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Abstract Bioactives of natural origin have recently gained a lot of ground in drug
discovery due to their enormous structural diversity, diverse pharmacological activ-
ities, safety, and inherent binding capacity with other biomolecules. However, the
high demand for new agents for the prevention and therapy of inflammation-related
chronic disorders has not yet been sufficiently addressed by the drug discovery
process. This gap highlights the relevance of intensifying studies to reach sustainable
employment of the huge world biodiversity, such as microorganisms, including
fungi of biotechnological and agro-food medical interest that can be easily cul-
tured/engineered as sustainable sources of natural bioactives for drug development.
Thus, fungi are important sources of such bioactive compounds studied and applied
for different purposes, specifically, in the pharmaceutical area, such as the develop-
ment of antibiotics, immunomodulators, immunosuppressants, enzyme inhibitors,
and antiviral, hypercholesteremic, antineoplastic/antitumor, and anti-inflammatory
agents. Within this chapter, several examples of bioactive metabolites produced by
different fungi species with proven pharmacological effects and beneficial anti-
inflammatory and antithrombotic potential are thoroughly reviewed. After recent
updates in the field of “omics” and “one strain many compounds” (OSMAC)
approaches, within this chapter the emerging use of fungal endophytes as strong
unconventional sources of biologically active natural compounds with many pro-
ducing pharmacologically valuable specific plant-derived anti-inflammatory prod-
ucts is also presented. Overall, this chapter explores the current and future
perspectives of the use of fungal metabolites with potent anti-inflammatory and
antithrombotic properties and subsequent health benefits with potential pharmaceu-
tical applications as supplements and/or drugs.
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1 Introduction

Inflammation is a complex biological reaction by which the human body responds to
tissue damage and to various harmful stimuli, including toxic compounds, damaged
cells, and infectious agents and pathogens. In addition, inflammation plays a vital
role in tissue repair and regeneration toward homeostasis (Tsoupras et al. 2018).
Generally, acute and controlled inflammation is beneficial, while unresolved and
chronic inflammatory response can occur due to the continuous and unresolved
presence of the triggering agent(s) and risk factors, and due to a subsequent
inappropriate immune response, that usually results in further tissue injury, destruc-
tion, and several other harmful inflammatory manifestations (Tsoupras et al. 2018).

Thus, it has now been well established that unresolved and chronic inflammation
and its thrombo-inflammatory manifestations are major causes of several chronic
disorders (Tsoupras et al. 2018; Furman et al. 2019), such as atherosclerosis and
cardiovascular diseases (CVD) (Tsoupras et al. 2018, 2019; Furman et al. 2019),
renal (Tsoupras et al. 2007, 2018), and neurodegenerative disorders (Tsoupras et al.
2018), tumor and metastatic procedures (Tsoupras et al. 2018; Tsoupras et al. 2009;
Lordan et al. 2019), asthma, allergy and several autoimmune diseases (Tsoupras
et al. 2018), and persistent infections, including HIV infection (Tsoupras et al.
2012a), SARS-COV-19 infection (Tsoupras et al. 2020a; Zabetakis et al. 2020),
periodontitis (Tsoupras et al. 2006; Antonopoulou et al. 2003), sepsis (Tsoupras
et al. 2011a), and their associated inflammatory conditions and comorbidities
(Tsoupras et al. 2018). Interestingly, the presence of one or more of such patholog-
ical conditions further triggers and propagates the co-development of other ones
through further inflammatory activation and a subsequent vicious cycle of inflam-
matory, thrombotic, and oxidative manifestations (Fig. 14.1) (Tsoupras et al. 2018,
2019, 2007, 2009, 2012a, 2020a, 2006, 2011a; Furman et al. 2019; Lordan et al.
2019; Zabetakis et al. 2020; Antonopoulou et al. 2003).

Several compounds of natural and/or synthetic origin with anti-inflammatory
actions have been extensively studied for potential benefits and amelioration of the
inflammatory burden in these disorders, with natural bioactives being on the hotspot
lately, especially for the food/feed supplements and drug industries (Tsoupras et al.
2018, 2007, 2009, 2020a, b, 2022a, b, ¢, 2011b; Lordan et al. 2019; Zabetakis et al.
2020, 2022; Conde et al. 2021; Glenn-Davi et al. 2022; Verouti et al. 2013;
Karantonis et al. 2022). Natural products have been relevant sources for drug
discovery and the development of medicines since ancient times. Several such
bioactive compounds of natural origin have been found in plants, animals, or marine
organisms, and microorganisms of different environments (aquatic, terrestrial, or
air), with emphasis being given to natural bioactives derived from sustainable
sources on a circular economy approach.
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Fig. 14.1 Unbalanced inflammatory and thrombotic responses due to the presence/co-presence of
several risk factors can lead to continuous and unresolved inflammation with subsequent thrombo-
inflammatory manifestations that are implicated in the initiation, propagation, and development of
several inflammation-related chronic disorders. Such thrombo-inflammatory processes are also
implicated in the induction of a chronic disorder(s) due to the unresolved presence of another one
of these disorders. Natural bioactives, and especially those from microorganisms of biotechnolog-
ical and agro-food-medical interest, including fungi bioactives with anti-inflammatory and
antithrombotic properties are potential candidates for drug development against inflammation,
thrombosis, and the prevention of inflammation-related chronic disorders

Among these natural sources, the cultivation of microorganisms as sustainable
sources for isolating their bioactive metabolites has gained ground in the drug and
supplements industries. Attention has been given to microorganisms with low
toxicity and well-established tolerance in human nutrition and other non-toxic
applications, not only well-established ones used in fermentation processes, includ-
ing yeasts for the production of fermented foods (Moran et al. 2021; Fragopoulou
et al. 2004) and bacteria for bioethanol production (Tsoupras et al. 2012b), but also
microorganisms used in other fields, such as fungi of bio-agro/food technological
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applications like those used as natural entomopathogenic agents for organic cultures
(Tsoupras et al. 2022b).

Fungi are a group of heterotrophic and essentially aerobic, with limited anaerobic
capabilities, and eukaryotic microorganisms (McGinnis and Tyring 1996). Fungi can
occur as yeasts, molds, or as a combination of both forms. Yeasts are microscopic
fungi consisting of solitary cells that reproduce by budding. Molds, in contrast, occur
in long filaments known as hyphae, which grow by apical extension. Hyphae can be
sparsely septate to regularly septate and possess a variable number of nuclei.
Regardless of their shape or size, fungi are all heterotrophic and digest their food
externally by releasing hydrolytic enzymes into their immediate surroundings
(absorptive nutrition). Other characteristics of fungi are the ability to synthesize
lysine by the L-a-adipic acid biosynthetic pathway and possession of a chitinous cell
wall, plasma membranes containing the sterol ergosterol, 80S rRNA, and microtu-
bules composed of tubulin.

Apart from these general properties of fungi, lately they have been proposed as a
promising sustainable source of an enormous number of natural bioactives, which
have made significant contribution to almost each sphere of human, plant, and
veterinary life. Natural compounds obtained from fungi have proved their value in
nutrition, agriculture, and healthcare. Primary metabolites, such as amino acids,
enzymes, vitamins, organic acids, and alcohol, are used as nutritional supplements
and in the production of industrial commodities through biotransformation (Singh
et al. 2017). In addition, highly bioactive fungi compounds have also been found to
be some secondary metabolites (SMs) of fungi, meaning organic biomolecules with
a low molecular weight that form at the end or near the stationary phase of growth,
and are not directly associated with growth, development, and reproduction of fungi.
SMs are not only essential for the growth and development of their microbial
producer, but they can also increase the tolerance of microorganisms to different
types of environmental stresses and hostile conditions and, consequently, their
survival rate. On this accord, and since the unanticipated discovery of antibiotic
penicillin by Fleming in 1929, this has drawn the interest of scientists to investigate
the therapeutic role of microbial products not only for combating life-threatening
infections as antimicrobial and antiparasitic agents, but also for several other
healthcare applications, such as their use as antitumor, anti-inflammatory, anticoag-
ulant and antithrombotic agents, enzyme inhibitors, anabolics, hemolytics,
hypocholesterolemics and vasodilators, anesthetics, anthelmintics, and immunosup-
pressants (Singh et al. 2017).

Bioactive SMs are produced mainly by fungi of soil microbiota, marine environ-
ments, or extreme environments, but also of underexplored niches, including plant-
associated fungi called endophytes, which live in symbiotic relationships with host
plants (Conrado et al. 2022). They usually are obtained by extraction and other
separation procedures, and they are primarily used in the biopharmaceutical industry
and as ingredients in functional foods due to their capability to reduce inflammatory
and infectious diseases in human beings and animals and thus increase life expec-
tancy (Singh et al. 2017; Conrado et al. 2022).
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Health care is the largest end-user market for microbes like fungi and such
beneficial microbial products, which reflects the importance of microbe-based bio-
pharmaceutical industry (Singh et al. 2017). To date, among the approved SMs by
the US Food and Drug Administration (FDA) for drug discovery, ~ 15% belongs to
microbial origin. In microbial groups of fungi and their products, for example,
enzymes, fermented foods, animal feed, antibiotics, pharmacy products, and pig-
ments have contributed significantly to humans and many biotechnological indus-
tries, as well as for several other applications such as the use of SMs from a
basidiomycetous fungus, for example, Ganoderma Iucidum and Trametes
versicolor, as flavoring compounds, in flavored coffee, and in cosmeceutical prod-
ucts (Shankar and Sharma 2022). In addition, recent research has demonstrated that
among fungi species, the endophytes are a great source of bioactive SMs. These
microorganisms have functional diversity and, in association with plants, can pro-
duce a plethora of SMs (Conrado et al. 2022).

Fungi-derived nutrients and bioactive compounds have great potential as ingre-
dients of functional foods, supplements, and drugs, since they can exhibit various
beneficial effects along with medicinal properties and additional health benefits,
including anti-inflammatory effects. From the several applications of fungi metab-
olites within this chapter, the current status of the anti-inflammatory and
antithrombotic benefits of several fungi bioactives will be extensively reviewed,
with emphasis on compounds with potential use in the development of supplements
and drugs for the prevention and treatment of a range of inflammatory disorders and
associated chronic diseases.

2 Fungi as Sustainable Sources for Bioactive Compounds
of Natural Origin

Fungi are a miscellaneous group of organisms comprising several beneficial and
damaging biological activities, which have a major impact on flora and fauna of the
biome. For example, fungi are known to produce some potent antibiotics such as
penicillin and cephalosporin. On the other hand, some fungal species are able to
synthesize and excrete extremely toxic metabolites, such as aflatoxins, curvularin,
and helminthosporin. These filamentous fungi show huge diversity in their metab-
olites including lipids, polyketides, alkaloids, quinones, and carotenoids. The met-
abolic diversity of fungal genera is extraordinary, making it possible for them to
produce metabolites with various biological activities such as antioxidant, antican-
cer, antiviral, antimicrobial, and anti-inflammatory (Mehta et al. 2022).

The optimum extraction of such natural bioactives from fungi can be performed
by controlling and optimizing their growth conditions and using low-cost and fast
approaches, thus representing an economically valid and biosustainable alternative
production of natural bioactives for the development of supplements and drugs.
Usually, the isolation of a fungi strain for the development of a pharmaceutical
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Fig. 14.2 Representation of fungal strain isolation and development of medicines containing
natural products as the bioactive component. Penicillin is being used just as an example.
Reproduced from Conrado et al. (2022)

product begins with the isolation of the fungus strain from diverse environmental
sources (e.g., water, plants, and soil) and the culture of the microorganisms. The
product of the culture is processed for extraction and purification of fungi metabo-
lites. Subsequently, biological assays and clinical trials are performed to define the
possibility of future pharmaceutical applications of the SM (Fig. 14.2).

However, there are several limitations and drawbacks in this field, such as the
handling and isolation of new strains. There are several well-described isolation
processes of fungi, including that for endophytes; however, there is some challenge
in isolating new fungi species, mainly due to the current techniques applied for the
cultivation and strain purification that usually have remained the same in the last
years. For obtaining new species, it is mandatory to design new approaches that are
able to simulate the condition of the natural habitat from which the microorganisms
were isolated. In this aspect, it is essential to overcome challenges related to growing
conditions such as pH, temperature, nutrients, and preservation in the laboratory.
Fungal culture for obtaining its bioactive metabolites can be performed in either
solid-state fermentation (SSF) or submerged fermentation (SmF). The first one, on a
solid substrate, can produce a high concentration of metabolites. The SmF occurs in
aqueous liquid nutrient media, and it is the most widely used due to the ease of
control of fermentation parameters such as pH, temperature, dissolved oxygen, and
types of culture media (Conrado et al. 2022).

Also, there is an ongoing search for highly productive fungi for desired com-
pounds followed by their strain improvement through epigenetic modulations,
mutations, and genetic engineering to make them suitable for industrial applications.
Furthermore, the elucidation of their complete biosynthesis route is more than
needed, including all the enzymes and related genes involved through “omics”—
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Fig. 14.3 (a) Flow chart depicts multi-omic tool with data integration and artificial intelligence
modeling used for fungal metabolite studies. (b) The use of multi-omics for screening and isolating
novel fungal secondary metabolites. Reproduced from Shankar and Sharma (2022)

genomics, transcriptomics, proteomics, and metabolomics—to regulate and manip-
ulate the biosynthesis process for improved productivity (Fig. 14.3). Alternatively,
the identified biosynthetic pathway of the bioactive compounds can be assembled
and mimicked in convenient systems, offering an approach to produce target com-
pounds with ease (Shankar and Sharma 2022; Singh et al. 2021).
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Once the limitations for microorganism isolation, culture, genetic manipulation,
and characterization through omics of the biosynthetic route have been overcome,
the next step is to proceed with extraction, purification, physicochemical character-
ization of the SMs, structural elucidation, and metabolomics with multi-omics, along
with bioassay techniques for evaluating their bioactivities and structure—activity
relationships. In addition, new and advanced omic approaches are needed to screen
newer fungi, increase the pool of novel metabolites with their molecular interaction,
and exploit the fungal cultures with their metabolic capacity (Fig. 14.3) (Shankar and
Sharma 2022). All these processes are very well-described and widely applied in
natural product research and have enabled the rapid characterization of valuable
novel fungi-derived natural products, which along with cytotoxicity tests and
targeted clinical trials have allowed the appropriate design, development, and release
in the market of drugs and supplements containing fungi metabolites (Figs. 14.2
and 14.3).

3 Fungi Bioactive Metabolites with Anti-Inflammatory
and Antithrombotic Properties as Candidates
for the Development of Supplements and Drugs

Within this section, the most important and promising fungi metabolites with anti-
inflammatory and antithrombotic potential that are/can be used for the development
of supplements and drugs against inflammation-related disorders are presented.
These are fungi-derived vitamins, carotenoid-colored metabolites, phenolic com-
pounds/pigments, lipid bioactives, alkaloids, terpenes, polyketides, and several other
bioactive fungi metabolites, which possess various biological activities including
anticancer, anti-inflammatory, antithrombotic, antimicrobial, and antioxidant poten-
tial against chronic disorders.

3.1 Fungi-Derived Vitamins and Bioactive Carotenoid-Based
Colored Pigments

Micronutrients known as vitamins are crucial for sustaining the body’s normal
physiological functions and are required in small quantities. As mammals are unable
to produce these essential nutrients, it is imperative to obtain them through dietary
supplementation from external sources to ensure balanced metabolism in all living
organisms (Shimizu 2001; Gupta and Gupta 2015). Certain vitamins act as coen-
zymes that assist in the biochemical reactions catalyzed by enzymes. For example,
vitamin K is essential for normal blood clotting and plays a vital role in activating
receptors that facilitate transcription mechanisms in bone tissues, making it a
valuable treatment option for osteoporosis (Berg et al. 2002; Bolander 1997). The
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Fig. 14.4 Chemical structures of natural fungi vitamins and bioactive carotenoid pigments with
anti-inflammatory potential. Structures were obtained from https://molview.org/ (accessed on April
2,2023)

presence of vitamin A is necessary as a precursor to rhodopsin and other visual
pigments, and it also plays a role in activating specific gene transcription processes
that aid in growth and development (Berg et al. 2002). Microorganisms, such as
fungi, naturally produce vitamins during regular metabolism, which are commonly
used as food additives, health supplements, and therapeutic agents (Singh et al.
2017). To commercially produce fungi-derived vitamins, suitable fungi can be
utilized in direct fermentation or through a combination of chemical and microbio-
logical processes (Shimizu 2001; Bhalla et al. 2007). Characteristic examples of
industrial production of vitamins from several fungi species are riboflavin (1) and
[-carotene (2) (Fig. 14.4) (Bhalla et al. 2007; Demain 1999; Survase et al. 2006;
FAO/WHO. 2001; Wang et al. 2012a; Mata-Gomez et al. 2014).

Vitamin B2, also known as riboflavin, is a water-soluble vitamin that is necessary
for growth and reproduction. A lack of this essential vitamin can lead to cheilosis and
dermatitis in humans. Eremothecium ashbyii and Ashbya gossypii, which are closely
related ascomycetes, are commonly utilized microorganisms for the fermentative
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production of riboflavin (Demain 1999; Survase et al. 2006). Of the two, A. gossypii
is the preferred choice due to its remarkable efficiency in producing riboflavin. It can
generate up to 40,000 times the amount of vitamin necessary for its own growth
(Survase et al. 2006).

Provitamin A, called p-carotene, is necessary for healthy growth, reproduction,
and vision. Night blindness, changes in the skin, and mucosal membranes are all
brought on by a vitamin A deficiency or malabsorption (FAO/WHO. 2001). The
formation of f-carotene involves the fungi Blakeslea trispora, Phycomyces
blakesleeanus, Mucor circinelloides, Rhodotorula spp., and Choanephora
cucurbitarum. Due to their high yield of p-carotene, Blakeslea trispora and
Phycomyces blakesleeanus are chosen and employed for submerged fermentation
in industrial production (Wang et al. 2012a; Mata-Gémez et al. 2014).

Carotenoid-based bioactive pigments have been found in a variety of fungi,
primarily those found in marine habitats, while engineered fungi such as yeasts
can also be used for their production in industrial scale (Elbandy 2022; Galasso et al.
2017; Elbandy et al. 2009; Takahashi et al. 2020). Even though microalgae are the
primary source of carotenoids used in industry, however, alternative organisms like
fungi may be of use in other fields such as the cosmetics or pharmaceutical industries
(Ambati et al. 2014; Maoka 2011; Corinaldesi et al. 2017). Thus, while the focus of
carotenoid production has been on algal sources, marine fungi and pigmented yeasts
can also be used for de novo synthesis of such biomolecules (Corinaldesi et al.
2017).

More specifically, several carotenoids are synthesized by various yeast species
that have been isolated from the marine environment. Notably, the genera
Xanthophyllomyces, Rhodotorula, and Phaffia have been utilized to produce one
of the most bioactive carotenoids used in supplements, astaxanthin (3) (Fig. 14.4)
(Ambati et al. 2014). Despite yeasts and bacteria yielding smaller quantities of
astaxanthin compared to algae, they have the advantage of quicker rates of growth
and more straightforward cultivation techniques (Mata-Gomez et al. 2014; Bumbak
et al. 2011). Marine organisms, notably fungi and prokaryotes, exhibit tremendous
potential for the creation and commercialization of novel antioxidant compounds
and carotenoids, which can be used in a variety of industries (Corinaldesi et al.
2017). Marine carotenoids offer numerous advantages due to their potent antioxi-
dant, repairing, antiproliferative, and anti-inflammatory properties. They can be
employed to provide skin photoprotection against the detrimental impact of solar
UV radiation or as nutraceutical/cosmeceutical components to safeguard against
oxidative stress-induced diseases (Nichols and Katiyar 2010; Berthon et al. 2017,
Gonzalez et al. 2011).

Fungi-derived o- and B-carotene (2), lutein (4), and astaxanthin (3) are examples
of exogenous antioxidants that are crucial in preventing oxidative damage caused by
free radicals via their scavenging activity (Birben et al. 2012; D’Orazio et al. 2012).
These compounds have lipophilic properties, which allow them to act as a natural
defense for both marine and earth-bound plants by crossing the cellular membrane.
Their ability to cross the blood—brain barrier allows them to be biologically active in
organs such as the brain (Elbandy 2022).
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Di Tomo et al. (2012) found that the addition of carotene and lycopene was able
to reduce TNF-a induced inflammatory response in human umbilical vein endothe-
lial cells (HUVECsSs). These antioxidant molecules inhibited monocyte (U937)—
endothelial adhesion while also limiting gene expression of the vascular adhesion
proteins, VCAM-1, ICAM-1, and E-selectin. Lycopene and f-carotene helped
sustain nitric oxide (NO) bioavailability resulting in control of the cellular redox
environment (Di Pietro et al. 2016; Bian et al. 2023).

Lutein (4) is another carotenoid with strong antioxidant capacity and an important
component of macular pigment in the retina, and thus, it possesses wide applications
in pharmaceutical, food, feed, and cosmetics industries. Besides extraction from
plant and algae, microbial fermentation using engineered cell factories of fungi
(mostly engineered yeasts, such as Saccharomyces cerevisiae) to produce lutein
has emerged as a promising route (Bian et al. 2023). Dwyer et al. (2001) research,
comprising in vitro, in vivo, and epidemiological studies, demonstrates lutein’s
potential as a protective agent against the early stages of atherosclerosis (Dwyer
et al. 2001). Their co-culture model of lipoprotein oxidation with the artery wall
revealed a significant dose-dependent reduction in the chemotactic signal for mono-
cytes in the presence of lutein (0.1, 1, 10, and 100 nM), resulting in the inhibition of
monocyte inflammation associated with LDL in the artery wall. This effect was
observed in both apoE-null and LDL receptor-null mice, wherein an enriched lutein
diet led to a significant reduction in atherosclerotic lesion size in the aortic arch.
Furthermore, high plasma lutein levels were correlated with the progression of
intima-media thickness (Dwyer et al. 2001).

The red pigment astaxanthin (3) can inhibit peroxidation by the protection of lipid
bilayers from free radicals. The scavenging properties of this marine fungi caroten-
oid are associated with the molecular structure (Fig. 14.6), which is thought to be
responsible for its 10 times higher antioxidant activity compared to previously
mentioned carotenoids like B-carotene and lutein (Galasso et al. 2017; Gammone
et al. 2015).

Astaxanthin  was also found to reduce COX-2 expression-related
neuroinflammation (Si and Zhu 2022). Endothelial function was improved in resis-
tance arteries with astaxanthin enriched diet in hypertensive rats (Monroy-Ruiz et al.
2011). In addition to this effect, a decrease in oxidative stress was also observed and
an improvement in NO bioavailability. 10 pM of astaxanthin was able to reduce pro-
inflammatory cytokines, such as IL-1p, IL-6, and TNF-a, previously induced by the
treatment with 100 pM of H,O, (Galasso et al. 2017; Si and Zhu 2022).

It has also been proposed that astaxanthin’s anti-inflammatory and anti-apoptotic
effects in the neural system are also related to elevated myelin basic protein (MBP)
expression and decreased levels of caspase-3, iNOS, granulocyte colony-stimulating
factor, and growth-related oncogene (Elbandy 2022; Aslankoc et al. 2022). Further-
more, astaxanthin decreased microglial activation and the expression of various
pro-inflammatory cytokines, which further resulted in the suppression of
neuroinflammation. The anti-inflammatory activity of astaxanthin was demonstrated
by the nuclear translocation of NFxB p65, as well as by the suppression of p38 and
Erk1/2 phosphorylation (Elbandy 2022; Pietrasik et al. 2022; Zhao et al. 2021).
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3.2 Fungi-Derived Classic and Complex Bioactive Phenolic
Compounds/Pigments with Anti-Inflammatory
and Antithrombotic Properties

Several fungi produce a plethora of phenolic compounds, phenylpropanoids and
aromatic amino acids. Such secondary metabolites consist of phenolic compounds
and are secreted from the fungal metabolic pathways and/or the plant metabolic
pathway (of plants that symbiote with endophyte fungi), which is called the
shikimate pathway. Metabolites of this group include compounds like folic acid
and salicylic acid, which help in reducing inflammation and pain, while they also
produce the antioxidant drug resveratrol (5) (Fig. 14.5) (Singh et al. 2017, 2021).
Phenolic compounds have many functions, while due to the high antioxidant effect
and free radical scavenging property, phenylpropanoid compounds have major
attention in the area of human health, and nowadays, their functions are updated
by the use of multi-omic tools (Singh et al. 2017, 2021; Shankar and Sharma 2022).

Resveratrol (trans-3,5,4'-trihydroxystilbene) is the most well-established poly-
phenol used as drug and is found mostly in grapes, berries, and fermented alcoholic
beverages like wine, where S. cerevisiae is used as the main yeast for the fermen-
tation, but can also be made by some fungi. It is a phytoalexin, i.e., a low molecular
weight secondary metabolite. Alternaria sp. 61, isolated from Merlot cobs, can also
produce resveratrol, as well as recombinant S. cerevisiae upon feeding of coumaric
acid or L-tyrosine (Sanchez and Demain 2017; Shi et al. 2012; Shin et al. 2012).
Resveratrol has exhibited potent antioxidant and anti-inflammatory activities, as well
as anti-platelet aggregation and anti-atherogenic properties, and thus, it possesses
beneficial effects against inflammation, carcinogenesis, oxidation, aging, diabetes,
and renal and neurodegenerative disease (Tsoupras et al. 2007, 2009; Fragopoulou
et al. 2004; Sanchez and Demain 2017; Sénchez-Fidalgo et al. 2010). Moreover,
resveratrol was also found to reduce the levels of the potent inflammatory mediator
and platelet-activating factor (PAF) by inhibiting its synthesis and thus reducing the
inflammatory status (Tsoupras et al. 2007, 2009). Such bioactive phenolic com-
pounds from fungi like resveratrol, which can reduce the levels and/or inhibit the
activities of thrombo-inflammatory mediators like PAF and thrombin, may poten-
tially reduce the risk of developing chronic disorders (Tsoupras et al. 2018, 2009,
2022a).

Moreover, a phenolic fraction derived from the HPLC separation of a bioactive
extract from B. bassiana exhibited potent anti-inflammatory and antithrombotic
activities against PAF in rabbit platelets (Tsoupras et al. 2022b). However, more
studies are needed in order to elucidate the bioactive phenolic molecules that can be
derived from such entomopathogenic fungus.

A mushroom species with high functional and nutraceutical potential of high
market value is Agaricus subrufescens (synonymy Agaricus blazei and Agaricus
brasiliensis). It is commercialized in several countries such as Brazil (brand name
“Sun mushroom”), China (Ji Song Rong), and Japan (Himematsutake). Sun mush-
room contains polyphenols and polysaccharides and is known to decrease oxidative
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Fig. 14.5 Chemical structures of fungi bioactive phenolic compounds/pigments with anti-
inflammatory potential. Most of the structures were obtained from https://molview.org/ (accessed
on April 2, 2023), while (7) and (8) were reproduced from Takahashi et al. (2020)

stress and prevent non-transmitted chronic disorders (NTCD); it is indicated to have
antioxidant, antitumor, anti-inflammatory, and immunomodulatory properties
(Shankar and Sharma 2022; Takahashi et al. 2020; Navegantes-Lima et al. 2020).

For example, Agaricus brasiliensis extract rich in polyphenols showed anti-
inflammatory, immunomodulatory, and antioxidant effects in the cecal ligation and
puncture (CLP) sepsis model (Navegantes-Lima et al. 2020). More specifically, the
aqueous extract of A. brasiliensis reduced systemic inflammatory response and
improved bacteria clearance and mice survival. In addition, A. brasiliensis decreased
the oxidative stress markers in serum, peritoneal cavity, heart, and liver of septic
animals, as well as ROS production (in vitro and in vivo) and fert-butyl
hydroperoxide-induced DNA damage in peripheral blood mononuclear cells from
healthy donors in vitro. In conclusion, the aqueous extract of A. brasiliensis was able
to increase the survival of septic animals by a mechanism involving anti-
inflammatory, immunomodulatory, and antioxidant protective effects (Navegantes-
Lima et al. 2020).

Xanthone (6) (Fig. 14.5) is the basis of several xanthones, including fungi-
derived xanthones, which are another class of bioactive phenolic compounds show-
ing antioxidant and anti-inflammatory properties and potential medicinal benefits
(Feng et al. 2020). For example, the anti-neuroinflammatory assay of Hypoxylon
xanthone A from soil fungus Hypoxylon sp., as manifested by the inhibitory effect on
LPS-induced NO production in BV-2 microglial cells, indicated almost the same
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inhibitory effect as the antibiotic minocycline in a dose-dependent manner within the
concentration of 1-50 pM, suggesting that hypoxylon xanthone A could be a new
potential neuroinflammation inhibitor (Takahashi et al. 2020; Xiao et al. 2020).

Another example to enhance the quantity of easily available phenolic pigments
from fungi is engineered Monascus species by subjecting them to mutations. One of
these mutant strains of M. purpureus was grown in fermented rice extract, leading to
the production of two new compounds—the azaphylone monapurpureusone (7) and
the brownish natural product monapurpureusin (8) (Fig. 14.5). These compounds
and their derivatives produced by reactions with other biomolecules (i.e., the water-
soluble red pigments monascorubramine and rubropunctatin) have exhibited remark-
able superoxide radical scavenging activity, either comparable to or surpassing the
control gallic acid, and superior anti-inflammatory activity in comparison with the
control quercetin (Wu et al. 2019). In general, Monascus pigments come in 54 dif-
ferent varieties. They have a remarkable range of functions, including antibacterial,
anticancer, antimutagenesis, antidiabetes, anti-obesity, anti-inflammatory, choles-
terol-lowering, immunosuppressive, and hypotensive (Sanchez and Demain 2017,
Feng et al. 2012; Lee and Pan 2012).

Some classic and/or more complex fungi phenolic molecules can reduce the
inflammatory response indirectly as immunosuppressants. For example,
mycophenolic acid (9) is a mesoterpenoid with a phenolic functional group, synthe-
sized by the fungi Penicillium brevicompactum, Penicillium stoloniferum, and
P. echinulatum, with a primary use as an immunosuppressive drug and especially
to prevent organ transplant rejection. It reversibly inhibits inosine monophosphate
dehydrogenase, the enzyme that controls the rate of synthesis of guanine
monophosphate in the de novo pathway of purine synthesis used in the proliferation
of B and T lymphocytes, which concludes to immunosuppressant and reduced
inflammatory response (Patel et al. 2017; Anderson et al. 1988; Bills and Gloer
2016).

3.3 Fungi Lipid Bioactives with Anti-Inflammatory
and Antithrombotic Properties

3.3.1 Fungi-Derived Anti-Inflammatory and Antithrombotic
Fatty Acids

Fungi produce several unsaturated fatty acids, in a combination that usually has anti-
inflammatory potential (Fig. 14.6). For example, almost all fungi contain the mono-
unsaturated fatty acid (MUFA) oleic acid (OA; 18:1 omega 9) (10), which has shown
strong anti-inflammatory and antithrombotic properties against several inflammatory
mediators, including PAF (Nunez et al. 1990). In addition, various fungi produce
also several of the long-chain polyunsaturated fatty acids (PUFA), such as gamma
linoleic acid (GLA; 18:3 omega-6) and alpha-linolenic acid (ALA; 18:3 omega-3)
(11) and (12) (i.e., from Mucor circinelloides), arachidonic acid (ARA; 20:4 omega-
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Fig. 14.6 Chemical structures of fungi bioactive unsaturated fatty acids with anti-inflammatory
potential. Structures were obtained from https://molview.org/ (accessed on April 2, 2023)

6) (13) (i.e., from Mortierella alpine), docosahexaenoic acid (DHA; 22:6 omega-3)
(14) (i.e., from Crypthecodinium cohnii spp.), and eicosapentaenoic acid (EPA; 20:5
omega-3) (15) (i.e., from genetically modified Y. lipolytica. The oil produced from
fungi has much higher levels of EPA than natural oils. EPA is important for the anti-
inflammatory activity of fish oils, thus contributing to cardiovascular and joint health
(Tsoupras et al. 2022a; Sanchez and Demain 2017). Consumption of such PUFA-
containing oily products with a low ratio of omega-6/omega-3 PUFA promotes an
anti-inflammatory potential since diets and foods containing such a ratio have been
found to possess strong anti-inflammatory health benefits against several
inflammation-related disorders (Simopoulos 2008). PUFAS are the principal com-
ponent of cell membrane phospholipids and thus are used heavily in the infant
formula industries (especially ARA and DHA). EPA and DHA can be utilized to
avoid heart issues. They control cell fluidity, the attachment of certain enzymes to
cell membranes, and the transmission of signals and other metabolic activities. They
are involved in the manufacture of eicosanoids, leukotrienes, prostaglandins, and
resolvins, which have anti-inflammatory, anti-arrhythmic, and anti-aggregatory
properties. Several of them promote cardiovascular health, and others increase visual
function and cognition in newborns and adults (Sanchez and Demain 2017).

3.3.2 Polar Lipids

Polar lipids are important biomolecules and structural elements for all cells in nature,
with a plethora of diverse bioactivities. Polar lipids are amphiphilic molecules that
generally have two fatty acids esterified to a glycerol- or a sphingosine-based
backbone and a phosphorus functional group for phospholipids or a sugar for
glycolipids that is linked to a head group (Fig. 14.7a). Lately, it has been found
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Fig. 14.7 Structures (a) and mechanisms of action (b) of classic bioactive polar lipids with anti-
inflammatory and antithrombotic properties; (a) bioactive polar lipids with unsaturated fatty acids at
their sn2 position of their glycerol backbone. EPA eicosapentaenoic acid (C20:5 omega-3), DHA
docosahexaenoic acid (C22:6 omega-3), ALA alpha-linolenic acid (C18:3 omega-3), OA oleic acid
(C18:1 omega-9). (b) Modes of beneficial actions of bioactive polar lipids (in blue color) against the
thrombo-inflammatory related pathways and cell responses (red color). PL polar lipids, PAF
platelet-activating factor, ADP adenosine 5’ diphosphate, GPCMR G-protein-coupled membrane
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thetic enzymes of PAF, ARA arachidonic acid, COX cyclooxygenase. Reproduced with modifica-
tions from Tsoupras et al. (2022a)
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that bioactive polar lipids with unsaturated fatty acids in their structures (usually at
the sn2 position), such as polar lipids with EPA (16), polar lipids with DHA (17),
polar lipids with ALA (18), and polar lipids with OA (19) (Fig. 14.7a), possess
higher bioavailability of their unsaturated fatty acids throughout the body, due to
their amphiphilic properties, while most importantly they possess strong anti-
inflammatory and antithrombotic properties against several mediators and inflam-
matory pathways, by a variety of mechanisms of actions (Fig. 14.7b), with promising
health benefits against atherosclerosis and CVD, cancer and metastatic procedures,
renal and neurodegenerative disorders, persistent infections and associated inflam-
matory manifestations, allergy and asthma, sepsis, etc. (Tsoupras et al. 2018, 2022a).

For example, such bioactive polar lipids have modulated or even reduced the
formation of arteriosclerotic plaques, by reducing the levels of the inflammatory and
thrombotic mediator, PAF, and its atherogenic effects. Apart from modulating PAF
metabolism toward reduced PAF levels, such fungi-derived bioactive polar lipids
have also inhibited the inflammatory and thrombotic pathways of both PAF and
thrombin, while they have reduced the platelet activation and aggregation induced
by well-established platelet agonists, collagen, and ADP (Moran et al. 2021;
Fragopoulou et al. 2004; Tsoupras et al. 2022b). More specifically, it has recently
been found that several yeasts used for the production of fermented foods and
beverages (Moran et al. 2021; Fragopoulou et al. 2004) and fungi of bio-agro/food
technological applications like those used as natural entomopathogenic agents for
organic cultures, such as Beauveria bassiana (Tsoupras et al. 2022b), contain such
bioactive polar lipids with strong anti-inflammatory and antithrombotic properties
against the thrombo-inflammatory mediators, PAF and thrombin, and against the
well-established platelet agonists, collagen, and ADP (Moran et al. 2021;
Fragopoulou et al. 2004; Tsoupras et al. 2022b).

It seems that the anti-inflammatory and antithrombotic anti-PAF properties of
these fungi-derived polar lipid bioactives occur either through affecting beneficially
PAF metabolism toward reduction in its levels of homeostatic ones and/or through
inhibiting the binding of PAF on its receptor and thus inhibiting PAF-related
inflammatory and thrombotic pathways and activities (Fig. 14.7b) and subsequently
reducing the risk for PAF-associated inflammatory chronic disorders such as ath-
erosclerosis, CVD, and cancer (Tsoupras et al. 2018, 2009, 2022a). Moreover, apart
from the strong anti-inflammatory and antithrombotic properties of the whole struc-
tures of such bioactive polar lipids, it has also been proposed that once the rich in
unsaturated polar lipids have surpassed the intestine barrier and are bound to and
transferred from plasma lipoproteins to the cell membranes of all tissues, there a
cytoplasmic phospholipase A2 (PLA2) releases their unsaturated fatty acids from
their structure of these membrane-bound polar lipids, while the released unsaturated
fatty acids interacts with the eicosanoids pathways (COX-enzymes) for reducing and
resolving inflammation and the inflammatory cell-response (Fig. 14.7b).
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3.3.3 Other Fungi-Derived Lipid Bioactives with Anti-Inflammatory
and Antithrombotic Properties

Several other fungi-derived lipid bioactives have also been found to possess anti-
inflammatory and antithrombotic potential. For example, ergosterol (20) (Fig. 14.8),
the main sterol present in various fungal membrane cells, has a range of activities
including cell cycle control, regulation, and permeability, as well as several
health-promoting effects such as, anti-inflammatory, antioxidant, anticancer, and
anti-hypercholesteremic (Rousta et al. 2023). Ergosterol is also implicated in the
synthesis of vitamin D2 (ergocalciferol) by conversion of ergosterol by UV radia-
tion. This form of vitamin D2 is converted to calcitriol, the biologically active form
of vitamin D by the body. Vitamin D is an important vitamin for the prevention of
various metabolic diseases like hypertension, diabetes, and cancer (Feng et al. 2020).
Deficiency of vitamin D has been associated with COVID-19 mortality (Tsoupras
et al. 2020a, b; Zabetakis et al. 2020).

Vitamin D and its analogs like paricalcitol have also exhibited strong anti-
inflammatory and antithrombotic properties by inhibiting the inflammatory actions
of PAF in vitro in platelets, they reduced PAF synthesis in vitro in cell cultures of
mesangial cells, while in an in vivo trial daily administration of paricalcitol in
hemodialysis patients for a month resulted also in modulation of PAF metabolism
toward reduced PAF synthesis and increased PAF catabolism and thus toward
reduced PAF levels in their blood, which subsequently resulted in reduced levels
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Fig. 14.8 Chemical structures of other fungi lipid bioactives with anti-inflammatory potential.
Structures of (20), (21), and (23) molecules were obtained from https://molview.org/ (accessed on
April 2, 2023), while (22) was reproduced from Al-Rabia et al. (2021)
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of other inflammatory cytokines and a beneficial decrease in the inflammatory status
in the blood of these patients versus control subjects (Verouti et al. 2013). Since the
rich diet source of vitamin D is animal products, the fungi as the only vegetarian
source of vitamin D are highly considered.

Another class of fungi-derived bioactive lipid compounds of increasing promi-
nence found in edible mushrooms includes antcins (21) (Fig. 14.8) and steroids that
contain an ergostane-type skeleton and are produced by Antrodia species such as
Antrodia cinnamomea and Antrodia salmonea (Takahashi et al. 2020). Studies
suggest that these compounds are promising agents in the treatment of cancer,
inflammation, diabetes, and diseases resulting from oxidative stress (Takahashi
et al. 2020). A study tracking 36,499 middle-aged and elderly Japanese men over
an average of 13.2 years found a positive relationship between regular mushroom
consumption and decreased incidence of prostate cancer (Zhang et al. 2020).

Two other ergosterol derivatives namely chlamydosterols A (22) (Fig. 14.8)
[(22E,24R)-ergosta-7,22-diene-3p,5% 6p-triol 6-decanoate] and ergosta-5,7,22-tri-
ene-3p-ol, from the EtOAc extract of the endophytic fungus Fusarium
chlamydosporum isolated from Anvillea garcinia (Asteraceae) leaves growing in
Saudi Arabia, showed a 5-lipoxygenase (5-LOX) inhibitory potential compared to a
classic 5-LOX inhibitor, indomethacin (Al-Rabia et al. 2021).

Some classic and/or more complex fungi lipid molecules can reduce the inflam-
matory response indirectly as immunosuppressants. For example, myriocin (ISP-I)
(23) (Fig. 14.8) is an amino acid lipid produced by the fungus Isaria sinclairii,
whose structural model is used as a template for the synthesis of fingolimod,
commercially available as Gilenya. Used in the treatment of multiple sclerosis
through the activation of its structure, this drug connects with extracellular G
protein-coupled receptors, preventing the release of lymphocytes that enter the
central nervous system and thus indirectly prevent the neuroinflammatory response
of sclerosis (Fujita et al. 2000).

3.4 Alkaloids

Alkaloids are an important group of nitrogen-containing secondary metabolites,
such as caffeine, cocaine, nicotine, morphine, and strychnine, which consist of one
or more nitrogen atoms within their heterocyclic ring. Alkaloids have several
biological activities including anti-inflammatory properties (Mehta et al. 2022;
Debnath et al. 2018). For example, the addition of pyrrole alkaloid into the cell of
fungus Curvularia sp. IFB-Z10, associated with white croaker, induces the genera-
tion of an anti-inflammatory metabolite named curindolizine (24) (Fig. 14.9) (Mehta
et al. 2022; Han et al. 2016). In general, several species of Curvularia are known to
synthesize various bioactive alkaloid compounds including curvulamine,
curindolizine, and curvupallides, which show antimicrobial and anti-inflammatory
activities (Mehta et al. 2022). Moreover, marine fungi-derived indole alkaloids are
also very promising and an active group of molecules. They possess various
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Fig. 14.9 Chemical structures of characteristic fungi-derived alkaloids and terpenoids with anti-
inflammatory potential. Structures were obtained from https://molview.org/ (accessed on April
2,2023)

biological activities like antiparasitic, cytotoxic, serotonin and antagonistic realms,
anti-inflammatory, and antiviral (Shankar and Sharma 2022; Gul and Hamann
2005).

3.5 Terpenoids

Terpenes are a major class of bioactive metabolites that are produced from a higher
class of Polyporales group of basidiomycetes. These compounds are structural
constituents of another group of metabolites that are formed through the linkage of
isoprene units. Different NMR and other omic tools confirm the member of the
terpenoid class of compounds such as steroids, menthol, and taxol, which have key
components for anticancer drugs and p-carotene properties. These bioactive com-
pounds possess anti-inflammatory properties and anti-infection, anticancer,
antiproliferative, and antiangiogenic medicinal benefits (Shankar and Sharma
2022). Mushroom secondary metabolites triterpenes (25) (Fig. 14.9), abundant in
reishi mushroom (Ganoderma lucidum), inhibit various pro-inflammatory media-
tors, such as TNF-a, interleukin-6, nitrogen monoxide free radical, prostaglandin E,
nuclear factor-kappa B (NF-xB), and cyclooxygenase-2 (COX-2), while Poria cocos
mushroom incorporates lanostane triterpenoids (25) (Fig. 14.9) that improve inflam-
mation and treat tumors (Bell et al. 2022). Cucurbitacins (26) (Fig. 14.9) belong to
cucurbitane-type tetracyclic triterpenoid saponins that are abundant in several natu-
ral sources, while they are also present in some fungi. Several studies have shown
that cucurbitacins have significant biological activities, such as anti-inflammatory,
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antioxidant, antimalarial, antimicrobial, hepatoprotective, and antitumor potential
(Varela et al. 2022).

3.6 Other Fungi Metabolites with Well-Established
Pharmaceutical Health Benefits That Also Exhibit
Anti-Inflammatory Effects

A plethora of well-established pharmaceutical compounds have been derived from
several fungi species. These compounds have been used against specific patholog-
ical conditions with high specificity and pharmacological actions. Nevertheless,
there are a lot of studies lately indicating the potential pleiotropic effects of several
of these drugs. Thus, apart from their classic pharmaceutical actions, the newly
observed pleiotropic effects and multifunctional applications of these compounds,
and especially their potential anti-inflammatory and antithrombotic properties, may
provide additional perspectives for the appropriate choice of a drug/drug combina-
tion against a specific inflammation-related condition where anti-inflammatory
actions will provide further health benefits by reducing the inflammatory burden.
Characteristic examples of such fungi-derived metabolites and their derivatives that
are used as several drugs and also possess pleiotropic effects, including anti-
inflammatory potency, are further analyzed below.

3.6.1 Drugs Containing Fungal Polyketides and Their Derivatives
with Anti-Inflammatory Potential

Fungal polyketides are common metabolites present in large groups of ascomycete
and basidiomycete fungi. All groups of microbial polyketides are synthesized by
multi-domain polyketide synthases (PKSs), which are structurally diverse. These
secondary metabolites contain also a fatty group and are formed through the acetate
pathway within the cell by coupling of acetate groups. In the fatty acid group, crude
fat is considered under all categories of lipid compounds, including fatty acids,
monoglycerides, diglycerides, triglycerides, sterols, and phospholipids. These
groups of metabolites include antibiotics, statins (lowers cholesterol levels), and
antidepressant drugs. Characteristic pharmaceutically modified polyketides that are
used as drugs are the cholesterol-lowering statin, lovastatin (27) (Fig. 14.10), and the
anti-mycotic drug griseofulvin (28) (Shankar and Sharma (2022).

Statins are one of the most well-established cholesterol-lowering drugs used for
the prevention and treatment of cardiovascular disorders. In 1976, Akira Endo at the
Sankyo Company, Tokyo, identified the first inhibitor of the HMG-CoA reductase,
which drives down the levels of intracellular cholesterol, thereby embarking on the
long journey of evolution of statin drugs (Sultan et al. 2019). Several statins are fungi
metabolites, such as lovastatin, a bioactive polyketide commercially sold as
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Fig. 14.10 Chemical structures of characteristic fungi-derived drugs that also possess anti-
inflammatory properties. Structures were obtained from https://molview.org/ (accessed on April
2,2023)

mevacor, and its semisynthetic product, simvastatin (29) (Fig. 14.10), which is on
the market as zocor and simvador. Lovastatin biosynthesis has been reported in
several fungal species, including Aspergillus terreus, Monascus purpureus, Penicil-
lium citrinum, Paecilomyces viridis, Penicillium purpurogenum, Pleurotus sp., and
Trichoderma viride, with the latent being the species used for industrial production.
These statins block 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA)
reductase and prevent the conversion of mevalonate into cholesterol, being
the most frequently used drugs in the treatment of hypercholesterolemia to reduce
the risk of cardiovascular diseases and to manage abnormal lipid levels by inhibiting
the endogenous production of cholesterol in the liver. Another fungi-derived statin is
compactin, which is produced by the fungi P. citrinum and Penicillium solitum and
is commercially available as pravachol, selektine, or lipostat, while it also reduces
the risk of cardiovascular diseases through the same pathway and is also used as a
substrate for the biotransformation or partial chemical synthesis of mevastatin.
Additional studies have indicated several important pleiotropic applications of
statins, with lovastatin for example to be used as an antimicrobial and agent for
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treatments of cancers and bone diseases (Conrado et al. 2022). Nevertheless, apart
from their proposed beneficial cardioprotective properties through lowering choles-
terol levels, recent studies have also demonstrated several side effects of statin use,
such as diabetes mellitus, cancer, early premature cataracts, hearing loss, suicidal
ideation, peripheral neuropathy, depression, benign intention tremors and
Parkinson’s disease, pulmonary interstitial pneumonitis and dysfunctional breathing,
interstitial cystitis and bladder wall instability, herpes zoster, impotency, and cogni-
tive impairments, while several researchers have also suggested that statin treatment
ultimately offer little protection against cardiovascular risk by their effects on
cholesterol levels (Sultan et al. 2019).

Interestingly, some but not all statins, including simvastatin with an intact lactone
ring, have also exhibited in vitro a strong anti-inflammatory inhibitory effect against
the pro-inflammatory and thrombotic mediator, platelet-activating factor (PAF), and
its inflammatory signaling in platelets. Moreover, incubation of human mesangial
cells in the form of simvastatin with an intact lactone ring resulted in decreased PAF
biosynthesis toward reduced PAF levels. Furthermore, in six simvastatin-treated
volunteers a reduction in PAF biosynthesis was observed in their leukocytes
explaining the lower levels of PAF in the blood of these subjects, while total
cholesterol and low-density lipoprotein cholesterol were also significantly
decreased. Within the same period of this administration, high-density lipoprotein
cholesterol, triacylglycerol, the effective concentration (ECs) for inducing 50% of
PAF-induced plasma-rich platelet aggregation, and lag time of plasma oxidation
were unaffected in these participants. Since PAF is implicated in several
inflammation-related chronic disorders, the observed anti-inflammatory and
cardioprotective anti-PAF effects of statins should be further evaluated as part of
their pleiotropic activities, which can provide novel perspectives on the use of statins
against chronic disorders (Tsantila et al. 2011).

Griseofulvin is a natural product that was first discovered and isolated from
Penicillium griseofulvum. In addition to Penicillium, griseofulvin may be isolated
from other genera of ascomycetes. Griseofulvin has a wide range of applications,
from agriculture to medicine. In medicine, griseofulvin has been widely used as an
antifungal drug and in treating ringworm and dermatophyte infections in humans
and animals due to its low toxicity. This fungistatic has gained increasing interest for
multifunctional applications in the last decades due to its anticancer and antiviral
potential (Aris et al. 2022). Moreover, it has recently been found that griseofulvin
has exhibited indirect anti-inflammatory protection against the inflammatory burden
of SARS-CoV-2 infection, through its vasodilation and increased capillary blood
flow effects, by beneficially affecting the ACE2 signaling of the renin—angiotensin—
aldosterone system (RAAS) toward reduction in inflammation. It seems that griseo-
fulvin binds to ACE2 and competes against SARS-CoV-2 binding to the extracel-
lular domain of ACE2, therefore improving ACE2 vasodilation and tissue protection
anti-inflammatory functions. These findings suggest that griseofulvin and its deriv-
atives might be considered when developing future SARS-CoV-2 treatment options
(Aris et al. 2022).
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Further studies reported the effectiveness of griseofulvin in the treatment of
non-fungal skin inflammation diseases, suggesting that it may also have anti-
inflammatory and immunomodulatory potential. This is while, earlier studies have
shown that griseofulvin is effective in treating shoulder-hand syndrome and a few
other inflammatory, rheumatic conditions, such as posttraumatic reflex dystrophies
and scapulohumeral periarthritis. Additionally, griseofulvin has been shown effec-
tive for inflammatory skin diseases through inducing inhibitory effects on vascular
cell adhesion molecule 1 (VCAM-1) in both TNF-alpha and IL-1 stimulated human
dermal microvascular endothelial cells (HDMEC) (Aris et al. 2022).

3.6.2 Fungi-Derived Antibiotics with Anti-Inflammatory Properties

Apart from their general and well-established antimicrobial actions, several antibi-
otics have also exhibited specific anti-inflammatory and antithrombotic potency. For
example, the semisynthetic derivatives of penicillins, the firstly reported fungi-
derived p-lactam antibiotics originally obtained from Penicillium molds, principally
P. chrysogenum and P. rubens, namely the p-lactam antibiotic piperacillin (30) and
the beta-lactamase antibiotic tazobactam (31) (Fig. 14.10), which are widely used in
combination for the management and treatment of serious, hospital-acquired infec-
tions, including sepsis, were also found to possess strong anti-inflammatory and
antithrombotic properties against the activities and the synthesis of the inflammatory
and thrombotic mediator, PAF, and in lesser potency against thrombin (Tsoupras
et al. 2011a).

More specifically, the combination of piperacillin—tazobactam inhibited strongly
PAF-induced aggregation of both washed rabbit platelets and rabbit plasma-rich
platelets in a concentration-dependent manner, while when combined with other
antibiotics such as netilmycin and amikacin, they synergistically inhibited more
potently PAF actions in these cells. Higher concentrations of these antibiotics were
needed in order to inhibit platelet aggregation induced by the classic thrombotic
mediator, thrombin, suggesting that they have higher specificity against the
PAF-related signaling pathway of inflammation and thrombosis. In addition, these
antibiotics were also able to inhibit PAF synthesis of rabbit leukocytes, suggesting
that they can also reduce PAF levels during inflammatory activation of leukocytes
and platelets. These newly found properties of fungi-derived antibiotics used in
sepsis suggest that apart from their general actions, these drugs may present addi-
tional beneficial anti-inflammatory and antithrombotic effects against the onset and
establishment of sepsis and of other microbial-induced inflammatory manifestations
and associated disorders, by inhibiting the PAF/PAF receptor inflammatory and
thrombotic signaling and/or the thrombin/protease-activated receptor-1 thrombotic
signaling, as well as by reducing PAF levels through both PAF biosynthesis
inhibition and PAF catabolism induction (Tsoupras et al. 2011a). These promising
in vitro results need to be further studied and confirmed by in vivo tests, in order to
optimize the efficacy of antibiotic treatment in sepsis and other microbial-induced
inflammatory conditions.
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3.7 Other Fungi Metabolites with Anti-Inflammatory
Properties and Health Benefits

Apart from all these bioactive metabolites, a variety of several other molecules of
different structures and activities have also been found in fungi, with a direct or
indirect anti-inflammatory and antithrombotic potential (Fig. 14.11). Classic exam-
ple of such molecules is cinnabarinic acid (32). Pycnoporus, a white-rot basidiomy-
cete mushroom, secretes enzymes and pigments that break down cellulose,
hemicelluloses, and lignin. Specifically, the species P. sanguineus produces
cinnabarinic acid, which is highly effective at inhibiting the growth of bacteria and
common foodborne pathogens. Cinnabarinic acid has been proposed as a potential
therapeutic agent in the treatment of neuroinflammatory diseases. Given these
powerful properties, Pycnoporus should be further studied for applications in food
and medicine (Shankar and Sharma 2022; Fazio et al. 2017).

Fungi are classified based on the presence of the essential long-chain polymer,
chitin, and its derivative chitosan (33). Like other fungal-derived compounds, they
possess antimicrobial effects and research has suggested they could be used for the
production of new therapeutics with antitumor, anti-inflammatory, and anti-
hypertensive activities (Rousta et al. 2023).

Another structural component of many microbial organisms like fungi, yeasts,
and mushrooms is f-glucan (34). This glucose polymer is a common ingredient in
skin care products due to its positive effects on wound healing, skin moisture, and
oxidative stress. Additionally, B-glucan has been proposed as a treatment for several
health conditions including, cancer, inflammatory bowel disease, and arthritis
(Rousta et al. 2023).

1
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Cinnabarinic acid (32) O XY chitosan (33) I Sorbicillin (35)
B-Glucan(34)
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| / -
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RN L
by

Macrocycliclactone (36) 1,2- cyclobutanedicarbonitrile (37) Benzeneethanamine (38) Terrain (39) :
Cordycepin(40)

Fig. 14.11 Chemical structures of other fungi metabolites with anti-inflammatory properties.
Structures were obtained from https://molview.org/ (accessed on April 2, 2023)
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Hexaketide metabolites known as sorbicillinoids were initially discovered in
1948 as a penicillin contaminant. It is composed of the base sorbicillin (35) structure
with cyclization at the carboxylate terminus. Great advances have been made in the
structural elucidation of sorbicillinoids derived from fungi with 62 additional struc-
tures discovered between 2016 and 2021. These compounds have many bioactiv-
ities, including anti-inflammatory, antiviral, cytotoxic, and antibacterial
characteristics. Fungi from the Pezizomycotina subphylum of the Ascomycota phy-
lum, including species like Aspergillus sp., Penicillium notatum, and Trichoderma
sp., generate sorbicillinoids. From maritime habitats, certain sorbicillinoid-
producing fungus have been isolated. Due to their health-promoting properties,
fungal sorbicillinoids have shown great potential in the pharmaceutical industry
(Conrado et al. 2022).

Both macrocyclic lactone and macrocyclic ketone (36) were recently isolated
from filamentous fungi from various species of Curvularia. They have been posed as
potential bioactive compounds for application in agricultural and pharmaceutical
industries. They seem to possess radical scavenging properties contributing to
antioxidant effects. Additionally, they have been found to possess anti-inflammatory
and anticancer activities (Mehta et al. 2022).

A. alternata has been found to produce bioactive endophytes, which have poten-
tial to inhibit the HIV and reduce the viral load. Specifically,
1,2-cyclobutanedicarbonitrile (37) and benzeneethanamine (38) have been found
to possess anti-inflammatory, antimicrobial, and antioxidant properties. Thus, these
bioactive compounds have potential to serve as treatments for HIV infection
(Nzimande et al. 2022).

In vitro studies have demonstrated the anti-inflammatory and antioxidant prop-
erties of terrain (39), a secondary metabolite produced by A. terreus. These signif-
icant medicinal properties, combined with the high initial yield of this metabolite,
facilitate large-scale production and technological advancements in the crude extract
of A. terreus for the prevention of certain non-transmissible chronic disorders
(NTCDs) associated with aging (Takahashi et al. 2020; Asfour et al. 2019; Lee
et al. 2015).

Cordyceps militaris is a well-known mushroom that possesses beneficial nutra-
ceutical properties and produces several metabolites. The global market offers
numerous nutraceuticals containing cordyceps that support the immune system,
vascular system, cognition, anticancer and antioxidant activities, and mental health.
The primary metabolite produced by C. militaris, cordycepin (40), is effective in
reducing hyperlipidemia and the accumulation of LDL, total cholesterol, triglycer-
ides, and other lipids caused by high-fat diets. Cordycepin has various pharmaco-
logical properties, including anti-inflammatory, immunomodulatory, antioxidant,
anti-aging, anticancer, antiviral, cardio, and hepatoprotective effects. Cordyceps
sinensis, which contains cordycepin, stimulates the production of interleukin-10,
an anti-inflammatory cytokine. Cordycepin products, which contain adenosine
receptor agonists, are being studied as potential treatments for COVID-19 pneumo-
nia and brain protection (Takahashi et al. 2020; Ashraf et al. 2020).
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4 Plant-Derived Compounds from Fungal Endophytes
with Potential Anti-Inflammatory and Antithrombotic
Benefits

Many plant-derived compounds are actually synthesized by symbiotic/parasitic
fungi living inside plants, called endophytes, rather than by the plants themselves.
In recent years, increasing researchers have demonstrated the ability of endophytic
fungi derived from important medicinal plants to produce the same bioactive
metabolites as their host plants. It is now established that endophytes can produce,
induce, and modify a variety of plant-derived metabolites inside and outside of host
plants, which opens up new possibilities for producing medicinal compounds from
endophytes, since only a small fraction of plant species have been studied for their
endophytes and their produced bioactives. Thus, as the demand for natural products
increases endophytes are becoming more attractive targets for isolating typical host-
derived compounds. Given that medicinal plants are a rich source of therapeutic
compounds, exploring their endophytes is crucial for identifying and isolating such
compounds (Singh et al. 2021; White 2018; Xingyuan et al. 2022). Characteristic
examples are nonribosomal peptides, polyketides, terpenes, alkaloids, coumarins,
flavonoids, lignans, saponins, quinones, xanthones, and miscellaneous compounds,
for which their health benefits and mode(s) of action have been extensively
presented elsewhere by Singh et al. (2021), Toghueo (2019), and Nicoletti and
Fiorentino (2015). Moreover, many anti-inflammatory compounds currently isolated
from medicinal plants have been identified in the metabolome of endophytic fungi.
We are presenting in this section a few numbers of well-established and promising
bioactive metabolites with anti-inflammatory and antithrombotic potential, which
are produced by the interaction(s) of endophytes with their host plants, as summa-
rized in Table 14.1, along with subsequent associated health benefits and/or putative
side effects.

5 Conclusions

Within this chapter, it was presented that bioactive fungi metabolites, such as
phenolics, bioactive polar lipids, alkaloids, terpenoids, and other miscellaneous
compounds, are a new type of promising products for drug and supplements’
development with multi-purpose and multi-target aspects, as these active substances
do not regulate the inflammatory response through a single reaction path, rather than
through their pleiotropic protective effects against several thrombo-inflammatory
signaling pathways. The research on the action mechanism of modern pharmaco-
logical research shows that bioactive secondary metabolites produced from natural
fungi or by engineered species can effectively interact with relevant immune cells,
inflammatory factors, and intestinal flora, play an anti-inflammatory role, possess
antithrombotic benefits and repair the inflammatory reaction disorder of the body.
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Advances have been made in the understanding of the mechanism of action of
various fungi metabolites, but many questions remain unanswered. For the past
few years, there has been an exponential growth in the field of fungi-derived
medicine and these drugs are gaining popularity both in developing and developed
countries because of their natural origin and less side effects.

At present, most of the studies are based on in vitro research and/or animal
models, while the anti-inflammatory and antithrombotic mechanism of these fungi-
derived metabolites in human body by targeted trials has not yet been fully described
for all fungi compounds, as well as for combinations of fungi metabolites. Therefore,
the action mechanism of fungi-derived bioactives in the process of anti-
inflammatory response needs to be further studied. The research on the separation
process and the study of structure—activity relationship of monomer components of
fungi-derived products should be built upon, as well as the putative synergistic
effects of multi-targeting anti-inflammatory fungi metabolites. In the future, active
components in fungi and mixtures of fungi compounds with synergistic effects can
be analyzed with the help of modern research means, such as network pharmacol-
ogy, modern multi-omics and metabolomics, artificial intelligence-based docking
modeling molecular biology, genetics, and epigenetics, to determine the relevant
anti-inflammatory response mechanism and provide a basis for the clinical applica-
tion of fungi-derived metabolites.

Moreover, the library of fungi-derived anti-inflammatory and antithrombotic
bioactives has dramatically been increased by the inclusion of specific plant-derived
medicinal compounds efficiently biosynthesized by hundreds of endophytic fungi.
Nonetheless, the exciting progress that has been made in the field of functional
genomics, genome mining and genome scanning, fermentation technology, green
combinatorial chemistry, and systems biology might remove the roadblocks in the
way of commercial success of this innovative approach. The design of endophyte-
dependent enhanced in vivo and in vitro production of plant-derived valuable
metabolites is of prime importance for the pharmaceutical industries and provides
a plethora of valuable compounds with future perspectives for the healthcare systems
and for a “green drug revolution.”

References

Al-Rabia MW, Mohamed GA, Ibrahim SR, Asfour HZ (2021) Anti-inflammatory ergosterol
derivatives from the endophytic fungus Fusarium chlamydosporum. Nat Prod Res 35:5011—
5020

Ambati RR, Siew Moi P, Ravi S, Aswathanarayana RG (2014) Astaxanthin: sources, extraction,
stability, biological activities and its commercial applications—a review. Mar Drugs 12:128—
152.

Anderson HA, Smith TM, Hanahan DJ (1988) 5-Hydroxymaltol and mycophenolic acid, secondary
metabolites from Penicillium echinulatum. Trans Br Mycol Soc 91(4):649-651



484 A. Tsoupras and K. G. Davi

Antonopoulou S, Tsoupras A, Baltas G, Kotsifaki H, Mantzavinos Z, Demopoulos CA (2003)
Hydroxyl-platelet-activating factor exists in blood of healthy volunteers and periodontal
patients. Mediat Inflamm 12(4):221-227

Aris P, Singh N, Gogoi HK (2022) Griseofulvin: an updated overview of old and current knowl-
edge. Molecules 27(20):7034

Asfour HZ, Shindia AA, Al-Ghamdi AK, Al-Sheddi ES (2019) Large-scale production of bioactive
Terrein by Aspergillus terreus strain S020 isolated from the Saudi Coast of the Red Sea. Biomol
Ther 9(9):480

Ashraf SA, Akhatar N, Zafar M (2020) Cordycepin for health and wellbeing: a potent bioactive
metabolite of an entomopathogenic Cordyceps medicinal fungus and its nutraceutical and
therapeutic potential. Molecules 25(12):2735

Aslankoc R, Ozmen O, Yalcin A (2022) Astaxanthin ameliorates damage to the cerebral cortex,
hippocampus and cerebellar cortex caused by methotrexate. Biotech Histochem 97(5):382-393

Attiq A, Jalil J, Husain K, Mohamad HF, Ahmad A (2021) Luteolin and apigenin derived
glycosides from Alphonsea elliptica abrogate LPS-induced inflammatory responses in human
plasma. J Ethnopharmacol 275:114120

Balestrieri ML, Castaldo D, Balestrieri C, Quagliuolo L, Giovane A, Servillo L (2003) Modulation
by flavonoids of PAF and related phospholipids in endothelial cells during oxidative stress. J
Lipid Res 44:380-387

Bell V, Silva CRPG, Guina J, Fernandes TH (2022) Mushrooms as future generation healthy foods.
Front Nutr 9:1050099

Berg J, Tymoczko J, Stryer L (2002) Biochemistry, vitamins are often precursors to coenzymes. W
H Freeman, New York

Berthon JY, Nachat-Kappes R, Bey M, Cadoret JP, Renimel I, Filaire E (2017) Marine algae as
attractive source to skin care. Free Radic Res 51:555-567

Bhalla TC, Sharma NN, Sharma M (2007) Production of metabolites, industrial enzymes, amino
acid, organic acids, antibiotics, vitamins and single cell proteins. In: Biotechnology, Microbial
fundamentals and applications, vol 1. IK International Publishing House Pvt Ltd, New Delhi, pp
307-338

Bian Q, Jiao X, Chen Y, Yu H, Ye L (2023) Hierarchical dynamic regulation of Saccharomyces
cerevisiae for enhanced lutein biosynthesis. Biotechnol Bioeng 120:536-552

Bills GF, Gloer JB (2016) Biologically Active Secondary Metabolites from the Fungi. Microbio
Spect 46. https://doi.org/10.1128/microbiolspec.funk-0009-2016

Birben E, Sackesen C, Erzurum S, Kalayci O (2012) Oxidative stress and antioxidant defense.
WAO J 5:9-19

Bolander FF (1997) Vitamins: not just for enzymes. Cell Mol Life Sci 53:826-835

Breschi MC, Martinotti E, Apostoliti F, Nieri P (2002) Protective effect of silymarin in antigen
challenge- and histamine-induced bronchoconstriction in in vivo Guinea-pigs. Eur J Pharmacol
437(1-2):91-95

Bumbak F, Cook S, Zachleder V, Hauser S, Kovar K (2011) Best practices in heterotrophic high-
cell-density microalgal processes: achievements, potential and possible limitations. Appl
Microbiol Biotechnol 91:31-46

Cao X, Li J, Zhou L, Xu L, Li J, Zhao J (2007) Determination of diosgenin content of the
endophytic fungi from Paris polyphylla var. yunnanensis by using an optimum ELISA. Nat
Prod Res Dev 19:1020-1023

Chang A, Rosani A, Quick J (2023) Capsaicin. StatPearls. https://www.ncbi.nlm.nih.gov/books/
NBK459168/

Chaturvedi P, Gajbhiye S, Roy S, Dudhale R, Chowdhary A (2014) Determination of Kaempferol
in extracts of Fusarium chlamydosporum, an endophytic fungi of Tylophora indica
(Asclepiadaceae) and its anti-microbial activity. J Pharm Biol Sci 9:51-55

Chen AY, Chen YC (2013) A review of the dietary flavonoid, kaempferol on human health and
cancer chemoprevention. Food Chem 138:2099-2107


https://doi.org/10.1128/microbiolspec.funk-0009-2016
https://www.ncbi.nlm.nih.gov/books/NBK459168/
https://www.ncbi.nlm.nih.gov/books/NBK459168/

14 Bioactive Metabolites from Fungi with Anti-Inflammatory and. .. 485

Chen IS, Lin YC, Tsai IL, Teng CM, Ko FN, Ishikawa T, Ishii H (1995) Coumarins and anti-platelet
aggregation constituents from Zanthoxylum schinifolium. Phytochemistry 39(5):1091-1097
Chen WM, Jin M, Wu W (2002) Experimental study on inhibitory effect of rutin against platelet
activation induced by platelet activating factor in rabbits. Zhongguo Zhong Xi Yi Jie He Za Zhi
22:283-285

Chen G, Song X, Lin D, Xu P (2020) Isofraxidin alleviates myocardial infarction through NLRP3
inflammasome inhibition. Inflammation 43(2):712-721

Cheng MJ, Wu MD, Yuan GF, Chen YL, Su YS, Hsieh MT, Chen IS (2012) Secondary metabolites
and cytotoxic activities from the endophytic fungus Annulohypoxylon squamulosum.
Phytochem Lett 5:219-223

Chithra S, Jasim B, Sachidanandan P, Jyothis M, Radhakrishnan EK (2014a) Piperine production
by endophytic fungus Colletotrichum gloeosporioides isolated from Piper nigrum.
Phytomedicine 21:534-540

Chithra S, Jasim B, Anisha C, Mathew J, Radhakrishnan EK (2014b) LC-MS/MS based identifi-
cation of piperine production by endophytic Mycosphaerella sp. PF13 from Piper nigrum. Appl
Biochem Biotechnol 173:30-35

Chithra S, Jasim B, Mathew J, Radhakrishnan EK (2017) Endophytic Phomopsis sp. colonization in
Oryza sativa was found to result in plant growth promotion and piperine production. Physiol
Plant 160:437—446

Choi SY, Ha H, Kim KT (2000) Capsaicin inhibits platelet-activating factor-induced cytosolic
Ca2+ rise and superoxide production. J Immunol 165(7):3992-3998

Choi JH, Park SE, Kim SJ, Kim S (2015a) Kaempferol inhibits thrombosis and platelet activation.
Biochimie 115:177-186

Choi JH, Kim DW, Park SE, Lee HJ, Kim KM, Kim KJ, Kim MK, Kim SJ, Kim S (2015b) Anti-
thrombotic effect of rutin isolated from Dendropanax morbifera Leveille. J Biosci Bioeng 120:
181-186

Choi SS, Park HR, Lee KA (2021) A comparative study of rutin and rutin glycoside: antioxidant
activity, anti-inflammatory effect, effect on platelet aggregation and blood coagulation. Anti-
oxidants 10:1696

Colunga Biancatelli RML, Berrill M, Catravas JD, Marik PE (2020) Quercetin and vitamin C: an
experimental, synergistic therapy for the prevention and treatment of SARS-CoV-2 related
disease (COVID-19). Front Immunol 11:1451

Conde TA, Zabetakis I, Tsoupras A, Medina I, Costa M, Silva J, Neves B, Domingues P,
Domingues MR (2021) Microalgal lipid extracts have potential to modulate the inflammatory
response: a critical review. Int J Mol Sci Intern 22(18):9825

Conrado R, Gomes TC, Roque GSC, De Souza AO (2022) Overview of bioactive fungal secondary
metabolites: cytotoxic and antimicrobial compounds. Antibiotics 11:1604

Cooper KA, Chopra M, Thurnham DI (2004) Wine polyphenols and promotion of cardiac health.
Nutr Res Rev 17(1):111-130

Corinaldesi C, Barone G, Marcellini F, Dell’Anno A, Danovaro R (2017) Marine microbial-derived
molecules and their potential use in cosmeceutical and cosmetic products. Mar Drugs 15(4):118

Costa LG, Garrick JM, Roque PJ, Pellacani C (2016) Mechanisms of neuroprotection by quercetin:
counteracting oxidative stress and more. Oxidative Med Cell Longev 2016:1-10

Cruz LF, Figueiredo GF, Pedro LP, Amorin YM, Andrade JT, Passos TF, Rodrigues FF, Souza
ILA, Gongalves TPR, Dos Santos Lima LAR, Ferreira JIMS, Aratijo MGF (2020) Umbelliferone
(7-hydroxycoumarin): a non-toxic antidiarrheal and antiulcerogenic coumarin. Biomed
Pharmacother 129:110432

D’Orazio N, Gemello E, Gammone MA, De Girolamo M, Ficoneri C, Riccioni G (2012) Fuco-
xanthin: a treasure from the sea. Mar Drugs 10:604-616

De La Lastra CA, Martin MJ, Marhuenda E (1992) Gastric anti-ulcer activity of silymarin, a
lipoxygenase inhibitor, in rats. J Pharm Pharmacol 44(11):929-931

Debnath B, Singh WS, Das M, Goswami S, Singh MK, Maiti D, Manna K (2018) Role of plant
alkaloids on human health: a review of biological activities. Mater Today Chem 9:56-72



486 A. Tsoupras and K. G. Davi

Demain AL (1999) Pharmaceutically active secondary metabolites of microorganisms. Appl
Microbiol Biotechnol 52:455-463

Devari S, Jaglan S, Kumar M, Deshidi R, Guru S, Bhushan S, Kushwaha M, Gupta AP, Gandhi SG,
Sharma JP, Jaglan S (2014) Capsaicin production by Alternaria alternata, an endophytic fungus
from Capsicum annum; LC-ESI-MS/MS analysis. Phytochemistry 98:183—189

Di Pietro N, Di Tomo P, Pandolfi A (2016) Carotenoids in cardiovascular disease prevention. JSM
Atheroscler 1:1-5

Di Tomo P, Canali R, Ciavardelli D, Di Silvestre S, De Marco A, Giardinelli A, Pipino C, Di
Pietro N, Virgili F, Pandolfi A (2012) p-Carotene and lycopene affect endothelial response to
TNF-a reducing nitro-oxidative stress and interaction with monocytes. Mol Nutr Food Res 56:
217-227

Dixit N, Baboota S, Kohli K, Ahmad S, Ali J (2007) Silymarin: a review of pharmacological aspects
and bioavailability enhancement approaches. Indian J Pharm 39:172

Dwyer JH, Navab M, Dwyer KM, Hassan K, Sun P, Shircore A, Hama-Levy S, Hough G, Wang X,
Drake T, Merz CN (2001) Oxygenated carotenoid lutein and progression of early atherosclero-
sis. Circulation 103:2922-2927

Ebada SS, Eze P, Okoye FB, Esimone CO, Proksch P (2016) The fungal endophyte Nigrospora
oryzae produces quercetin monoglycosides. ChemistrySelect 1:2767-2771

Elbandy M (2022) Anti-inflammatory effects of marine bioactive compounds and their potential as
functional food ingredients in the prevention and treatment of neuroinflammatory disorders.
Molecules 28:7

Elbandy M, Steinert M, Roessner U, Daniel R (2009) a-Pyrones and yellow pigments from the
sponge-derived fungus Paecilomyces lilacinus. Bull Korean Chem Soc 30:171-176

El-Elimat T, Raja HA, Graf TN, Faeth SH, Cech NB, Oberlies NH (2014) Flavonolignans from
Aspergillus iizukae, a fungal endophyte of milk thistle (Silybum marianum). J Nat Prod 77:193—
199

Enogieru AB, Haylett W, Hiss DC, Bardien S, Ekpo OE (2018) Rutin as a potent antioxidant:
implications for neurodegenerative disorders. Oxidative Med Cell Longev 17:6241017

Fadus MC, Lau C, Bikhchandani J, Lynch HT (2017) Curcumin: an age-old anti-inflammatory and
anti-neoplastic agent. J Tradit Complement Med 7:339-346

Fan YF, Zhan SF, Chen Y, Gan JL, Peng Q, Liu ZJ, Li SJ (2007) Study on endophytic fungi of
Pteris multifida 11: a preliminary study on a strain of Rutin-producing endophytic fungi. J Fung
Res 4:008

FAO/WHO (2001) Human vitamin and mineral requirements. Vitamin A. Food and Agriculture
Organization of the United Nations/World Health Organization. http://www.fao.org/3/y2809¢/
y2809e0b.htm

Fazio F, Zappulla C, Notartomaso S, Bruno V (2017) Cinnabarinic acid and xanthurenic acid: two
kynurenine metabolites that interact with metabotropic glutamate receptors. Neuropharmacol-
ogy 112(Pt B):365-372

Feng Y, Shao Y, Chen F (2012) Monascus pigments. Appl Microbiol Biotechnol 96:1421-1440

Feng Z, Lu X, Gan L, Zhang Q, Lin L (2020) Xanthones, a promising anti-inflammatory scaffold:
structure, activity, and drug likeness analysis. Molecules 25(3):598

Fragopoulou E, Antonopoulou S, Tsoupras A, Tsantila N, Grypioti A, Gribilas G, Gritzapi H,
Konsta E, Skandalou E, Papadopoulou A (2004) Antiatherogenic properties of red/white wine,
musts, grape-skins, and yeast. Chem Phys Lipids 130:66

Fujita T, Matsumoto N, Uchida S, Kohno T, Shimizu T, Hirose R, Yanada K, Kurio W, Watabe K
(2000) Antibody against a novel, myriocin (ISP-I)-based immunosuppressant, FTY720. Bioorg
Med Chem Lett 10:337-339

Furman D, Campisi J, Verdin E, Carrera-Bastos P, Targ S, Franceschi C, Ferrucci L, Gilroy DW,
Fasano A, Miller GW, Miller AH (2019) Chronic inflammation in the etiology of disease across
the life span. Nat Med 25(12):1822-1832

Galasso C, Corinaldesi C, Sansone C (2017) Carotenoids from marine organisms: biological
functions and industrial applications. Antioxidants 6(4):96


http://www.fao.org/3/y2809e/y2809e0b.htm
http://www.fao.org/3/y2809e/y2809e0b.htm

14 Bioactive Metabolites from Fungi with Anti-Inflammatory and. .. 487

Gammone MA, Riccioni G, D’Orazio N (2015) Marine carotenoids against oxidative stress: effects
on human health. Mar Drugs 13:6226-6246

Ganeshpurkar A, Saluja AK (2017) The pharmacological potential of rutin. Saudi Pharm J 25:149—
164

Gao Y, Zhao J, Zu Y, Fu Y, Liang L, Luo M, Wang W, Efferth T (2012) Antioxidant properties,
superoxide dismutase and glutathione reductase activities in HepG2 cells with a fungal endo-
phyte producing apigenin from pigeon pea [Cajanus cajan (L.) Millsp.]. Food Res Int 49:147—
152

Germoush MO, Othman SI, Al-Qaraawi MA, Al-Harbi HM, Hussein OE, Al-Basher G, Alotaibi
MF, Elgebaly HA, Sandhu MA, Allam AA, Mahmoud AM (2018) Umbelliferone prevents
oxidative stress, inflammation and hematological alterations, and modulates glutamate-nitric
oxide-cGMP signaling in hyperammonemic rats. Biomed Pharmacother 102:392—402

Glenn-Davi K, Hurley A, Brennan E, Coughlan J, Shiels K, Moran D, Saha SK, Zabetakis I,
Tsoupras A (2022) Fermentation enhances the anti-inflammatory and anti-platelet properties of
both bovine dairy and plant-derived dairy alternatives. Fermentation 8(7):271

Gong G, Qin Y, Huang W (2011) Anti-thrombosis effect of diosgenin extract from Dioscorea
zingiberensis C.H. Wright in vitro and in vivo. Phytomedicine 18(6):458—463

Gonzalez S, Gilaberte Y, Philips N, Juarranz A (2011) Current trends in photoprotection—a new
generation of oral photoprotectors. Open Dermatol J 5:6-14

Gormaz JG, Quintremil S, Rodrigo R (2015) Cardiovascular disease: a target for the pharmacolog-
ical effects of quercetin. Curr Top Med Chem 15:1735-1742

Gul W, Hamann MT (2005) Indole alkaloid marine natural products: an established source of
cancer drug leads with considerable promise for the control of parasitic, neurological and other
diseases. Life Sci 78:442—453

Guo C, Huang Q, Wang Y, Yao Y, Li J, Chen J, Wu M, Zhang Z, Mingayo E, Qi H, Ji P, Liu Q,
Zhao D, Su H, Qi W, Li X (2023) Therapeutic application of natural products: NAD+
metabolism as potential target. Phytomedicine 114:154768

Gupta U, Gupta SC (2015) Role of vitamins in human health and nutrition: sources and morbidity.
Curr Nutr Food Sci 11(2):105-115

Han WB, Zhang AH, Deng XZ, Lei X, Tan RX (2016) Curindolizine, an anti-inflammatory agent
assembled via Michael addition of pyrrole alkaloids inside fungal cells. Org Lett 18:1816—-1819

Hegde M, Girisa S, Bharathwaj Chetty B, Vishwa R, Kunnumakkara AB (2023) Curcumin
formulations for better bioavailability: what we learned from clinical trials thus far? ACS
Omega 8(12):10713-10746

Hikino H, Konno C, Takata H, Yamada Y, Yamada C, Ohizumi Y, Sugio K, Fujimura H (1980)
Anti-inflammatory principles of Aconitum roots. J Pharmacobiodyn 3:514-525

Hikino H, Takata H, Fujiwara M, Konno C, Ohuchi K (1982) Mechanism of inhibitory action of
mesaconitine in acute inflammations. Eur J Pharmacol 82:65-71

Hogaboam CM, Wallace JL (1991) Inhibition of platelet aggregation by capsaicin. An effect
unrelated to actions on sensory afferent neurons. Eur J Pharmacol 202(1):129-131

Huang JX, Zhang J, Zhang XR, Zhang K, Zhang X, He XR (2014) Mucor fragilis as a novel source
of the key pharmaceutical agents podophyllotoxin and kaempferol. Pharm Biol 52:1237-1243

Huo R, Wang M, Wei X, Qiu Y (2023) Research progress on anti-inflammatory mechanisms of
black ginseng. Chem Biodivers 20(3):e202200846

Hussain Y, Abdullah KF, Alsharif KF, Alzahrani KJ, Saso L, Khan H (2022) Regulatory effects of
curcumin on platelets: an update and future directions. Biomedicine 10(12):3180

Imran M, Salehi B, Sharifi-Rad J, Aslam Gondal T, Saeed F, Imran A, Shahbaz M, Tsouh Fokou
PV, Umair Arshad M, Khan H, Guerreiro SG, Martins N, Estevinho LM (2019) Kaempferol: a
key emphasis to its anticancer potential. Molecules 24:2277

Irfan M, Kim M, Rhee MH (2020) Anti-platelet role of Korean ginseng and ginsenosides in
cardiovascular diseases. J Ginseng Res 44(1):24-32

Jang TY, Jung AY, Kyung TS, Kim DY, Hwang JH, Kim YH (2017) Anti-allergic effect of luteolin
in mice with allergic asthma and rhinitis. Cent Eur J Immunol 42(1):24-29



488 A. Tsoupras and K. G. Davi

Jang WY, Hwang JY, Cho JY (2023) Ginsenosides from Panax ginseng as key modulators of
NF-kB signaling are powerful anti-inflammatory and anticancer agents. Int J Mol Sci 24(7):
6119

Jeng YH, Wu HL, Lin BR, Lan WH, Chang HH, Ho YS, Lee PH, Wang YJ, Wang JS, Chen YJ,
Chang MC (2007) Antiplatelet effect of sanguinarine is correlated to calcium mobilization,
thromboxane and cAMP production. Atherosclerosis 191(2):250-258

Jesus M, Martins AP, Gallardo E, Silvestre S (2016) Diosgenin: recent highlights on pharmacology
and analytical methodology. J Anal Methods Chem 2016:1-16

Jin Z, Gao L, Zhang L, Liu T, Yu F, Zhang Z, Guo Q, Wang B (2017) Antimicrobial activity of
saponins produced by two novel endophytic fungi from Panax notoginseng. Nat Prod Res 31:
2700-2703

Johannes J, Jayarama-Naidu R, Meyer F, Wirth EK, Schweizer U, Schomburg L, Kohrle J, Renko
K (2016) Silychristin, a flavonolignan derived from the milk thistle, is a potent inhibitor of the
thyroid hormone transporter MCT8. Endocrinology 157(4):1694-1701

Karantonis HC, Tsoupras A, Moran D, Zabetakis I, Nasopoulou C (2022) Olive, apple, and grape
pomaces with antioxidant and anti-inflammatory bioactivities for functional foods. In:
Zabetakis I, Tsoupras A, Lordan R, Ramji D (eds) Functional foods and their implications for
health promotion. Academic Press, London, pp 131-159

Karimi G, Vahabzadeh M, Lari P, Rashedinia M, Moshiri M (2011) “Silymarin”, a promising
pharmacological agent for treatment of diseases. Iran J Basic Med Sci 14:308

Lee BH, Pan TM (2012) Benefit of Monascus-fermented products for hypertension prevention: a
review. Appl Microbiol Biotechnol 94:1151-1161

Lee YH, Kim KH, Choi YE (2015) Terrein reduces age-related inflammation induced by oxidative
stress through Nrf2/ERK1/2/HO-1 signalling in aged HDF cells. Cell Biochem Funct 33(7):
479-486

Lee DH, Kwak HJ, Shin Y, Kim SJ, Lee GH, Park IH, Kim SH, Kang KS (2023) Elucidation of
phytochemicals affecting platelet responsiveness in Danggui-san: active ingredient prediction
and experimental research using network pharmacology. Plants (Basel) 12(5):1120

Lin L, Ying ZH, Yu CH, Zhang HH, Yu WY, Wu XN (2020) Isofraxidin ameliorated influenza viral
inflammation in rodents via inhibiting platelet aggregation. Int Immunopharmacol 84:106521

Lopez-Lazaro M (2009) Distribution and biological activities of the flavonoid luteolin. Mini Rev
Med Chem 9:31-59

Lordan R, Tsoupras A, Zabetakis I (2019) The potential role of dietary platelet-activating factor
inhibitors in cancer prevention and treatment. Adv Nutr 10(1):148-164

Lou G, Wang J, Hu J, Gan Q, Peng C, Xiong H, Huang Q (2021) Sanguinarine: a double-edged
sword of anticancer and carcinogenesis and its future application prospect. Anti Cancer Agents
Med Chem 21(16):2100-2110

Lu PH, Kuo CY, Chan CC, Wang LK, Chen ML, Tzeng IS, Tsai FM (2021) Safflower extract
inhibits ADP-induced human platelet aggregation. Plants (Basel) 10(6):1192

Luo SL, Dang LZ, Li JF, Zou CG, Zhang KQ, Li GH (2013) Biotransformation of saponins by
endophytes isolated from Panax notoginseng. Chem Biodivers 10:2021-2031

Luo BY, Jiang JL, Fang YF, Yang F, Yin MD, Zhang BC, Zhao RR, Shao JW (2020) The effects of
ginsenosides on platelet aggregation and vascular intima in the treatment of cardiovascular
diseases: from molecular mechanisms to clinical applications. Pharmacol Res 159:105031

Majnooni MB, Fakhri S, Shokoohinia Y, Mojarrab M, Kazemi-Afrakoti S, Farzaei MH (2020)
Isofraxidin: synthesis, biosynthesis, isolation, pharmacokinetic and pharmacological properties.
Molecules 25(9):2040

Mani VM, Soundari AJPG, Balasubramanian B, Park S, Issara U, Preethi K, Liu WC (2021)
Evaluation of dimer of epicatechin from an endophytic fungus Curvularia australiensis FC2AP
on acute toxicity levels, anti-inflammatory and anti-cervical cancer activity in animal models.
Molecules 26(3):654

Maoka T (2011) Carotenoids in marine animals. Mar Drugs 9:278-293



14 Bioactive Metabolites from Fungi with Anti-Inflammatory and. .. 489

Marunaka Y, Marunaka R, Sun H, Yamamoto T, Kanamura N, Inui T, Taruno A (2017) Actions of
quercetin, a polyphenol, on blood pressure. Molecules 22:209

Mata-Gémez LC, Montafiez JC, Méndez-Zavala A, Aguilar CN (2014) Biotechnological produc-
tion of carotenoids by yeasts: an overview. Microb Cell Factories 13:12

Matsui T (2015) Condensed catechins and their potential health-benefits. Eur J Pharmacol 765:495—
502

Maurya K, Sanasam S, Meesala KM, Maibam S, Roy D, Baishya B, Rema MB, Nisekhoto N,
Sailo L, Bose M, Ahmed-Laskar S, Giri A, Buragohain P, Chettri A, Vikas KR, Guruswami G
(2022) Dietary phytoestrogen, diosgenin interrupts metabolism, physiology and reproduction of
the Swiss albino mice: possible mode of action as an emerging environmental contaminant,
endocrine disruptor and reproductive toxicant [preprint]. Res Square. https://doi.org/10.21203/
18.3.15-2220522/v1

Mazimba O (2017) Umbelliferone: sources, chemistry and bioactivities review. Bull Fac Pharm
Cairo Univ 55(2):223-232

McGinnis MF, Tyring SK (1996) Introduction to mycology. In: Baron S (ed) Medical microbiol-
ogy. University of Texas Medical Branch at Galveston, Galveston

Mehta T, Meena M, Nagda A (2022) Bioactive compounds of Curvularia species as a source of
various biological activities and biotechnological applications. Front Microbiol 13:1069095

Monroy-Ruiz J, Sevilla MA, Carron R, Montero MJ (2011) Astaxanthin-enriched-diet reduces
blood pressure and improves cardiovascular parameters in spontaneously hypertensive rats.
Pharmacol Res 63:44-50

Moran D, Fleming M, Daly E, Gaughan N, Zabetakis I, Traas C, Tsoupras A (2021) Anti-platelet
properties of apple must/skin yeasts and of their fermented apple cider products. Beverages 7(3):
54

Morikawa K, Nonaka M, Narahara M, Torii I, Kawaguchi K, Yoshikawa T, Kumazawa Y,
Morikawa S (2003) Inhibitory effect of quercetin on carrageenan-induced inflammation in
rats. Life Sci 74:709-721

Munjuluri S, Wilkerson DA, Sooch G, Chen X, White FA, Obukhov AG (2021) Capsaicin and
TRPV1 channels in the cardiovascular system: the role of inflammation. Cell 11(1):18

Muthu R, Selvaraj N, Vaiyapuri M (2016) Anti-inflammatory and proapoptotic effects of
umbelliferone in colon carcinogenesis. Hum Exp Toxicol 35(10):1041-1054

Navegantes-Lima KC, Monteiro VV, de Franca Gaspar SL, de Brito Oliveira AL, De Oliveira JP,
Reis JF, de Souza GR, Rodrigues CA, Stutz H, Sovrani V, Peres A (2020) Agaricus brasiliensis
mushroom protects against sepsis by alleviating oxidative and inflammatory response. Front
Immunol 11:1238

Nichols JA, Katiyar SK (2010) Skin photoprotection by natural polyphenols: anti-inflammatory,
antioxidant and DNA repair mechanisms. Arch Dermatol Res 302:71-83

Nicoletti R, Fiorentino A (2015) Plant bioactive metabolites and drugs produced by endophytic
fungi of spermatophyta. Agriculture 5:918-970

Nunez D, Randon J, Gandhi C, Siafaka-Kapadai A, Olson MS, Hanahan DJ (1990) The inhibition
of platelet-activating factor-induced platelet activation by oleic acid is associated with a
decrease in polyphosphoinositide metabolism. J Biol Chem 265:18330-18338

Nzimande B, Masango P, McGaw LJ (2022) Secondary metabolites produced by endophytic fungi,
Alternaria alternata, as potential inhibitors of the human immunodeficiency virus. Front Genet
13:1077159

Pace-Asciak CR, Hahn S, Diamandis EP, Soleas G, Goldberg DM (1995) The red wine phenolics
trans-resveratrol and quercetin block human platelet aggregation and eicosanoid synthesis:
implications for protection against coronary heart disease. Clin Chim Acta 235:207-219

Panda S, Kar A (2007) Apigenin (4’, 5, 7-trihydroxyflavone) regulates hyperglycaemia, thyroid
dysfunction and lipid peroxidation in alloxan-induced diabetic mice. J Pharm Pharmacol 59(12):
1543-1548

Panknin TM, Howe CL, Hauer M, Bucchireddigari B, Rossi AM, Funk JL (2023) Curcumin
supplementation and human disease: a scoping review of clinical trials. Int J Mol Sci 24(5):4476


https://doi.org/10.21203/rs.3.rs-2220522/v1
https://doi.org/10.21203/rs.3.rs-2220522/v1

490 A. Tsoupras and K. G. Davi

Park BS, Son DJ, Park YH, Kim TW, Lee SE (2007) Antiplatelet effects of acidamides isolated
from the fruits of Piper longum L. Phytomedicine 14(12):853—-855

Park SY, Jin ML, Kim YH, Lee SJ, Park G (2014) Sanguinarine inhibits invasiveness and the
MMP-9 and COX-2 expression in TPA-induced breast cancer cells by inducing HO-1 expres-
sion. Oncol Rep 31:497-504

Patel K, Gadewar M, Tahilyani V, Patel DK (2012) A review on pharmacological and analytical
aspects of diosgenin: a concise report. Nat Prod Bioprospect 2:46-52

Patel G, Sahoo N, Goswami D, Pandey A (2017) Production of mycophenolic acid by Penicillium
brevicompactum using solid state fermentation. Appl Biochem Biotechnol 182(1):97-109

Pietrasik S, Cichon N, Bijak M, Gorniak L, Saluk-Bijak J (2022) Carotenoids from marine sources
as a new approach in neuroplasticity enhancement. Int J Mol Sci 23(4):1990

Pourova J, Applova L, Macakova K, Voprsalova M, Migkos T, Bentanachs R, Biedermann D,
Petraskova L, Tvrdy V, Hrubsa M, Karlickova J (2019) The effect of silymarin flavonolignans
and their sulfated conjugates on platelet aggregation and blood vessels ex vivo. Nutrients
11(10):2286

Qiu M, Xie R, Shi Y, Zhang H, Chen H (2010) Isolation and identification of two flavonoid-
producing endophytic fungi from Ginkgo biloba L. Ann Microbiol 60:143-150

Rakha A, Umar N, Rabail R, Butt MS, Kielisze M, Hassoun A, Aadil RM (2022) Anti-
inflammatory and anti-allergic potential of dietary flavonoids: a review. Biomed Pharmacother
156:113945

Rakotondrabe TF, Fan MX, Muema FW, Guo MQ (2023) Modulating inflammation-mediated
diseases via natural phenolic compounds loaded in Nanocarrier systems. Pharmaceutics 15:699

Ramasamy K, Agarwal R (2008) Multitargeted therapy of cancer by silymarin. Cancer Lett 269:
352-362

Ren J, Lu Y, Qian Y, Chen B, Wu T, Ji G (2019) Recent progress regarding kaempferol for the
treatment of various diseases. Exp Ther Med 18(4):2759-2776

Rousta N, Aslan M, Yesilcimen Akbas M, Ozcan F, Sar T, Taherzadeh MJ (2023) Effects of fungal
based bioactive compounds on human health: review paper. Crit Rev Food Sci Nutr:1-24.
https://doi.org/10.1080/10408398.2023.2178379

Rui YC (1991) Advances in pharmacological studies of silymarin. Mem Inst Oswaldo Cruz 86
(Suppl 2):79-85

Saadawi S, Jalil J, Jasamai M, Jantan I (2012) Inhibitory effects of acetylmelodorinol, chrysin and
polycarpol from Mitrella kentii on prostaglandin e2 and thromboxane b2 production and platelet
activating factor receptor binding. Molecules 17:4824-4835

Sadeghi M, Dehnavi S, Asadirad A, Xu S, Majeed M, Jamialahmadi T, Johnston TP, Sahebkar A
(2023) Curcumin and chemokines: mechanism of action and therapeutic potential in inflamma-
tory diseases. Inflammopharmacology 31:1069-1093

Salehi B, Venditti A, Sharifi-Rad M, Kregiel D, Sharifi-Rad J, Durazzo A, Lucarini M, Santini A,
Souto EB, Novellino E, Antolak H (2019) The therapeutic potential of apigenin. Int J Mol Sci
20(6):1305

Sanchez S, Demain AL (2017) Bioactive products from fungi. In: Puri M, Puri MN (eds) Food
bioactives. Springer, Cham, pp 59-87

Sanchez-Fidalgo S, Cardeno A, Villegas I, Talero E, de la Lastra CA (2010) Dietary supplemen-
tation of resveratrol attenuates chronic colonic inflammation in mice. Eur J Pharmacol 633(1-3):
78-84

Santos-Buelga C, Scalbert A (2000) Proanthocyanidins and tannin-like compounds—nature, occur-
rence, dietary intake and effects on nutrition and health. J Sci Food Agric 80:1094-1117

Sarkar C, Quispe C, Jamaddar S, Hossain R, Ray P, Mondal M, Abdulwanis Mohamed Z, Sani
Jaafaru M, Salehi B, Islam MT, Faizal Abdull Razis A, Martorell M, Pastene-Navarrete E,
Sharifi-Rad J (2020) Therapeutic promises of ginkgolide a: a literature-based review. Biomed
Pharmacother 132:110908


https://doi.org/10.1080/10408398.2023.2178379

14 Bioactive Metabolites from Fungi with Anti-Inflammatory and. .. 491

Sato F, Matsukawa Y, Matsumoto K, Nishino H, Sakai T (1994) Apigenin induces morphological
differentiation and G2-M arrest in rat neuronal cells. Biochem Biophys Res Commun 204:578—
584

Seetharaman P, Gnanasekar S, Chandrasekaran R, Chandrakasan G, Kadarkarai M, Sivaperumal S
(2017) Isolation and characterization of anticancer flavone chrysin (5,7-dihydroxy flavone)-
producing endophytic fungi from Passiflora incarnata L. leaves. Ann Microbiol 67:321-331

Shah BH, Nawaz Z, Pertani SA, Roomi A, Mahmood H, Saeed SA, Gilani AH (1999) Inhibitory
effect of curcumin, a food spice from turmeric, on platelet-activating factor-and arachidonic
acid-mediated platelet aggregation through inhibition of thromboxane formation and Ca2+
signaling. Biochem Pharmacol 58:1167-1172

Shankar A, Sharma KK (2022) Fungal secondary metabolites in food and pharmaceuticals in the era
of multi-omics. Appl Microbiol Biotechnol 106(9-10):3465-3488

Sheu JR, Hsiao G, Chou PH, Shen MY, Chou DS (2004) Mechanisms involved in the antiplatelet
activity of rutin, a glycoside of the flavonol quercetin, in human platelets. J Agric Food Chem
52:4414-4418

ShiJ, Zeng Q, Liu Y, Pan Z (2012) Alternaria sp. MG1, a resveratrol-producing fungus: isolation,
identification, and optimal cultivation conditions for resveratrol production. Appl Microbiol
Biotechnol 95:369-379

Shimizu S (2001) Vitamins and related compounds: microbial production. In: Biotechnology.
Wiley-VCH Verlag GmbH, Weinheim, pp 318-340

Shin SY, Jung SM, Kim MD, Han NS, Seo JH (2012) Production of resveratrol from tyrosine in
metabolically engineered Saccharomyces cerevisiae. Enzym Microb Technol 51:211-216

Shu D, Zhu Y, Lu M, He AD, Chen JB, Ye DS, Liu Y, Zeng XB, Ma R, Ming ZY (2021)
Sanguinarine attenuates collagen-induced platelet activation and thrombus formation. Biomed-
icine 9(5):444

Shukla S, Gupta S (2010) Apigenin: a promising molecule for cancer prevention. Pharm Res 27(6):
962-978

Si P, Zhu C (2022) Biological and neurological activities of astaxanthin (review). Mol Med Rep
25(4):300

Sim MO, Lee HI, Ham JR, Seo KI, Kim MJ, Lee MK (2015) Anti-inflammatory and antioxidant
effects of umbelliferone in chronic alcohol-fed rats. Nutr Res Pract 9(4):364-369

Simopoulos AP (2008) The importance of the Omega-6/Omega-3 fatty acid ratio in cardiovascular
disease and other chronic diseases. Exp Biol Med 233(6):674—688

Singh N, Sharma B (2018) Toxicological effects of berberine and sanguinarine. Front Mol Biosci 5:
21

Singh R, Kumar M, Mittal A, Mehta PK (2017) Microbial metabolites in nutrition, healthcare and
agriculture. 3 Biotech 7(1):15

Singh A, Singh DK, Kharwar RN, White JF, Gond SK (2021) Fungal endophytes as efficient
sources of plant-derived bioactive compounds and their prospective applications in natural
product drug discovery: insights, avenues, and challenges. Microorganisms 9(1):197

Singhuber J, Zhu M, Prinz S, Kopp B (2009) Aconitum in traditional Chinese medicine—a valuable
drug or an unpredictable risk? J Ethnopharmacol 126(1):18-30

Sneddon AA, McLeod E, Wahle KW, Arthur JR (2006) Cytokine-induced monocyte adhesion to
endothelial cells involves platelet-activating factor: suppression by conjugated linoleic acid.
Biochim Biophys Acta 1761(7):793-801

Srivastava S, Somasagara RR, Hegde M, Nishana M, Tadi SK, Srivastava M, Choudhary B,
Raghavan SC (2016) Quercetin, a natural flavonoid interacts with DNA, arrests cell cycle and
causes tumor regression by activating mitochondrial pathway of apoptosis. Sci Rep 6:24049

Stanca E, Serviddio G, Bellanti F, Vendemiale G, Siculella L, Giudetti AM (2013) Down-regulation
of LPCAT expression increases platelet-activating factor level in cirrhotic rat liver: potential
anti-inflammatory effect of silybin. Biochim Biophys Acta 1832(12):2019-2026



492 A. Tsoupras and K. G. Davi

Stojanovi¢-Radi¢ Z, Pej¢i¢ M, Dimitrijevi¢ M, Aleksi¢ A, Anil Kumar NV, Salehi B, Cho WC,
Sharifi-Rad J (2019) Piperine-a major principle of black pepper: a review of its bioactivity and
studies. Appl Sci 9:4270

Sultan S, D’Souza A, Zabetakis I, Lordan R, Tsoupras A, Kavanagh EP, Hynes N (2019) Statins:
rationale, mode of action, and side effects. In: Zabetakis I, Lordan R, Tsoupras A (eds) The
impact of nutrition and statins on cardiovascular diseases. Academic Press, London, pp 171-200

Survase SA, Bajaj IB, Singhal RS (2006) Biotechnological production of vitamins. Food Technol
Biotechnol 44:381-396

Takahashi JA, Teixeira MFDS, De Carvalho JC et al (2020) Use of the versatility of fungal
metabolism to meet modern demands for healthy aging, functional foods, and sustainability. J
Fungi 6:283

Toghueo RMK (2019) Anti-leishmanial and anti-inflammatory agents from endophytes: a review.
Nat Prod Bioprospect 9(5):311-328

Tsantila N, Tsoupras AB, Fragopoulou E, Antonopoulou S, latrou C, Demopoulos CA (2011) In
vitro and in vivo effects of statins on platelet-activating factor and its metabolism. Angiology
62(3):209-218

Tsoupras AB, Antonopoulou S, Baltas G, Samiotaki M, Panayotou G, Kotsifaki H, Mantzavinos Z,
Demopoulos CA (2006) Isolation and identification of hydroxyl-platelet-activating factor from
natural sources. Life Sci 79(19):1796—-1803

Tsoupras AB, Fragopoulou E, Nomikos T, Iatrou C, Antonopoulou S, Demopoulos CA (2007)
Characterization of the de novo biosynthetic enzyme of platelet activating factor,
DDT-insensitive cholinephosphotransferase, of human mesangial cells. Mediat Inflamm 2007:
27683

Tsoupras AB, Iatrou C, Frangia C, Demopoulos CA (2009) The implication of platelet activating
factor in cancer growth and metastasis: potent beneficial role of PAF-inhibitors and antioxi-
dants. Infect Disord Drug Targets 9(4):390-399

Tsoupras AB, Chini M, Tsogas N, Lioni A, Tsekes G, Demopoulos CA, Lazanas MC (2011a) In
vitro anti-inflammatory and anti-coagulant effects of antibiotics towards platelet activating
factor and thrombin. J Inflamm (Lond) 8:17

Tsoupras AB, Chini M, Tsogas N, Mangafas N, Demopoulos CA, Lazanas MC (2011b) In vivo
effects of a Ginkgo biloba extract on platelet activating factor metabolism in two asymptomatic
HIV-infected patients. Eur J Inflamm 9(2):107-116

Tsoupras AB, Chini M, Mangafas N, Tsogas N, Stamatakis G, Tsantila N, Fragopoulou E,
Antonopoulou S, Gargalianos P, Demopoulos CA, Lazanas MC (2012a) Platelet-activating
factor and its basic metabolic enzymes in blood of naive HIV-infected patients. Angiology
63(5):343-352

Tsoupras AB, Demopoulos CA, Pappas KM (2012b) Platelet-activating factor detection, metabo-
lism, and inhibitors in the ethanologenic bacterium Zymomonas mobilis. Eur J Lipid Sci Technol
114(2):123-133

Tsoupras A, Lordan R, Zabetakis I (2018) Inflammation, not cholesterol, is a cause of chronic
disease. Nutrients 10(5):604

Tsoupras A, Lordan R, Zabetakis I (2019) Inflammation and cardiovascular diseases. In:
Zabetakis I, Lordan R, Tsoupras A (eds) The impact of nutrition and statins on cardiovascular
diseases. Academic Press, London, pp 53-117

Tsoupras A, Lordan R, Zabetakis I (2020a) Thrombosis and COVID-19: the potential role of
nutrition. Front Nutr 7:583080

Tsoupras A, Lordan R, Harrington J, Pienaar R, Devaney K, Heaney S, Koidis A, Zabetakis I
(2020b) The effects of oxidation on the antithrombotic properties of tea lipids against PAF,
thrombin, collagen, and ADP. Foods 9(4):385

Tsoupras A, Brummell C, Kealy C, Vitkaitis K, Redfern S, Zabetakis I (2022a) Cardio-protective
properties and health benefits of fish lipid bioactives; the effects of thermal processing. Mar
Drugs 20(3):172



14 Bioactive Metabolites from Fungi with Anti-Inflammatory and. .. 493

Tsoupras A, Kouvelis VN, Pappas KM, Demopoulos CA, Typas MA (2022b) Anti-inflammatory
and anti-thrombotic properties of lipid bioactives from the entomopathogenic fungus Beauveria
bassiana. Prostaglandins Other Lipid Mediat 158:106606

Tsoupras A, Moran D, Lordan R, Zabetakis I (2022c) Functional properties of the fermented
alcoholic beverages: apple cider and beer. In: Zabetakis I, Tsoupras A, Lordan R, Ramji D
(eds) Functional foods and their implications for health promotion. Academic Press, London, pp
319-339

Vallance TM, Ravishankar D, Albadawi DA, Osborn HM, Vaiyapuri S (2019) Synthetic flavonoids
as novel modulators of platelet function and thrombosis. Int J Mol Sci 20(12):3106

Valli G, Giardina EG (2002) Benefits, adverse effects and drug interactions of herbal therapies with
cardiovascular effects. ] Am Coll Cardiol 39(7):1083—-1095

Varela C, Melim C, Neves BG, Sharifi-Rad J, Calina D, Mamurova A, Cabral C (2022)
Cucurbitacins as potential anticancer agents: new insights on molecular mechanisms. J Transl
Med 20:630

Vargas-Mendoza N, Madrigal-Santillan E, Morales-Gonzalez A, Esquivel-Soto J, Esquivel-
Chirino C, Gonzélez-Rubio MGL, Gayosso-de-Lucio JA, Morales-Gonzalez JA (2014)
Hepatoprotective effect of silymarin. World J Hepatol 6:144—149

Verma VC, Lobkovsky E, Gange AC, Singh SK, Prakash S (2011) Piperine production by
endophytic fungus Periconia sp. isolated from Piper longum L. J Antibiot 64:427-431

Verouti SN, Tsoupras AB, Alevizopoulou F, Demopoulos CA, Iatrou C (2013) Paricalcitol effects
on activities and metabolism of platelet activating factor and on inflammatory cytokines in
hemodialysis patients. Int J Artif Organs 36(2):87-96

Viola H, Wasowski C, De Stein ML, Wolfman C, Silveira R, Dajas F, Medina JH, Paladini AC
(1995) Apigenin, a component of Matricaria recutita flowers, is a central benzodiazepine
receptors-ligand with anxiolytic effects. Planta Med 61:213-216

Wadhwa K, Pahwa R, Kumar M, Kumar S, Sharma PC, Singh G, Verma R, Mittal V, Singh I,
Kaushik D, Jeandet P (2022) Mechanistic insights into the pharmacological significance of
Silymarin. Molecules 27(16):5327

Wang B, Lin L, Lu L, Chen W (2012a) Optimization of p-carotene production by a newly isolated
Serratia marcescens strain. Electron J Biotechnol 15(6):3

Wang Y, Xu L, Ren W, Zhao D, Zhu Y, Wu X (2012b) Bioactive metabolites from Chaetomium
globosum L18, an endophytic fungus in the medicinal plant Curcuma wenyujin. Phytomedicine
19:364-368

Wang XJ, Min CL, Ge M, Zuo RH (2014) An endophytic sanguinarine-producing fungus from
Macleaya cordata, Fusarium proliferatum BLHS51. Curr Microbiol 68:336-341

Wang X, Li R, Wang X, Fu Q, Ma S (2015) Umbelliferone ameliorates cerebral ischemia-
reperfusion injury via upregulating the PPAR gamma expression and suppressing TXNIP/
NLRP3 inflammasome. Neurosci Lett 600:182—-187

Wang D, Wang X, Tong W, Cui Y, Li X, Sun H (2019) Umbelliferone alleviates
lipopolysaccharide-induced inflammatory responses in acute lung injury by Down-regulating
TLR4/MyD88/NF-kB signaling. Inflammation 42(2):440-448

White J (2018) Fungal endophytes: sources of medicines. Springer International Publishing,
New York

Wu H, Yang H, You X, Li Y (2012) Isolation and characterization of saponin-producing fungal
endophytes from Aralia elata in Northeast China. Int J Mol Sci 13:16255-16266

Wu H, Yang HY, You XL, Li YH (2013) Diversity of endophytic fungi from roots of Panax
ginseng and their saponin yield capacities. Springerplus 2:107

Wu HC, Cheng MJ, Wu MD, Chen JJ, Chen YL, Chang HS, Chen KP (2019) Secondary
metabolites from the fermented rice of the fungus Monascus purpureus and their bioactivities.
Nat Prod Res 33(24):3541-3550

Xiao Y, Xu B, Kang Y, Li Y, Cui Y, Liu W, Xiang Z (2020) A neuroinflammation inhibitor,
Hypoxylon xanthone a, from soil fungus Hypoxylon sp. Lett Org Chem 17:116—120



494 A. Tsoupras and K. G. Davi

Xingyuan Z, Linjun M, Fang C (2022) The medicinal potential of bioactive metabolites from
endophytic fungi in plants. eFood 3(4):e28

Yamazaki T, Tokiwa T (2010) Isofraxidin, a coumarin component from Acanthopanax senticosus,
inhibits matrix metalloproteinase-7 expression and cell invasion of human hepatoma cells. Biol
Pharm Bull 33(10):1716-1722

Yan J, Qi N, Wang S, Gadhave K, Yang S (2014) Characterization of secondary metabolites of an
Endophytic fungus from Curcuma wenyujin. Curr Microbiol 69:740-744

Yang K, Liang J, Li Q, Kong X, Chen R, Jin Y (2013) Cladosporium cladosporioides XJ-AC03, an
aconitine-producing endophytic fungus isolated from Aconitum leucostomum. World J
Microbiol Biotechnol 29:933-938

Yanoshita R, Chang HW, Son KH, Kudo I, Samejima Y (1996) Inhibition of lysoPAF
acetyltransferase activity by flavonoids. Inflamm Res 45(11):546-549

Yim SH, Tabassum N, Kim WH, Cho H, Lee JH, Batkhuu GJ, Kim HJ, Oh WK, Jung DW,
Williams DR  (2017) Isolation and characterization of isofraxidin = 7-O-(6'-
-Op-Coumaroyl)-f-glucopyranoside from Artemisia capillaris Thunberg: a novel, nontoxic
hyperpigmentation agent that is effective in vivo. Evid Based Complement Altern Med 2017:
1-12

Yu SM, Hu DH, Zhang JJ (2015) Umbelliferone exhibits anticancer activity via the induction of
apoptosis and cell cycle arrest in HepG2 hepatocellular carcinoma cells. Mol Med Rep 12(3):
3869-3873

Zabetakis I, Lordan R, Norton C, Tsoupras A (2020) COVID-19: the inflammation link and the role
of nutrition in potential mitigation. Nutrients 12(5):1466

Zabetakis I, Tsoupras A, Lordan R, Ramji D (2022) Functional foods and their implications for
health promotion. Academic Press, London

Zaragoza C, Monserrat J, Mantec6n C, Villaescusa L, Alvarez-Mon MA, Zaragoza F, Alvarez-Mon
M (2021) Binding and antiplatelet activity of quercetin, rutin, diosmetin, and diosmin flavo-
noids. Biomed Pharmacother 141:111867

Zhang R, Huang B, Du D, Guo X, Xin G, Xing Z, Liang Y, Chen Y, Chen Q, He Y, Huang W
(2013) Anti-thrombosis effect of diosgenyl saponins in vitro and in vivo. Steroids 78(11):
1064-1070

Zhang S, Sugawara Y, Chen S, Beelman RB, Tsuduki T, Tomata Y, Matsuyama S, Tsuji I (2020)
Mushroom consumption and incident risk of prostate cancer in Japan: a pooled analysis of the
Miyagi cohort study and the Ohsaki cohort study. Int J Cancer 146:2712-2720

Zhang CY, Liu S, Yang M (2023) Antioxidant and anti-inflammatory agents in chronic liver
diseases: molecular mechanisms and therapy. World J Hepatol 15(2):180-200

Zhao D, Wang J, Cui Y, Wu X (2012) Pharmacological effects of Chinese herb aconite (fuzi) on
cardiovascular system. J Tradit Chin Med 32(3):308-313

Zhao J, Ma D, Luo M, Wang W, Zhao C, Zu Y, Fu Y, Wink M (2014) In vitro antioxidant activities
and antioxidant enzyme activities in HepG2 cells and main active compounds of endophytic
fungus from pigeon pea [Cajanus cajan (L.) Millsp.]. Food Res Int 56:243-251

Zhao L, Tao X, Song T (2021) Astaxanthin alleviates neuropathic pain by inhibiting the MAPKs
and NF-kB pathways. Eur J Pharmacol 912:174575

Ziegenhagen R, Heimberg K, Lampen A, Hirsch-Ernst KI (2021) Safety aspects of the use of
isolated piperine ingested as a bolus. Foods 10(9):2121



	Chapter 14: Bioactive Metabolites from Fungi with Anti-Inflammatory and Antithrombotic Properties: Current Status and Future P...
	1 Introduction
	2 Fungi as Sustainable Sources for Bioactive Compounds of Natural Origin
	3 Fungi Bioactive Metabolites with Anti-Inflammatory and Antithrombotic Properties as Candidates for the Development of Supple...
	3.1 Fungi-Derived Vitamins and Bioactive Carotenoid-Based Colored Pigments
	3.2 Fungi-Derived Classic and Complex Bioactive Phenolic Compounds/Pigments with Anti-Inflammatory and Antithrombotic Properti...
	3.3 Fungi Lipid Bioactives with Anti-Inflammatory and Antithrombotic Properties
	3.3.1 Fungi-Derived Anti-Inflammatory and Antithrombotic Fatty Acids
	3.3.2 Polar Lipids
	3.3.3 Other Fungi-Derived Lipid Bioactives with Anti-Inflammatory and Antithrombotic Properties

	3.4 Alkaloids
	3.5 Terpenoids
	3.6 Other Fungi Metabolites with Well-Established Pharmaceutical Health Benefits That Also Exhibit Anti-Inflammatory Effects
	3.6.1 Drugs Containing Fungal Polyketides and Their Derivatives with Anti-Inflammatory Potential
	3.6.2 Fungi-Derived Antibiotics with Anti-Inflammatory Properties

	3.7 Other Fungi Metabolites with Anti-Inflammatory Properties and Health Benefits

	4 Plant-Derived Compounds from Fungal Endophytes with Potential Anti-Inflammatory and Antithrombotic Benefits
	5 Conclusions
	References




