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ABSTRACT KEYWORDS
Mushrooms have been an acclaimed food for their unique flavor and med- Mushroom; phenolic
icinal properties since ancient times. Modern research shows that mush- compound; phytochemical;

biological activity; functional

rooms are rich in various nutrients and biologically active substances. In
food; health benefit

recent years, researchers have become increasingly interested in mushrooms
because they contain important secondary metabolites, such as phenolic
compounds with significant bioactive properties. This review introduces the
nutritional components and secondary metabolites in mushrooms, focusing
on the bioactive functions and potential applications of mushroom poly-
phenols. Finally, the current challenges and future research trends of mush-
room polyphenols are briefly discussed. In the aspect of nutritional value,
mushrooms are high in protein and insoluble fiber, while low in fat and
sodium, making them a low-energy, healthy food. Mushrooms contain
a large amount of beneficial bioactive substances for health, including
phenolic compounds, as well as tocopherols, terpenoids, and phytosterols.
Mushroom polyphenols have antioxidant, anti-inflammatory, anti-cancer,
anti-tyrosine, antihyperglycemic, and other biological activities beneficial to
human health and medical applications, especially in the various degenera-
tive disease and cancer treatments. However, based on the properties of
phenolic compounds, research and development in commercial applications
still face many issues that need to be addressed by researchers.

Introduction

Mushrooms are a kind of human food with a long history of consumption and are currently widely
cultivated around the world. Although many people would classify them as a plant, mushrooms are
actually a species that belongs to the kingdom of fungi. According to current findings, there are more
than 40,000 species of mushrooms in the world,"" of which 2,189 have been identified as edible
species.?! By the beginning of the 21st century, 60 species were commercialized.!* Because mush-
rooms growth depends on the influence of the geographical environment, the history of edible
mushrooms in different regions has its own characteristics. Historically, China was the first country
to cultivate fungi, starting around 600 AD. The main varieties cultivated were Auricularia auricula and
Lentinus edodes (shiitake). Later, in 1600, France started growing Agaricus bisporus. Meanwhile, in the
United States in 1900, the main cultivated mushroom species was Pleurotus ostreatus, commonly
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known as oyster mushrooms.'! Nowadays, various cultivated mushrooms are being promoted world-
wide due to the development and progress of the times. Among the commercially cultivated mush-
room species, the most common types of edible mushrooms are A. bisporus, L. edodes, P. ostreatus,
Flammulina velutipes (commonly known as needle mushrooms or enoki mushrooms), and Volvariella
volvacea (straw mushrooms). Wild mushrooms are also popularly consumed as food in several
European countries, but it is important to note that some of them are poisonous.”™ Figure 1 shows
some common commercially cultivated mushroom species.

Mushrooms are popular due to their distinct umami flavor, as well as their high nutrient and
bioactive compound content.!’ Studies have shown that mushrooms are a low-calorie, low-fat
food that is rich in insoluble fiber, protein, vitamins, minerals and other beneficial nutrients.!”*!
Mushrooms also contain a mass of biologically active compounds, such as phenolic compounds,
polysaccharides, tocopherols, terpenoids, and phytosterols, which give mushrooms medicinal
values, like anti-oxidative, anti-inflammatory, anti-cancer, anti-tyrosine, anti-hyperlipidemic, and
other bioactivity characteristics.”! In recent years, more and more studies have been carried out
on the nutritional value and biological activity of mushrooms. Based on the biologically active
substances in mushrooms, the research and development of functional foods containing mush-
rooms has sparked the interest of researchers, especially the research on phenolic compounds in
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Figure 1. Some common commercially cultivated mushroom species: a. Agaricus bisporus; b. Lentinus edodes; c. Auricularia
polytricha; d. Pleurotus ostreatus; e. Pleurotus eryngii; f. Flammulina velutipes.
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Table 1. Nutrient composition and energy composition of some mushroom species (modified from Rizzo et al.®),

Energy (kcal) Fat (g) Protein (g) Carbohydrate (g) Fiber (g)
Species Per 100 g Per 100 g Per 100 g Per 100 g Per 100 g
Agaricus bisporus (brown) 22 0.1 2.5 43 0.6
Agaricus bisporus (white) 22 0.34 3.09 3.26 1
Agaricus bisporus (portobello) 22 0.35 2.11 3.87 13
Cantharellus cibarius 32 0.53 1.49 6.86 3.8
Flammulina velutipes 37 0.29 2.66 7.81 2.7
Grifola frondosa 31 0.19 1.94 6.97 2.7
Morchella esculenta 31 0.57 3.12 5.1 2.8
Pleurotus ostreatus 33 0.41 3.31 6.09 23
Lentinula edodes 34 0.49 2.24 6.79 2.5

mushroom extracts.!") This article provides a brief introduction to the nutrients in mushrooms,
with a focus on the phenolic compounds present in different types of mushrooms and their
biological activities. It also discusses the commercial applications and future development trends
of phenolic extracts from mushrooms. Finally, the article briefly addresses the challenges currently
faced by researchers in this field.

The nutritional content of mushrooms

Mushrooms have been an important component of the human diet since ancient times, providing
unique flavor and textural properties. Their nutritional value has been proven in many studies.!!! In
addition, the unique flavor of mushrooms is also widely welcomed by consumers. Hundreds of flavor
compounds have been identified in mushrooms, and the Maillard reaction during cooking also
contributes to the unique flavor of mushrooms."? Rizzo et al.”®! summarizes the nutritional and
energy composition of some mushroom species in Table 1.

Carbohydrates

The primary component of mushrooms is carbohydrates (50-65%), consisting mainly of monosac-
charides, their derivatives, and oligosaccharides."* Although there are some differences between
mushroom species, the main sugars in mushrooms are mannitol and trehalose, with small amounts of
sucrose, glucose, raffinose, fructose, and xylose.[5’14] Mushrooms also contain a small amount of
glycogen, glucan, mannan, and pectin.!>'® In addition, mushrooms are a good source of cellulose.
Studies have shown that mushrooms contain 20-33% insoluble fiber and a small amount of soluble
fiber (4-9%).'"'*! The insoluble fiber in mushrooms is mainly composed of chitin and S-glucan.'®
Chitin is a polymer composed of 1000-3000 acetylglucosamine residues interconnected by 1,4-glyco-
sidic chains and is mainly found in the cell wall of mushrooms (80-90% of dry weight).”® g-glucan is
an emerging research direction of mushroom polysaccharides. Studies have shown that $-glucan can
stimulate the production of macrophages, natural killer cells, T cells, and cytokines, making it an
effective biological response regulator.!®!”}

Proteins and lipids

Protein is one of the most important nutrients in the human diet, and mushrooms are relatively
high in protein and contain all the essential amino acids. The protein content of mushrooms varies
depending on the species and growth stage, typically ranging from 18 to 37%.1'®! Cheung!'”
pointed out that mushrooms have a premium protein quality based on the standards of the Food
and Agriculture Organization (FAO). Kato et al.'*) also reported that mushroom protein could be
an alternative source of animal protein for vegetarians. Mushrooms also contain all the essential
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amino acids,"* ranging from 30-50 g/100 g protein (on dry matter basis).'*”! However, Aletor!*!!

reported that the content of essential amino acids in mushrooms varies from species to species.
The mushroom protein contains high concentrations of several amino acids, including glutamic
acid, L-aspartic acid, arginine, and threonine."” In addition, some mushroom varieties were
found to contain two limited amino acids, leucine and lysine, as well as two rare amino acids,
y-aminobutyric acid and ornithine.!*

Mushrooms have a low fat concentration, typically accounting for 2-6% of their dried mass.
Several studies have shown that mushrooms contain high amounts of oleic acid and linoleic acid,
which are unsaturated fatty acids, while palmitic acid, a saturated fatty acid, is also present in large
quantities. The ratio of unsaturated to saturated fatty acids in mushrooms is approximately 2:1.2%%*!
Moreover, linolenic acid serves as the precursor of 1-octen-3-ol, the main aromatic compound in
mushrooms that imparts their distinctive flavor.["*!

(6]

Vitamins and minerals

Mushrooms are a rich source of vitamin B compounds. Wang et al.**! reported that mushrooms

contain high concentrations of riboflavin (vitamin B,), niacin (vitamin B;), and folic acid (vitamin
By), as well as trace amounts of thiamine (vitamin B;) and cobalamin (vitamin B;,). Riboflavin is
an important vitamin in mushrooms. Manzi et al.l** reported that riboflavin levels in some
species of A. bisporus are comparable to those in egg and cheese. Another study found that
Pleurotus eryngii, P. ostreatus, and A. bisporus have higher levels of niacin compared to other
mushroom species, with P. eryngii having the highest levels (5.9 mg/kg).!®! Vitamin
D concentrations are relatively high in wild mushrooms but low in cultivated mushrooms.!*
The vitamin D content is usually limited in the cultivated mushrooms as they are grown in
centralized darkrooms. However, cultivated mushrooms contain a large amount of ergosterol,
a precursor to vitamin D,.”! Simon et al.** reported that under ultraviolet (UV) or sunlight
exposure, ergosterol in mushrooms can be converted into vitamin D,. Similarly, Taofiq et al.'*"!
demonstrated that mushrooms can convert ergosterol to vitamin D, in a relatively short period of
time when exposed to UV light. As a result, mushrooms can also be considered as a good source
of vitamin D,.

Mushrooms also contain minerals, primarily potassium, phosphorus, magnesium, and a trace
of calcium, iron, and zinc.!"*! Some commonly cultivated mushrooms, such as A. bisporus, were
reported to be high in potassium, phosphorus, magnesium and zinc.'"®! Zhang et al.*””! reported
high concentrations of nickel, chromium and cadmium in mushrooms collected in industrial
areas. The concentration of toxic metals and metalloids in mushrooms may reflect the ambient
level of these contaminants. Among agricultural crops, edible mushrooms contain particularly
high concentrations of heavy metals, indicating their remarkable capability to uptake toxic metals
from the soil.'”**?°) Mushroom fruit bodies may accumulate toxic metals and metalloids in
polluted areas, and their consumption may pose a risk to human health.!*”! Therefore, it is
critical to cultivate mushrooms in areas with low pollution from industrial, urban, or transporta-
tion sources.’®*'! In general, commercially cultivated mushroom species do not have this
problem. However, in countries where wild edible mushrooms are preferred, caution must be
exercised.

Classification of phenolic compounds in mushrooms

Generally, compounds with a combination of aromatic rings (single or multiple) and hydroxyl groups
(single or multiple) are called phenolic compounds.'**! Phenolic compounds are secondary metabo-
lites produced by the majority of plant life activities.*®! There are approximately 8,000 phenolic
compounds that have been identified®? and the subcategories include phenolic acids, flavonoids,
tannins, and other complex phenols.**) Mushrooms are rich in phenolic compounds, similar to
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Figure 2. Four major classes of phenolic compounds and their chemical structures: (A) phenolic acid-hydroxybenzoic acid derivatives,
(B) phenolic acid-hydroxycinnamic acid derivatives, (C) flavonoid compounds, (D) tannins.
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plants. In mushrooms, the common phenols are mainly phenolic acids, flavonoids, tannins, and other
polyphenols. Figure 2 shows the four main classes of phenolic compounds and their chemical
structures.

Phenolic acids

Phenolic acids, which are a major class of phenolic compounds found in mushrooms,"*” can be

divided into two subclasses: hydroxybenzoic acid and its derivatives, and hydroxycinnamic acid and its
derivatives. These subclasses are both formed by the synthesis of L-phenylalanine or L-tyrosine
through the shikimic acid pathway.*®’ Hazafa et al.’”) noted that hydroxybenzoic acid typically
includes gallic acid, vanillic acid, and ellagic acid. In contrast, hydroxycinnamic acid has many
subcl[as]ses, such as caffeic acid, cinnamic acid, chlorogenic acid, coumaric acid, erucic acid and ferulic
acid.””

A study of mushrooms from Brazil determined the types and levels of phenolic acids in samples,
with gallic acid, categorchol, and p-hydroxybenzoic acid detected in most samples, and the remaining
phenolic acids including protocatechuic acid, gentian acid, and p-hydroxybenzoic acid, trans-cin-
namic acid, p-coumaric acid, ferulic acid and vanillin were only quantified in one or two kinds of
mushrooms.”*®! In the study of Bach et al.,*®! gallic acid and p-hydroxybenzoic acid concentrations in
Agaricus brasiliensis were significantly higher than those of other mushroom species, 492 ug/g and 333
ug/g dry weight, respectively. Nowacka et al.**! used LC-ESI-MS/MS method to detect 19 wild edible
fungi in Poland and found a total of 14 phenolic acids in the samples, among which synaptic acid and
rosmarinic acid were the main phenolic acids. In addition, Lin et al."**! detected chlorogenic, ferulic,
gallic, protocatechuic, and sinapic acids in Agrocybe aegerita species. In another study, gallic acid,
3,4-dihydroxybenzoic acid, and gentisic acid were mostly quantified in mushroom varieties but no
ferulic acid, salicylic acid, or chlorogenic acid was detected in 43 mushroom samples.*!! In addition,
Cayan et al.*? identified and quantified phenolic acids in 26 mushrooms, and the results showed
a total of 16 kinds of phenolic and organic acid compounds were obtained. Most mushroom samples
contained gallic acid, fumaric acid, protocatechuic acid, catechin hydrate and trans-cinnamic acid. The
mushroom species with the highest phenolic acid content were Suillus granulatus (71.8 ug/g), followed
by Lepista nuda (68.4 ug/g), and the species with the lowest content were Clitocybe odora and Russula
aurora, 4.38 ug/g and 4.39 ug/g, respectively. Among these mushroom species, gallic acid was the main
phenolic acid in Russula auror species (2.96 pg/g), the main phenolic acid in A. bisporus was fumaric
acid (10.10 ug/g), and 6,7-dihydroxy coumarin was the main phenolic acid in Armillaria tabescens
(2.07 pg/g) and Leucoagaricus leucothites (9.02 ug/g)."**! In another study, Palacios et al.**! studied six
wild and two cultivated mushrooms and found gallic acid, p-hydroxybenzoic acid, gentisic acid, and
protocatechuic acid in all mushroom samples. Gallic acid was found in the highest concentrations in
P. ostreatus, p-hydroxybenzoic acid and protocatechuic acid in Boletus edulis, and homogentisic acid
was the only free acid quantified significantly in Calocybe gambosa.**! Selli et al.!** investigated the
impact of two cooking methods on the phenolic and antioxidant properties of two popular edible
mushroom types: Champignon (Agaricus bisporus) and Oyster (Pleurotus ostreatus) marketed in
Turkey. They found that cinnamic acid, a compound belonging to the hydroxycinnamic acid group,
was the dominant phenolic compound in both mushroom types. The amount of cinnamic acid was
found to be 14.80-22.60 mg/kg in champignon samples and 3.47-13.10 mg/kg in oyster mushroom
samples.

Flavonoids

Flavonoids are another type of phenolic compound found in mushroom species. They are the most
abundant class of phenolic compounds, accounting for more than half of all phenolic compounds
discovered.!*¥ The basic skeleton of flavonoids is Cs-Cs-Cy, and their subclasses include flavonols,
flavones, flavanones, isoflavones, anthocyanidins, and flavanols (including catechins and
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Table 2. The phenolic acids and flavonoids in some mushroom species.

Mushroom

species Phenolic compounds Refer.

Agaricus Gallic acid, p-Hydroxybenzoic acid, Gentisic acid, Homogentisic acid, Myricetin, Protocatechuic acid, 343842
bisporus Pyrogallol, 2,4-Dihydroxybenzoic acid, 4-Hydroxyphenylacetic acid, Catechin, Gallo-catechin,

Cinnamic acid, 4-Feruloylquinic acid, 5-Feruloylquinic acid, 3,5-Dicaffeoylquinic acid, Fumaric acid,
6,7-Dihydroxy coumarin, Rosmarinic acid, trans-Cinnamic acid, Coumarin.

Boletus edulis p-Hydroxybenzoic acid, 2,4-Dihydroxybenzoic acid, Gallic acid, 4-Hydroxy phenylacetic acid,
Protocatechuic acid, Caffeic acid, Catechin, Chlorogenic acid, Gallo-catechin, p-Coumaric acid,
Sinapic acid, o-Coumaric acid, Cinnamic acid, 3,5-Dicaffeoylquinic acid, Gentisinic acid,
Homogentisinic acid, Myricetin, Protocatechuic acid.

Cantharellus 4-Hydroxybenzoic acid, 2,4-Dihydroxybenzoic acid, 4-Hydroxyphenylacetic acid, Protocatechuic acid,

[34]

[571

cibarius Catechin, Gallo-catechin, p-Coumaric acid, Cinnamic acid, 3-Feruloylquinic acid, 4-Feruloylquinic
acid, 5-Feruloylquinic acid, 3,5-Dicaffeoylquinic acid.
Pleurotus p-Coumaric acid, Ferulic acid, Gallic acid, Gentisic acid, p-Hydroxybenzoic acid, Homogentisic acid, 157,581
ostreatus Myricetin, Protocatechuic acid, 2,4-Dihydroxybenzoic acid, 4-Hydroxyphenylacetic acid, Catechin, (42]

Gallo-catechin, Cinnamic acid, 5-Feruloylquinic acid, 3,5-Dicaffeoylquinic acid, Fumaric acid, 134

Catechin hydrate, Ellagic acid, Rosmarinic acid, trans-Cinnamic acid.

proanthocyanidins), classified according to the oxidation state of the central ring.!**! These subclasses
are then hydroxylated, methoxylated, pentenylated or glycosylated to form further structures.!*®
Flavonoid is derived from two different primary metabolic pathways: phenylpropanoid derivatives
and malonyl-CoA. The phenylpropanoid derivative (4-coumaroyl-CoA) condenses with three mal-
onyl-CoA molecules to produce naringenin chalcone, which is then isomerized by chalcone flavanone
isomerase and produces flavanone.*”!

Some studies have shown that mushrooms contain various flavonoids,*>*®! but Gil-Ramirez
et al.”) reported that the mushroom itself does not have the ability to synthesize flavonoids, and
the flavonoids present in mushrooms may be absorbed from the growth substrate of mushrooms or
neighboring plants. Current research shows that the main types of flavonoids in mushrooms are
quercetin, catechin, rutin, kaempferol and myricetin.**! For instance, an ethanolic extract of
Ganoderma lucidum contains four flavonoids: quercetin, kaempferol, hesperetin, and naringenin,
with the latter two having relatively high concentrations.”® The flavonoids detected in another
study on P. ostreatus were quercetin, catechin and chrysin.”"! Liu et al.*® studied five wild mush-
rooms in southwestern China, and the results showed the two flavonoids with the highest content were
quercetin and catechin. Among them, the highest catechin content was found in Laccaria amethystea
extract with 30 ug/g dry weight, while the highest quercetin content was found in Laccaria ventricosum
extract with 70 pg/g dry weight.

In another study, quercetin-hexoside, isoquercetin-hexoside, myricetin, procyanidin, and kaemp-
ferol were measured in Lactarius indigo species, among which the myricetin content was the highest at
53 ug/g dry weight.®*) Similarly, Palacios et al.**) measured seven species of mushrooms, and the
main flavonoid compound among them was myricetin, while catechins were only measured in
Cantharellus cibarius and A. bisporus.”* In addition, Xiaokang et al.** detected rutin and quercetin
in L. edodes, the contents of which were 2.1 and 0.091 mg/g dry weight, respectively. In a study of wild
edible mushrooms in Thailand, researchers detected three flavonoids: rutin, quercetin, and
apigenin.®®! Kaewnarin et al.*® also reported that Russula emetica species had the highest quercetin
content at 1,762 ug/100 g of dried sample, and rutin was only detected in Rugiboletus extremiorientalis
and R. emetica. In addition, rutin and quercetin were also detected in the extract of Pleurotus
citrinopileatus, and the study showed that the concentration of flavonoids in ethanol extracts is higher
than that in aqueous extracts.!”® Table 2 summarizes the phenolic acids and flavonoids in some
mushroom species.
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Tannins

Tannins are also important secondary plant metabolites, divided into hydrolyzable and condensed
tannins.'”® Hydrolyzable tannins are composed of gallic acid or ellagic acid esterified glucose, and
condensed tannins are composed of polymers of flavan 3-ols or flavan 3,4-diols.!®”! Hydrolyzable
tannins have various structures due to various possibilities of oxidative bonds formed by intermole-
cular oxidation reactions and are generally oligomers (molecular weight = 2000-5000 Daltons).!*"’
Condensed tannins are also known as procyanidins because they can be broken down into anthocya-
nins by acid-catalyzed reactions.*®! Pizzi'®"! reported that 90% of the tannins extracted each year
globally are condensed tannins. Akindahunsi and Oyetayol®>! measured the total tannin content of
Pleurotus tuber-regium to be 310 ug catechin equivalent/g dry weight. Garrab et al.!**! also reported
that total tannin content in Agaricus silvaticus, Hydnum rufescens and Meripilus giganteus was 45.2,
48.4, and 82.4mg catechin equivalent/g methanolic extract, respectively. One study of Astraeus
hygrometricus, a wild mushroom species in southwest India, showed that the tannin content was
significantly reduced under the cooking pressure.'®*! Nevertheless, compared with another mushroom
species, Termitomyces umkowaan and Astraeus hygrometricus had a higher tannin content regardless
of whether it is cooked or not.!®! Kant Mishra et al./°®) studied the methanol and water extracts of the
caps and stalks of L. edodes, and the results showed that the content of condensed tannins in the
extracts of different solvents ranged from 1.23 to 3.26 mg catechin/g extract. However, the amount of
qualitative and quantitative research on tannin compounds in mushrooms is still insufficient and
further research will be needed to collect more data in the future.

Other phenolic compounds in mushrooms

There are some other phenolic compounds in mushrooms that have been discovered in other studies,
such as lignans, stilbene, and pyrogallol. Lignans have a chemical structure similar to sterols, so they
are also considered phytoestrogens.'®” Lignans are composed of two propylbenzene units to form
dimers, which are divided into eight structural subgroups according to the oxygen binding mode and
cyclization mode.!®! Li et al.!”’ detected lignans, coumarins and terpenoids in two wild bolete species.
Stilbene is another natural phenolic compound, generally divided into resveratrol, piceatannol, and
pterostilbene.””’ In a study of 29 different wild mushrooms in northwestern Greece, a methanol
extract was harvested from six species of L. edodes, and the results showed that L. edodes extract
induced apoptosis and necrosis of A549 cells, and the HPLC identification results showed that
piceatannol is one of the effective ingredients.”” In another study, rosmarinic acid was detected in
Morchella esculenta, ellagic acid in A. bisporus, and vanillin in Collybia dryophila."**) Witkowska
et al.”" found pyrogallol in Lactarius deliciosus, Cantharellus cibarius, and A. bisporus species. In
another study, three new grifolin derivatives were detected in the methanol extract of Boletus
pseudocalopus.”?

Other bioactive compounds in mushrooms
Tocopherols

Tocopherol is a form of vitamin E. Tocopherol in nature consists of 4 structures, namely a-
tocopherol, f-tocopherol, y-tocopherol and &-tocopherol.”*) Tocopherols usually consist of
a 6-chromanol ring and a saturated side chain, while if the compound is composed of a geranyl
side chain and three double bonds it is called tocotrienol.”* Tocopherol is known for its powerful
antioxidant activity. Numerous studies have confirmed the bioactive properties of tocopherols,
including their ability to reduce blood lipid levels, blood pressure, and inflammation, as well as
their antioxidant and neuroprotective properties.”” Tocopherol can also maintain food stability
and extend the shelf life of food.”®) One study measured tocopherol levels in five mushroom
species, and the results were 1.16 ug/g (Agaricus silvicola), 3.23 ug/g (Agaricus silvaticus), 1.29 ug/g
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(Agaricus romagnesii), 1.22 uglg (Agaricus arvensis), and 2.41 ug/g (A. bisporus), respectively.””) In

addition, in a study of 18 mushroom species, Lepista inversa species had the highest a-tocopherol
content (0.28 ug/g), Laccaria laccata species had the highest S-tocopherol content (7.06 ug/g),
Clitocybe alexandri species had the highest y-tocopherol content (1.34 ug/g), and Lepista inversa
species had the highest content of d-tocopherol (0.64 ug/g).”®! Quintero-Cabello et al.”*! studied
the Neolentinus lepideus species, which is eaten more in Central America and Asia, and a-
tocopherol (3370 mg/100 g dry weight) and y-tocopherol (18.5 mg/100 g dry weight) were detected
in these mushroom species. In another study on Laetiporus sulphureus, the researchers detected
three different structures of tocopherols, a-, y-, and &-tocopherol, and their contents were 109,
62.1, and 18.4g/100g dry weight, respectively.®®’ Moreover, a study on Morchella esculenta
showed that the content of total tocopherol in the extract was 38 ug/g extract, as well as other
phenolic compounds including ellagic acid, catechol, quercetin, cinnamic acid, rutin, and p-cou-
maric acid.!®"

Terpenes

Terpenes are naturally occurring unsaturated hydrocarbons consisting of compounds with the
chemical formula (CsHg),,. Based on the number of carbon atoms in their chemical structure, terpenes
can be divided into monoterpenes (C,), sesquiterpenes (C;s), diterpenes (Cyy), triterpenes (Cso) and
carotenoids (Cy).["! Terpenes in mushrooms have antioxidant, anticancer, anti-inflammatory, and
other biological activities.**) Ganoderma lucidum is a typical example of this, and one study showed
that Ganoderic acid A contained in G. lucidum is a triterpenoid with anti-inflammatory, antioxidant
and anti-fibrotic effects.’®*! Moreover, Podkowa et al.’®* observed that the carotenoids in mushrooms
are effective components that prevent atherosclerosis and also play an important role in the prevention
of nervous and circulatory system diseases.

Phytosterols and phytostanols

Phytosterols and phytostanols, collectively referred to as phytosteroids, are an important class of
phytochemicals that are usually present in plant cell membranes.!® They have sparked widespread
interest owing to their similar structure and biological function to cholesterol, and according to the
branched chains and their saturation, they can be divided into f-sitosterol, campesterol, cholesterol,
stigmasterol and stigmastanol.'®® Campesterol and brassicasterol have been detected in some mush-
room species, while other phytosterols were barely detectable.®”** Cholesterol reduction is one of the
most important bioactive functions of phytosterols.® According to several research, people should
consume at least 2 g of phytosterols and phytostanols daily to regulate their blood lipid levels.**! In
addition, in a study evaluating plant sterols and plant sterols in controlling blood cholesterol levels, it
was discovered that the two substances were not significantly different in lowering cholesterol,
especially for lowering low-density lipoprotein cholesterol levels.”®!! Ergosterol is also a sterol, but
in general, ergosterol is found in fungi and not in plants, so it cannot be classified as phytosterol.

Biological activity of phenolic compounds in mushrooms
Antioxidant activity

For organisms, the oxidation process in the body provides the energy required for physiological
activities. However, in some specific cases, oxidative stress will occur in the body, resulting in excessive
production of reactive oxygen species (ROS) in cells, disrupting the balance of ROS in the body, which
is associated with negative health effects./”! ROS is essentially a free radical that reacts with cells in the
body, causing oxidative damage to RNA and DNA, which in turn leads to cell damage, affects body
tissues and organs, and causes body diseases.!”! The antioxidant compounds of mushroom extracts
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have become an important source of alternative synthetic antioxidant materials in the pharmaceutical
and food industries, supplying products with biologically active ingredients.”* The quantitative and
qualitative characteristics of phenolic compounds in mushrooms determine the antioxidant activity of
the extract.”! Several studies have also confirmed that the antioxidant activity of mushroom varieties
has a strong positive correlation with the content of phenolic compounds, which may be based on the
scavenging ability of phenolic compounds to hydroxyl groups.'*>*°!

The antioxidant activity of mushroom extracts, which is generally related to the level of poly-
phenols, is also affected by the different varieties and extraction solvents, and these findings support
the increased use of these extracts in food and medicine to improve human health.*) Bahadori
et al.””! used DPPH assay to analyze the in vitro antioxidant activity of Melanoleuca stridula and
Melanoleuca cognata; the results showed that the antioxidant activity descended in the order of water
extract > methanol extract > ethyl acetate extract. Another study conducted in Turkey confirmed the
previous relationship between phenol content and in vitro antioxidant activity. Researchers found that
under the same conditions of ethanol extracts of mushrooms, Polyporus pinicola and Polyporus
volvatus extracts with high phenol content exhibited high antioxidant activity.*® Similarly, Tahidul
et al.” studied 43 common mushrooms in China, and their results showed that all mushroom
varieties exhibited antioxidant activity. They also adopted different detection methods of antioxidant
activity, such as DPPH scavenging ability, FRAP, ABTS free radical scavenging ability and metal
chelating ability, and confirmed that the content of phenolic compounds in mushrooms had
a corresponding relationship with its antioxidant ability.®® Therefore, the phenolic compounds
extracted from mushrooms have different antioxidant mechanisms. They may act as electron donors,
neutralize free radicals, and maintain cellular antioxidant effects. In addition, mushroom polyphenols
can also chelate metal elements to generate ROS. Mushroom polyphenols can also inhibit the
formation of free radicals by inhibiting enzymes, mainly oxidases."*!

Anti-tumor activity

Research on mushroom extracts containing anti-tumor substances has recently received much atten-
tion. There is evidence that mushroom extracts can control cancer.'”! Studies have shown that
mushroom extracts can exert their anti-tumor activity by inhibiting cancer cell proliferation and
tumor growth.""'%? Various studies have demonstrated that phenolic compounds found in mush-
rooms have anticancer activity. For example, Albatrellus confluence has been proven to have certain
inhibitory effects on human gastric and ovarian cancer cell lines.""*>'**) Auricularia polytricha species
were found to be effective against colon cancer (COLO-205), breast cancer (MCF-7), and kidney
cancer (ACHN) cell lines."* Inonotus obliquus, Ganoderma lucidum and Coprinus atramentarius
have shown anticancer activity against leukemia,!'°®’ human lung cancer!®”? and human colon cancer
cell lines,[**®] respectively.

A significant relationship has been established between flavonoids and anti-cancer proliferation
effects.l'9”1%) In addition, the water extract of A. aegerita may overlap with multiple stages of
angiogenesis during the growth of solid tumors.""!) Ukaegbu et al.''?! studied the anti-proliferative
effects of methanolic and water extracts of Hypsizygus tessellatus and Flammulina velutipes caps on
two breast cancer cell lines (MCF-7 and MDA-MB-231). They found that the two mushroom species
exhibited high anti-proliferative activity, and the water extract had potent antioxidant activity against
DPPH and high anti-proliferative effect. They also speculated that the underlying mechanism of
mushroom extract’s anti-proliferative activity might be that the hydroxyl groups in the phenolic
compounds interact with the polar receptor sites of mitochondrial cytochrome P450 enzymes to
induce cell apoptosis.!''?! Similarly, there are studies in which the phenolic compounds detected in the
phenol-rich water extract of A. aegerita mushroom mainly include ferulic, chlorogenic, protocate-
chuic, gallic acid and erucic acid. Therefore, it is believed that the phenol-rich water extract of
A. aegerita mushroom had strong anti-tumor activity, which may have broad application prospects
in tumor prevention and treatment.*")
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Clinical studies on cancer have shown that lentinan, a bioactive polysaccharide extracted from
Shiitake mushrooms (L. edodes), can complement chemotherapy during cancer treatment, improving
the quality of life and extending the survival period of patients.!"**"''* However, the majority of these
clinical studies are only pilot or phase I studies, which means that these findings are still preliminary.
Additional follow-up experiments are required to further investigate the role of lentinan in cancer
treatment.

Anti-inflammatory activity

As a defense mechanism of the body, inflammation usually occurs in response to internal or external
stimuli. Under normal circumstances, the inflammation usually resolves itself after healing, but there
is an overreaction of defenses that leads to damage.""'®! Therefore, anti-inflammatory substances are
needed to inhibit the excessive development of some inflammations. Inflammation is normally
regulated by immune cells, and an excessively developed inflammatory response can lead to immune
cells producing inflammatory mediators that trigger various degenerative diseases."'”! Bioactive
substances in mushrooms, such as polyphenols, have anti-inflammatory activity by reducing this
inflammatory mediator."*®) Moro et al.''*! also observed that pyrotriol isolated from Lactarius
deliciosus, Cantharellus cibarius, and A. bisporus extracts showed significant anti-inflammatory effects.
In addition, the phenolic-rich extracts of P. eryngii were found anti-inflammatory and anti-colon
cancer effects."?°! In addition, Taofiq et al."?" found that the phenolic extracts of A. bisporus, Boletus
impolitus, Macrolepiota procera, and P. ostreatus have strong anti-inflammatory ability by inhibiting
the production of nitric oxide. Among these mushrooms species, the extract of P. ostreatus showed the
greatest effect in reducing nitric oxide production, possibly due to its cinnamic acid content (619
Hg/g)-

In a randomized, single-blinded, placebo-controlled trial,!'*?! patients with ulcerative colitis and
Crohn’s disease were given 60 mL of AndoSanTM, an extract from medicinal Basidiomycetes mush-
rooms, or a placebo for three weeks. The findings confirmed the reduced plasma levels of IL-2 in
Crohn’s disease group and IL-5 in ulcerative colitis group. Further investigation revealed an improve-
ment in the clinical symptoms and quality of life of patients in both groups who had received the
mushroom extract product.!'?*2%]

Anti-hyperglycemic activity

Diabetes mellitus is a chronic metabolic disease characterized by chronic hyperglycemia. The body
is exposed to a long-term high blood sugar level due to insufficient insulin secretion or damaged
biological effects, causing a series of complications and various tissue damage or dysfunction.!'>"!
Research has showed that inhibiting intestinal a-glucosidase or pancreatic a-amylase is an effective
strategy for controlling the risk of type 2 diabetes.!"*) Studies also showed that the anti-diabetic
activity of phenolic compounds in mushrooms is due to their ability to inhibit the activity of these
two enzymes.l”>'*”) Kato et al.'”! also pointed out that the phenolic compounds in mushrooms
can exhibit anti-diabetic activity through aldose reductase. Kaewnarin et al.”*! studied some edible
mushrooms in Thailand and found that when the mushroom species have a higher content of
polyphenols and flavonoids, they exhibit higher inhibitory activity against a-glucosidase, and
Rugiboletus extremiorientalis showed the strongest inhibitory activity. In another study, Chinese
scholars selected eight mushrooms for research, and Ganoderma lucidum had the highest content
of total phenols and total flavonoids and showed the highest inhibition of a-glycosidase and aldose
reductase activity simultaneously.!"?®! Similarly, in another study of Turkish mushrooms, six
mushroom samples also showed an enzyme inhibitory activity of phenolic extracts and demon-
strated a positive correlation between phenolic compounds content and their enzyme inhibitory
activity.'"*! The results showed that the inhibitory levels of Lycoperdon utriforme species on a-
amylase and a-glucosidase were 0.22 and 2.97 mmol acarbose equivalents/g extract, respectively,
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which were the highest among all samples.!"*” In a clinical trial, Jayasuriya et al.'*°! confirmed the
hypoglycemic effect of P. ostreatus and Pleurotus cystidiosus at a dose of 50 mg/kg body weight
when orally administered to Type 2 diabetic patients and healthy individuals challenged with
glucose. The mechanism by which the mushrooms exert their hypoglycemic activity was explained
by increasing glucokinase activity and stimulating insulin secretion, which increased glucose
utilization by peripheral tissues!**"’

Antibacterial activity

The antibacterial activity of mushrooms had been widely confirmed, and research also showed
that the antibacterial activity of mushrooms mainly comes from their phenolic compounds.!**!!
At the same time, research also showed that the antibacterial activity of mushrooms was related
to the variety of mushroom, the content of phenolic compounds in mushroom and the kind of
pathogenic bacteria.!"*?! Nowacka et al.'**! reported that phenolic extracts from some mush-
rooms exhibit significant antibacterial activity. In a different study, Macrolepiota procera and
Lactarius deliciosus were used to detect the potential antibacterial activity of 15 microorganisms,
and the results show that Lactarius deliciosus has better antibacterial activity than the other
species, the inhibitory concentration of which can be as low as 2.5 mg/mL.!"**! In addition, five
phenolic compounds were extracted from the medicinal mushroom Phellinus linteus, all of
which showed potent anti-influenza virus activity.!"*® Research on the antibacterial properties
of five phenolic mushroom extracts of Shiitake, Flammulina velutipes, A. bisporus, and Brazilian
mushrooms against pathogenic bacteria, such as Escherichia coli, Streptococcus aureus,
Staphylococcus aureus, and Bacillus cereus, showed that these mushrooms have varying levels
of antibacterial activity.”® This has been explained as the cell membrane of gram-negative
bacteria has an additional lipopolysaccharide barrier that limits the excretion of many
compounds.*®'3¢]

Other biological activities

The mushroom phenolic compounds also exhibit other biological activities, such as anti-osteo-
porosis and anti-tyrosinase. Osteoporosis is a bone disease caused by low bone density and low
bone mass, and its incidence increases with age.!'*”) Tanaka et al.!"**! investigated syringic acid in
shiitake mushrooms and discovered that it may influence thigh formation and bone resorption,
prevent bone loss and microstructure damage, and aid in the prevention of osteoporosis. In
addition, Wei et al."** extracted 11 bioactive compounds from Hericium erinaceum, four of
which exhibited anti-osteoporosis activity. The mechanism was that these compounds inhibit
a factor that can induce osteoclast differentiation. Another study extracted and measured phenolic
compounds from beds of five species of mushrooms, and the results indicated that the contents of
vanillic acid and syringic acid in beds of shiitake mushrooms were the highest, 0.45 and 0.31 mg/g
dry weight, respectively. They also used mouse cells to confirm that vanillic acid and clove acid are
resistant to obstinacy.!*"!

Tyrosinase is a copper-bearing oxidoreductase with a complex structure containing several sub-
units, more commonly known as polyphenol oxidase. Increased tyrosinase activity can lead to
hyperpigmentation and the increased production of melanin in human skin."*”) In addition, the
increased activity of tyrosinase can cause the browning of fresh-cut vegetables and fruits. Therefore,
tyrosinase inhibitors have received widespread attention in preventing the browning of vegetables and
fruits and skin pigmentation.!"*! Phenolic compounds have strong anti-tyrosinase activity due to their
antioxidant activity.”” According to a study, the ethyl acetate extract of the Tricholosporum gonios-
permum species showed the highest tyrosinase inhibitory activity among the three solvent extracts
tested.!"*?) Alkan et al.'**) studied the anti-tyrosine activity of eight mushroom extracts and specu-
lated that the presence of phenolic compounds such as p-hydroxybenzoic acid and p-coumaric acid in



936 Y. ZHOU ET AL.

Table 3. The biological activity of some mushroom species (modified from Anusiya et alP)).

Botanical Name Geography Uses Refer.
Agaricus bisporus Europe and North America AT, AO, AV, HC, HG, AB, AA, (1451
AP, PP
Agaricus blazei Brazil, China and Japan AS, HP, HL, AD, DER, AT, ST~ [146.147]
Auricularia auricula-judae  China and Australia AO, AT, HOL, ACO, IMD (148)
Auricularia polytricha India and China AT, AHC [149,150]
Boletus edulis Europe, Asia, North America, South Africa, Australia, New AN, AO (51,1521
Zealand, and Brazil
Calvatia gigantea Britain, Ireland, and North America AO, AT, ABI, AV, AB [153,1541
Cantharellus cibarius France, Britain and India HP, AM, AO, AHS, Al, NP [155,156]
Cortinarius caperatus Northern regions of Europe and North America. AF, AO, AV (1571
Craterellus cornucopioides  North America, Europe, Japan, and Korea AO, AHG, Al, AM, IMD [158,159]
Craterellus tubaeformis Northern America, Europe, and Asia Al, AO 10,1611
Flammulina velutipes China, Japan, Korea, and Taiwan AO, AC, AHT, AM, IMD, HP [162,163]
Ganoderma lucidum Malaysia, China, Japan and South Korea AO, AT, AAN, CP (o4l
Grifola frondosa Japan, China Europe and North America AO, AD, AT, IMD, AM, HP (1651
Hericium erinaceus Britain, Europe, central and southern France, North America ACG, ABI, AD, AFT, AHT, AHL, [16.167)
CP, HP, NFP, NP
Hypsizygus tessellatus Europe, North America and Australia AO, Al, AAL, AT, AB, AF, AQ, 1168169
IMD
Lentinula edodes Asia, China and Japan AF, AB, AT, CYT, APO, AO n701711
Lactarius deliciosus Europe, North America, Central America, Australia, and New AB, AF, CYT, Al, INS, NMT, A0, [134172
Zealand AT, IMD
Morchella esculenta North America, North Canada, and India AO, IMD, AT, AF, HP 173,174
Phellinus linteus Japan, China, Korea and India Al, AT, IMD, AD, AF (7]
Phellinus rimosus Eastern and North America AO, Al, NP, AHET (1761
Pleurotus eryngii Europe, West Asia and North Africa TP, AT, AM (221
Piptoporus betulinus Europe, North America and Asia AV, AT, CUSH 11771781
Pleurotus ostreatus/ Worldwide IMD, AT, AHG, AO, AV, AB, AF 179
Pleurotus pulmonaris
Russula delica Europe and Asia Al, AO, AP, AV (80l
Schizophyllum commune ~ Northeast India AT, IMD, AO, AF, APL, AV [181,182]
Stropharia rugoso Europe North America, Australia, and New Zealand. AHG, AO, AB, HG (183)
annulata
Tricholoma matsutake Asia, Europe North America Japan, Korea, and China IST, AO, AT, AM [184,185]
Tremella fuciformis Asia, America, sub-Saharan Africa, southern and eastern ~ HG, HC, AO, Al [186,187]

Asia, Australia, and Pacific Islands.

AA: Anti-aromatase; AAL: Anti-allergic; AAN: Anti-aromatase; AB: Antibacterial; ABI: Antibiotic; AC: Anticancer; ACG: Anticarcinogenic;
ACO: Anticoagulant; AD: Anti-diabetic; AF: Antifungal; AFT: Antifatigue; AHC: Anti-hypercholesterolemic; AHET: Antihepatotoxic;
AHG: Anti-hyperglycemic; AHL: Anti-hyperlipodemic; AHS: Anti-hypersensitive; AHT: Antihypertensive; Al: Anti-inflammatory; AM:
Antimicrobial; AN: Anti-neoplastic; AO: Antioxidant; AP: Anti-proliferative; APL: Antineoplastic; AP: Apoptosis; O: Atherosclerosis;
AS: Anti-tumor; AT: Antiviral; AV; CP: Cardioprotective; CUSH: Cosmetic use on skin and hair; CYT: Cytotoxic; DER: Dermatitis; HC:
Hypocholesterolemic; HG: Hypoglycemic; HL: Hyperlipidemia; HOL: Hypolipidemic; HP: Hepatoprotective; IMD:
Immunomodulatory; INS: Insecticidal; IST: Immunostimulatory; NFP: Nephroprotective; NMT: Nematocidal; NP: Neuroprotective;
PP: Proapoptotic; TP: Therapeutic

the mushroom leads to a significant inhibitory effect. In addition, some studies have pointed out that
the anti-tyrosinase activity of a methanol extract of L. edodes was the highest among other solvent
extracts of the same species.'**! At the same time, Abd Razak et al.®' reported that the factors
affecting the antioxidant activity and tyrosinase activity of mushroom extract included extraction
temperature and time. The best extraction conditions for Schizophyllum commune species were found
to be 1 hour at 30°C, resulting in the highest tyrosinase inhibition (96.6%).°* Table 3 summarizes the
biological activities possessed by some mushroom species.”’
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Potential applications of mushrooms
Mushroom extracts as functional foods and health products

Since ancient times, mushrooms have been not only a delicious food but also used as
medicinal materials in some countries."®*® In recent years, the pharmacological properties of
mushrooms based on their biologically active ingredients have resulted in development of
functional foods and health products.®*! A study showed that adding mushroom species
(A. bisporus) extract and dates to bread can effectively improve the content of protein, iron
and other nutrients and help the body regulate anemia and malnutrition."'**! Vital et al.
(2019) added the water-alcoholic extract of Agaricus blazei mushrooms to milk, and after
simulating the in vitro digestion process, they concluded that the milk extracted with mush-
rooms showed stronger antioxidant activity and effectively prevented the oxidation of lipids in
milk.""**! In addition, some mushroom varieties were added to grains as raw material to
increase the phenolic content of these grains. In this way, the contents of active ingredients
such as antioxidants and anti-diabetes were increased in functional foods.!'””! In a study on
puffed snacks, researchers added A. bisporus, L. edodes, and Boletus edulis powder to the
product, and the results showed that the antioxidant and anti-hyperglycemic activity of the
products were effectively improved with the addition of mushrooms.!"”"! The other two
studies used mushrooms containing phenolic compounds as raw materials in cereal bars and
muffins. This increased the phenolic content of the products and improved their nutritional
properties.[lgz’l%]

The biologically active substances found in mushrooms have also been utilized as dietary supple-
ments in the development of health products, with promising results. Sabaratnam et al.!"**! suggested
using Hericium erinaceus extract to produce health products that can prevent neurodegenerative
diseases. This is because the proteoglycan component of this species can induce neuron differentiation
and promote neuron survival. Another mushroom species that has been widely studied as a health
supplement is Ganoderma lucidum. Besides having anti-inflammatory and antioxidant properties, this
mushroom species prevented alcohol-induced steatohepatitis damage by reducing lipid levels in the
livers of mice!'*”! and induced the activation and maturation of mouse bone marrow-derived dendritic
cells.!"*® Simultaneously, the polysaccharides contained in Ganoderma lucidum are also believed to
enrich the intestinal microbiota, regulate intestinal bacteria, and increase the immune shielding
function of the intestinal tract.!'”!

Mushroom extracts as cosmeceutical agents

Due to the demands of commercial competition and advances in product development, the cosmetic
industry has been seeking ingredients from natural sources with low toxicity. At present, mushroom
extracts and their biologically active compounds are ingredients of interest in cosmetic formulation
research. According to research findings, using mushroom extract as a cosmetic ingredient in products
has a significant effect on some skin problems such as pigmentation, skin ageing, and wrinkles.'**!%"!
A study extracted Tremella fuciformis polysaccharide for testing and found that it inhibited the
formation of blackness and lightening spots”®®®! and also had an excellent moisturizing effect.!*"’
Kim et al.'**?! pointed out that Matsutake mycelium extract can significantly reduce elastase activity,
reduce the degradation of elastin, and inhibit or repair wrinkle formation during skin ageing. Three
kinds of ergosterols were isolated from the mycelium of Grifola frondosa, which were confirmed to
have inhibitory effect on the key anti-aging process of Cyclooxygenase 2 (Cox-2).12*!

Inhibition of pigmentation mainly inhibits the formation of melanin, and the formation of various
melanin in organisms is mainly regulated by tyrosinase.>**! Therefore, tyrosinase inhibition is the
main method to inhibit pigmentation.'***! Some studies have proven that in melanoma cells, Phellinus
igniarius fruiting bodies and Flammulina velutipes extract inhibit tyrosinase activity and melanin
synthesis.'*°>?*”) Chien et al.'>*® reported that among the basidiomycetes tested, Ganoderma lucidum
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showed the strongest inhibitory effect on tyrosinase activity. Therefore, Ganoderma lucidum extracts
are widely used as cosmeceutical products. Although some of the active compounds in mushrooms
have been partially identified and are being developed, the available mushroom species only represent
a small portion of what exists. Many more mushrooms have yet to be discovered, verified, and
commercialized.

Mushroom as pharmaceutical raw material

About 5,000 years ago, some mushroom species appeared in human life generally as medicine, so some
mushrooms are also called medicinal mushrooms.'**”’ Some of the active substances in mushrooms
have been shown in numerous studies to reduce the risk of neurodegenerative diseases. Active
substances in some mushroom species have been studied by researchers for the treatment of neuro-
degenerative diseases.?'® In several clinical trials involving mushrooms, research specifically on
Hericium erinaceus demonstrated significant improvements in cognitive function. A 16-week
Japanese study found that the experimental group, who continued to take a tablet of *H. erinaceus*
extract (250 mg, three times a day), showed a significant improvement in cognitive function compared
to the control group.”®’"! The bioactive substances in mushrooms also have great potential in cancer
treatment. Panda and Luyten!'?) summarized the relevant data of medicinal mushrooms in clinical
research, and the results showed that the treatment of cancer accounted for 16% in clinical research,
which is the largest proportion of all diseases treated. A double-blind, randomized clinical trial
conducted in Taiwan used Antrodia Cinnamon as a cancer drug. The results showed that the medicinal
mushroom reduced mortality in cancer patients, but the holistic treatment did not improve the
prognosis of cancer patients and was at risk of reducing platelet count.*"?

The health-promoting properties of mushroom polysaccharides have recently gained attention in
the food and pharmaceutical industries. Clinical trials have confirmed their immunomodulatory and
anticancer effects.”'*?'” Mushroom polysaccharides exhibit anticarcinogenic activity through the
induction of apoptosis, inhibition of tumor cell growth, and stimulation of the immune response.*'*
Lentinan is a polysaccharide extracted from L. edodes, the world’s second-most-cultivated edible
mushroom. Several clinical trials have supported its efficacy in treating various types of cancer, mainly
due to its immunostimulatory and cytotoxic effects.*'>"*'”) Both in vitro and in vivo studies support
the role of lentinan in activating natural killer cells, enhancing the proliferation of macrophages and
cytotoxic T cells, and inducing nonspecific immunological responses.**8-22l

Ribotoxin-like proteins have been isolated from the fruiting bodies of edible mushrooms, including
Boletus edulis,**") P. ostreatus,***) Agrocybe aegerita,'*** P. eryngii,***) and A. bisporus.*** Several
in vitro studies have shown that Ageritin, isolated from Agrocybe aegerita, has cytotoxic activities
against some tumor cell lines.!”>*>**! Eryngitins isolated from P. eryngii showed no cytotoxicity to
human HUVEC cells but exhibited cytotoxic activity to insect Sfg cells. This suggests that they could be
used to develop bioinsecticides. Scientists believe that ribotoxin-like proteins provided an important
evolutionary advantage in mushrooms by allowing them to defend against viruses, molds, and
predators.’?*>?* Ribotoxin-like proteins may have potential future applications in biomedicine as
therapeutic agents or in the development of bio-pesticide products. However, further research is
necessary to fully understand the biological function of ribotoxin-like proteins in mushrooms.

Use of mushrooms in food product development

The unique characteristics of mushrooms, including their rich flavor, abundance of healthful active
ingredients and nutrients, and low allergen content, have led to their increased use in meat products.
This is particularly evident in the development of meat analogue-based products, which have enor-
mous commercial potential.?**">*31 More recently, Yuan et al.!***! successfully developed
a mushroom-based meat analogue using edible mushrooms such as Coprinus comatus, L. edodes,
and P. ostreatus with soybean protein isolate through a thermos-extrusion process, resulting in
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a product that had a satisfactory sensory profile and a textural profile similar to beef. Stephan et al.!***!

reported that sausages containing Pleurotus sapidus mushrooms were found to have a satisfactory
flavor and texture, in comparison to commercial protein and meat sausages.

The high perishability of fresh mushrooms, mainly due to their high moisture content, requires
immediate consumption or preservation. Drying is a cost-effective and feasible method for long-term
storage of mushrooms.*®! Incorporating powdered mushrooms into bakery products significantly
enriches the final product with fiber, protein, vitamins, minerals, and polyphenols. According to Salehi
et al,*”) the optimal sensory properties were achieved by incorporating 4-10% powdered mush-
rooms into bakery products. Cirlincione et al.***! created functional breads by adding 10% P. eryngii.
Sensory evaluations showed that, despite some undesired changes in color, odor, and aroma intensity,
the breads made with Mentana flour and P. eryngii had more favorable sensorial characteristics
compared to breads made without mushrooms. Spim et al.'**! reported that using L. edodes mush-
room powder to produce sweet cereal bars resulted in a finished product with favorable textural and
sensory properties, including flavor, appearance, and aroma. More recently, Amerikanou et al.!**"’
developed a healthy snack using Pleurotus eryngii mushrooms with high nutritional and biological
values. Sensory evaluation, which included flavor, appearance, texture, and taste, indicated an overall
acceptable sensory quality of the final product. The recent shift in consumer preferences towards
healthier food choices is likely to accelerate research and development for the introduction of
innovative mushroom-based products in the food industry. Further research is also necessary to
optimize the dosages of mushrooms in foods.

Research trends and current challenges of phenolic compounds in mushrooms

Recently, phenolic compounds have become more and more popular due to their various biological
activities and their widespread existence in nature. However, the stability and solubility of polyphenol
compounds can be affected to varying degrees during storage and processing, which can limit their
bioavailability and restrict their industrial development to a certain extent.”*"! Singhal et al.”*!) investi-
gated the effect of various heat treatments on the phenolic content of A. bisporus. The study concluded that
the total phenolic content in mushroom samples was significantly reduced, regardless of the specific heat
treatment conditions used. They pointed out that the loss of total phenols may be due to their decomposi-
tion during processing and the leaching of phenols in the solution."**!! Furthermore, prior research has
indicated that storage conditions, including high temperature, light exposure, and gastrointestinal condi-
tions (such as pH and enzyme interactions with other body components) can affect phenolic compounds to
varying degrees. As a result, this negatively affects their addition to functional foods and their digestion in
the body.**!

The research of phenolic compounds in mushrooms as nano-products has become an emerging
direction in the research of mushroom polyphenols. Due to the development of new drug delivery systems,
the efficacy of therapeutic compounds has increased, while their toxicity, dosage and side effects have
decreased.***! Therefore, a study pointed out that biologically active compounds found in mushroom
species can be produced as nano-particle materials and added to functional foods or health products.!"'* At
the same time, Abdelshafy et al.'*”) also reported that mushroom polyphenols extracted using ultrasonic
encapsulation technology could be used to control different types of chronic diseases. Moreover, there is
a growing interest in using mushroom polyphenols as functional foods or as an ingredient in fortified
foods. These products have exhibited various biological activities, such as anti-tumor, antioxidant, and
antibacterial effects.

Conclusion

Many studies have been conducted on the types, contents, and biological activities of phenolic compounds
in mushrooms. Phenolic acids and flavonoids have been identified as the major phenolic compounds in
mushrooms, although they may differ from species to species. Phenolic acids in mushrooms mainly
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include p-coumaric acid, caffeic acid, p-hydroxybenzoic acid, ferulic acid and gallic acid, while flavonoids
include naringenin, hesperidin, kaempferol, catechin, rutin and quercetin. Phenolic compounds extracted
from mushrooms have various biological activities, such as antioxidant, anti-tumor, hypoglycemic,
antibacterial, anti-osteoporosis, anti-tyrosinase and anti-inflammatory activities. As a result of these
properties, mushroom polyphenol compounds are largely used as functional food and nutriment in
commercial development. In addition, mushroom phenolic compounds in skincare products, cosmetics
and other applications have also been confirmed by several studies. In recent years, more and more
attention has been paid to studying mushroom phenolic compounds. Some researchers have developed
mushroom nanophase preparation research directions and shown some possible results. However, based
on the instability and bioavailability of phenolic compounds and the possible losses in production and
transportation, more research should be focused on improving the efficiency of phenolic compounds.
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