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Abstract: Nutrition has relevant consequences on human health and increasing pieces of evidence
indicate that medicinal mushrooms have several beneficial effects. One of the main issues in western
countries is represented by the challenges of aging and age-related diseases, such as neurodegener-
ative disorders. Among these, Parkinson Disease (PD) affects 10 million people worldwide and is
associated with a-synuclein misfolding, also found in other pathologies collectively called synucle-
inopathies. Here we show that aqueous extracts of the two edible mushrooms, Grifola frondosa and
Hericium erinaceus, represent a valuable source of 3-glucans and exert anti-aging effects in yeast.
Their beneficial effects are mediated through the inhibition of the Ras/PKA pathway, with increased
expression of heat shock proteins, along with a consistent increase of both mean and maximal
lifespans. These fungal extracts also reduce the toxicity of a-synuclein heterologously expressed in
yeast cells, resulting in reduced ROS levels, lower a-synuclein membrane localization and protein
aggregation. The neuroprotective activity of G. frondosa extract was also confirmed in a PD model
of Drosophila melanogaster. Taken together our data suggest the use of G. frondosa and H. erinaceus as
functional food to prevent aging and age-related disorders, further supporting the neuro-healthy
properties of these medicinal mushroom extracts.

Keywords: Saccharomyces cerevisiae; a-synuclein; Grifola frondosa; Hericium erinaceus; medicinal
mushrooms; Parkinson Disease (PD); Drosophila melanogaster

1. Introduction

The budding yeast Saccharomyces cerevisiae is one of the most used model organisms
to study molecular mechanisms of several cellular processes, from cell cycle to metabolism
and signaling, due to the high evolutionary conservation of these processes with higher
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eukaryotes and due to its simple genetic manipulation. In particular, the yeast chronolog- 48
ical life span (CLS) assay has been successfully used to model aging of post-mitotic cells 49
of higher organisms [1,2]. Many different models using yeast strains overexpressing hu- 50
man genes associated with diseases like Alzheimer’s disease (AD), Parkinson’s disease 51
(PD) or Hungtington’s disease (HD) have also been exploited in the last decades. Among 52
them, one of the most studied yeast models consists on the expression of a-synuclein (a- 53
syn) [3-6], a presynaptic protein whose alteration is associated with synucleinopathies, 54
such as PD [7-9]. 55
Another simple but powerful model for studying aging and neurodegenerative dis- 56
eases is the invertebrate Drosophila melanogaster, whose common name is fruit fly. D. mel- 57
anogaster is characterized by a well-defined nervous system and around 75% of the genes 58
responsible for human diseases are evolutionarily conserved in Drosophila [10]. Transgenic 59
flies expressing human wild-type (WT) a-syn are a PD model that has been experimen- 60
tally shown to mimic several aspects of this neurodegenerative disease [11]. 61
Nowadays, there is increasing attention on nutrition as a means of preventing some 62
human pathologies, since natural compounds can be used in everyday diet with few side 63
effects. Mushrooms’ nutritional value is evidenced by their low caloric value and fat com- 64
position, whereas they are rich in proteins, fibers, carbohydrates, vitamins and minerals. 65
Medicinal mushrooms have been used since the Neolithic age by humans for their bene- 66
ficial effects on health and about 270 species are known for their preventive or therapeutic 67
properties [12,13]. Because of their potential effects on human health, two of the most 68
studied species are Grifola frondosa (Dicks.) Gray and Hericium erinaceus (Bull.) Pers [14]. 69
Grifola frondosa, also referred as Maitake, is an edible wood-decay mushroom that 70
grows mainly on oaks or chestnuts, used as a health food for centuries in China and Japan. 71
The medicinal value of this mushroom concerns its high content on polysaccharides, all 72
above (-glucans, that are responsible for its immunostimulating, anti-tumoral, anti-dia- 73
betic, anti-allergic, anti-oxidant, anti-aging and neuroprotective effects [15,16]. 74
Hericium erinaceus, also known as Yamabushitake or lion’s mane mushroom, is a cul- 75
inary medicinal mushroom that grows mainly on oaks or holm-oaks, with interesting ther- 76
apeutic activities related to the promotion of nerve and brain health [17]. Its mycelium 77
and sporophore present an extraordinary quantity of bioactive metabolites that make this 78
mushroom a strong anti-carcinogenic, antibiotic, anti-fatigue, cardioprotective, nephro- 79
protective, anti-senescence and anti-depressant species [18-21]. According to different 80
studies, H. erinaceus can act by reducing the neuroinflammation associated with neuro- 81
degenerative disorders [22,23]. 82
-1,3-1,6 glucans from G. frondosa allow lifespan extension as described by the daily 83
administration to the model organism Nothobranchius guentheri [24] and to Caenorhabditis 84
elegans [25]. Proteo-B-glucan from G. frondosa has shown surprising effects on ameliorating 85
Alzheimer’s diseases-like pathologies and the associated cognitive impairment in mice 86
through an increased A3 plaques phagocytosis by microglia cells [26]. 87
B-glucans from H. erinaceus play a key role in improving health because of their im- 88
munomodulatory, anti-tumor, and antioxidant properties by scavenging reactive oxygen 89
species. All those effects could reduce the risk of diseases, including neurodegenerative 90
diseases [27,28]. 3-glucans belong to the group of prebiotics with an important effect on 91
the ecological fitness of our gut microbiome, thus exerting a neuroprotective role through 92
the microbiota-gut-brain axis [29]. 93
L-ergothioneine (ET) is a thiol/thione derivative from histidine, found in large quan- 94
tities in mushrooms [30], and called “longevity vitamin” for the health promoting effect 95
[31-33]. From a nutritional point of view, ET is essential for humans because it is only 9
acquired from diet, and it is easily absorbed in the gut of humans via the specific organic 97
cation transporter (OCTN1), thus reaching high levels in the body [34]. ET displays anti- 98
oxidant activity by scavenging ROS (reactive oxygen species) and by activating antioxi- 99
dant enzymes, and it is described as a neuroprotective agent against protein aggregation 100
in PD [35,36]. It has been reported that a deficiency in ET blood levels increased the risk 101
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of several neurodegenerative disorders including PD, mild cognitive impairment (MCI), 102
and frailty in aging [37]. The cause-effect relationship between this ET decline and the risk 103
of neurodegenerative diseases remains to be established. 104

Herein, we explored the anti-aging and protective effects of G. frondosa and H. erina- 105
ceus aqueous extracts on the model organism S. cerevisize. The chemical composition of 106
both extracts has been analyzed, with a focus on polysaccharides, free amino acids and 107
ET content. Furthermore, the neuroprotective activity of G. frondosa was also investigated 108
in a transgenic model of Drosophila melanogaster expressing human a-synuclein. These 109
mushrooms were found to exert anti-aging effects and reduce the toxicity of a-synuclein 110
in yeast model, showing also neuroprotective activity in a PD model of Drosophila melano- 111
gaster. Thus, G. frondosa and H. erinaceus extracts have great potential to prevent aging and 112

age-related disorders. 113
2. Materials and Methods 114
2.1. Chemical reagents 115

All chemicals of analytical grade were purchased from Sigma-Aldrich products. For 116
both HPLC/MS analyses, HPLC-grade acetonitrile and water were purchased from VWR 117
Chemicals and Carlo Erba, respectively. 118

2.2. Extract preparation 119

The dried fruiting bodies of G. frondosa and H. erinaceus were provided by Mycology 120
Laboratory (DSTA) of Pavia University (Italy) and then reduced in a fine powder. 2 g of 121
dry powder were suspended in 60 ml of ultrapure MilliQ water. Then, extracts were pre- 122
pared through a magnetic stirrer at 500 rpm for 60 minutes at 100°C. The extraction was 123
repeated three times. Then it was centrifuged at 5000 g for 30 min, supernatant was recov- 124

ered and freeze-dried. 125
2.3. Thermogravimetric analysis (TGA) 126

TGA analyses were performed in nitrogen (10°C/min, temperature range 30-700°C) 127
with a TGA 4000 Perkin Elmer instrument equipped with a 70 uL alumina crucible. 128
2.4. Attenuated total reflectance (ATR) Fourier transform infrared (FT-IR) spectroscopy 129

The ATR-FTIR spectra of the samples were recorded using a Bruker Vertex 70 spec- 130
trophotometer (Bruker, Billerica, MA, US) equipped with the Harrick MVP2 ATR cell (res- 131
olution 4 cm™). 132

2.5 Free Amino Acids and ergosterol identification 133

Both the samples were subjected at first to a derivatization process (silanization) and 134
then analyzed by GC/MS. More in detail, 2 mg of each sample were accurately weighed 135
and suspended in 25 pul of 2wt% methoxylamine hydrochloride in pyridine. The suspen- 136
sions were incubated at 37°C. After 90 minutes, 40 pul of MBDSTFA (N-methyl-N-ter-bu- 137
tyldimethylsilyl-trifluoroacetamide)+1% TBDMCS (tert-butyldimethylchlorosilane) were 138
added and stirred at 60°C for 30 min. Finally, after incubation at room temperature over- 139
night, the samples were analyzed by using a ISQ™ QD Single Quadrupole GC-MS 140
(Thermo Fisher). A VF-5ms (30 m x 0.25 mm i.d. x 0.25 pm; Agilent Technology) column 141
was used for the chromatographic separation Injection volume: 1 ul. Oven program: 100° 142
C for 2 min; then 6° C/min to 280° C for 15 min; Run Time 42 min. Helium was used as the 143
gas carrier. SS Inlet: Mode Splitless. Inlet temperature: 280° C. Flow 1.0 ml/min. MS trans- 144
fer line: 270°C. Ion source: 250°C. Ionization mode: electron impact: 70 eV. Acquisition 145
mode: full scan. In order to compare the composition of the extracts, for each analyte iden- 146
tified by GC/MS target ions were extracted by the TIC and the corresponding area was 147
measured. Supplementary Table S1 reports for each analyte the corresponding targetion 148
used. 149



Nutrients 2022, 14, x FOR PEER REVIEW 4 of 25

2.6. Analysis of monosaccharide composition 150

According to the literature [38], 10 mg of each sample were dissolved in 3 mL of dried 151
dimethylsulfoxide. 40 mg of dried NaOH were added followed by 2 mL of CHsCIL The 152
solution was kept under stirring for 10 min. Then, 2 mL of deionized water were added 153
to stop the reaction. The methylated polysaccharides were extracted three times by CHsCl. 154
The organic fractions were collected together and vaporized at 40°C. The obtained prod- 155
ucts were put in contact with 5 mL of 2 M trifluoroacetic acid at 110°C. After 3h, 3mL of 156
ethanol were added and the solution was dried by a rotary evaporator. This step was re- 157
peated three times. The partially methylated sugars in the hydrolysate were reacted with 158
3 mL of 0.3% NaOH and 40 mg of NaBHa at room temperature. After 3 h the pH was 159
adjusted to 4 by glacial acetic acid, ethanol was added and the solution was evaporated 160
by the use of a rotary evaporator until dryness. This step was repeated five times. Then, 5 161
mL of acetic anhydride was added to the sample and the solution was heated at 100°C for 162
1.5 h. Finally, partially methylated alditol acetates were extracted three times by CHCls. 163
The organic fractions were collected together, washed with deionized water, reduced in 164
volume and analyzed by using an ISQ™ QD Single Quadrupole GC-MS (Thermo Fisher). 165
A VF-5ms (30 m x 0.25 mm i.d. x 0.25 um; Agilent Technology) was used as chromato- 166
graphic column. Injection volume: 1 pl. Oven program: 50°C for 5 min; then 20°C/min to 167
200°C for 15 min; then 20°C/min to 280°C for 5 min; Run Time 37 min. Helium was used 168
as the gas carrier. SS Inlet: Mode Splitless. Inlet temperature: 280° C. Flow 1.0 ml/min. MS 169
transfer line: 270°C. Ion source: 280°C. Ionization mode: electron impact: 70 eV. Acquisi- 170
tion mode: full scan. 171

2.7. Analysis of ergothioneine 172

The identification and quantification of ergothioneine was performed by a HPLC Di- 173
onex Ultimate 3000 (Thermo Fisher Scientific) equipped with an autosampler, tempera- 174
ture-controlled column compartment and UV detector and interfaced with a LTQ XL 175
(Thermo Fisher Scientific) ion trap mass spectrometer (MS) with an electrospray ioniza- 176
tion source (ESI). Chromatographic analysis was performed by a Synergi™ Hydro-RP 80 177
A (Phenomenex) column (250 x 4.6 mm, 4 um) and with a 20 uL injection loop. Ergothi- 178
oneine was separated using a gradient elution program, which consisted of water with 179
0.1% formic acid (Solvent A) and acetonitrile with 0.1% formic acid (Solvent B) at a steady 180
flow rate of 0.6 ml/min. The gradient started with 99% A and 1% di B for 10 min, thenin 181
15 min the percentage of B ramped to 70% B, whereas A dropped to 30%. The presence of 182
ergothioneine in the compounds was also monitored at 260 nm by the UV detector. The 183
MS interface conditions for sample acquisition were the following: capillary temperature 184
275°C, sheath gas flow rate (arb) 20, auxiliary gas flow rate (arb) 5, spray voltage 5 kV, 185
capillary voltage 17 kV, and tube lens 75 V. MS was operated in Selected Ion Monitoring 186
(SIM) mode (229.5 - 230.5 m/z) for the quantification, whereas MSn analyses were carried 187
out for the identification of the target molecule. In this last case, the parention was isolated = 188
with a mass width of m/z =1 and the MS" product ions spectra were produced by collision 189
induced dissociation of the protonated molecular ion [M+H]* by helium as the collision 190
gas with a collision energy of 19%. 191

For LC/MS analyses 10 mg of each sample was dissolved in 1 mL of ultrapure water 192
and properly analyzed. An ergothioneine standard was also used as reference material. 193
The calibration curve was constructed by injecting standard mixture solutions at four con- 194
centrations (5, 10, 25, 50 pug/mL) (Supplementary Fig. S1). Each solution was analyzed in 195
triplicate. 196

2.8. Yeast strains and media 197

The yeast strains used in this paper are listed in Supplementary Table S2. Cells were 198
grown at 30°C in minimal medium containing 2% glucose as a carbon source and 0.67% 199
yeast nitrogen base without amino acids, supplemented with 50 mg/1 of required amino 200
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acids and bases for which the strains were auxotrophic. The natural extracts were dis- 201
solved in the medium at a concentration of 0.2% or 0.5% and filtered through 0.22 um 202
filters. 203

2.9. Chronological lifespan experiments (CLS) 204

Cell cultures were grown in liquid medium until mid-late exponential phase and 205
then inoculated at 0.150 OD/ml in flasks containing medium in the presence or absence of 206
the natural extracts (0.2% or 0.5% as indicated in each experiment). Survival was assessed 207
by propidium iodide staining (PI) at the indicated time points with the Cytoflex cytofluo- 208
rimeter (Beckman Coulter) and analyzed with the Cytoflex software. For some experi- 209
ments, survival was also confirmed by colony-forming units (CFUs) after 2 days of incu- 210
bation at 30°C on YPD agar plates. 211

2.10. Yeast protein extraction, cell fractionation and immunoblotting 212

Equal amounts of cells were collected by filtration and immediately frozen at -80°C. 213
Cell were resuspended in lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% NP- 214
40, 10% glycerol) plus 1 mM PMSF (phenylmethanesulfonylfluoride), protease inhibitor 215
cocktail (Roche, Indianapolis, IN) and phosphatase inhibitor cocktail (Sigma-Aldrich, St. 216
Louis, MO). An equal volume of acid-washed glass beads (Sigma) was added, and cells 217
were broken by 10-15 vortex/ice cycles of 1 min each. Extracts were transferred to new 218
tubes and clarified by centrifugation. Protein concentration was determined using the Bio- 219
Rad protein assay. The cytoplasmic-membrane fractionation experiment was conducted 220
using the MEM-PER kit (Thermo), following the manufacturer’s instructions on yeast 221
spheroplasts. Western blot analysis was performed using anti-Synuclein antibody (1:1000, 222
Sigma Aldrich), anti-Pgkl antibody (1:1000, Molecular Probes, used as loading control 223
and cytoplasmic marker) and anti-Pmal antibody (1:1500, Abcam, used as membrane 224
marker). HRP-conjugated anti-rabbit and anti-mouse secondary antibodies (1:5000, GE = 225
Healthcare) were used. 226

2.11. Immunofluorescence analysis 227

In situ immunofluorescence was performed on formaldehyde-fixed cells and carried 228
using a-synuclein immunostaining (1:500, Sigma Aldrich) followed by indirect immuno- 229
fluorescence using anti-rabbit Alexa Fluor488 antibody (1:500, Thermo Fisher Scientific). 230
Digital images were taken with a Thunder Imaging System, with an oil 100X oil objective 231
(Leica). 232

2.12. Heat shock assay 233

Yeast cells were grown in minimal medium until mid-late exponential phase and 234
then inoculated at 0.150 OD/ml in flasks containing medium in the presence or absence of 235
0.5% fungi extracts. After 24 h treatment, cells were diluted at 2.5x106 cells/ml and 0.5 ml 236
were treated at 51°C in a water bath for 0, 5, 10, 15, 20, 25, 30 min (heat shock). Then cells 237
were diluted 1:10, spotted on YPD plates and grown at 30°C for 2 days. 238

2.13. Analysis of reactive oxygen species (ROS) levels 239

Analysis of cellular superoxide was performed by DHE (dihydroethidium) staining. 240
Cells were collected after 24 h treatment with 0.2% fungi extract and 0.2 OD were resus- 241
pended in PBS and stained with 5 pg/ml for 10 min. FACS analyses were performed with 242
Cytoflex cytofluorimeter (Beckman Coulter) and analyzed with the Cytoflex software. 243

2.14. Analysis of aggresomes 244

Analysis of intracellular protein aggresomes was performed with the PROTEO- 245
STAT® Aggresome detection kit (ENZO Life Sciences). Cells were collected after 24 h 246
treatment with 0.2% fungi extract and 0.2 OD were resuspended in assay buffer 1x and 247
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stained with PROTEOSTAT®Aggresome detection reagent at a dilution 1:15000. FACS 248
analyses were performed with Cytoflex cytofluorimeter (Beckman Coulter) and analyzed 249
with the Cytoflex software. 250

2.15. RNA extraction and gRT-PCR 251

RNA extraction was performed as previously reported [39]. Quantitative real-time 252
PCRs (qQRT-PCRs) were performed in triplicate using the ChamQ supermix (Vazyme) and 253
carried out in the MiniOpticon PCR detection system (Bio-Rad). Data were normalized to = 254
those for CDC28 and CDC34 reference genes and organized with CFX Manager software 255
(Bio-Rad); primers are available upon request. 256

2.16. FM4-64 Internalization 257

wt[a-syn] cells were grown overnight to exponential phase in minimal medium in the 258
absence or presence of 0.5% fungal extracts. Cells were pelleted, resuspended in 100 pl of 259
fresh medium containing 40 uM FM4-64 (Molecular Probes, Eugen, OR) from a stock so- 260
lution of 4 mM in dimethylsulfoxide and incubated at 30°C for 15 min with shaking. Then 261
cells were pelleted, resuspended in fresh medium, and immediately counted at the fluo- 262
rescent microscope for the presence of the dye at the vacuolar membrane. 263

2.17. In vitro a-syn fibrillation 264

In accordance with previous reported protocols [40], recombinant a-syn (kind gift 265
from Prof. P. Polverino de Laureto)[41] samples (250 uM), filtered with a 0.22 pm pore- 266
size filter (Millipore, Bedford, MA, USA), were incubated at 37°C in 20 mM sodium phos- 267
phate buffer, pH 7.4 up to 7 days under shaking at 900 rpm with a thermo-mixer in the 268
absence (control) or in the presence of G. frondosa or H. erinaceus by using mass ratio pro- 269
tein/substance of 1:1 (1x). 270

2.18. Morphological characterization by electron microscopy imaging 271

The morphology of a-syn aggregates was investigated by transmission electron mi- 272
croscopy (TEM). 5 ul aliquots of a-syn incubated in the presence or in the absence of G. 273
frondosa or H. erinaceus extracts were withdrawn at different aggregation times, loaded 274
onto a formvar/carbon-coated 400 mesh nickel grids (Agar Scientific, Stansted, UK) and 275
negatively stained with 2.0% (w/v) Tungstic acid (Sigma-Aldrich). The grid was air-dried 276
and examined using a JEM 1010 transmission electron microscope at 80 kV excitation volt- 277
age. 278

2.19. Thioflavin T (ThT) assay 279

The ThT binding assay was performed according to LeVine [42], using a 25 uM ThT 280
solution in 20 mM sodium phosphate buffer, pH 7.0. Each sample, diluted at a final con- 281
centration of 6.25 UM, was transferred into a 96-well half-area, low-binding, clear bottom 282
(200 pl/well) and ThT fluorescence was read at the maximum intensity of fluorescence of 283
485 nm using a Biotek Synergy 1H plate reader; buffer fluorescence was subtracted from 284
the fluorescence values of all samples. In control experiments, a significant interference of 285
the highest concentration of G. frondosa or H. erinaceus on ThT fluorescence was observed, 286
so the mass ratio protein: extract with lowest fluorescence interference was selected (Sup- 287
plementary Fig. 52). We performed two different controls to evaluate the effects of: i) ex- 288
tracts on ThT fluorescence (Supplementary Fig. S2A); ii) extracts on a-syn-ThT complex, 289
adding G. frondosa or H. erinaceus at two mass ratios protein: extract (1x and 2x) in order 290
to assess the possible quenching effects (Supplementary Fig. S2B). The highest dose inter- 291
feres with the experimental procedure increasing the fluorescence of the ThT probe and 292
interfering with the a-syn-ThT complex fluorescence, so we used the lowest mass ratio 1x 293
to better discriminate the extracts effects on the a-syn amyloid aggregation process. 294
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2.20. Fly stocks and husbandry 295

Drosophila melanogaster stocks, obtained from Bloomington Drosophila Stock Centre 296
(Indiana University, Bloomington, IN), were allowed to develop under a 12:12 hours 297
light:dark cycle at 25°C and 60% (+5%) relative humidity. The flies were kept in plastic 298
vials containing standard Drosophila food (Formula 4-24 ® media, Carolina Biological, 299
Burlington, NC, USA) and yeast. Crosses were set up using virgin females of UAS-aSyn 300
line (#8146) that were mated to males of the nsyb-GAL4 driver line (#39171). The progeny 301
expressed human a-synuclein in the neurons and the flies were referred to as PD flies. PD 302
Flies were kept at 27°C to enhance GAL4-driven expression of the UAS-aSyn constructs. 303

2.21. Drosophila melanogaster longevity assay 304

After eclosion, male and female PD flies were separated according to the sex every 305
24 hours [43]. A total of nearly 1000 male and 1000 female PD flies were randomly divided 306
into 4 groups: Control (CNT) 0.2%, G. frondosa extract (G.f.) 0.2%, CNT 0.05% and G.f. 307
0.05%. The extract of G. frondosa was diluted in the water that served to soak the culture 308
medium and flies were supplemented lifelong. Every 3-4 days, the flies were transferred 309
into vials containing fresh food and the number of dead flies was counted. This was re- 310
peated until all flies died. Kaplan-Meier survival curves were generated for lifespan as- 311
sessment through OASIS2 software [44]. 312

2.22. Western Blot Analysis of D. melanogaster heads 313

Approximately 20 heads of PD flies supplemented or not with G.f. 0.05% for 25 days 314
were homogenized in 7.0 M urea, 2 M thiourea, 4% CHAPS, 60 mM dithiothreitol. Sam- 315
ples were diluted in Laemmli buffer containing 5% beta-mercaptoethanol. 15 ug of protein 316
extract was loaded per lane and run in 13% polyacrylamide gels using a mini-Protean 317
Tetracell (Biorad, Hercules, CA, USA) and transferred onto nitrocellulose membranes (0.2 318
um) using a Trans-Blot Turbo transfer system (Biorad) as previously described [45]. Anti- 319
a-Synuclein XP® Rabbit (#51510 Cell Signaling Technology, Beverly, MA, USA) antibody 320
was used at 1:1,000 dilution. Moreover, an anti-B-actin (1:5000, Invitrogen) was used for 321
internal normalization. HRP-goat anti-rabbit secondary antibody was used at 1:10,000 di- 322
lution. Immunoblots were developed using the enhanced chemiluminescence detection 323
system (ECL). The chemiluminescent images were acquired using LAS4010 (GE Health 324
Care Europe, Upsala, Sweden). The immunoreactive specific bands were quantified using 325

Image Quant-L software. 326
3. Results 327
3.1. Analysis of fungal extract composition 328

The aqueous extracts of G. frondosa and H. erinaceus were first lyophilized and then 329
analyzed with different methods to evaluate their composition. The results obtained by 330
TGA first derivatives (DTGA, on the left) and FT-IR (on the right) of the two fungal ex- 331
tracts, and of the 3-glucan and chitin standards are reported in Fig. 1A. 332



Nutrients 2022, 14, x FOR PEER REVIEW

8 of 25

(A)

,,,,,,,, Hericium

y Chitin
.- Grifola
—— Beta glucan
s
ET standard
£ ki G. frondosa
3
2
5
2
]
H
o H. erinaceus

Time (min)

(C)

L-Lysine

L-tyrosine

Citric acid
L-glutamic acid
Isovanillic acid
Aspartic acid
L-Phenylalanine
L-Threonine
L-Serine
L-Methionine
D-Pyroglutamic acid
L-Proline

Isoleucine

L-Leucine

L-Valine

Glycine

L-Alanine + Sarcosine
Lactic acid

— Grfola —Hericium — Chitn — Beta glucan

600 1100 1600 2100 2600 3100 3600
‘Wavenumber (cm™)

@ H. erinaceus

W G. frondosa

0 5 10
Area %

Figure 1. Chemical analysis of fungal extracts (A) DTGA curves (left) and FT-IR spectra (right) of
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the lyophilized aqueous extracts of G. frondosa and H. erinaceus fruiting bodies, and of 3-glucan and
chitin standards. (B) LC/MS (left) and MS/MS spectra of ergothioneine (ET) obtained by fragmenta-
tion of the ion at m/z 230 for the aqueous extracts of G. frondosa and H. erinaceus fruiting bodies and

an ET standard. (C) Relative percentage of metabolites in both G. frondosa and H. erinaceus.

According to the literature [46], three main stages of thermal degradation could be
identified for fungal extracts. The first one in the range 120-250°C, more evident for H.
erinaceus than for G. frondosa, is associated with degradation of side chain polysaccharides,
such as a-glucans or glycoproteins [47,48], that occurs at lower temperature in comparison
to polysaccharide backbone degradation [49,50]. In the second stage (250-350°C) the major
weight loss occurs and is related to 3-glucan thermal degradation, as confirmed by the
good overlapping with the standard signal and in accordance with the literature [46,47].
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As expected, 3-glucans content was 66.7% and 61.7 % for G. frondosa and H. erinaceus, re- 346
spectively. The weight loss observed in the third stage (350-500°C) could be reasonably 347
attributed to chitin-glucans and pure chitin thermal degradation (Fig. 1A, left panel), as 348
also previously reported [51]. 349

As regards FT-IR characterization, both samples showed bands in the regions char- 350
acteristic for chitin and (3-glucan [25,26,52-55], confirming the results obtained by DTGA 351
analysis (Fig. 1A, right panel). 352

Ergothioneine was identified through mass spectrometry, by fragmentation of the 353
ion at m/z 230, which typically shows fragment ions at m/z 186 and m/z 127 (Fig. 1B). Both ~ 354
samples contained ergothioneine that was quantified by LC/MS analysis in SIM mode and 355
was 1.31 mg/g and 0.99 mg/g in the extracts of H. erinaceus and G. frondosa, respectively 356
(Fig. 1C, Supplementary Fig. S1). 357

Free amino acids, as well as unsaturated fatty acids, ergosterol and other compounds 358
were investigated by GC/MS analyses (Supplementary Table S1). Both the samples were 359
good sources of amino acids (including essential ones), as well as of unsaturated fatty 360

acids (Table 1), in agreement with previously reported data (see references in Table 1). 361
Table 1. Analytes identified by GC/MS and comparison with bibliographic references. 362
D= Detected 363
Reference
. Ref
Analyte H. erinaceus (mg/g) G ¢ el:e.n ce (mg/g)
. frondosa fruiting body
fruiting body
Lactic acid D - D -
2,43 [56] 2,15 [60]
. 0,11 [57] 3,13 [60]
L-Alanine D D [58] D 5,22 [61]
D [59] 2,77 [56]
Sarcosine D - D -
1
1,03 [56] e 60)
Glycine D 0,11 [57] D ’
D [58] 2,46 [61]
0,57 [56]
0,30 [56]
L-Valine D 0,10 [57] D -
D [58]
2,38 [56] 009 10!
L-Leucine D 0,14 [57] D ¢
D [58] 0,27 [61]
0,35 [56]
0,12[60]
. 0,07 [57] 0,12 [60]
Isol D D
soleucine D [58] 0,56 [61]
0,33 [56]
. 0,10 [57]
L-Proline D D [58] D -
D-Pyroglutamic D i D )

acid
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1,08 [56]
4 1
L-Methionine D 0,03 [57] D 1’2 {g 6}
D [58] !
Adipic acid - - D -
o
L-Serine D 0,11 [57] D 2'01 (61]
D58l 0,97 [56]
0,47 [56] 1,56 [60]
. 0,28 [57] 1,28 [60]
L-L D D
ysthe D [58] 5,70 [61]
D [59] 1,11 [56]
0,78 [56] 1,43 [60]
L-Threonine D 0,12 [57] D 1,44 [60]
D [58] 4,4 [56]
B
L-Phenylalanine D 0,05 [57] D ’
D [58] 2,71 [61]
0,8 [56]
o
Aspartic acid D 0,23 [57] D !
D [58] 1,66 [61]
0,64 [56]
1,61 [60]
e 1,25 [60]
Isovanillic acid - - D 1,88 [61]
0,42 [56]
0,50 [56] 8,01 [60]
L 0,42 [57] 9,10 [60]
L-Glutamic acid D D [58] D 12,62 [61]
D [59] 0,67 [56]
o D [62]
Citric acid D D [59] D -
0,14 [57]
L-Tyrosine D D [58] D -
D [62]
Crotonic acid D - D -
Glyceric acid D - D -
Palmitic acid D - D D [63]
Azelaic acid - - D -
Linoelaidic acid D - D D [63]
Oleic acid D D [59] D D [63]
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Stearic acid - - D -
2,58 [64]
2,72 [64]
Ergosterol D 2,45 [64] D D [66]
D [65]

364

A strict comparison between the samples revealed that G. frondosa extract contained 365
some molecules absent in H. erinaceus extract, such as adipic acid, isovanillic acid, azelaic 366
acid and stearic acid. The results reported in Fig. 1C, expressed as relative percentage of 367
each amino acid with respect to the total, allowed to highlight some differences between 368
the two samples: L-glutamic acid, L-lysine, aspartic acid and D-pyroglutamic acid were 369
more abundant in H. erinaceus than in G. frondosa extract, whereas this latter was richerin 370
L-tyrosine, citric acid and L-phenylalanine. 371

Differences were also found in the monosaccharide composition of the two samples. 372
The main monosaccharide composition of the G. frondosa extract consisted of 40% man- 373
nose (identified as 1,2,3,4-tetramethylmannose) and 60% galactopyranose (identified as 374
2,3,6,-tri-O-methyl-d-galactopyranose) with traces of trehalose (recognized as D-(+) treha- 375
lose, pentamethyl), dulcitol (recognized as dulcitol, hexamethyl ether) and free glucose 376
(identified as D-glucose,2,3,4,5-tetra-O-methyl). Unlikely, the more abundant monosac- 377
charides of the H. erinaceus extract were arabitol (80%, identified as L-(-)-arabitol, pen- 378
tamethyl ether) and glucose (20%, identified as D-glucose, 2,3,4,6-tetra-O-methyl) with 379
traces of dulcitol (identified as dulcitol, hexamethyl ether). 380

Therefore, 3-glucans represent about two thirds of the total aqueous extracts, while 381
the remaining components are chitin, amino acids, unsaturated fatty acids and monosac- 382
charides. 383

3.2. Fungal extracts extend chronological lifespan of yeast cells 384

In order to evaluate whether G. frondosa and H. erinaceus extracts could exert anti- 385
aging effects, they were added to exponentially growing wild type yeast cells. Fungal ex- 386
tracts were tested at two different concentrations (0.2% or 0.5%) in a synthetic minimal 387
medium. Results show that both extracts prolonged chronological lifespan (CLS) of yeast 388
cells in a similar way, with a dose-dependent response (Fig. 2A-B). In fact, mean lifespan 389
resulted three times longer in cells treated with 0.2% extracts and increased up to 5 times 390

with 0.5% extracts (Fig. 2B). 391
(A) (B)
cnt
150 - G.frondosa 0.2%

—e— G.frondosa 0.5%

H. erinaceus 0.2% lifespan (days)

mean maximal

= —eo—H. erinaceus 0.5%

©100 ¢ cnt 2.6+0.7 6.7+0.7
] G. 0.2% 9.75+0.1 >20

o) frondosa  0.5% 18.4+0.8 >20

8 H. 02% 915+11 16.45£0.6
> 50 1 erinaceus 0.5% 16.1+04 >20

0 —— :

0 2 4 6 8 10 12
Time (days)

392

Figure 2. Fungal extract extends yeast lifespan. (A) CLS of wt cells grown in minimal medium 393

containing 2% glucose in the absence (cnt) or presence of 0.2% or 0.5% extract of G. frondosa or H. 394
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erinaceus. (B) Mean and maximal lifespan of wt cells grown in the presence of the indicated fungi 395
extracts. 396

3.3. The fungal extracts inhibit the Ras/PKA pathway 397

In S. cerevisiae, different signaling pathways are able to modulate the yeast lifespan. 398
In particular, the Snfl/AMPK and the autophagy pathways have anti-aging effects, while 399
the TORC1 and the Ras/PKA pathways exert pro-aging effects [2]. To identify pathways 400
involved in the extension of CLS induced by fungal extracts, we tested their effects on 401
yeast strains bearing a deletion inactivating one of the aforementioned pathways (snfl4A, 402
atglA, tor1A, ras2A). The lifespan extension was still clearly visible in snflA (Fig. 3A), atg1A 403
(Fig. 3B) and tor1A (Fig. 3C) strains treated with 0.2% G. frondosa or H. erinaceus extracts. 404
On the contrary, the lifespan of cells lacking RAS2 was not affected by either fungal ex- 405
tracts (Fig. 3D), indicating that the Ras/PKA pathway was required to mediate the anti- 406
aging effect of these extracts. 407

The Ras/PKA pathway regulates several aspects of cellular physiology, such as 408
growth, response to glucose and stress conditions [67]. This is achieved through phos- 409
phorylation of different transcription factors, often co-regulated by other signaling path- 410
ways. Recently, we showed that the expression level of the HXT7 gene can be used asa 411
reporter of Ras/PKA activity [68], being repressed when the pathway is active (i.e. in high 412
glucose conditions in the exponential phase of growth). Thus, to evaluate the effect of 413
fungal extracts of the Ras/PKA pathway, we measured the expression level of HXT7 in 414
cells treated with 0.5% fungal extracts for 5 h (Fig. 4A). In agreement with CLS results 415
showing that RAS2 is essential to promote a lifespan extension (Fig. 3D), we found that 416
HXT7 was de-repressed upon treatment with G. frondosa or H. erinaceus extracts (Fig. 4A), 417
supporting the hypothesis that fungal extracts inhibit the Ras/PKA pathway. Another typ- 418
ical hallmark of PKA activity impairment is a higher resistance to heat shock [69], thus we 419
tested the ability of cells treated with fungal extracts to survive upon heat shock at 51°C 420
(Fig. 4B). Although 5 h treatment did not alter heat resistance (data not shown), 24 h treat- 421
ment with 0.5% fungal extracts strongly increased survival upon heat shock (Fig. 4B). 422
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423
Fig. 3. Ras pathway is required to extend yeast lifespan upon fungal treatment. (A-D) CLS of wt 424

(ent) and (A) atglA, (B) snflA, (C) torlA, (D) ras2A cells, grown in minimal medium containing 2% 425
glucose in the absence or presence of 0.2% G. frondosa or H. erinaceus extracts. Curves of wt untreated = 426
cells (ent) and treated with the extracts were repeated in A-D (dashed lines). 427

This is consistent with an increased expression of genes encoding for the heat shock 428
proteins Hsp12, Hsp26 and Ssal, whose expression is regulated by the transcription factor 429
Hsf1, controlled by the Ras/PKA pathway [67]. On the contrary, no differences were ob- 430
served in the expression of HSP104 and of SSA3 (encoding for an isoform of Hsp70), (Fig. 431
4C), suggesting that there is no general induction of chaperones. 432

Moreover, the Ras/PKA pathway regulates the redox response. The treatment with 433
both mushroom extracts induced a significant upregulation on CTT1 and SOD2 expres- 434
sion, encoding for cytoplasmic catalase T and mitochondrial superoxide dismutase 2, re- 435

spectively (Fig. 4C), in line with the inhibitory effect of the extracts on this pathway. 436
Altogether, these data indicate that fungal extracts are able to repress the Ras/PKA 437
pathway, thus resulting in both increased lifespan and response to stress. 438

439
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Figure 4. Fungal extracts increase heat tolerance. (A) Real time PCR quantification of HXT7 mRNA 441
in cells treated or not with 0.5% extract of G. frondosa or H. erinaceus for 5 h. (B) Drop test on YPD 442
plates of 103 cells of wt cells (CNT) treated or not with 0.5% extract of G. frondosa or H. erinaceus for 443
24 h, after heat shock at 51°C for the indicated time. (C) Real time PCR quantification of mRNAs of 444
the indicated genes encoding for heat shock proteins in cells treated or not with 0.5% extract of G. 445
frondosa or H. erinaceus for 24 h. 446

3.4. Fungal extracts reduce a-synuclein toxicity in yeast 447

Synucleinopathies, like Parkinson’s Disease (PD), are associated with a-synuclein (a- 448
syn) misfolding [7-9] and heterologous expression of a-syn in budding yeast has been 449
extensively used as a model of these pathologies [70]. Yeast cells overexpressing human 450
a-syn present a significant shortening of lifespan compared to control cells bearing the 451
empty plasmid ([5], Fig. 5A). Importantly, treatment with 0.5% extract of both fungi in- 452
creased lifespan of a-syn-expressing cells (Fig. 5A). 453
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Fig. 5. Fungal extracts reduce a-synuclein toxicity. (A) CLS of wt[empty] and wt[aSyn]
cells grown in SD medium containing 2% glucose in the absence or presence of 0.5% ex-
tract of G. frondosa or H. erinaceus. (B) Aggresome content (assayed by the PROTEOSTAT
Aggresome kit) of wt[empty] and wt[aSyn] cells grown for 24 h in the absence or presence
of 0.5% extract of G. frondosa or H. erinaceus. (C) ROS content (assayed by DHE staining)
of wt[empty] and wt[aSyn] cells grown for 24 h in the absence or presence of 0.5% extract
of G. frondosa or H. erinaceus. (D) Mitochondrial membrane potential (assayed by DiOCs
staining) of wt[empty] and wt[aSyn] cells grown for 24 h in the absence or presence of
0.5% extract of G. frondosa or H. erinaceus. (B-D) Mean + standard deviations are shown. *
p<0.05 relative to control wt[empty] cells, ° p<0.05 relative to control wt[aSyn] cells. (E)
wt[aSyn] cells were grown in SD medium containing 2% glucose in the absence or pres-
ence of 0.5% extract of G. frondosa or H. erinaceus for 24 h. Cells in exponential phase of
growth were treated with the indicated concentrations of H2O:for 4 h and cell viability
was assayed with propidium iodide staining by cytofluorimetric analysis. Mean + stand-
ard deviations are shown. * p<0.05 relative to the same concentration of H2O2in cells. (F)
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(A) CLS of wt[aSyn] cells grown in SD medium containing 2% glucose in the absence or 470
presence of ergothioneine (ET) at the following concentrations: a=0.0005%, b=0.00075%. 471

a-syn toxicity is associated with its misfolding and aggregation, both in human cells 472
and in yeast [71]. Then, the level of aggresomes was measured in control cells and in cells 473
overexpressing a-syn, to evaluate whether G. frondosa and H. erinaceus extracts could af- 474
fect protein aggregation. Strikingly, the fluorescence of an aggresome dye, proportional 475
to the level of protein aggregation in cells, was strongly reduced after 24 h treatment with 476
fungal extracts in control cells (empty vector, Fig. 5B). This effect was particularly evident 477
in cells expressing a-syn, whose level of aggresome was three-fold higher than that ob- 478
served in control cells, but reached the level of control cells after 24 h treatment with the 479
mushroom extracts (Fig. 5B). Other features of a-syn toxicity are high levels of reactive 480
oxygen species (ROS) and mitochondrial dysfunction, which contribute to reduce cellular 481
lifespan. Remarkably, treatment with fungal extracts significantly reduced ROS level (Fig. 482
4C), and mitochondrial membrane potential (Fig. 5D), especially in cells overexpressing 483
a-syn. In line with these data, and with the observed induction of genes involved in redox 484
response (Fig. 4C), an increased dose-dependent resistance to H20O: treatment was dis- 485
played by cells overexpressing a-syn treated with fungal extracts (Fig. 5E). 486

Considering that ET is a potent antioxidant agent, we tested whether the observed 487
effect could be due to the presence of this compound on both extracts. Pure ET was added 488
to a-syn expressing cells at two different doses (0.0005%, and 0.00075%), mimicking the 489
abundance of this compound in the two mushroom extracts (about 1 and 1.5 mg/g of ET 490
in 0.5% treatments). Surprisingly, ET had no effect on the lifespan of cells at the concen- 491
trations tested (Fig. 5F), suggesting that the anti-aging effect of mushroom extracts is ei- 492
ther mediated by other components and/or by a synergistic interaction between the bio- 493
active molecules of the extracts. 494

The ubiquitin-proteasome system and autophagy are deeply involved in the clear- 495
ance of a-syn [3]. However, treatment with fungal extracts did not reduce total a-syn lev- 496
els, given that a-syn was still present in the cells three days after the exponential phase 497
(Fig. 6A). Consistently, induction of autophagy, clearly evident in the stationary phase by 498
the accumulation of free GFP in cells expressing Atg8-GPF fusion protein, was compara- 499
ble between untreated and treated cells with 0.5% mushroom extracts (Fig. 6B). However, 500
subcellular localization of a-syn was strongly affected by fungal extracts after 24 h treat- 501
ment, since the level of a-syn localized at the plasma membrane, detected by immunoflu- 502
orescence (Fig. 6C) and found in the membrane fraction by immunoblot, was significantly 503
reduced (Fig. 6D). Cellular localization of a-syn is known to be associated with its toxicity =~ 504
[72], therefore the decreased a-syn toxicity in the presence of mushroom extracts could be 505
linked to its reduced localization in the plasma membrane, in agreement with the reduced 506
toxicity of the a-syn A30P mutation in yeast cells, which impairs the binding of a-synto 507
membranes [5]. 508
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Figure 6. Fungal extracts induce a-synuclein delocalization. (A) Western analysis using anti-a- 510
synuclein antibody on total extracts from wt[aSyn] cells after 24 h treatment with 0.5% fungal ex- 511
tract. Pgkl was used as loading control. (B) Western analysis using anti-GFP antibody on total ex- 512
tracts from wt[aSyn][Atg8-GFP] cells treated with 0.5% fungal extract. Ponceau$ staining was used 513
as loading control. (C) Immunofluorescence showing localization of a-synuclein in cells untreated 514
or treated for 1 day with 0.5% fungal extracts. (D) Western analysis using anti-a-synuclein antibody 515
on cytoplasmic and membrane fractions isolated from wt[aSyn] cells after 24 h treatment with 0.5% 516
fungi extract. Pgkl was used as cytoplasmic marker, Pmal as membrane marker. (E-F) wt[aSyn] 517
cells were grown in exponential phase in the presence or absence of 0.5% extract of G. frondosa or H. 518
erinaceus and stained for 15 min with FM4-64, as reported in materials and methods. Cells with or ~ 519
without FM4-64 staining at the vacuolar membrane were counted at the microscope, mean + stand- 520
ard deviations are shown. * p<0.05 relative to control condition (no extract). 521

To support this hypothesis, we tested the toxicity of a-syn on membrane activities by 522
monitoring internalization of the fluorescent vital dye FM4-64, which can be used to study 523
membrane internalization and transport to the vacuole [73]. In cells expressing a-syn, 524
FM4-64 localization at the vacuolar membrane was defective, as previously reported [72], 525
since 25% of cells did not exhibit any vacuolar staining. On the contrary, in cells previously = 526
treated with both fungal extracts, FM4-64 was rapidly internalized and accumulated at 527
the vacuolar membrane in almost all cells, indicating that membrane internalization and 528
transport to the vacuole was fully restored in a-syn expressing cells (Fig. 6E-F). 529

Altogether these data indicate that fungal extracts reduce a-syn toxicity through dif- 530
ferent processes, such as decrease of protein aggregation, reduction of ROS level and a- 531
syn membrane delocalization. 532

3.5. Fungal extracts inhibit a-synuclein aggregation in vitro 533
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The effect of mushroom extracts on a-syn aggregation was also investigated in vitro. 534
We first examined the inhibitory potential of the two extracts on the amyloid aggregation 535
kinetic of a-syn. For this purpose, we used thioflavin assay, ThT, a common analytical 536
fluorescent method, widely used for determining the kinetic of the amyloid self-assembly 537
process, showing a strong increase in ThT fluorescent intensity upon binding to -sheet- 538
rich supramolecular structures. We monitored the aggregation of monomeric a-syninthe 539
absence and presence of G. frondosa or H. erinaceus extracts at a-syn:extract mass ratio of 540
1:1 (Fig. 7A,B). 541
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Figure 7. Fungal extract effects on a-syn aggregation process. (A) ThT fluorescence intensity of a- 543
syn samples aggregated in the absence (a-syn) or in the presence of G. frondosa (a-syn-G.f.) or H. 544
erinaceus (a-syn-H.e.) at a-syn:extract mass ratio 1:1 (1x) recorded at different times of aggregation 545
(Oh, 24 h, 48 h and 72 h) or (B) in continuous for the first 15 h. (C) TEM images of a-syn aggregated 546
for 0 h, 24 h or 72 h in the presence or in the absence of G. frondosa or H. erinaceus 1x. 547

The results revealed that both extracts successfully and significantly inhibited the 548
self-assembly of a-syn in ThT positive aggregates. To discard a putative interaction be- 549
tween the extract compounds and the ThT dye, which could modulate the fluorescence 550
yield of ThT rather than the inhibition of amyloid formation, both extracts at two different 551
concentrations were added to a ThT solution or to a-syn/ThT solution (Supplementary 552
Fig. S2). No significant reduction of ThT fluorescence was observed at the lowest mass 553
ratio used indicating that both G. frondosa and H. erinaceus extracts specifically hindered 554
the formation of a-syn amyloid structures (Supplementary Fig. 52). To more directly mon- 555
itor the action of G. frondosa or H. erinaceus extracts, we performed TEM analysis (Fig. 7C). 556
Both extracts resulted in a strong reduction of aggregation compared to a-syn alone, in 557
line with the results of the ThT assay. 558
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These data suggest that mushroom extracts can directly inhibit a-syn aggregation 559

also in vitro, further supporting their anti-aggregation properties. 560
3.6. G. frondosa extract extends lifespan in a Drosophila melanogaster model of Parkinson’s 561
Disease 562

To investigate the effect of the mushroom extracts in a multicellular organism, a D. 563
melanogaster model of PD was used. Considering that the two extracts showed similar ef- 564
fects on the yeast model, we decided to test only G. frondosa extract in D. melanogaster. To 565
test the possible pro-longevity effect of G. frondosa extract, male and female PD flies were 566
maintained on a standard diet supplemented with 0.2% G. frondosa lifelong (Fig. S3). Sur- 567
prisingly, the mean lifespan of female flies supplemented with 0.2% G. frondosa extract 568
was significantly lower in respect to control flies (4% decrease, p<0.0001), while the mean 569
lifespan of male flies was comparable to that of control flies (Supplementary Fig. S3). On 570
these bases, we decided to investigate the effect of alower G. frondosa extract concentration 571
(0.05%) on lifespan extension of D. melanogaster (Fig. 8A). Interestingly, this concentration 572
did not show any toxic effect and significantly increased the mean lifespan of both male 573
and female flies (Fig. 8B). In particular, 0.05% G. frondosa extract increased the mean 574
lifespan of around 15% (p<0.0001) and 17% (p<0.0001), in females and males, respectively. 575
In addition, maximal longevity increased by 9 (+22.5%) and 14 (+35%) days for females 576
and males, respectively. 577

To assess the effect of G. frondosa extract on a-syn expression, we evaluate the a-syn 578
level in the brain of flies supplemented or not with 0.05% G. frondosa extract for 25 days 579
by immunoblot analysis (Fig. 8C). As expected, female and male parents before crossing 580
do not express a-syn, while PD flies strongly express human a-syn. G. frondosa extract 581
induced a reduction, although not statistically significant, of a-syn level in both male and 582

female flies. 583
In conclusion, the neuroprotective properties of G. frondosa extract were confirmed 584
also using a multicellular model of PD. 585

Figure 8. Fungal extract extends the lifespan of adult female and male flies. (A) Flies were sup- 586
plemented with 0.05% G. frondosa extract lifelong. Data are presented as a percentage of survival of 587
flies as a function of time (in days), evaluated in ten independent measurements for each group of 588
flies by the Kaplan-Meier estimator (OASIS2 software). (B) The Log-rank test (OASIS2 software) was 589
used to compare the mean lifespan of both male and female flies. *** p <0.001 vs the respective CNT. 590
(C) Western analysis of a-syn expression in fly brains supplemented or not with 0.05% G. frondosa 591
extract. Representative immunoblot images and histograms of band normalized OD are shown. 592
Data are presented as mean + SEM of three independent experiments. 593

4. Discussion 594

It is well known that some medicinal mushrooms improve healthy aging in animal 595
models [20,32], exerting a number of health benefits that may improve human well-being 5%
[74]. Here we have prepared aqueous extracts from G. frondosa and H. erinaceus to evaluate 597
their potential anti-aging and neuroprotective properties. 598

We have shown that in yeast cells, these extracts increased lifespan in a Ras/PKA 599
dependent manner and reduced ROS levels, confirming and extending what was previ- 600
ously reported in other model organisms for G. frondosa extracts [24,25]. Furthermore, 601
these extracts reduce a-syn-induced premature aging through multiple mechanisms, i.e. 602
reduction of ROS, restoration of membrane functionalities together with the reduction of 603
protein aggregation. Strikingly, this effect was also demonstrated in the invertebrate 604
model of PD in D. melanogaster, where 0.05% G. frondosa extract led to a significant mean 605
lifespan extension, both in male and in female flies. These data corroborate the results 606
obtained in yeast and could be due to the, herein shown, capability of the extract in de- 607
creasing a-syn aggregation. Interestingly, both mushroom extracts consistently reduced 608
the progression of a-syn fibrillation process in vitro. This can be correlated with the bind- 609
ing of some component of the extracts to a monomer and/or intermediates states of a-syn. 610
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The monomer and/or sub- and near-critical oligomers depletion would subsequently lead 611
to the blockage of the aggregation pathway. Nevertheless, we cannot exclude the contri- 612
bution of other more indirect mechanisms in the reduction of a-syn toxicity in the in vivo 613
models. 614

Although we did not identify the specific components responsible for the observed 615
effect -which are likely the result of the synergy among different molecules- we character- 616
ized both extracts by chemical analytical techniques. They contain an array of different 617
molecules and metabolites, such as 3-glucans, amino acids, fatty acids, ergosterol, ergothi- 618
oneine and chitin. On the basis of TGA results (Fig. 1A left) 3-glucans are present in the 619
two samples G. frondosa and H. erinaceus in percentage of 66.7% and 61.7% respectively. 620

One of the components of mushroom extracts is ergothioneine (ET), which is known 621
for its effect on lifespan extension [75,76]. It should be noted that, in our extracts ET con- 622
centration is of about 0.1% (1.31 mg/g and 0.99 mg/g in the extracts of H. erinaceus and G. 623
frondosa, respectively). However, unexpectedly the lifespan extension induced by mush- 624
room extracts on yeast cells was not mimicked by pure ET (administered at the same con- 625
centration present in the extracts), suggesting that in yeast cells ET alone is not responsible 626
for this effect. H. erinaceus also contains diterpenoids with interesting neuroprotective ef- 627
fects [18]. However, considering their low water solubility (they are usually extracted with 628
ethanol/methanol procedures) they are unlikely to be responsible for the observed activi- 629
ties exerted by our aqueous extracts. 630

Some differences exist between the two extracts in the relative proportion of the 631
amino acid composition. The amount of L-glutamic acid, aspartic acid, and D-pyroglu- 632
tamic acid is higher in H. erinaceus than in G. frondosa, whereas the latter is richer in L- 633
tyrosine, citric acid, and L-phenylalanine. However, large variations were described in the 634
amount of each amino acid in G. frondosa [15,61], reflecting different extraction procedures 635
and the cultivation substrate, which could affect the variety and the amount of amino 636
acids [15]. In addition, lactic acid, sarcosine, D-pyroglutamic acid, adipic acid, crotonic 637
acid, glyceric acid, azelaic acid have also been detected both in G. frondosa and H. erinaceus 638
extracts, whereas L-valine, L-proline, citric acid, L-tyrosine have been detected only in G. 639
frondosa extract and isovanillic acid, palmitic acid and linoelaidic acid only in H. erinaceus 640
extract. It is however difficult to raise conclusions on the amino acids profile of the extracts 641
given that the role of amino acids on longevity is still controversial and puzzling. For ex- 642
ample, lowering the intake of specific amino acids such as serine, threonine and valine 643
can be beneficial and extend lifespan [77,78], while an increase in glutamate seems to exert 644
an anti-aging effect [79]. 645

In conclusion, the data presented here may have great deal of implications and form 646
the basis of future studies to elucidate the effects of mushroom-mediated inhibition of the = 647
a-syn aggregation process at the molecular level. Moreover, this study opens interesting 648
avenues to set up further strategies and to have better insight regarding mechanisms in- 649
volved in deciphering the role of mushroom extracts in the inhibition of amyloid for- 650
mation and in the prevention/alleviation of synucleinopathies, as well as potentially in 651
other protein misfolding-related diseases. 652
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