Fungal Biotecl(2) 1Gi 38 (2021) ISSN TBA
F www.fungalbiotecorg Article
BIOTEC Doi 10.5943FunBioted/1/2/2

Hericium erinaceus- A Rich Sourceof Diverse Bioactive Metabolites

Deshmukh SKY, Sridhar KR 23 and Gupta MK 4

ITERFDeakinNanoBiotechnologyCentre, TheEnergyand Resourcesnstitute, Darbari SethBlock,IHC
ComplexLodhi Road,NewDelhi, India

’Departmenbf BiosciencesMangaloreUniversity, MangalagangotriMangalore, Karnataka,India
3Centrefor EnvironmentaStudies)YenepoydDeemedo be University), Mangalore,Karnataka,India
4SGTCollegeof Pharmacy SGTUniversity,Gurugram,Haryana,India

DeshmukhSK, SridharKR, andGuptaMK 20217 Hericiumerinaceus A Rich Sourceof Diverse
BioactiveMetabolites FungalBiotec1(2), 10i 38, Doi 10.5943FunBiotec¢1/2/2

ABSTRACT

Hericium erinaceus(commonly known as lioné manemushroon) is an edible mushroom
usedin traditional Chinesemedicine It is a prolific producerof diversebioactivemetabolitesvith
neuroprotectiveand neuroregenerativeroperties (e.g. b-glucan polysaccharideshericenones,
erinacineterpenoidsjsoindolinonessterols,and myconutrienty Becauseof its antrinflammatory
propertiesand promotion of nerve growth factor (NGF) gene expressionand neurite (axon or
dendrit§ outgrowth,H. erinaceusis usedfor the treatmentof Alzheimer'saswell asParkinson's
diseasesThis review providesa comprehensiveaccountof the bioactive compoundsfrom H.
erinaceus (both from the fruit bodies and mycelig and their biological activities such as
neuoprotectivefunctions,cytotoxicity, anticarcinogenicantidiabetic antimicrobial,and herbicidal
activities

Keywords T Alzheimeis diseasei anticanceragentsi antidiabetici antrinflammatory 1
antimicrobial 7 erinacine terpenoids i herbicidal i hericenone T neurite outgrowth i
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Introduction
In recentyears,researcton H. erinaceushasbeenfocusedon its antidepressarlike effects
to treat depressivedisorders(Yao et al. 2015, Chiu et al. 2018, Ryu et al. 2018). This review
focuseson bioactivecompound=f different strainsof H. erinaceus Primary emphasigs laid on
the pharmacologicalactivities of various metabolitesof H. erinaceusalong with bioactive
compoundsandtheir biological properties
Hericium erinaceus(Bull.) Pers.,is a macro fungus belonging to the famHericiaceae
(Russulales, Agaricomycetes, Basidiomygotdericium erinaceus is an edible mushroom
possesseseveral medicinal properties It has many common names bear's head mushroom,
beardedhedgehogmushroom,beardedtooth fungugmushroom,hog headfungus, Hou Tou Gu
(Chinesg, lion's manemushroommonkeyheadmushroompld man'sbeardmushroompPomPom
Mushroom, Satyr's beard fungus, white beard mushroomand YamabushitakegJapanese It is
reportedirom China, JaparEurope, and North Americéoundon deadoak, walnut,beechmaple,
sycamoreand otherbroadleatftrees It is mostfrequentlyfound on logs or stumpsandhasa long
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history of usagein traditional Chinesemedicine(Ventuella et al. 2021) Bioactive constituentsof

H. erinaceusancludealkaloids, fatty acids, terpenoids, phenolics, steroids, pyrapnandabout80

small compoundsare isolatedfrom H. erinaceus(Zhang2016 Purified bioactive metabolitesof

the fruit body or mycelia of H. erinaceuspossessa wide range of biological activities viz.

anticancer(Wanget al. 2001, Zhanget al. 2020, antidiabetic(Yi et al. 2015, antihyperglycemic
(Liang et al. 2013, anttinflammatory (Mori et al. 2015, antimicrobial (Zhang et al. 20153,

antioxidant(Rahmanet al. 2014, andhypolipidemicpropertiegYang et al. 2003 In addition,H.

erinaceushasbeeninvestigatedas a potentialtreatmentoption in cognitiveimpairments(Mori et

al. 2009, Alzheimer'sdisease(TsaiTeng et al. 2016, Parkinson'sdisease(Kuo et al. 2016,

ischemicstroke(Lee et al. 2014, andpresbycusigChanetal. 2019 In recentyears,researcthas
beenfocusedon its antidepressarike effectsfor treatingdepressivadisorders(Yao et al. 2015,
Chiu etal. 2018,Ryu etal. 2018 This reviewfocuseson bioactivecompound®f differentstrains
of H. erinaceus This review highlightsthe pharmacologicahctivities of metabolitesderivedfrom

H. erinaceusandtheir biological properties

Box 1Impact of Hericium erinaceusin human health and wellbeing

Improves brain health

Fight anxiety and depression

Supports the immune response
Anti-inflammatory

Supports the health and good circigdat
Supportdat burning and healthy metabolism
Stabilizes blood sugar levels
Improvesdigestive health

Anticancer properties

Improves energy levels

I v DI D > D

Stimulation of nerve growth factor

The nervegrowth factor (NGF), a polypeptide js a memberof the neurotrophirfamily. NGF
is involvedin the progressaswell asmaintenancef neuronsn the peripheralnervoussystemand
is essentialfor the functions of cholinergic neuronsin the central nervoussystem(CNS) An
optimumsupply of NGF from the cortexandthe hippocampuss requiredfor properfunctionand
morphologyof basalforebraincholinergicneuronsBFCNg Age-dependentlegeneratioBBFCNSs
contributessignificantly to cognitive declinein AD. The agentsthat increasethe level of NGF
showedimprovementn cognitivefunctionsand AD (Salehiet al. 2004, Aloe etal. 2012 Several
metabolitesfrom H. erinaceushave shown significant CNS activity, such as improvementin
cognitivefunctionandincreasen NGF activity, thusinvestigatedor the treatmenf dementiaand
Alzheimeis diseas€AD) .

Hericenones

Hericenonegbenzyl alcohol derivative3 are aromaticcompoundsobtainedfrom the fruit
bodiesof H. erinaceus The fresh fruit bodiesof the mushroomwere extractedwith acetone
followed by recurrentchromatographyof chloroformsoluble fractions (chloroform, then ethyl
acetatg crude extract subject to HPLC (Higierformance liquid chromatographiljed with ODS
columnto yield hericenonesHericenoned (1) andB (2) wereisolatedduring 1990without their
neuriteoutgrowthactivity (Kawagishietal. 1990 Novel compoundshericenone€ (3), D (4) and
E (5) were purified from H. erinaceus(Kawagshi et al. 1997) Compounds(3i5) displayed
stimulating activity towardsthe synthesisof NGF in vitro. In their presencg3i 5) (33 pug/mL),
astroglial cells of mouse secreted10.8, 235, and 139 pgmL of NGF into the medium,
respectively The extentof activity for (4) wascomparablgo the epinephrinea potentstimulator
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However,the activity of (3) and(5) arelower than(4) Interestingly,thevariationin the activity of
thesecompoundss rely on thelengthof chainandthe doublebondof the fatty acid (Kawagishiet
al. 199) .

HericenoneE (5) (Fig. 1) was isolated from the fruit bodiesof H. erinaceus It hasthe
capability to stimulatein vitro secretionof NGF in rat pheochromocytomaells with two-fold
higherthanthe positive control Neuritogenesiswas partially blockedby the receptorof tyrosine
kinase(Trk) inhibitor (K2523 indicatingthe neuritogenicactivity wasnot exclusivelyby the NGF.
HericenoneE is known to increasethe phosphorylationof extracellularsignatregulatedkinases
(ERKs) as well as protein kinase B (Akt) .HericenoneE (5) potentiatedthe NGFinduced
neuritogenesi; PC12cellsvia the MEK/ERK andPI3K/Akt pathways(Phanet al. 2014 Novel
chroman hericenond- (6), G (7), andH (8) werealsopurified from H. erinuceun. In the presence
of hericenone$l (8) at 33 eg/mL, mouseastroglialcells secreted!5.1 pgmL NGF into the culture
medium(Kawagishietal. 1993,Maetal. 2010 .

Threenew compoundshericenond (9) andhericenone] (10) 3-hydroxyhericenoné- (11),
(Fig. 1) were purified from the mushroomH. erinaceus Compounds(11) displayedsignificant
dosedependenprotectiveaction againsttunicamycin and thapsigargirtoxicity at concentrations
up to 10 ug/mL in the assayagainstendoplasmiaeticulum (ER) stressdependenaipoptosisThe
ER stresswaselicited by incorporationof thapsigargiror tunicamycininto the culture mediumof
Neuro2acells Thapsigargiris an inhibitor of ER Ca&+-ATPasethat causeglepletionof Ca2+ in
the ER, while tunicamycinis one of the inhibitors of N-glycosylationto glycoprokinsandit is
responsiblefor proteinmisfolding in the ER. The resultsindicate that (11) could protect the
neuronalcells by attenuatinghe ER stressby inducingapoptoticpathwayson neuralcells (Uedaet
al. 2008 andmaybe helpfulin the managememf Alzheimeits disease

Diling etal. (2017 purified 3-hydroxyhericenoné& (11) (Fig. 1), which downregulateshe b-
site of b-amyloid precursorprotein (APP) cleavingenzymel (BACE1) and decreaseshe serum
cytokines(IFN-2 JL-1 bll.-1 7) Uevel, tumor necrosisfactor (TNF-U) and productionof reactive
oxygen species(ROS Hence, it confirms that the mushrooms emed either hericenones
ameliorate amyloid beta @A\)pathology as well as oxidative stressin Alzheimer's disease
Dilinoleoyl-phosphatidylethanolaminéDLPE) (12) is a phosphatidylethanolaminbearing two
linoleic acids,andwaspurified from H. erinuceum The DLPE canprotectneuronalcells from ER
stressinducedcell death,andthe PKC pathwayis involvedin the protectivemechanismNagaiet
al. 2009 .

Another new compoundsohericerinol A(13) (Fig. 1) along with previously reported
compounds such deericerin (14), N-de-phenylethyl isohericeriifl5) and corallocin A(16) were
extracted from the fruit bodied H. erinaceus The compound isohericerinol @3) increased the
production of nerve growth factgNGF) strongly in C6 glioma cells compared sohericerinol A
(13) and corallocin A(16). Increase in NGF production by these compounds promote the neurite
outgrowth in N2a neuronal cells. According to Ryu et (@8D21), the Western blot analysis
confirmed increased expression of protein by NGF, sppdyysin (SYP) and brairderived
neurotrophic facto(BDNF) in C&N2a cells.

Erinacines

Novel diterpenoidserinacinesA (17), B (18), and C (19) (Fig. 2) were isolatedfrom the
culturedmyceliaof H. erinaceusIn the bioassayf mouseastrogliacellswith erinacinesA-C (17
19) (1.0 mM), the quantityof NGF secretioninto the mediumwas250.1, 1297, and299.1 pgmL,
respectively Theseactivitieswere much more potent(69.2 pg/mL at 1.0 mM) thanknown potent
stimulator epinephrine (positive contro) (Kawagishi et al. 1994 .The biologically active
compounderinacineA (17) hasthe capacityto decreasehe ischemicinjury in brain Studied
carriedout in vitro showedthat erinacineA candeceleratehe cerebralischemicbraininjuries via
inactivation of pathways INOS/RNS and p38 MAPK/CHOP. ErinacineA is also mediatingthe
antioxidativeand antrinflammatory functionsduring an intermittentischemicbrain injury. Thus,
compoundsierivedfrom Hericium (e.g. erinacineA) arecapableto enhancehe synthess of NGF
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as well as induce neuroprotection, whereas its polysaccharides are capable to scavenge the ROS
(Lee et al2014 .
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The effects of erinacine A-enrichedH. erinaceusmycelia (HE-My) on the pathological
changesn APPswéPS1dEQransgenienousemodelof Alzheimeits diseasaverestudied After 30
days of oral administration (300 mgkg/day) to 5-monthsold female transgenic mice
(APPswéPS1dEY, it wasestablislkedthatHE-My andits ethanolextracts(HE-Et) hasthe capacity
to attenuatehe burdenof cerebralAb plague(TsaiTenget al. 2016 lt is interestingto note that
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the portion of attenuatecplaqueis a non-compactstructure The HE-My aswell as HE-Et have
increasedhe level of insulin-degradingenzymein the cerebralcortex,while in the cerebralcortex

and hippocampus, the number of astrocytes and plaqueactivated microglia decreased
Administrationof HE-My and HE-Et promotedhippocampaheurogenesiandincreasedhe ratio

of NHF-NGF precursor(pro-NGF) Accordingto TsaiTenget al. (2016, suchadministrationin

APPswéPS1dEQransgenianiceimprovedthe activity of daily living skills.

A novelditerpenoid.erinacineD (20) (Fig. 2), alongwith the previouslyknowncompounds
(erinacinesA, B, andC) wereisolatedfrom the myceliaof H. erinaceus The compounderinacine
D (20) showedstimulatingactivity to NGFsynthesisby rat astroglial cells; the amountof NGF
secretednto the culture mediumin the presenceof 4 (1.67 mM) was 1415 pg/mL. This activity
wasstronger(69.2 pg/mL at 1.0 mM) thana positivecontrol epinephringKawagishietal. 19963 .
CompoundserinacinesE (21), F (22), andG (23) werepurified from the myceliaof H. erinaceus
The compoundg21 and 22) showedpowerful stimulatingactivity againstthe NGF synthesisby
astroglial cells. In the bioassayusing rat astroglial cells, the amountsof NGF secretednto the
mediumin the presencef (21) and(22) at5.0 mM were105and 175 pg/mL, respectively These
activitieswerestronger(70.2 pg/mL at 1.0 mM) thanthe known potentstimuator epinephrineused
asa positivecontrol (Kawagishietal. 1996H.

Two erinacine derivative@4, 29 (Fig. 2) purified from the mycelia oH. erinaceuswere
reported tdnduce the biosynthesis of NGF, which is useful to tdemmentiq Shimada et alL99¢ .
Similarly, the other two erinacine diterpeno(@$, 27 from the mycelia oH. erinaceusvere also
reportedto induce the production of NGfKawagishi et al1995 Bioactive cyatheB, 12diene
(28) along with its isomer(29) was purified fromthe mycelia of H. erinaceusservesas an
intermediate of cyathane diterpenoiftsenmoku et al 2001 Biotransformation capability of
erinacine E(21) was evaluated using 81 microbésnong the tested microbe€aladariomyces
fumago(ATCC 16373 was capablect transform erinacine B1) into a new analog GR12,065
(30) and theconversion rate waz%% Sgito et al1998 .

Two new diterpenoids, erinacines(Bil), and 1(32) (Fig. 2), were purifiedirom the mycelia
of H. erinaceus The compound erinacines (31), showed stimulating activity to synthesize NGF
using astroglial cellsThe amounts of NGE315 pgmL) secreted into the medium in the presence
of 33.3 pgmL of (31), was five times greater than those in the absence of the comfimeeét al
2000 According toMori et al 2008, the ethanol extract ¢i. erinaceusstimulated NGF mRNA
as well as protein levels in human astrocytoma ¢&B21-N1) and stimulated neurite outgrowth in
pheochromocytoma cell®C129 by promoting eJun Nterminal kinase actity. The aqueous
extract of H. erinaceuscontained neuroactive compounds, which induced N@f#hesis and
promoted neurite outgrowth in NG1a$% cells The extract also enhanced the neurite outgrowth
stimulation activity of NGF when applied in combinatidime aqueous preparation ldf erinaceus
showed neurotrophic but not neuroprotective actiflii et al 2013 .

A known compound 3;dihydro-5-methoxy2-methyl2-(4'-methyl2-oxo-3-penteny}-
9(7H)-oxo-2H-furo[ 3,4-h]benzopyran(33) (Fig. 2), was extracd from the fruit bodies oH.
erinaceus This compound33) displayed activity of high neurite outgrowgimomoting in NGF
induced cells(PC12 Zh@nget al 20159 Compounds such aschloro-3,5dimethoxybenzoic
methyl estel(34) (Fig. 2), and erinaciné\ (17) were purified from the methhanolic extract tf
erinaceusmycelia The compound$17 and 34) efficient in protection of neuronalkgifferentiated
pheochromocytomaells (PC12 against deprival of NGFThe compound17) capable to mimic
the neuritognic activity of NTs in the neurons of primary rat cort8imilarly, the compoundgL7
and 34) were also capable to potentiate the N@Euced outgrowth of neurite devoid of the
stimulation of NGF synthesis in PC12 cell$ie cellular signaling pathwayssdlosed that NGF
induced neurite outgrowth is stimulated by compouiidsand 34) fully by TrkA, while partially
Erkl/2 (Zhanget al 2017 .

Previously unknown erinacine 4B85) (Fig. 3), along with known compounds erinacine A
(17), erinacine B(18), erinacine C(19) wereretrievedfrom the mycelium oH. erinaceuswhile a
known compound CJ1258(36) wasretrievedfrom mycelium ofHericium flagellum(Rupcic et al
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2018 None of the tested compounds showed intrinsic neurothrophic activity, stimulatinigen
outgrowth directly from cultured PC12 cells; compoundsi 19, 35, 36 enhanced the
neurotrophin production in astrocytic cell®romoting the effect of cyathane diterpenoid
derivatives on BDNF expression was also obser8atte erinacines can stutate the transcription

of both investigated neurothrophins, it suggests an upstream target, which is common to upstream
events of NGF as well as BDNF inductiRRupcic et al2018 .
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Threenew cyathanediterpenesrinacinesr-V (37i 39) (Fig. 3), andtwo previouslyreported
cyathanediterpeneserinacineP (40) were extractedfrom the liquid culturesof H. erinaceus The
compoundg37i 40) showedsignificantneurotrophiceffectsin therangeof 2.5-10 eM ascompared
with a controlgroup The percentag®f neuritebearingcellsfor cellstreatedwith compoundg37i
40) at 10 eM reached43.7, 76.31, 65.3, and 48.3%, respectively The NGF is usedas a positive
controlwith neuritebearingcells of 40.3% at the concentratiorof 40 ng/mL (Zhangetal. 2018 .

The peripheralnerve injury (PNI) is one of the significant health concerns The NGF is
known to play pivotal role in the growth, survival and maintenanceof different neuronsin the
nervoussystem The study of neuroprotectiveeffects(NPE) of H. erinaceusand NGF againstthe
mousePNI modelrevealedthat H. erinaceusshowsa higher NPE than the NGF. The bioactive
comoundsof H. erinaceusavoid the deathof neuronsby regeneratiorof their axonsleadingto
neuroprotectionand neureregenerationhelp treating PNI. Further evaluation of bioactive
compoundsof H. erinaceusas a prospectivesourceto cure PNI are necessaryUstiin & Ayhan
2019 Trovatoet al. (2016 showedevidenceof the neuroprotectivgpotential of H. erinaceuson
oral administratiorto therats In thebrainof thoseratstreatedwith fungus,inductionof LXA4 was
maximumin cortexandhippocampusstriatumandcerebellum

A recentclinical trial hasbeenperformedto assesghe capability of H. erinaceusvarious
neurologicaldisorder (e.g. anxiety, binge eating, depressionand sleep disorder$ (Vigna et al.
2019 A total of 77 subjectsaffectedby obesitywith oneor moremooddisordersvasevaluatedo
receivethreecapsulef anH. erinaceusasdietarysupplemendaily up to two monthswith alow-
calorie diet regime The administeredungal extractwas with 80% myceliaand 20% fruit body.
Prior to treatment,after the one and two months, the abovereferred ailments were assessed
(Symptom Checklist90, Zungs SelfRating DepressionScale, Zungs SelfAssessmenfnxiety
Scale,andBinge EatingScaleor BES) All the studiesrevealedsignificantimprovementslisorders
(depressionanxiety,and sleepquality) in the H. erinaceustreatedgroup Further,concerningthe
serumbalancen brainderivedneurotrophidactor (BDNF) andits precursompro-BDNF, increased
circulating pro-BDNF levels was evident Still, clarifications are neededto understandvhether
theseneurotrophingouldbe usedashiomarkersn mooddisordergVignaetal. 2019 .

Effects on dementia and Alzheimer's disease

Dementia is a CNS disorder characterized by severely decline in mental ability which affect
normal daily life of patientsAlzheimeis diseas€AD) is the most cammon cause of dementiaD
is the fifthleading cause of death among adults aged 65 years and older and is also a leading cause
of disability and morbidity(Alzheimets Association, 2009 Some of the bioactive isolated from
Hericiumwere found active agast Alzheimegs disease and are illustrated below

A new sesterterpene, erinacindd) (Fig. 3), and, erinacine A17) (Fig. 2), were purified
from the ethanol extract obtained from the myceliaHoferinaceus A 30-day oral trial of
erinacines A(17) ard S (41) has attenuated th&b plaque burden in the brains ofndonthold
female transgenic mice AFPS1 In addition, erinacines A and S increased significantly the level
of insulindegrading enzymes in the cerebral corf€ken et al201§ Compoundg17 and41)
reduced the cortat and hippocampal amyloid plague growth, promoted hippocampal neurogenesis
putatively by inhibition of glial cells and increased instdiegrading enzym@8DE) expression in
the APPPS1 mice However, onlycompound(17) was capable to decreas® producton as well
as the initiation of plaque formatiom addition, erinacine A recovers the behavioral deficits in the
APP/PS1 mice These suggest that tkempound(17) may possesses therapeutic potential to treat
Alzheimer's diseasélTzeng et al2018. Phamacokinetics ofcompound(41), on oral dosing at
2.395 gkg BW (H. erinaceusmycelial extract equivalent to 50 kg body weight of compound
(42) in the male SpraguPawley rats was 1%3%. The leading site ofompound(41) absorption
was stomach, whilene primary route of elimination of theompound(41) is the fecal excretion
This was the first study to demonstrate tbamnpound(41) could enter the bloetrain barrier of
rats as welas support the developmenttef erinaceusmycelia totreat the newlogical disorders
(Hu etal 2019 .
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A new cyathanyloside derivative named erinacine(8) (Fig. 3), was isolated from the
mycelia ofH. erinaceus(Ma et al 2008. Occurrence of extract dfl. erinaceusin culture media
supported the development of ekellar neural cell§in vitro) by stimulating regulatory processes
of myelinogenesigKolotushkina et al2003, which may be helpful in degenerative neuronal
disorders such as Alzheimer's disease and peripheral nerve regeneration

The H. erinaceusbeinga medicinal mushroom, which improves the recognition memory in
mice Using the HPLCUV-ESIMS analyses, the quantities of erinacin¢1X) and hericenones C
(3) and D(4) in the extracts oH. erinaceuswere standardizetb test against the animal model
towards physiological agingOral administration up to twmonths withH. erinaceus the age
decline of recognition memory reversethe doublecortin(DCX) immunohistochemistry and
proliferation of cell nuclear antigef®"CNA) in the hippocampus and cereletl in experimental
mice resulted in a positive effect df erinaceusof neurogenesiRatto et al2019 .

Li et al. 2020 conducted a clinical trial to study the safety and efficacy of mycelia dfithe
erinaceusenriched with 5 migy erinacine A + The mtients with mild Alzheimds disease
consumed three capsules ddliyophilized mycelia of 350 mgapsulecontaining 5 mfg erinacine
A) This study involved a-8veeksno-drug screening period, followed by a-é@eks doublélind
treatment with two paral groups where the patients were randomized either three mycelial
capsules per day or identically appearing placebo capsthesscore showed intellectual health
performance such as Cognitive Abilities Screening Instrum{@ASI), Mini-Mental State
Examnation (MMSE), and Instrumental Activities of Daily LivinglIADL) of the patients
significantly increased by consumption of the capsules then the placeba grosgrial was
performed based on various in vivo and in vitro studies that erinac{di€)Aas positive impacts
on the dementigd.i et al. 2020 .

The beneficial effects dfl. erinaceushave been confirmed in numerous clinical trider
example, Mori et al 2009 carried out a placeboontrol, paralleigroup and doubkdlind clinical
trial on 3 patients with middle cognitive impairment by providing four 250 mg tablets consist of
96% mushroom powder or placebo thrice a day up to 16 weeks, continued the trial up to four weeks
and assessed using a cognitive function scale by Revised Hasegawdai®&uoale(HDS-R) On
comparison to the placebo gro(weeks 8, 12, and }@reatment and four weeks of follewp, the
yamabushitake group revealed significantly increased sddmsgever, in the fourth week, at the
end of ingestion the values significgnttlecreasedHowever, H. erinaceushas proved to be
valuable in the improvement of average cognitive impairment

Hericium erinaceusstoppedthe impairments of visual recognition and spatial stesrh
memory because of induction bybA2-36 peptide administed in mice intracerebroventricularly
(Mori et al 2011) Owing tothe effect ofH. erinaceuson the brain function as well as autonomic
nervous, Nagano et.al2010 studied the impacts on menopause, depression, sleep quality, and
undefined disordergrandomized, doubkblind, placebecontrolled trialy .Assessments were
carried out based on the Kupperman Menopausal Ifidett), the Pittsburgh Sleep Quality Index
(PSQ), the Center for Epidemiologic Studies Depression S(@ESD), and the Indefinite
Conplaints Index(ICl) A group of 30 females was randomly allotted to consume either cookies
four H. erinaceus(0.5 g powdercarpophor&ookig or four placebo cookies once a day up to one
month In the treated group, after the HE intake, the @E8nd ICI sores significantly lowered
than before, on comparison with the placebo group)itieensitivé and"palpitatiort terms of the
IC1 were substantially lower, and the terte®ncentratioh, "irritating”, and"anxious tended to be
lower. This study showedhtt H. erinaceusis capable to alleviate the anxiety and depression
(Nagano et al2010 .

Supplementation with erinacine-énrichedH. erinaceusmycelia extended the lifespan in
both Drosophila melanogasteand SAMP8 mice by a maximum of @2and 2346, respetively,
compared to the untreated controloreover, erinacine Aenriched H. erinaceus mycelia
decreased TBARS levels and induced the antioxidative enzyme activities of superoxide dismutase,
catalase, and glutathione peroxidésect al. 2019 .
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Anticancer/antitumor activities

Cancer is the second most significant cause of human mortality across the globe, which was
the reason for almost 10 million cancer deaths during 28809 et al2021) Extended protocols
of treatment and the severe side effeat the current anticancer drugs demand an urgent need to
explore safe and effective drugdushrooms are important source of novel metabolites with unique
structural and functional traits with potent cytotoxiciRecently, various structurallyf bioacive
metabolites have been identified frokhericium and assessed for their anticancer potential
Bioactive metabolites dflericiummalso serve as lead molecules for the pharmacological industry
to developnew drugsHere we summarize the anticancer impactaatural products derived from
H. erinaceus

The extract obtained frori. erinaceusdisplayedvarious biological activities including
anticanceone(Li et al. 20143 Erinacine AenrichedH. erinaceusmycelia was found to be active
against the ischemgtroke, as it reduces the neuronal apoptosis plus the size of the stroke cavity in
brain by aiming iNOS8eactive nitrogen specidRNS) and p38 mitogesctivated protein kinase
(MAPK) GCAAT enhancebinding protein homologous protei@HOP) pathwayqLi et al. 2018 .

Novel cytotoxic phenols are known as hericenon€l)Aand B (2) (Fig. 1) were obtained
from the mushroonH. erinaceus The minimum concentrations lead to complete inhibition of
growth of HelLa cells for hericenone (3) was 100 pgnL, for herienone B(2) was 63 pg/mL,
the potent cytotoxicity of2) may be due tgrlactam and its Mubstituen{Kawagishi et al1990 .
Novel o-pyrones, erinapyrones @3), and B(44) (Fig. 3) have beeisolated from the culturbroth
of H. erinaceusmycelia The compound(43) and (44) exhibited cytotoxicity against HeLa cells
minimum concentration giving complete death of the cell{48y was 088 and for(44) was 176
mM (Kawagishi et al1992 .

Aromatic compound hericenone(#5) (Fig. 3), isolated from therlit bodies ofH. rinaceum
and displayed cytotoxic activity against the EC109 cell line with an d€46 ugmL (Ma et al
2012 A new isoindolinone alkaloid named isohericen¢4®, together with compounds, namely
isohericerin (47), erinacerin A (48), 3,4-dihydro-5-methoxy2-methyl2-(46methyt26.0x0-36
penteny)-9(7H)-oxo-2H-furo[ 3,4-h]benzopyran(33), were extracted from the semi dried fruit
bodies ofH. erinaceus The compound46) displayed the potent cytotoxic activity withs{/alues
of 26, 31, 19, and 2 pM against A549, SKOV-3, SK-MEL-2, and HCT15 cell lines,
respectively The compound47) showedcytotoxic activityagainst A549, SKOV-3, SK-MEL-2,
and HCF15 cell lines(ICsp values of 21, 8, 31, and 19 puM, respectivelyThe compound33)
was found to be active against A549,-8K/-3, SK-MEL-2, and HCT15 cell lines(ICso values of
17, 11, 13, and 16 uM, respectivelffhe compound48) showed toxicity against A549, SRV-3,
SK-MEL-2, and HCT15 cell lines(ICso values of 11, 11, 77, and 14 pM, respectively .
Doxorubicin a positive control displayed cytotoxicity against A549;(3k3, SK-MEL-2, and
HCT-15 cell lines(ICso values 0f0.001, Q003, Q002, and M81 pM, respectively Kirf et al
2012 .

A new diterpeng49) (Fig. 3), was istated from the fungal mycelia dfl. erinaceusand
displayed good cytotoxicity against K562, LANCAP, HEP2 cancer cell lines witoMues of
1245, 3623 and 198 uM, respectively Positive control fluorouracil displayed cytotoxicity
against K562, LANCAP, HEPZ2cell lines with 1Go values of 7, 61.5, and 3&% pM, respectively
(Zhanget al 20159 CompoundgE)-5-(3,7-dimethylocta2,6-dien-1-yl)-4-hydroxy-6-methoxy-2-
phenethylisoindolirl-one(50), waspurified fromthe solid culture oH. erinaceusThe compound
(50) also showed poor cytotoxic activiggainstA549 and Hela, cell§lCso values of 49 and
405 Mg respectively Wéng et al20153 .

New alkaloids, erinacerin Nb1), erinacerin N(52) (Fig. 3), erinacerin O(53), erinacerin P
(54) (Fig. 4), were extracted from the solid cultures kf erinaceus The compoundg51 54)
showed moderate cytotoxicity against wild K562 cells with the W@lues of 16, 182, 159, and
114 uM, respectivelyadriamycin as positive control, 3= 0.6 uM) Wdng et al2015h) Later
erinacerin O(53) and erinacerin K54), were also isolated frorhl. erinaceus The compound
erinacerin R54) displayed good cytotoxic activity against human glioma cell line U87 awitiGso
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value of 1932 eg/mL. It was observed that the apoptosis of U87 cells treated(8#hincreased,
and the morphology of U87 cells altered significantyinacerin P(54) increases the rate of
apoptosis rate of U87 cells through Baapase3 pathway and reduces DNA ragation Zhéanget

al. 2020
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Fig. 37 Cytotoxiccompoundssolatedfrom Hericiumerinaceus

Two new aromaticcompoundshericerinA (55) andisohericenonel (56), along with five
known compoundsisoericerin(57), hericerin(58), N-De phenylethylisochericerin(59), hericenone
J (10), and4-[3476dimethyt2§66 octadieny]-2-formyl-3-hydroxy-5-methyoxybenzylalcohdi60),
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were obtainedfrom a methanolextractof the fruiting bodiesof H. erinaceus The compoundg10,
55i 60) displayedcytotoxicity agairst HL-60 cell lines with ICsp of 4.13, 3.06, 59.74, 5.47, 62.24,
4.10,and4.28 uM, respectivelypositivecontrol MitoxantronelCso0.075uM) The compound10,
55, 56, 60) displayedcytotoxicity againstHEL-299 cell lines with ICso of 5.07, 64.61, 5.79, and
8.46 uM, respectively The compoundg55) and(58) alsoinducedapoptosisof HL-60 cells along
with time-dependentlownregulationof c-myc and p-AKT levels(Li et al. 20153 Two purified
compounds, 1-(5-chloro-2-hydroxypheny)-3-methyt 1-butanone (61 and 2,5
bis(methoxycarbonyterephthalicacid (62), wereobtainedfrom the ethanoicextractof fruit bodies
of H. erinaceusanddisplayedweakcytotoxicity againstk562 with 1Cso<200mM(Liu etal. 2019 .

Five new isoindolinones named erinaceolactarrB @3/ 67) (Fig. 4), together with five
known compoundbericenone A1), hericenone {10), erinacerin A 48), hericerin §8), andN-De
phenylethyl isohericerigs9) were purified from the fruit bodies éf. erinaceusextracted in 7%
ethanol These compouts (1, 10, 59, 48, 58, 68%7) exhibited significant cytotoxicity against
SMMC-7221 comparable to or more potent thaRlh Some compoundgl, 10,48, 63, 6567)
serve asgrowth inhibitors of SMMCG7221 in a doselependentmanner In MHCC-97H,
compoundgq1, 59, 67, inhibited the cell growth dosdependentlyAmong these compoundg,
10, 59, 48, 58, 63%7), compound(1l) 20(eg/mL) showed the most potent activity against the
growth of SMMG7221 and MHC@&7H (Wang et al2019 .

A new cyathanaype diterpenoids, hericinoid @8) and known analogues erinacine (3)
(Fig. 4), erinacine Z1(35), were isolated from fermentatidmoth of H. erinaceus The compounds
(68, 35,and69) displayed potent cytotoxicity against H0 cell lines with the 16, values of 183,
8.9, and ® Mg respectively The compound$35) and(69) showed moderate cytotoxicity against
MCEF-7 cell lines withthe 1G5 values from 13} to 158 Me Cisplatin as positive control showed
cytotoxic activity toward$HL-60 MCFR7 cells(with ICso value of 28 and 27/ Mg respectively,
while paclitaxel as another positive control showed cytotoxic activity toward60HUCF7 cells
(ICs00f <0.0 O 8Vl each) Chen et al2018 .

A known cyathane diterpene erinacine(®) was isolated from the liquid cultures Bif
erinaceusand displayed weak cytotoxicity against PC12 c@i&o of 737 M8 Zh@nget al
2018 .Known canpounds ergosteryl stearatg70), ergosterol peroxidg71) (Fig. 5), and
hericenone [9) wereisolated from the fruiting bodies of the medicinal mushrdénerinaceus
The compound?9) displayed potent cytotoxic activity against-&Y5Y, 1321N1, HCT116,Caco
2, OVK18, and HelLa cell lines witlCsovalues 0f36.69, 4166, 766, 4953, 099, and 234 uM,
respectively The compound71) displayed potent cytotoxic activity against -SN5Y, 1321N1,
HCT-116, Cace2, OVK18, and HelLa cell lines witlCso valuesof 10 884, 2168, 5273, 635,
8.07, and33.04 uM, respectivelyThe compound70) displayed selective cytotoxic activity against
SH-SY5Y, HCT-116, and OVK18 cell linefiCso values 0f35.52, 277, and 8L pM, respectively
(Ashour et al2019.

The peptle LysSerProLeuTyr (KSPLY) was derived fromH. erinaceus its synthetic
peptide showed potential immunomodulatory activity at 40l and also promoteNO, IL-1 b ,
IL-6 and TNFU secretion of by the macrophagdhe KSPLY also inhibited secretion of nitric
oxide (NO) as well as IL6 by the M1 macrophages with a tendency of transformation of
macrophages M2 macrophages into.Mhis peptide is an effective immunomodulation seems to
be beneficial to combat human canféu et al 2021) .

A study by Tung et al 2021 indicated that erinacine $1) specifically induces cell
apoptosis and increased ROS production in gastric cancerooéyisThe normal cells are not
affected Erinacine §41) also suppressed tumor growth in a xenograft mouse meakthermore,
erinacine S(41) treatment significantly increases the FasL and tumor necrosis -fatated
apoptosisnducing ligand(TRAIL) protein In contrast, it also decreased the levels of PCNA as
well as cyclin D1 in the gastric cancer xenograft in mioehuman gastric epithelial cell line
(AGYS) the erinacine $41) triggers the apoptosis pathwayiRAIL, FasL and caspass, -9, -3) as
well as suppresses the expression of the antiapoptotic molecules liReaBdl BciXL . Besides,
erinacine §41) causes arrest of cell cycle phase G1 via inactivation of GKkns The data
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also revealed that activation of AKHAK/PAK1 and ROSderived pathways involved in the
erinacine Smediated transcriptional activation of Hasand TRAIL by H3K4 trimethylation on
their promotergTung et al2021)
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Fig. 47 Cytotoxic compoundgsolated fromHericium erinaceugcont.)
The microwaveassisted xractionin 50% ethanol,hot water extract(HWE), acidic aswell

asalkalineextractsof the fruit body of H. erinaceusshowedthe apoptotic abilityagainstthe U937
human monocytic leukemia cells. Assayslike cell viability, cytotoxicity, chromosomalDNA
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integrity, andexpressiorof pro- andantiapoptoticproteins,mitochondrialmembrangotentialand

activationandinhibition of caspasessaysvere performedto definethe mechanisnof apoptosis
Theaqueousaswell asaqueoukethanolicextractswereactivetheseassayswhereaghe acidicand

alkaline extractswere inacive. The resultsof the bioassayshowedactivation of mitochondria

mediatedhe caspase andcaspas® but notthe caspasa (Kim etal. 2011 ErinacineA (17) also
exhibitedsignificantantitumoractivity againstTSGH 9201 cancercell lines It inducedapoptosis
in association with increased phosphorylation of focal adhesion kinaséprotein kinase
FAK/Akt/p70S6Kaswell asserindthreoninekinasePAK-1 pathways It alsoinvolvedin increase
of cytotoxicity, increaseof ROS generationyeductionof invasivenessactivationof caspasesand

expressiorof tumornecrosigeceptor(TRAIL) (Kuo etal. 2017 .

ErinacineA is oneof the major bioactivediterpenoidsextractedrom culturedmyceliaof H.
erinaceus which displayspronouncedantitumorigenicactivities. An in vitro studyon two human
colon cancercell lines DLD-1 and HCT-116 showedthat erinacineA stimulatesthe extrinsic
apoptosisactivation pathways (TNFR, Fas, FasL and caspasésand decreaseghe levels of
antiapoptotianoleculesBcl-2 andBcl-XL, suppressesf phosphorylatiorof JunN-terminalkinase
JNKV/2 andresponsiveto stressstimuli (NF-aB p50 and p330Q The in vivo assayshowedthat
Erinacine A increasesthe levels of histone H3K9K14ac, histone acetylationon Fas and FasL
including TNFR promoters(Leeetal. 2019 .

Anticancer effect of extrac#1TJ5 and HTJ5Aobtained from the broth di. erinaceuswas
evaluated against many cancers by in vitro cancer cell lines and in vivo tumor xen(ggafts
gastrointestinal cancerbver, colorectdaand gastrit The H. erinaceusextracts HTJ5 and HTJ5A
displayed cytotoxic activity against the livigtepG2 and HuY), colon(HT-29), and gastri¢NCI-
87) cancer cellsin in vivo tumor xenograft studies, the HTJ5 and HTJ5A exhibited significant
antitumor activity against the four xenograft mod@tepG2, Hukh7, HT-29, and NCI87) without
the host toxicity In addition, the HTJ5 and HTJ5A showed higher effect compared to-Et¢ 5
against the abovmentioned tumors with less toxicitg total of 22 compands were fetchd from
the fractions of HTIHTJI5A with seven cyclic dipeptides, six small aromatic compounds, five
indole, three flavones, one anthraquinone, pyrimidines and amino acids derivatiesse
compounds include seven cyclic dipeptideyclo(Val-Tyr), cyclaLeuTyr), cyclogPheTyr),
cyclo(PhePhd, cyclaLewLeu), cycloLewAla), and cycl¢Val-Ala); five indole, pyrimidines,
amino acids and derivativ®-hydroxy-2-pyridinecarboxylic acid, 3ormylindole, uracil, 2,3,4,9
tetrahydrelHpyridd 3,4-bjindole-3-carboxylic acid, and tryptophan; three flavon@svonoid
glycosidg neoliquirtin, liquiritigenin, and calycosin; one anthraquinoemodin; and six small
aromatic compounds4-hydroxy-3-methoxybenzoic acid, -Aydroxy-3-methoxycinnamic acid,
hydroxy-benzaldehyde, -iydroxybenzoic acid, 3;dihydroxybenzaldehyde and syringic a¢ld
et al 20143 .

Anticarcinogenic effects

An anticarcinogen is a carcinopreventive aghat counteracts the effects of a carcinogen on
normal cells and inhibits théevelopment of canceExtract fromH. erinaceusor bioactive from
H. erinaceugpossessanticarcinogenic effects, and some of them are illustrated below

The mutagenicity and genotoxicity effects of erinacinenkichedH. erinaceus(EAHE)
mycelium wereevaluated by in three standard tgstsromosomal aberration, micronuclei tesitsl
reverse mutation The results showed that the EAHE mycelium has not increased the number of
revertant colonies in bacterial reverse mutation and not induced higher tgaqieaberrationsin
addition, there was no significant EAHE myceliimauced increase was seen in the incidence of
reticulocytes per 1000 RBC as well as micronucleus per 1000 reticulo®ltethese three
standard tests suggested lack of mutagenicity ganotoxicity of EAHE mycelium at test doses
under standard experimental conditiongLi et al. 2014 . Glycosphingolipid
(monoglycosylceramides cerebroside(E2), is a new cerebroside isolated from the fruit bodies of
H. erinaceus(Fig. 5). This has abviated cisplatisinduced nephrotoxicityin LLC-PK1 cellg as
well as inhibited the angiogenesis in HUVE(Cse et al2015 .

22



The H. erinaceushas been showed a protective effect on cell death of ischejuig-induced
neurons in ratdt has been demotrated that pretreatment with erinaceusattenuated the DEHP
induced cell death significanthBuch protective effect may be owing to its ability to reduce the
intracellular levels of ROC species, which preserves the activity of respirabonplexes to
stabilize the potential of mitochondrial membraihe addition, H. erinaceuspre-treatment has
modulated Nrf2 and Nrf@lependent vitagenes expression significantly, thus prevents rise-of pro
apoptotic and the fall of antiapoptotic marke®verall, the present study provided evidence
towards new preventive nutritional strategy Hhyerinaceusover DEHRinduced apoptosiPC12
cell Angara et al2020 .
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Fig. 51 Cytotoxic compoundssolated fromHericium erinaceugcont.)

The H. erinaceus myceliumeniched erinacine A (5 mg/g) toxicity by a 28-day oral
administrationusing SpragueDawley ratsat threedoseglow, 1 g; medium,2 g; high 3 g/kg body
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weightday) wereselectedwith distilled waterascontrol showedsurvival of all the animalstill end
of the study No abnormalityin clinical signs were observedwithout adversedifferenceswere
foundin haematologyserumbiochemicalparameterandurinalysisamongthe controlandtreated
groups Similarly, pathologicallyand histopathological mannemnp gross changeswere evident
Thus,the EAHE at 3g/kg body weightday hasno adverseeffectson testSpragueDawley rats (Li

etal. 20149 .

Antidiabetic Activity (Alpha-glucosidasenhibitors)

Diabetesmellitus (DM) is one of the rapidly growing lifestyle disarders of 215 century,
affectingthe healthof significantpopulationworldwide. Accordingto recentstatisticalstudiesit is
estimatedthat about415 million peopleacrossthe world are presentlysuffering from diabetes
(Ogurtsovaet al. 2017). Someof the compoundssolatedfrom H. erinaceuspossesantidiabetic
propertesandareillustratedbelow.

New alkaloids,erinacerin®Q (73), R (74), S (75), andT (76), werepurified from the cultures
of H. erinaceus(Fig. 5) Thesecompoundg73i 76) showedinhibitory activities againstPTP1B
with 1Cso valuesof 29.1, 42.1, 285, and 24.9 pM, respectively(positive control, sodiumvanadate
ICs0= 1.2 uM) The compoundé73i 76) showed inhibitory activids against -glucosidase
inhibition with 1Cso values of 12, 233, 195, and 2QL pM, respectively(positive control,
acarbose 165=2731 pM) Wdng et al2015h .

New compounds isoindohfi-ones designated as erinacering D77 85) along with(E)-5-

( 3,7-dimethylocta2,6-dien-1-yl) -4-hydroxy-6-methoxy2-phenethylisoindolifl-one ( 50) were
obtainedfrom the cultures oH. erinaceus These compound$0, 77 85) showed inhibitory effect

at1Cso ranging from 53i 1451 Mein U-glucosidase inhibition ass4kig. 6) The structureactivity
relationship indicated that the presence of terpenoid side chain and phenolic hydroxy groups are
conducivefor the U-glucosidase inhibitory activity &0 and77i 85) (Wang et al20153 .

Four new compounds, erinacenok86), together with known compounds[8',7-dimethy}

2' 6-octadieny]-2-formyl-3-hydroxy-5-methyoxybenzylalcohal87), hericene A(88), hericene D
(89), and known compound hericenond4) retrieved from the fruibodies ofH. erinaceus These
compound (86i 89 and4) displayed potentiglucosidase inhibitory activity with &g 19.6, 7.5,

6.7, 3.9, and 155 €M, respectively( positive control acarbose, 46; 71.2 ¢eM) The molecular
docking showed the interaction @fglucosidase as well as isolated compousdgporting the
inhibitory actvity againstU-glucosidaséLee etal. 2020 .

Meroterpenoid$iericenes B90) and hericenones (@), E(5), H6), G(7) were purified from
the fruit body ofH. erinaceus The most poteninhibitory activities on PNP@&-Nitrophenyl beta
D-galactgyraroside) showed by the compounf?) and sucrosgICso of 152 and 126 uM,
respectively The compound3) possesses the strongest inhibitory activities on maliazg of
15.3 uM), while the positive control acarboséowed IGo of 381, 205, and 171 pM aganst
PNPG, sucrose, and maltose, respectivélye compound90) led the most potent inhibitory
activities on PNPG sucrose maltd$€so of 29.6, 291, and 6% pM, respectively The compound
(3) showed the most potent inhibitory activities agaonst PNfaGrose and maltose with thesdC
of 219, 135, and 153 pM, respectively The compound5) possesses the strongest inhibitory
activities against PNPG, sucrose and maltose with thediC23.3, 42.5, 255, uM, respectively
The compound6) wasthe mostpotent inhibitory potential against PNPG sucrose maltose with the
ICs0 Of 453, 671, >100 pM, respectivelyThe compound(7) also showed the most potent
inhibitory potential against PNPG, sucrose and maltose with theof5.2, 126 and 33L uM,
respetively. The positive control acarbose showed the most robust inhibition against PNPG,
sucroseand maltose with 165 of 453, 671, >100, 38L, 205, and 171 uM, respectivelChen et
al. 2020.

Antioxidant potential

Antioxidants are the substancedhat protectsthe cell organellesby reactingwith highly
reactivefree radicalswhich are producedduring metabolism Among various natural alternative
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sourcesmushroomareidentified asa major sourceof potentantioxidantcompoundgMishraet al.
2020 Bioactivemetabolitedrom Hericiumwith antioxidantpropertiesareillustratedbelow.

Lew et al. (2020 investigatedhe antioxidantactivities of a standardizedqueousextractof
H. erinaceudn anin vitro modelof FRDA (FriedreichAtaxia) involving L-Buthioninesulfoximine
(L-BSO)-inducedhumandermalfibroblastexpressingabnormalexpansionof GAA triplet repeat

L-buthioninesulfoximine is an inhibitor of o-glutamylcysteinesynthetasewhich plays a role in
GSHbiogenesigLew etal. 2020 .
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