (S) configurations at C-9 could potentially enhance the antimalarial
potency while also promoting safer characteristics for spirocollequin B (42b) [335]. Two
undescribed polyketide derivatives, namely, collecapsin A (43a) and collecapsin B (43b),
together with two previously described compounds macrolactin A and macrolactin B, were
derived from a fungal endophyte Colletotrichum capsici, which was isolated from the plant
Siegesbeckia pubescens Makino. Collecapsin A (43a) and collecapsin B (43b) exhibit dis-
tinct skeleton structures. Collecapsin A (43a) is characterized by a methyl ester chain with
hydroxy groups at C-3' and C-5' positions, while collecapsin B (43b) showcases a tetrahy-
dropyron ring attached at the C-5" with a keto group at C-1' along with a hydroxy group at
C-3' position. Furthermore, collecapsin B (43b) diverges from collecapsin A (43a) which
appeared with a substitution of the hydroxy group at the C-8 position by a carboxy group.
Remarkably, both compounds collecapsin A (43a) and collecapsin B (43b) exhibited con-
siderable inhibition of HMG-Co~A reductase activity having ICs, concentrations of
8.72 pM and 15.28 pM, respectively. The reduced activity of collecapsin B (43b) could
result from steric hindrance caused by the bulkier group and the substitution of the hydroxy
group with a carboxy group at the C-8 position [287]. Thus, fungi endophytes are now uti-
lized to biotransform potent bioactive compounds with its efficacious derivatives [296,
336-340]. Fungal endophytes produce diverse metabolites but lack comprehensive phar-
macological understanding and structure—activity relationship data [341-345]. This study
could reveal the efficacy of derivative metabolites and create opportunities to synthesize
targeted potent derivatives with high bioactivity potential.

Fungal endophytes convert substrates into novel molecules through diverse chemical
processes, producing secondary metabolites with various enzymatic activities. For exam-
ple, alpha-pyrone derivatives like 6-(2'R-hydroxy-3'E,5'E-diene-1'-heptyl)—4-hydroxy-3-
methyl-2H-pyran-2-one exhibit antifungal and antibacterial properties, while Stemphylium
globuliferum metabolites, including dihydroaltersolanol B and C, show cytotoxicity and
antibacterial activity influenced by structural modifications. Cytochalasans from Pho-
mopsis Sp. possess antimigratory properties against cancer cells, and Xylariacins from
Xylarialean sp. exhibit cytotoxic effects on HepG2 cells, with bioactivity affected by
functional group variations. Norsesquiterpene peroxides, like talaperoxides and step-
eroxide B, display cytotoxicity against cancer cell lines, and abscisic acid derivatives,
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such as (S)-(+)—2-cis-4-trans-abscisic acid, show antidiabetic effects enhanced by addi-
tional hydroxy groups. Pyrone derivatives, including diaporpyrone D and F, influence
a-glucosidase inhibition based on carbon chain length, while anthraquinone derivatives
like evariquinone demonstrate neuroprotective and antioxidant activities, with increased
hydroxyl substitution correlating with enhanced effects. Polyketide derivatives from
Ophiobolus cirsii show neuroprotective properties without cytotoxicity, underscoring the
impact of structural variations on bioactivity potential.

Figure 5 and Figure 6 represent a total of 47 derivative metabolites derived from fun-
gal endophytes. These compounds have various biological activities such as antimicrobial,
antioxidants, anticancer antidiabetic, neuroprotective, and anti-hypercholesterolemic. The
compounds mentioned in the above figure are 6-(2'R-hydroxy-3'E,5'E-diene-1'-heptyl)—4-
hydroxy-3-methyl-2H-pyran-2-one (28a), 6-(2'S-hydroxy-5'E-ene-1'-heptyl)—4-hydroxy-3-
methyl-2H-pyran-2-one (28b), 6-(2'S-hydroxy-1"-heptyl)—4 -hydroxy-3-methyl-2H-pyran-
2-one (28c), dihydroaltersolanol B (29a), dihydroaltersolanol C (29b), altersolanol A (30a),
altersolanol B (30b), altersolanol C (30c), macrosporin (31), 6-O-methylalaternin (31a),
alterporriol D (32a), acetylalterporriol D (32b), alterporriol E (33a), acetylalterporriol E
(33b), 18-acetoxycytochalasin H (34a), 18-ethoxycytochalasin H (34b), 18-acetoxycytoch-
alasin J (34c¢), 18-ethoxycytochalasin J (34d), 7-oxocytochalasin H (34e), cytochalasin H;
(34f), cytochalasin H, (34 g), cytochalasin H (34 h), cytochalasin J; (341), RKS-1778 (34j),
acetoxycytochalasin J, (34 k), xylariacin A (35a), xylariacin B (35b), xylariacin C (35c),
talaperoxide A (36a), talaperoxide B (36b), talaperoxide C (36c), talaperoxide D (36d),
steperoxide B (36e), (S)-(+)—2-cis-4-trans-abscisic acid (37a), 7'-hydroxy-abscisic acid
(37b), 4-des-hydroxyl altersolanol A (38), diaporpyrone F (39a), diaporpyrone D (39b),
1,3-dihydroxy-2,8-dimethoxy-6-methylanthraquinone (40a), 1-hydroxy-2,3,8trimethoxy-
6-methylanthraquinone (40b), 1,2-dihydroxy-3,8dimethoxy-6-methylanthraquinone (40c),
evariquinone (40d), ophicirsin O (41), spirocollequin A (42a), spirocollequin B (42b), col-
lecapsin A (43a), and collecapsin B (43b).

Advancement in Approaches to Enhance the Production of Metabolite
Associated with Fungal Endophytes

The fungal endophyte-derived metabolites with immense structural diversity; varied
pharmacological properties, safety, and intrinsic ability to bind to other biological mol-
ecules of natural products; and their biocompatibility make it successful in drug discovery
[346-349]. There are many studies on the biosynthesis of bioactive compounds of plant-
associated fungal endophytes. Consequently the development in fermentation, extrac-
tion, purification, and characterization processes as well as bioassay approaches allowed
researchers to quickly identify and characterize the potent bioactive compounds of fungal
endophytes [105, 350, 351]. Endophytes can bio-transform the original biological mol-
ecules derived from naturally occurring phytochemicals into their more potent deriva-
tives, leading to both functionality and structural variation [155, 319, 352, 353]. Various
approaches comprising OSMAC, co-culture, epigenetic modifiers, pleiotropic regulators,
elicitors, and molecular techniques are utilized for the activation of cryptic biosynthetic
gene clusters (BGCs) in endophytic along with non-endophytic fungi to increase secondary
metabolite production (Fig. 7) [354-362]. Other molecular-based techniques for the stimu-
lation of cryptic BGCs of fungal endophytes have been extensively studied previously, such
as pleiotropic strategies, regulation of global transcription factors, and ribosome, as well
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as heterologous host transfer [359, 363-368]. Using biotechnological methods for altering
the genome of fungal endophytes holds the promise to enhance the production of second-
ary metabolites along with diversifying the possible uses of these beneficial substances
[369-373]. Recent research has shown that integrating modern wide-genome approaches,
including genomics, comparative genomics, gene-editing techniques, transcriptomics, and
metabolomics, has opened up new pathways for improving secondary metabolite synthe-
sis in fungi. These approaches provide an in-depth awareness of the genetic mechanisms
along with regulatory mechanisms underlying secondary metabolite biosynthesis, lead-
ing to the identification of novel bioactive chemicals as well as improvements of fungal
strains for several applications including the discovery of drugs, agriculture, and industrial
biotechnology [370, 374-380]. Metabolomics approaches for fungal endophyte-derived
compounds are being used to explore the biotransformation process, the effect of numer-
ous environmental conditions on endophyte metabolome, and the significance of differ-
ent cultivation procedures using an array of methods including HPLC, HPTLC, LC-HR-
MS, GC-MS, FTIR, 1D/2D NMR, and others [381-386]. It is important to note that the
selection for each strategies outlined here should be determined by the needs of respective
researchers, their degree of experience, and the type of fungal strains, among other vari-
ables. Each of these strategies has its own advantages and disadvantages.

Metabolomics and Multivariate Analysis of Fungal Endophyte-Derived
Metabolites

Metabolomics, as a phenotyping tool, represents one of the most effective bioanalytical
methods for the discovery and determination of the array of metabolites of biological sam-
ples [387-390]. Researchers have encountered difficulties due to complexities in data pro-
cessing for metabolomics studies. The use of multivariate analysis has an important role
in identifying vital metabolite data using huge raw datasets. Principal component analysis
(PCA) and hierarchical cluster analysis (HCA), as well as orthogonal partial least squares
discriminant analysis (OPLS-DA) methods, are the most extensively utilized for mul-
tivariate analysis in metabolomics studies [225, 388, 391-393]. In metabolomic studies,
heatmaps are created, which act as efficient preliminary and analytical tools, to uncover
the significant patterns, abundance, and distribution of potent metabolites. Thus, it allows
exploring the complex metabolomics information, categorizing samples or their byprod-
ucts according to expression patterns, determining coordinated alterations, and probable
biomarkers related to particular types or conditions [377, 394, 395]. The LC-HR-MS-
dependent metabolomics are used to assess the antioxidant characteristics of fungi endo-
phytes obtained from different parts of Artemisia annua as well as Medicago sativa plants.
They employed tools like a heat map and multivariate analysis [396]. The fungal endophyte
isolation from various tissues like the leaf, root, and stem of the plant was performed by
using malt extract agar medium supplemented with ampicillin to inhibit bacterial growth.
The fungal species was identified by their morphological along with molecular characteris-
tics. The fermentation process was performed with liquid malt extract agar medium and the
solvent ethyl acetate utilized to extract the fungal crude metabolites. Metabolomic profiling
of fungal crude metabolites was accomplished with the LC-HR-MS methods, and multi-
variate analysis was performed using PCA and OPLS-DA methods to identify the varia-
tion between the compositions of fungal metabolites. The biochemical antioxidant assay
was performed using free radical scavenging assay, FRAP assay, MDA assay, and xanthine
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Fig.7 Represents several approaches through activation of cryptic Biosynthetic gene clusters (BGCs) in p
fungi for enhanced production of fungus derived bioactive compounds [399]. This figure elucidates various
approaches to activate cryptic biosynthetic gene clusters of fungi for enhance metabolites production. There
are three major approaches i.e., activation of cryptic biosynthetic gene clusters (BGCs) approach, pleio-
tropic approaches, and targeted genome-wide approaches. In BGCs approach the fungi isolated from the
same host can activate the gene cluster by exchanging the silent gene cluster’s promoters with constitutively
active promoter. Identify and employ Cluster-Specific Transcription Factors (CS-TFs) or Cluster Activa-
tion Proteins (CAPs) to regulate the biosynthetic gene clusters. Upregulation of regulatory genes within the
cluster may inhibit the repressor and activate the biosynthetic gene clusters, resulting in enhance metabo-
lite production. Heterologous expression involves insertion of the biosynthetic gene cluster to a different
host organism with better growth conditions and greater ease of manipulation. Host can be either bacteria
or a different fungal strain. Refactoring a dormant gene cluster requires replacing its original promoters
with potent or constitutive promoters that promote gene expression, usually with the goal of increasing the
production of desirable products. This technique includes identifying the cluster, creating, and modifying
new promoters, testing with different expression levels, and analyzing the resultant product. Pleiotropic
approaches for enhance metabolic productions utilizes various biotechnological methods such as ribosome
engineering, chromatin remodeling, global regulatory genes, PPtases (Phosphopantetheinyl Transferases),
OSMAC (One Strain Many Compounds), etc. Mutations in ribosomal proteins, which confer resistance to
antibiotics that target the ribosome, have also been observed to trigger the activation of silent genes. The
co-regulation of histone acetylation and methylation impacts the transcription of gene clusters responsible
for secondary metabolism, commonly situated in sub-telomeric regions. Global regulators control numerous
essential gene clusters, and modifying these regulatory networks has the potential to activate biosynthetic
gene clusters (BGCs). PPTases play a vital role in modifying carrier proteins after translation, which is a
crucial step in the production of polyketides and non-ribosomal peptides. When the native PPTase is down-
regulated, overexpressing PPTases has the potential to affect the production of secondary metabolites. In
the OSMAC approach, fungi are co-cultivated with other fungi or bacteria under various culture conditions.
This helps uncover the environmental signals necessary to activate the biosynthesis of secondary metabo-
lites. In targeted genome wide approach employing Reporter Guided Mutant Selection to target pathway
promoters which indicate elevated transcription from the BGC. In high-throughput elicitor screening, gene
clusters are activated through the discovery of small-molecular weight compounds that stimulate expres-
sion. Abbreviations: OSMAC (One Strain Many Compounds); P (Promoters); PPtases (Phosphopantethei-
nyl Transferases); RGMS (Reporter-Guided Mutant Selection)

oxidase inhibition assay. Three endophytic fungal strains from Aspergillus terreus (AFL,
AFSt and AFR) exhibited significant antioxidant potential, and their metabolomic profile
showed several bioactive compounds with various classes including phenolic, coumarin,
alkaloid, and polyketide [396]. An endophytic fungus Diaporthe fraxini ED2 cultured in
various mediums exhibited significant antioxidant potential, and LC-HR-MS-based metab-
olite profile showed several potent metabolites [397]. The fungal endophytes associated
with plant Artemesia annua showed antimalarial activity. The LC-HR-MS-based metabo-
lite profile of the fungal crude extract and their multivariate analysis revealed that eight
bioactive compounds were present. The in vitro study of compounds rmodin (6) and phy-
scion exhibited a potent antimalarial effect having ICs, concentrations of 0.9 and 1.9 uM,
respectively [225]. Talaromyces trachyspermus, a fungal endophytic species, produces
several bioactive compounds with various pharmacological properties like antimicrobial,
antioxidant, and nematicidal. The method of GC-MS was used to identify all of these bio-
active chemicals [398].

Fungal endophyte-derived metabolites showcase immense structural diversity and var-
ied pharmacological properties, making them valuable in drug discovery. Advances in
fermentation, extraction, and characterization have accelerated the identification of potent
bioactive compounds. Techniques like OSMAC, co-culture, and gene-editing, coupled with
metabolomics and multivariate analysis, enhance secondary metabolite production and
characterization. Metabolomics, including LC-HR-MS and multivariate analysis, reveals
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antioxidant, antimalarial, and antimicrobial potentials of endophytes, offering insights into
bioactive compound distribution and efficacy.
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Conclusion and Future Prospect

Plants are rich sources of diverse bioactive metabolites which exert various biological
functions. This has renewed considerable interest in the quest for new bioactive potent
chemicals found in nature, leading to a growing demand for research along with the
development of new pharmaceutical drugs in the industry. Even though several medica-
tions have been found, screening procedures are still widely used for uncovering new
bioactive compounds from natural sources. The potent metabolites of fungal endo-
phytes linked with medicinal plants have received little attention in terms of bioactivity.
Because only a few fungal endophytes have been investigated in the available medicinal
plants, investigators are concentrating their efforts on evaluating the prospective sec-
ondary metabolites generated by these fungi. Fungal endophytes enhance host plant per-
formance during abiotic and biotic stresses by altering factors that influence the plants’
responses. The recent progress in biotechnology and bioinformatics tools, including the
CRISPR-Cas system, metabolomics, proteomics, and genomics, has opened the oppor-
tunity for molecular level exploration of endophytes. Fungal endophytes have the poten-
tial to boost metabolite production via techniques such as genetic manipulation, opti-
mizing growth conditions, co-cultivation, alteration in metabolomic process, elicitation,
improving fermentation processes, and employing omics methodologies, to determine
potent metabolite insight through plant host-endophyte interactions. Bioprospecting of
fungal endophyte on a global scale holds the promise of conserving plant biodiversity
and acts as eco-friendliness in ecosystems. Thus, endophytic fungi represents an active
reservoir of natural potent bioactive chemicals that are unique, renewable, and rela-
tively low in toxicity, as well as more effective, potent, cheap, and safer, along with less
resistance compared to chemically synthesized therapeutic drugs. This would therefore
reduce the enormous load upon public healthcare facilities and help the healthcare and
pharmaceutical sectors. A number of bioactive compounds and their derivatives gener-
ated by fungal endophytes are still to be explored in relation to their host-plant associa-
tions, especially their bioactivities, signaling pathways, and mode of action. This gap in
research could potentially expose new therapeutic compounds with high potency. Plant-
associated endophytes form a crucial symbiotic relationship with plants, acting as bio-
reservoirs of valuable natural products. They inhabit plant tissues without causing harm,
and their ability to produce pharmacologically significant metabolites has sparked grow-
ing interest. Endophytic fungi have successfully synthesized key compounds like taxol,
azadirachtin, vincristine, and quinine, showcasing their potential in agriculture, med-
icine, and environmental applications. While widely recognized for their role in pro-
ducing novel drugs, the molecular mechanisms of plant-endophyte interactions remain
underexplored. This article reviews trends in endophyte-mediated biosynthesis, key suc-
cess stories, current challenges, and future directions in endophyte-based drug discov-
ery [400]. The synthesis of target derivative metabolites by fungal endophytes through
biotransformation also shows promise in the research area of drug discovery. Ongoing
research into the molecular mechanisms of plant-endophyte interactions holds prom-
ise for the innovation of unique compounds and sustainable improvement of medicinal
plants, which might positively affect both human health and the environment.
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