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1. Abstract 

Aging and frailty are two increasing problems associated with locomotor 

and cognitive decline, implicated in poor quality of life and adverse health 

consequences. One main issue surrounding frailty is whether phenotypic 

frailty is associated with cognitive decline during physiological aging. By 

monitoring mice through spontaneous behavioral tests, we tuned a non-

invasive methodology for accessing frailty in mice through which we 

demonstrated that locomotor and recognition memory decline was linear 

and developed with different timing during physiological aging: locomotor 

performances decreased steeper than cognitive ones. 

According to the gut-microbiota-brain axis, we also demonstrated that 

physiological aging impacted the overall microbiota composition. Indeed, 

gut bacteria are able to influence central nervous system activity and 

function, influencing cognitive and behavioral performances.  

Hericium erinaceus is a medicinal mushroom with excellent health-

promoting properties, particularly improving the recognition memory in 

mice. However, the standardization of dietary supplements, medicinal 

mushrooms and herbs is a very pressing and actual problem. In this work, 

through the HPLC-UV-ESI/MS technique, we found the exact amount of 

bioactive and nootropic metabolites (erinacine A, hericenones C and D, 

and L-ergothioneine) in two different H. erinaceus samples (He1 

sporophore and mycelium, and He2 primordium), obtaining standardized 

extracts. In particular, He1 standardized extracts were enriched in 

erinacine A, hericenones C and D molecules, with a discrete L-

ergothioneine concentration, whereas He2 standardized extract was L-

ergothioneine-enriched, without nootropic molecules.  

Next, firstly, we investigated the effect of two months of He1 oral 

supplementation in reverting frailty. To achieve this aim, we supplemented 

frail aged mice for two months with a He1 concentration (1mg/die) used 

to mimic human supplementation. We demonstrated that two months of 

He1 oral supplementation significantly improved locomotor activity, 

novelty-seeking behavior, and cognitive performances in frail mice, 

reporting their performances similar to non frail mice. To investigate the 

cellular and molecular mechanisms underlying the beneficial He1 effects, 

we investigated the cerebellar cytoarchitecture and oxidative stress, 

inflammation, BBB functionality, cell proliferation, and neurogenesis, 

using specific markers in the central nervous system. We demonstrated 
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that He1 mice displayed more preserved cytoarchitecture and BBB 

functionality, lower oxidative stress and inflammation levels, and a higher 

neurogenesis rate than untreated control mice. Moreover, we also found 

a higher SIRT1 expression in He1 treated mice, suggesting that H. 

erinaceus could have a senomorphic effect, restoring the phenotype of 

senescent cells. Furthermore, we investigated the He1 effect on 

microbiota composition, exploring its possible role as a prebiotic. We 

found that He1 oral supplementation did not change the overall microbiota 

composition but significantly altered the relative abundance of critical 

bacterial species. In agreement with the microbiota-gut-brain axis, these 

results allow us to speculate that H. erinaceus could be a prebiotic able to 

decrease gut pathobionts and increase gut psychobiotics, improving brain 

function.  

In another set of experiments, we investigated the effect of He2 

primordium standardized extract in frailty prevention, treating for eight 

months, from adulthood to senescence, random mice. Remarkably, He2 

contains a high amount of L+-ergothioneine, the longevity vitamin. Herein, 

we demonstrated the preventive effect of the ergothioneine-enriched He2 

extract in the preclinical model on novelty-seeking behavior, locomotor, 

and cognitive decline during physiological aging. This effect was twinned 

by a significant decrease in oxidative stress levels and increased p53 

expression in CNS, suggesting that He2 seems able to eliminate 

degraded senescent cells, which over time would cause damage to brain 

tissue. 

Given the H. erinaceus ability to enhance CNS adult neurogenesis and 

improve novelty-seeking behavior, we investigated its potential in 

reducing mood and sleep disorders in obese and overweight human 

individuals who underwent a low-calorie diet. Several works demonstrated 

a correlation between obesity and an increased risk of mood disorders 

onset and vice versa. We demonstrated that two months of oral 

supplementation with a dietary supplement based on H. erinaceus, the 

“Micotherapy Hericium” (provided by A.V.D. Reform s.r.l.), significantly 

reduced symptoms related to sleep disorders, anxiety, and depression, 

and notably, these beneficial effects remained also after two months of 

washout. In this case, for investigating the underlying mechanism, we 

investigated the serum proBDNF/BDNF ratio since BDNF dysregulations 

have been found both in obese subjects and patients with mood disorders; 

and proBDNF and BDNF play two opposite roles in CNS. We found that 

proBDNF/BDNF ratio significantly increased after two months of oral 

supplementation for the increase in proBDNF levels, and the increase was 



  Abstract 

7 
 

maintained after two months of H. erinaceus washout for decreased 

serum BDNF levels.  

Altogether, these results demonstrated the potential of H. erinaceus 

metabolites in (i) reverting and avoiding physical frailty, (ii) preventing and 

treating aging-related cognitive decline and neurodegenerative diseases, 

(iii) reducing sleep disorders, anxiety, and depression; acting on several 

different pathways, involving gut microbiota, oxidative stress, 

inflammation, and neurotrophic factors. 

 

 

 



Abbreviations 

8 
 

2. Abbreviations 

Adhesion Molecules (AMs) 

Alzheimer’s Disease (AD) 

Amplicon Sequence Variant (ASV) 

ANalysis Of VAriance (ANOVA) 

Autonomic Nervous System (ANS) 

Binge Eating Scale (BES) 

Blood-Brain Barrier (BBB) 

Body Mass Index (BMI) 

Brain-Derived Neurotrophic Factor (BDNF)  

Carbohydrates (CHO) 

Central Nervous System (CNS)  

Cornu Ammonis area 3 (CA3) 

CycloOXygenase 2 (COX2) 

Danger-Associated Molecular PatternS (DAMPS) 

Dentate Gyrus (DG) 

DeoxyriboNucleic Acid (DNA) 

Diagnostic and Statistical Manual of Mental Disorders 5 (DMS-5) 

Discrimination Index (DI) 

Distilled water (H20d) 

Doublecortin (DCX) 

Enteric Nervous System (ENS) 

Enzyme-Linked Immunosorbent Assay (ELISA) 

Ergothioneine (EGT) 

Faith Phylogenetic Metrics (PD) 
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Frailty Index (FI) 

Glial cell-Derived Neurotrophic Factor (GDNF) 

Glial Fibrillary Acidic Protein (GFAP) 

Golgi cells (GCs) 

Granular Layer (IGL) 

Hematoxylin and Eosin (H&E) 

Hericium erinaceus strain 1 mycelium and sporophore extract (He1) 

Hericium erinaceus strain 2 primordium extract (He2) 

High Performance Liquid Chromatography (HOLC) 

Histone DeAcetylation (HDAc) 

Hypothalamic-Pituitary-Adrenal axis (HPA)  

Hypoxia-Inducible Factor 1-alpha (HIF1α) 

Inflammatory Bowel Diseases (IBD) 

Interleukin 6 (IL-6) 

Irritable Bowel Syndrome (IBS) 

Long Term Potentiation (LTP) 

Mass spectrum (MS)   

Molecular Layer (ML) 

Multiple-Reaction-Monitoring (MRM) 

Nerve Growth Factor (NGF) 

Nitric Oxide Synthases 2 (NOS2) 

Non-Metric Multidimensional Scaling (NMDS) 

Novel Object Recognition (NOR) 

Nuclear Factor (NF) κB  

Object Location (OL) 

Optical Density (OD) 
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Phosphate-buffered saline (PBS)  

PostSynaptic Density (PSD) 

pro–Brain-Derived Neurotrophic Factor (proBDNF) 

Proliferating Cell Nuclear Antigen (PCNA) 

Purkinje Cell (PC) 

Purkinje Layer (PL) 

Reactive Nitrogen Species (RNS)  

Senescence-Associated Secretory Phenotype (SASP) 

Short-Chain Fatty Acids (SCFAs) 

Sirtuin 1 (SIRT1) 

Stenberg Item Recognition Paradigm (SIRP) 

Subgranular zone (SGZ) 

SuperOxide Dismutase (SOD1) 

Transmission Electron Microscope (TEM) 

Tumour Necrosis Factor (TNF) 

Ultra Violet (UV) 

Vascular-Endothelial Growth Factor (VEGF) 

Zonula Occludens-1 (ZO-1) 

Zung Anxiety Scale (ZAS) 

Zung Depression Scale (ZDS) 
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3. Introduction 

3.1 Hericium erinaceus 

Edible mushrooms are acceptable functional foods, having special health 

benefits for humans and are being used for several hundred years for their 

excellent source of nutrients (Wang et al. 2014).  

Hericium erinaceus is an edible and medicinal mushroom that seems to 

stand out as a unique health-promoting species. H. erinaceus belongs to 

the Phylum Basidiomycota, Class Agaricomycetes, Order Russulales, and 

Family Hericiaceae (Khan et al., 2013). The first taxonomist, Bulliard, who 

described this species in 1797, found a solid resemblance to the 

hedgehog (in Latin erinaceus) and chose the appellation “erinaceus” for 

this Hericium. Indeed, thanks to its particular morphological aspect and 

the wide geographical distribution, many common names have been 

attributed to this fungus: the German name is IgelStachelbart; some 

familiar names in the UK are Bearded Hedgehog or Hedgehog Mushroom; 

in Japan is known as Yamabushitake (Yamabushi means mountain 

priest); in China, the most common name is Houtou, which means monkey 

head. In other parts of the world, it is also called pompom mushrooms, 

bear’s head, white beard, etc. Nowadays, the most popular common name 

is Lion's mane mushroom. So, available in America, Europe, Asia, and 

generally in North temperate latitudes (Figure 1 A; Jiang et al., 2013), H. 

erinaceus is characterized by a conspicuous pileate, fleshy, hydnoid, and 

globose sporophore (Figure 1 B and C), consisting of numerous single, 

typically long, dangling, fleshy spines, which are at first white, becoming 

yellowish, and then brownish with age (Wang et al. 2014). The H. 

erinaceus fruit body is a large, irregularly bulbous, compact mass of 5-40 

cm in diameter. The basidia (spore-producing organs) are about 20-40 x 

5-7 µm, four-spored, and have a basal clamp. The spores are white in 

mass, finely roughened or warty, and about 5-7 x 4-5 µm.  

It was demonstrated that H. erinaceus presents many beneficial effects 

on the health of animals and humans. The health effects are related to its 

bioactive compounds, such as polysaccharides, steroids, alkaloids, β-

glucans, erinacines, and hericenones. The H. erinaceus beneficial 

activities are numerous, including antimicrobial, immunomodulatory, 

anticancer, antioxidant, anti-aging, anti-hyperglycemic, anti-hypertensive, 

and neuroprotective ones (Wang et al. 2014; Friedman, 2015; He et al., 

2017).  
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Figure 1: A: The geographic distribution of H. erinaceus worldwide 

(www.gbif.org). B and C: Hericium erinaceus fruiting body in nature (B: from 

Wang et al., 2014). 

3.1.1 Composition of H. erinaceus  

Rodrigues and collaborators, in 2015, first described five mushroom 

species' composition and nutritive values (Pleurotus citrinopileatus var 

cornucopiae, P. eryngii, P. salmoneo stramineus, Pholiota nameko, and 

H. erinaceus). On average, dry mushrooms contained 16.22−26.6 % of 

proteins, 52.7−64.9 % of sugars, and 2.3−3.5 % of fats. These five 

mushrooms also contained a high concentration of phenolic compounds 

and more unsaturated (both mono- and poly-) fatty acids than saturated 

ones, being a good source of linoleic acid (>30 g/100 g fat). Furthermore, 

they were good sources of magnesium, phosphorus, and potassium. The 

mushrooms also contained high copper, iron, and zinc levels (Rodrigues 

et al., 2015).  

http://www.gbif.org/
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Further works focused the attention only on H. erinaceus composition. In 

particular, the H. erinaceus fruiting body dried powder contains about 21% 

of proteins, 61% of total carbohydrates, 5% of fats, and 7% of ash, 

whereas the H. erinaceus mycelium contains 43% of protein, 43% of total 

carbohydrate, 6% of fat, and 4 % of ash (Cohen et al., 2014). The sugars 

contained in H. erinaceus comprise arabitol, glucose, mannitol, myo-

inositol, and trehalose (Jiang et al., 2014). H. erinaceus fruiting body and 

mycelium contain about 14 and 31 mg/g dry weight of free aminoacids, 

respectively. The H. erinaceus fruiting body provides 374 kcal/100g, 

whereas H. erinaceus mycelium provides 398 kcal/100g (Cohen et al., 

2014). These dietary nutritional values suggest that mushrooms are a 

potential nutritional source of different macro- and micro-nutrients. 

H. erinaceus fruiting body and mycelium also contain many bioactive 

components: H. erinaceus can biosynthesize at least 70 different 

secondary metabolites, including polysaccharides, erinacines, hericerins, 

hericenones, resorcinols, steroids, mono- and di-terpenes, and volatile 

aroma compounds (Friedman, 2015).  Both in H. erinaceus fruiting body 

and mycelium γ-aminobutyric acid (GABA) and ergothioneine were found 

(Cohen et al., 2014). The H. erinaceus fruiting body also contains few 

enzymes, such as amylase (Du et al., 2013), laccase (Wang and Ng, 

2004), and fibrinolytic metalloprotease (Wang et al., 2014). Amylase is an 

enzyme that catalyzes the hydrolysis of starch into sugars (Janeček et al., 

2014), laccase is an enzyme able to inhibit HIV-1 reverse transcriptase 

activity (Wang et al., 2014), and fibrinolytic metalloprotease can degrade 

fibrin clot and activated plasminogen (Wang et al., 2014). 

A review by Friedman (2015) lists all metabolites found in H. erinaceus, 

subdividing H. erinaceus compounds arbitrarily into five classes: 

erinacines, aromatic compounds, steroids, alkaloids, and lactones (Figure 

2), and a review by Khan et al. (2013) explains the different effects of the 

different metabolites (Table 1). 

In the past, most of the studies were focused only on polysaccharides, 

such as β-glucans, as the main active compounds of H. erinaceus (Yang 

et al., 2018). However, more recent works have discovered other 

components, such as sterols, hericenones, erinacines, erinacerines, 

isohericenones, alkaloids, glycosides, ergosterols, and ergosterol 

peroxide, that play a fundamental role in the H. erinaceus beneficial 

activities. For example, hericenones (extracted from H. erinaceus fruiting 

body) and erinacines (isolated from H. erinaceus mycelia) are the more 

active H. erinaceus components in neuroprotective function (Kawagishi 

and Zhuang, 2008). H. erinaceus compounds confer H. erinaceus health-
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promoting properties, such as antibiotic (Kim et al., 2012; Liu et al., 2016), 

anti-cancer (Li et al., 2014; Li et al., 2015), anti-diabetic (Wu et al., 2015), 

anti-oxidant (Wu and Xu, 2015; Wang et al., 2018; Lu et al., 2014), anti-

fatigue (Liu et al., 2015), anti-hypertensive, anti-hyperlipidemic (Choi et 

al., 2013), anti-senescence (Noh et al., 2015; Diling et al., 2017), 

cardioprotective, hepatoprotective (Zhang et al., 2012), nephroprotective 

(Friedman, 2005), neuroprotective (Zhang et al., 2016; Phan et al., 2015), 

antidepressive, and antianxiety (Nagano et al., 2010) activities (Table 1; 

Figure 3).  

Furthermore, H. erinaceus can regulate cytokines and mitogen-activated 

protein kinases expressions and transcription factors at the molecular 

level: H. erinaceus performs therapeutic activities at cell, tissue, organ, 

and organism levels (Jiang et al., 2014). Consequently, H. erinaceus is an 

excellent candidate to prepare novel mushroom-based 

pharmaceuticals/medicines and functional foods. 

 

 

Table 1: H. erinaceus bioactive components and their beneficial effects on 

human health. From Khan et al., 2015. 
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Figure 2: Structure of principal compounds isolated from H. erinaceus fruiting 

body and mycelia (adapted from Friedman, 2015). 
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Figure 3: Effects of H. erinaceus. 

3.1.2 Bioactive metabolites 

The most known bioactive metabolites of medicinal mushrooms are beta-

glucans for their hypocholesterolemic, hypoglycemic, and 

immunomodulatory effects. In addition to beta-glucans, other bioactive 

metabolites have been found in H. erinaceus, such as erinacines, 

hericenones, and ergothioneine. 

Ergothioneine has been named the “vitamin of longevity” for its 

outstanding antioxidant activity in several tissues. Regarding the central 

nervous system (CNS), erinacines and hericenones present in H. 

erinaceus display neuroprotective and nootropic effects. These secondary 

metabolites can induce neurotrophins, i.e., nerve growth factor (NGF) and 

brain-derived neurotrophic factor (BDNF), synthesis and release in CNS 

(Kawagishi and Zuang, 2008). NGF is a highly conserved protein with a 

high molecular weight. It plays a crucial role in survival and proliferation 

and is involved in repairing, regenerating, protecting neurons, supporting 
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synapse formation, and enhancing memory function (Obara and 

Nakahata, 2002; Kawagishi and Zuang, 2008). It is assumed that 

functional deficiency of NGF is related to dementia-like diseases and 

progressive neurodegeneration of the brain, commonly diagnosed in the 

aging population over 65 years old. Nowadays, dementia and dementia-

like diseases are significant causes of decreased quality of life in humans 

during aging. However, NGF cannot cross the blood-brain barrier (BBB), 

and its effect by direct injection into the brain is an invasive treatment for 

patients. On the other hand, erinacines and hericenones are natural 

compounds with a low molecular weight capable of passing the BBB. 

3.1.2.1 Erinacines 

Erinacines are diterpenoids known as bioactive compounds of H. 

erinaceus mycelium. Up to now, 15 erinacines have been recognized and 

isolated (from A to K and from P to S) (Figure 4). 

Several erinacines display both in vitro and in vivo different health-

promoting properties, such as anticancer capability, neuroprotective 

activity, reduction of inflammatory levels, protection against cerebral 

ischemia damages, increasing the growth factors in CNS, reducing beta-

amyloid plaques deposition, and reducing neuropathic pain (Table 2; 

Kawagishi et al., 1994; Shimbo et al., 2005; Lee et al., 2014; Li et al., 

2018; Bailly and Gao, 2020). 

Erinacine A is the main representative of the erinacines groups, with 

higher effects on CNS compared to other erinacines (Li et al., 2018). 

Indeed, several works demonstrated the potential of erinacine A in 

preventing and alleviating neurodegenerative disease. A retracted (for 

conflict of interest) article published by Kuo et al. (2016) demonstrated the 

neuroprotective activity of erinacine A in decreasing the 1-Methyl-4-

phenylpyridinium-induced neural injury in mice, suggesting the potential 

role of erinacine A in treating Parkinson’s Disease. Tsai-Teng and 

collaborators in 2016 showed that erinacine A-enriched Hericium 

erinaceus mycelium reduced the beta-amyloid plaques deposition, the 

inflammation and promoted hippocampal neurogenesis in 

APPswe/PS1dE9 transgenic mice, a model of Alzheimer disease. 

Moreover, erinacine A-enriched Hericium erinaceus mycelium could 

reduce chronic stress, and restore the physiological levels of 

neurotransmitters deregulated during mood disorders, suggesting a 

potential role of this bioactive metabolite also for treating depression (Chiu 

et al., 2018; Li et al., 2018). Furthermore, Li and colleagues (2021) 

recently published a paper demonstrating that Hericium erinaceus 
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mycelium containing erinacine A could reduce anxiety and improve sleep 

disorders in a preclinical model. 

 

 

 

Figure 4: Chemical structures of the known 15 erinacines. From Li et al., 2018. 
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Table 2: Biological activities of different kinds of erinacines in the nervous 

system. From Li et al., 2018. 

 

Table 3 summarizes the most known biological effects in vivo of erinacine 

A or erinacine A-enriched H. erinaceus mycelium in CNS (Li et al., 2018): 

(i) increase of NGF concentrations and restore neurotransmitters levels 

(Kuo et al., 2016; Chiu et al., 2018); (ii) reduction of Ca2+-induced 

neurotoxicity (Liu et al., 2017); (iii) reduction of brain injury and 

inflammation in transient stroke, (iv) reduction of beta-amyloid burden, 

promoting neurogenesis and improving behavior (Tsai-Teng et al., 2016), 

(v) decrease of depressive-like behavior, regulating BDNF pathway and 

reducing inflammation (Chiu et al., 2018). 

Furthermore, a recent study also demonstrated the potential of erinacine 

A-enriched Hericium erinaceus mycelium in promoting longevity in 

different preclinical models, such as Drosophila melanogaster and 

senescence-accelerated P8 (SAMP8) mice. The erinacine A lifespan-

prolonging activity was suggested to be attributed to the ability to reduce 

oxidative stress and related damages (Li et al., 2019) 
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Table 3: The biological effects of erinacine A or erinacine A-enriched H. 

erinaceus mycelium in CNS. From Li et al., 2018. 

 

3.1.2.2 Hericenones 

Hericenones are benzyl alcohol derivates with simple fatty acids that could 

be isolated from H. erinaceus basidium. To date, eleven hericenones (A-

J; Figure 5) are known, and they display different biological activities 

(Deshmukh et al., 2021). The peculiar health-promoting effects of single 

hericenones depend on the chain length and double bonds in fatty acids. 

Hericenones A and B are well-known for their anti-platelet aggregation 

activity and potential application in treating vascular disease, stroke, and 

thrombosis (Mori et al., 2010). These hericenones could also exert 

cytotoxic activity against cancer cells (Kawagishi et al., 2010), like 

Hericenone L (Ma et al., 2012). 

Hericenones from C to H exert neuroprotective and neuro-regenerative 

effects, suggesting a potential implication for the management of 

dementia, depression, and Alzheimer and Parkinson diseases (Kawagishi 
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et al., 1991; Kawagishi et al., 1992; Phan et al., 2014; Saitsu et al., 2019; 

Kobayashi et al., 2021). In particular, hericenones C-H display their 

biological activity similar to erinacine A, inducing NGF synthesis and 

release. Hericenone F also has anti-inflammatory activity (Lee et al., 

2016). 

Furthermore, in 2015, Inanaga reported that Amyloban3399, a product 

made with standardized extract of H. erinaceus containing hericenones 

and amyloban, improves sleep, mood, attentiveness, and the level of 

mental alertness, in addition to recovery from schizophrenia.  

 

 

Figure 5: Chemical structures of the known hericenones. 

From Deshmukh et al., 2021. 
 

3.1.2.3 Ergothioneine 

The ergothioneine (EGT) is a histidine-derived amino acid containing a 

sulfur atom of the imidazole ring (Figure 6; Stampfli et al., 2020). EGT was 

first isolated from ergot, from which it takes its name. Despite EGT is 

synthetized exclusively by mushrooms (non-yeast fungi, including 

Hericium erinaceus), cyanobacteria, and mycobacteria, it is ubiquitously 

present at micromolar-millimolar levels in most cells and tissues of plants 

and animals (Ey et al., 2007; Cheah and Halliwell, 2012). Whereas plants 

can accumulate EGT from the soil, where are present EGT-producer 

microorganisms, animals and mammals take and absorb EGT through the 

diet (Cheah and Halliwell, 2012).  
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Figure 6: Structure of EGT (2-mercaptohistidine trimethylbetaine; 

C9H15N3O2S) and its tautomers. The thione form (left) predominates at 

physiological pH (from Borodina et al., 2020). 

 

In animals, EGT then is taken up from the cells via an organic cation 

transporter (OCTN1), known in humans also as solute carrier family 22 

member 4 (SLC22A4) (Borodina et al., 2020). The EGT uptake is 

saturable and temperature-, pH-, and sodium-dependent (Nakamura et 

al., 2007; Cheah and Halliwell, 2012) and EGT is favorably accumulated 

in cells and tissues predisposed to higher levels of oxidative stress. 

Several works demonstrated the EGT antioxidant and cytoprotective 

activities: EGT is able to neutralize free radicals and hypochlorous acid, 

to inhibit the production of oxidants from metal ions, to regulate several 

antioxidant enzymes activities, and to mitigate telomere shortening (Misiti 

et al., 2001; Borodina et al., 2020; Samuel et al., 2020), suggesting a 

potential role of EGT for healthy aging. Indeed, decreased EGT levels 

have been observed in several pathologies; hence, EGT integration has 

been suggested as a potential treatment for several disorders, such as 

neurodegenerative, metabolic, and cardiovascular diseases (Cheah et al., 

2016; Cheah and Halliwell, 2021). 

Several works demonstrated the neuroprotective activity of EGT. Indeed, 

dietary EGT was shown to cross the blood-brain barrier (BBB) via OCTN1 

(Wu et al., 2000; Koh et al., 2021) and accumulate in the brain and in the 

cerebrospinal fluid (Halliwell et al., 2018; Tang et al., 2018; Ishimoto and 

Kato, 2022). 

A first paper in 2004 demonstrated that EGT in vitro might attenuate in a 

dose-dependent manner cell death caused by beta-amyloid, eliminating 

free radicals derived from the neurotoxic peptide (Jang et al., 2004). In 

2010, Song and collaborators showed the potential of EGT both in vitro 
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and in vivo in protecting neurons against cisplatin-induced damages by 

inhibiting oxidative stress and reducing lipid peroxidation. In 2012, Yang 

et al. demonstrated that EGT has a protective activity against neuronal 

injury induced by beta-amyloid peptides in mice, also mitigating the 

cognitive decline. In 2014, Song and colleagues confirmed the potential 

of EGT in attenuating oxidative stress and protecting mice against 

learning and memory impairment in mice treated with D-galactose.   

Altogether these findings suggest EGT as a potential new therapeutic 

strategy for preventing or treating inflammatory and neurodegenerative 

diseases.  

3.2 Aging 

Aging is a natural process that affects and produces changes in all living 
organisms (Kirkwood, 2005). Aging is characterized by a deterioration in 
physiological processes, leading to a higher probability of developing 
several disorders, i.e., cancer, metabolic, cardiovascular, and 
neurodegenerative diseases (Lopez-Otin et al., 2013). Notably, the 
decrease in physiological functions has different rates from individual to 
individual, making aging a heterogeneous process. Indeed, one of the 
primary goals of actual society is “healthy aging”. 
Over the years, numerous theories, which can be gathered into two main 
ones, have been proposed to explain the bases of aging: the theory of 
programmed aging and the theory of aging due to accumulation of errors 
within the cell. To date, the main leading cause of aging is usually 
considered the time-dependent increase of cellular damages (Lopez-Otin 
et al., 2013). Among others, in mammalians, the cause of aging has often 
been attributed to DNA damage accumulation, injuries induced by free 
radicals, inflammation increase, apoptosis resistance, genomic instability, 
telomere shortening, epigenetic alterations, deregulated nutrient-sensing, 
mitochondrial dysfunction, stem cell exhaustion, altered intercellular 
communication, and dysregulated neuronal Ca2+ homeostasis (Lopez-
Otin et al., 2013; Hernandez-Segura et al., 2018; Wen et al., 2021). To 
date, scientists agree that aging is a multifactorial mechanism that 
includes multiple interdependent and interactive processes (da Costa et 
al., 2016).  
During aging, also in the CNS, there is an accumulation of senescent cells, 
and this is related to cognitive decline, often due to changes and disruption 
in synaptic transmission. Senescent cells cannot divide, and develop a 
specific phenotype, known as senescence-associated secretory 
phenotype (SASP), that leads to a pro-inflammatory environment (Sikora 
et al., 2018; Sikora et al., 2021; Figure 7).  
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Figure 7: Brain senescent cells characterized by senescence-associated 
secretory phenotype (SASP) contribute to the inflammaging in CNS. 

Neuroinflammaging is also supported by pro-inflammatory cytokines and 
danger-associated molecular patterns (DAMPS), molecules released from 
damaged or dying cells to send a danger signal. From Sikora et al., 2021. 

Senescent cells exhibit also altered morphology with the accumulation of 
lipid droplets, DNA methylation, and chromatin remodeling, leading to a 
changed gene expression. In particular, the aging-related cognitive 
decline is principally associated with modifications in gene expression and 
in the activity of neurons in the hippocampus and prefrontal cortex (Sikora 
et al., 2021). In the brain cortex, both in aged animals and in animal 
models of accelerated aging (SAMP10 mice), the regression of dendritic 
arbors associated with a reduction in dendritic spine density has been 
demonstrated (Turner and Deupree, 1991; Shimada et al., 2006). On the 
contrary, the hippocampus seems to be more stable against the aging 
process (Adams et al., 2010; Newton et al., 2008; Dickstein et al., 2013), 
despite the decrease of spine density in the dentate gyrus (DG) and Cornu 
Ammonis area 3 (CA3) and the post synaptic density reduction with 
regression of apical dendrites in CA1 during aging (Figure 8; De Groot 
and Bierman, 1987; Markham et al., 2005; Sikora et al., 2021).  
Notably, also cerebellum changes occur during aging, showing 
modifications in cerebellar volume and Purkinje cells soma atrophy and 
regression of dendric arbors (Rogers et al., 1984; Chen and Hillman, 
1999; Bernard and Seidler, 2014).  
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The impairment in neuronal structure and plasticity that characterizes 
aging is one of the principal causes of the development of cognitive 
decline. 
The aging-related modifications in CNS were also widely demonstrated in 
electrophysiological experiments, which demonstrated impairment in 
Long Term Potential (LTP) induction, a slow after hyperpolarization, and 
decreased size in the postsynaptic density (PSD) in the aged brain (Sikora 

et al., 2021).  

 

Figure 8: Changes in dendrites during aging in the different hippocampal areas 
(up) and the cortex (down). From Sikora et al., 2021. 

3.2.1 Oxidative stress in the central nervous system during aging 

Free radicals, such as reactive oxygen species (ROS) and reactive 

nitrogen species (RNS), are produced by various processes, and the 

antioxidants have the task of removing them. When antioxidants activity 

does not counterbalance the destructive effects of free radicals, oxidative 
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stress occurs. Aging is related to increasing free radicals and chronic 

oxidative state, affecting and disrupting all tissues and organs and 

contributing to the onset of aging-related pathologies or syndromes 

(Kudryavtseva et al., 2016; Liguori et al., 2018). Indeed, one of the most 

accredited theories of aging is that of free radicals (Kudryavtseva et al., 

2016). The oxidative stress theory of aging hypothesizes that the 

physiological deterioration is caused by an accumulation of damaged 

macromolecules (DNA, RNA, proteins, and lipids) derived from oxidative 

stress within cells (Lin and Beal, 2003). In particular, recent studies 

demonstrated an association between oxidative stress and neuronal 

damage during aging, suggesting that oxidative stress plays a crucial role 

in the etiopathogenesis and progression of neurodegenerative diseases 

(Wang et al., 2014). 

Notably, first of all, in CNS, the free radicals’ generation has an essential 

role in neuronal synaptic plasticity through a process called “redox 

signaling”. However, the CNS has characteristics that make it particularly 

susceptible to oxidative stress: elevated unsaturated lipid amount, high 

metabolism level, high-level oxygen consumption, endogenous 

neurotransmitter metabolism that generates hydrogen peroxide, calcium 

oscillations, and lower levels of antioxidant defenses (Lehtinen and Bonni, 

2006; Cobley et al., 2018). Furthermore, a consequence of chronological 

aging is increased redox-active transition metal ions in the brain (Chen et 

al., 2012). These features make the CNS very vulnerable to oxidative 

stress (Lehtinen and Bonni, 2006; Figure 9). So, during aging, in the CNS, 

there is depletion in antioxidants functions, disruption of calcium balance, 

and mitochondrial impairment that altogether lead to oxidative stress. 

Indeed, ROS accumulate in the CNS during aging and the damages 

induced by free radicals negatively affect normal brain functions. Some 

researchers suggested that oxidative stress contributes to the formation 

of neuronal plaque and abnormal interactions between proteins with the 

consequence of protein aggregations. Many studies demonstrated the 

ability of antioxidant molecules to reduce the onset of age-related 

neurodegenerative diseases (Andersen, 2004; Salim, 2016; Chen et al., 

2020). Furthermore, oxidative stress is also related to mood disorders: 

brain autopsies of depressed patients were characterized by higher free 

radicals’ levels (Salim, 2016). Indeed, new drugs against oxidative stress 

are being developing for treating neuropsychiatric disorders (Visentin et 

al., 2020). 
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Figure 9: 13 reasons why the brain is susceptible to oxidative stress. From 

Cobley et al., 2018. 

 

Different types of neurons display different susceptibility to free radicals-

induced damages; for example, hippocampus and cerebellar granule cells 

are very vulnerable. The oxidative stress in these areas significantly 

affects cells proliferation, remodeling capacity, neuronal plasticity, and 

synaptic transmission, explaining the cognitive impairment induced by 

oxidative stress during aging (Salim, 2016).  

Furthermore, free radicals are involved in triggering chronic inflammation 

(von Bernhardi et al., 2015). As reported in Figure 10, the aging-related 

homeostasis loss leads to several metabolic changes, leading to oxidative 

stress. These aging-related impairments determine responses both in the 

CNS and the immune system. In the CNS, in addition to 

neuroinflammation, impaired neuronal signaling, metabolic changes, and 

impaired glial cell signaling occur. In particular, the astrocytes and the 

microglia functions are strictly regulated by factors of the CNS 

microenvironment. With environmental stress or aging, astrocytes 

became reactive/activated astrocytes, and microglia became primed 

microglia (Wolf et al., 2017; Palmer and Ousman, 2018). These reactive 

or primed phenotypes are characterized by an exaggerated and 

uncontrolled inflammatory response to immune stimuli. Thus, reactive 

astrocytes and primed microglia do not enhance immune response 

correctly but exaggerate the inflammatory response, leading to 

neuroinflammaging (Norden et al., 2015; Ben Haim et al., 2015). In 

addition, the dysfunctions in glial and neuronal signaling, also lead to CNS 
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functional decline and a higher risk of developing neurodegenerative 

diseases.  

 

 

Figure 10: Aging is associated with oxidative stress and inflammation increase. 

Both the CNS and the immune system are particularly vulnerable to oxidative 

damage, such as the increase in lipid peroxidation, protein oxidation and 

carbonylation, and DNA damage. In the CNS, oxidative damage leads to 

increased inflammation, impaired glial and neuronal signaling, increased 

mitochondrial dysfunctions, and altered metabolism. These disruptions affect 

the normal function of the brain, leading to neurodegeneration. From von 

Bernhardi et al., 2015. 

3.2.2 Inflammaging 

Oxidative stress is involved in the formation of chronic inflammation. This 

can determine impairment of the immune system (Sadighi Akha, 2018), 

which can lead to a chronic asymptomatic systemic low-grade 

inflammatory state that can lead to several age-related chronic diseases. 

Indeed, more and more evidence indicates that an increase in systemic 

inflammation is strongly correlated with aging (Chung et al., 2008; Rea et 
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al., 2018), during which the sustained levels of pro-inflammatory 

mediators and aberrant migration of pro-inflammatory factors in various 

tissues are demonstrated. So, the term inflammaging refers to a chronic, 

asymptomatic, systemic, and low-grade inflammation that occurs in the 

absence of infection in old age. This chronic inflamed state has harmful 

effects on health and contributes to biological aging and the development 

of age-related diseases. 

One of the principal factors involved in the immune response during age-

related inflammation is the activation of the nuclear factor (NF) κB. Several 

studies have shown an increase in the expression of pro-inflammatory 

genes in response to the age-related NF-κB activity such as (i) Tumour 

Necrosis Factor (TNF) α and β; (ii) pro-inflammatory interleukins and 

chemokines (including IL-1β, IL-6, and IL-8); and (iii) adhesion molecules 

(AMs). All these molecules in physiological conditions are usually present 

at low concentrations, whereas during aging they undergo an up-

regulation, probably due to an increase in oxidative stress (Chung et al., 

2006; Ferrucci and Fabbri, 2018; Chung et al., 2019). In particular, a 

continuous dysregulation of IL-6 synthesis leads to a state of chronic 

inflammation and autoimmunity (Hirano, 2021).  

Despite what is known, the precise causes behind inflammaging remain 

unknown and since aging is a complex process, inflammaging is probably 

the result of several factors, including (i) an increase in the number of 

senescent cells that release pro-inflammatory molecules; (ii) the release 

of altered molecules by damaged cells, resulting in the activation and 

development of inflammation; (iii) alteration of the gut microbiota; (iv) 

chronic stress condition (Franceschi and Campisi, 2014; Franceschi et al., 

2018). 

Several evidence also denote a significant role in aging and age-related 

diseases of a particular group of microRNAs, called inflamma-miRs, 

capable of modulating specific pathways of signaling (including NF-κB, 

SIRT, and TGF-β) involved in inflammation and senescence (Quinn and 

O’Neill, 2011; Dhahbi, 2014).  

To resume, in the elderly, inflammation regulation mechanisms are 

altered, leading to a higher risk of developing age-related infections and 

chronic diseases, such as neurodegenerative and cardiovascular 

diseases and dementia. This impairment is partly due to the increase in 

circulating pro-inflammatory cytokines even in the absence of infections, 

suggesting the presence of a chronic and latent age-related inflammation. 

This basal inflammatory state induces tissue damage, which in turn leads 
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to greater inflammation, creating a vicious circle that predisposes to age-

related diseases (Baylis et al., 2013; Ferrucci and Fabbri, 2018). Notably, 

the anti-inflammatory treatment is proving to be excellent for the treatment 

of various chronic diseases (Tabas and Glass, 2013; Hussain et al., 

2020) 

3.2.2 Apoptosis in the central nervous system during aging 

Apoptosis already occurs in the central nervous system (CNS) during 

embryogenesis, supporting the correct neuronal network organization. 

Nevertheless, the regulation of apoptosis in the CNS is fundamental for 

controlling the longevity of neurons. Apoptosis in the CNS plays a dual 

role (i) determining the loss of irreplaceable neurons and as a side effect 

neurodegeneration and leading to neurodegenerative diseases (Radi et 

al., 2014) and (ii) eliminating damaged cells that could evolve in cancer 

cells or could produce misfolded or damaged proteins (Higami and 

Shimokawa, 2000; Ziv and Melamed, 2010).  

Independently of whether and to what extent neurogenesis occurs, 

clearance of senescent cells in preclinical models is per se enough for 

inducing functional improvements in models of neurodegenerative 

diseases (Zhang et al., 2019). 

3.2.3 Senotherapeutics and new approaches for reverting or 
preventing aging  

The first study related to the reversion or prevention of aging dates to 
1939, demonstrating that a reduced caloric intake increased the lifespan 
of rodents (McCay et al., 1975). Later, many other investigations showed 
how, alongside the increase in lifespan, caloric restriction seems to delay 
aging and the onset of age-related diseases, by eliminating selectively 
senescent cells (Robbins et al., 2021).  

Most recently, a new class of drugs, known as senotherapeutics, has 

received interest for their capability to delay or prevent senescence. 

Recent searches on preclinical models demonstrated that 

senotherapeutics reduce disorders in different tissues and organs. Among 

senotherapeutics, senolytics can selectively kill senescent cells, whereas 

senomorphics can restore the phenotype in aged cells (Monganelli et al., 

2020; Robbins et al., 2021). In particular, senomorphics can prevent or 
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revert aging without changing the total number of senescent or pre-

senescent cells, whereas senolytics induce programmed death (i.e., 

apoptosis and autophagia) in senescent cells affecting their total number 

(Figure 11). 

 

 

Figure 11: Action mechanism of senotherapeutics: senomorphics on the left and 

senolytics on the right. From Monganelli et al., 2020. 

 

Senomorphics are effictive against aging regulating pathways involved in 

reducing inflammation and oxidative stress and increasing DNA repair and 

correct mitochondrial functions (Monganelli et al., 2020). In particular, 

senomorphics are known as a Sirtuin pathway activator (i.e., SIRT1; 

Mitchell et al., 2014), improving energy metabolism, stress response, DNA 

repair, and general health (Giblin and Lombard, 2016).  

On the other hand, senolytics can induce death in senescent cells, 

modulating AMPK, p53, BCL-2, and BCL-XL pathways (Monganelli et al., 

2020). Specifically, p53 is known as the guardian of the genome because 

it is essential in aging and cancer prevention. P53 has a pivotal role in (i) 

the activation of DNA repair mechanisms, (ii) the regulation of the 

progression of the cell cycle, impeding the growth of damaged cells and 

inducing their apoptosis, and (iii) the management of telomeres shortning 

(Fujita, 2019; Brady and Attardi, 2010).    

Recent works demonstrated the ability of senolytics to improve cognitive 

function in aging and in different models of dementia (Figure 12; Sikora 

et al., 2021). 

, p53 
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Figure 12: During physiological aging, brain cells undergo senescence 

displaying the SASP, increasing the neuroinflammation levels and leading to a 

progressive decline of cognition and memory. The treatment with senolytic or 

senomorphic compounds determines the death or the restoration of functions in 

senescent cells, leading to a regain of brain functionality. 

From Sikora et al., 2021. 

3.3 Frailty 

The progressive deterioration of physiological functions during aging often 
leads to people's hospitalization, hence the need to develop a universal 
term that describes the clinical symptoms of aging, led to the formulation 
of the concept of “frailty”. Among the elderly, frailty is often defined as “a 
clinical state characterized by an increased vulnerability of the organism 
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to stressors, exposing individuals to negative health-related outcomes” 
(Robertson et al., 2013; Cesari et al., 2017), in the absence of recognized 
pathologies. Frailty is a multisystem dysregulation leading to decreased 
physiological reserve (Fried et al., 2001; Bandeen-Roche et al., 2006). 
Thus, frailty is related to aging, but it does not reflect chronologic age, 
showing the heterogeneity of the aging course between different subjects 
(Piggott and Tuddenham, 2020). To date, an international standard 
method for detecting frailty is not available. However, usually, frailty can 
be diagnosed in the presence of at least three of the following indicators: 
slow walking and movement speed, involuntary weight loss, weakness, 
fatigue, and decreased physical activity (Fried et al., 2001). Furthermore, 
frailty is often identified by assessing the frailty index (FI), considering the 
number of accumulated deficits in the individual, including disability, 
physical and cognitive decline, and previous pathologies. Thus, the frailty 
index reflects the amount of deficits present in a given subject (Mitnitski et 
al., 2001; Rockwood and Mitnitski, 2007; Rockwood et al., 2017; 
Palliyaguru et al., 2019). A review of Dent and colleagues (2016) listing 
and discussing the main frailty measurements used in preclinical and 
clinical researches confirmed that the two most common methods for 
frailty measurement are Fried's phenotype and accumulated deficits 
models, such as Rockwood and Mitnitski’s Frailty Index. 

Currently, it has not yet been clarified what the main cause of frailty is, 
and aging itself cannot fully justify the onset of this syndrome, given that 
not all elderly people are frail. However, it is known that, from a clinical 
point of view, this syndrome simultaneously involves several organs, i.e., 
musculoskeletal, nervous, and immune systems. Indeed, to date, the 
concept of frailty is still in evolution, and there is no universal definition of 
this condition. Recently, the relationship between physical weakness and 
cognitive deterioration has been well documented in the literature. During 
the last years, the term “cognitive frailty” was coined for indicating a 
“heterogeneous clinical manifestation characterized by the simultaneous 
presence of both physical frailty and cognitive impairment”. Two main 
aspects must be detected to define this condition: the presence of physical 
frailty and cognitive impairment and exclusion of dementia or 
neurodegenerative diseases (Aubertin-Leheudre et al., 2015; Kelaiditi et 
al., 2013). 
The relationship between physical frailty and cognitive decline could be 
explained by the direct crosstalk between muscle and brain functions, also 
known as brain muscle loop theory, in which the CNS has a crucial role in 
preserving muscle functionality, and muscle integrity is essential in 
maintaining neuronal physiology. Indeed, muscle secretes myokines 
contribute to regulating brain functions, and neurotransmitters significantly 
influence muscle activity (Lauretani et al., 2017; Pedersen, 2019; Figure 

13). 
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Figure 13: Muscle-brain crosstalk. Modified by Lauretani et al., 2017. 

Finally, recent studies reported the existence of a correlation between 
cognitive frailty and the onset of health decline, with a consequent 
increase in hospitalization and mortality and worsening of the quality of 
life, which also negatively affects cognitive abilities leading to 
neurodegenerative diseases and the progression of dementia (Ruan et 

al., 2015; Ruan et al., 2017). 

3.4 Recognition memory 

The idea that memory is not a single mental faculty has a long and exciting 

history, but it became a subject of biological investigation only in the mid-

twentieth century (Squire, 2004). To date, there is a consensus about the 

multicomponent nature of memory, which is supported by different brain 

systems. One of the most important distinctions is between short- and 

long-term memory. Long-term memory can be separated into declarative 

(explicit) memory and few non-declarative (implicit) forms of memory, 

which include habits, skills, priming, perceptual learning, nonassociative 

learning, and conditioning (Figure 14). 
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Figure 14: Configuration of long-term memory in mammals: long-term memory 

could be divided into declarative and non-declarative memories. The figure 

shows the brain structures necessary for each type of memory. From Squire 

and Dede, 2015. 

Nondeclarative memory is fundamentally supported by the amygdala, 

striatum, cerebellum, and neocortex, whereas declarative memory 

principally depends on the hippocampus and parahippocampal cortices 

(Squire and Dede, 2015). Declarative memory, which provides a way to 

represent the outside environment, comprises two main components: 

semantic memory and episodic memory. Episodic memory refers to 

consciously recalling individual episodes or experiences (Squire and 

Dede, 2015). Conceptually, episodic memory involves a series of steps, 

including encoding, consolidation, and retrieval. The encoding describes 

the information processing, the consolidation involves storing this 

information in a form that will be mentally accessible in the future, and the 

recovery refers to remembering such information (Matthews, 2015). 

Among episodic memory, recognition memory refers to the capability to 

discriminate a stimulus or an environment as familiar or novel. 

Recognizing objects, people, or environments previously encountered is 

a vital cognitive function in animals. Indeed, the recognition memory is 

considered one of the essential features of human and mammalian 

personalities (Bird, 2017). 

Researchers have long been interested in the mechanisms underlying 

recognition memory, developing two principal models: the single-process 

and dual-processes models. For both models, recognition memory is 

composed of two components: knowledge or knowing (the ability to 
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discriminate something familiar from something new) and remember or 

remembering (the ability to remember the spatial and temporal context of 

events and stimuli previously encountered). The single-process model 

considers recognition memory as a unitary process directly linked to other 

explicit memory forms and dependent on the same system (Brown and 

Aggleton, 2001). On the contrary, the dual-process model proposes that 

recognition memory is supported by two functionally distinct processes 

mediated by different structures of the medial temporal lobe: the 

hippocampus (which supports the associations collected and the 

relationships between stimuli) and the parahippocampal regions (which 

support the recognition of single objects) (Eichenbaum et al., 1994; 

Tulving, 1985).  

So, for the single-process model, recognition memory is a process based 

on familiarity, in which “knowing” reflects a weaker memory and 

“remembering” is associated with a more intense memory:  these two 

processes differ only quantitatively. Conversely, for the dual-process 

model, recognition memory processes are qualitatively distinct (Ameen-

Ali et al., 2015). In particular, Brown and Aggleton (2001) hypothesized 

that the hippocampus belongs to an extended circuit specifically required 

for episodic memory, while the perirhinal cortex is part of a circuit involved 

in the judgments of familiarity of a stimulus encountered and of what is 

recent. 

Studies conducted in our laboratory supported the dual-process model of 

recognition memory, suggesting that “knowledge” and “remembering” are 

placed in two different brain areas, i.e., hippocampus and 

parahippocampus, confirming and reinforcing this paradigm about 

memory in neuroscience and neurobiology (Rossi et al., 2018). In 

particular, we demonstrated in adult mice that H. erinaceus sporophore 

and mycelium extracts exert their nootropic effect only on the knowledge 

component (assessed using specific spontaneous behavioral tests: NOR 

and emergence tasks), whereas they did not modulate the remembering 

component (assessed using specific spontaneous behavioral tests: OL 

and Ymaze tasks) (Figure 15). 
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Figure 15: Effects of H. erinaceus on the two components of recognition 

memory. 

Notably, the recognition memory is one of the memories most affected by 

aging; indeed, elderly people display an impairment in free recall and item 

recognition tasks compared to younger adults (Graves et al., 2017; 

Fraundorf et al., 2019). A recent meta-analysis, in particular, suggests that 

knowledge and remember components are affected in a different way 

during aging, and the effect of aging is most important on the knowledge 

component (Rhodes et al., 2019), confirming once again the dual-process 

model. 

3.5 Novelty-seeking behavior 

Novelty-seeking behavior is the propensity to explore new and unfamiliar 

stimuli and environments. It can be evaluated in humans using 

questionnaires and in mice using spontaneous behavioral tests. 

Novelty-seeking behavior is principally dependent on dopamine circuits 

(Costa et al., 2014). Discovering novel objects and environments 

decreases insecurity, and it is essential for improving choice behavior and 

creative performances in all mammalian species (Cloninger, 1987; Cohen 

et al., 2007; Gocłowska et al., 2019).  

The contrary of novelty-seeking behavior is neophobia, which is the 

hesitation to explore new stimuli, such as objects and environments. A 
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decrease in novelty-seeking behavior is a risk factor for the development 

of mood disorders, such as depression and anxiety (Stedenfeld et al., 

2011). Notably, novelty-seeking behavior decreases during aging (Faraji 

et al., 2019; Stanojlovic et al., 2019). 

3.6 Sleep and mood disorders 

Sleep is fundamental for mood and physical health, influencing the quality 

of life. Indeed, sleep disorders (such as difficulty falling asleep, insomnia, 

poor sleep quality, continuous awakenings, etc.) are risk factors for the 

development of different diseases, from metabolic (i.e., obesity and type 

2 diabetes) to cardiovascular. Often people with inadequate sleep report 

daytime fatigue with cognitive difficulty and decrease in memory and 

learning abilities (Xie et al., 2017; Zhao et al., 2020). These impairments 

could lead to unhealthy mental states, leading to mood disorders and over 

the long term to neurocognitive alterations, leading to dementia. Notably 

indeed, sleep disorders are frequent in patients affected by cognitive 

impairment (Shenker and Singh, 2017). Furthermore, sleep disorders can 

predict the probability of developing depression, anxiety, and dementia 

and aggravate already present symptoms (Chance Nicholson and Pfeiffer, 

2021). 

Anxiety is a standard and adaptative emotion with a protection meaning 

towards danger in an evolutionary perspective, and already the Greek and 

Latin authors discussed about this sensation. In the last two centuries, 

there have been talking about anxiety disorders for situations in which 

anxiety is a distressing pathological feeling and not normal adaptative 

anxiety (Crocq et al., 2015). The latest Diagnostic and Statistical Manual 

of Mental Disorders (DMS-5) defined anxiety disorder as “Excessive 

anxiety and worry (apprehensive expectation), occurring more days than 

not for at least six months, about many events or activities (such as work 

or school performance)”. 

Anxiety disorders are an extreme apprehension accompanied by irritability 

and nervousness. Anxiety disorders display several specific and non-

specific symptoms, such as restlessness, fatigue, impaired attention, 

concentration, and information processing, irritability, excessive anxiety 

and worry, and sleeping difficulty. Excessive anxiety and worry about 

several issues, experiences, or events determine difficulty carrying out 

everyday activities on multiple levels, impacting health and predisposing 

to neophobia (Nechita et al., 2018; Glasofer, 2021). Furthermore, anxiety 
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disorders are a predictor factor for the development of depression 

(Nechita et al., 2018).  

Depression is “the persistent feelings of sadness and hopelessness and 

loss of interest in activities they once enjoyed” for at least two weeks. Like 

anxiety, depression displays several symptoms, and to diagnose this 

mood disorder, the patient must have at least five symptoms between (i) 

diminished interest in everyday activities, (ii) depressed mood, (iii) 

modification in appetite, (iv) reduction of physical activity, (v) fatigue, (vi) 

feelings of worthlessness or inappropriate guilt, (vii) impaired 

concentration or attention, and (viii) thoughts of death or suicidal ideation 

or attempt. The DMS5 subdivided depression into two different diagnoses: 

(i) with mixed features and the presence of manic symptoms, and (ii) with 

anxious distress (Truschel, 2020), suggesting the critical link between 

these two mood disorders, beyond that with sleep disorders. 

The main regions and circuits of the brain mainly involved in mood 

disorders belong to the limbic system, among which (i) amygdala, 

fundamental in cognitive and emotional processing of fear and anxiety 

(Tovote et al., 2015); (ii) pre-frontal cortex, necessary for the regulation of 

appropriate behavior in response to fear and stress (Hare and Duman, 

2020; Tovote et al., 2015); (iii) hippocampus, essential for cognitive 

process and regulation of feelings (Bartsch and Wulff, 2015).  

Among the hypothesis about the pathogenesis of mood disorders, one 

proposes that the alteration of concentration of growth factors in CNS 

(such as neurotrophin-3, NGF, and BDNF) plays a crucial role in the onset 

and maintenance of depression, as demonstrated by (i) the 

antidepressant effect obtained through the neurotrophins infusion in the 

brain, (ii) the increase in neurotrophin brain levels during antidepressant 

treatment, and (iii) the increased neurogenesis as a consequence of 

antidepressant drugs treatment (Altar, 1999; Malberg et al., 2000; Levy et 

al., 2018; Lino de Olivera et al., 2020). Neurotrophins are essential in 

regulating the response to different stimuli reorganizing the structure, 

function, and connections between neurons, impacting their survival and 

proliferation. The neurotrophin most described as related to mood 

disorders is BDNF. BDNF stimulates the growth, differentiation, and 

survival of neurons and synapses in the CNS and regulates 

neuroplasticity. Furthermore, the correct pro-BDNF/BDNF ratio is crucial 

during the control and stimulation of hippocampal neurogenesis (Leal et 

al., 2017). Notably, dysregulation in pro-BDNF/BDNF ratio is observed 

both in depression and in obesity. Hence, both obese and depressed 
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subjects display an impairment in adult hippocampal neurogenesis 

(Duman and Monteggia, 2006; von Bohlen Und Halbach et al., 2018). 

So, in modern society, mood disorders are more and more common, and 

finding an efficacy therapy without side effects for their treatment is a 

crucial challenge. In addition to western medicine, which often determines 

the side effects onset, more and more papers have suggested the impact 

of nutrition and supplements intake on mood and sleep quality. Indeed, 

using diet and supplements management to improve mood and sleep 

disorders is effective (Liu et al., 2015; Zhao et al., 2020). 

3.7 Adult neurogenesis in the hippocampus 

It has been known for several years that the hippocampus is one of the 

areas in which adult neurogenesis occurs. This event attracted 

considerable attention because it appears to be involved in cognitive 

functions, memory, and behavior control. Adult neurogenesis has so far 

been extensively described and characterized in animal models such as 

rodents, but it is also supposed to occur in humans whose study on the 

actual functional role is limited to the analysis of post-mortem samples. 

For this reason, despite it is still not completely clear how this 

phenomenon can participate in normal brain functions, it is known that its 

dysregulation can lead to the onset of diseases in humans (Toda et al., 

2019; Fares et al., 2019). 

In mammals, the proliferation of new neurons in the hippocampus occurs 

in the subgranular zone (SGZ) of the dentate gyrus (DG). SGZ possesses 

a particular microenvironment, called “neurogenic niche”, that allows 

neuronal proliferation. The neurogenic niche consists of precursor cells, 

immature neurons, glial, endothelial cells, immune system cells, microglia, 

macrophages, and extracellular matrix proteins (Andreotti et al., 2019; 

Mercier et al., 2002). In particular, the proliferative neural stem cell can 

generate granular excitatory granule neurons in the DG of the 

hippocampus, and to date, there is no specific evidence that other 

neuronal types are generated under physiological conditions, although 

some researchers have reported the generation of different kinds of 

neurons (Liu et al., 2003; Rietze et al., 2000).  

The adult neurogenesis process takes about seven weeks to be 

completed and can be divided into four phases: (i) a precursor cell phase 

which has the task of keeping the progenitor cell pool active, (ii) an early 
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survival phase which determines the exit of the cells from the cell cycle, 

(iii) a postmitotic maturation phase in which they develop cytoplasmic 

extensions and establish connections, and (iv) a late survival phase in 

which the cells establish themselves in their final location. 

About 70-85 % of newborn neurons die within the first two weeks of life in 

physiological conditions. Instead, the surviving neurons became granule 

cells of DG that receive synapses from the entorhinal cortex and extend 

their axons to the CA3 area (Snyder et al., 2009; Kempermann et al., 

2015). 

Notably,  neurotrophic factors, i.e., BDNF and NGF, can promote and 

regulate the neural stem proliferation through the TrkB pathway and 

intersecting with the serotonin system (Mattson et al., 2004; Gardier et al., 

2009; Taliaz et al., 2010; Zhang et al., 2013; Foltran and Diaz, 2016; 

Corvaglia et al., 2019). Notably, neurotrophins also play critical roles in 

the survival and differentiation of neurons during adult neurogenesis 

(Frielingsdorf et al., 2007; Vilar and Mira, 2016). 

The adult neurogenesis in the hippocampus seems to be regulated both 

positively and negatively by several environmental stimuli, psychological 

state, and lifestyle of the individual. An environment rich in stimuli (such 

as open spaces and new objects) increases the adult neurogenesis rate, 

whereas stress and aging reduce adult neurogenesis frequency (Urban 

and Guillemot, 2014; Toda et al., 2019). Indeed, during aging, a 

physiological decline in adult neurogenesis occurs and it is partially 

explainable to the significant differences in gene expression in the 

hippocampus of young and aged individuals (Singhal et al., 2020). 

3.8 Gut microbiota 

The human gut is inhabited by a huge number of mutualistic/commensal 

bacterial, fungal, archaeal, viral, and protozoal communities, which 

together form the microbiota (Guarner and Malagelada, 2003; Jandhyala 

et al., 2015; Rinninella et al., 2019). Notably, in the human body, the 

number of microorganisms is almost ten times (up to 100 trillion) higher 

than eukaryotic cells (Bäckhed et al., 2005; Ursell et al., 2012).  

The colonization of the gut begins during pregnancy until it is more stable 

at three years old (Figure 16), despite undergoing numerous changes until 

the end of adolescence, becoming more steady in adulthood (Lynch and 

Pedersen, 2016). 



  Introduction 

42 
 

 
 

Figure 16: The figure shows all the modifications that can affect the 
development of the intestinal microbiota in early life until it is stabilized at three 

years old. From Tamburini et al., 2016. 

 

Several factors, such as host diet, lifestyle, environmental exposure, 

genotype, and physio-pathological states influence, both positively or 

negatively, gut microbiota composition, which changes dynamically 

throughout the host’s life (Turnbaugh et al., 2007). Several recent works 

underline that correct diet, probiotics, prebiotics, and synbiotics 

supplementation positively influence microbiota composition, inducing the 

growth of healthy bacteria. Moreover, antibiotics, the type of birth, feeding 

types, environmental factors, genetic conditions, geographic location, and 

age can influence the gut microbiota composition, and not always 

positively. As regards the kind of birth, it has been demonstrated that 

children born naturally seem to resemble gut microbiota of the mother’s 

vagina, where the main phylum is Bifidobacteria, while microbiota of 

children born through cesarean section is like the mother’s skin microbiota 

(Perez-Munoz et al., 2017; Lloyd-Price et al., 2016). Modifications or 

alterations during the colonization in infancy can heighten the risk of 

metabolic diseases onsets in adulthood, like obesity, diabetes, and 

hypertensive pathologies. Upon aging, modifications or alterations of gut 

microbiome composition occur, and the individual becomes more 

susceptible to developing neurodegenerative diseases like Alzheimer’s 

disease and dementia.  
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Nowadays, thanks to high-through sequencing technologies, it is possible 

to determine the taxonomy of the gut microbiota, which is composed of 

different bacteria species taxonomically classified by species, genus, 

family, order, class, and phyla (Rinninella et al., 2019). In this way, 

differences in distribution at the species and genus level and beyond can 

be evaluated. Additionally, the new omics sciences, such as 

metagenomic, metabolomic, metaproteomic, and metatranscriptomic 

techniques, can provide information about microbial activity (Heints-

Buschart and Wilmes, 2018). 

The bacterial composition of the gut microbiota shows a wide inter-

individual variation due to environmental and genetic factors (Bibbò et al., 

2016). Consequently, an optimal microbiota composition may never be 

defined. Furthermore, even though general gut microbial composition 

remains constant in the same individual, gut microbiota exhibits temporal 

and spatial differences in microorganisms distribution (Bäckhed et al., 

2005). However, the correct microbiota composition is an essential factor 

for host health: several studies demonstrated that microbiota dysbiosis is 

related to different pathologies, from intestinal disorders to metabolic and 

neurodegenerative diseases (Clemente et al., 2012; Quigley, 2013). So, 

intervening in gut microbiota composition is fundamental to preventing 

and treating different diseases. 

Despite the variability, a functional core microbiome composed of 

abundant bacterial taxa seems common to various individuals regardless 

of gender, geographic location, and age (Kim and Jazwinski, 2018). So, 

healthy human and rodents gut microbiota, which dynamically interacts 

with to host, contains two predominant phyla, Bacteroidetes and 

Firmicutes, followed by the Actinobacteria, Proteobacteria, and 

Verrucomicrobia phyla (Shortt et al., 2018; Rinninella et al., 2018). In 

particular, the Firmicutes/Bacteroidetes ratio is critical: a ratio imbalance 

is related to different diseases, such as obesity and cardiovascular 

diseases (Ley et al., 2006), and also to aging (Mariat et al., 2009). 

Regarding genera level, the predominant genera are Bacteroides, 

Bifidobacterium, Eubacterium, Clostridium, Peptococcus, 

Peptostreptococcus, and Ruminococcus. On the contrary,  the aerobes 

(facultative anaerobes) genera, such as Escherichia, Enterobacter, 

Enterococcus, Klebsiella, Lactobacillus, Proteus, etc., are among the 

subdominant genera. Furthermore, microbiota also includes viruses, 

especially phages, such as Eukarya, and again Fungi, Blastocystis, 

Amoebozoa, and Archaea (Bibbò et al., 2016).  
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The human organism and microbiota are in a mutualistic symbiosis to give 

a superorganism (Figure 17). Indeed, humans are the result of the 

integration of their genome with the genome of all the microorganisms 

throughout evolutionary history. So, the human-microbiome is considered 

a superorganism, a further step of evolution (Salvucci, 2019).  

 

 

 
Figure 17: The figure shows the human superorganism due to the interactions 

between the human genome and microorganisms. From Salvucci, 2019. 
 

The main functions of healthy gut microbiota are (i) metabolic (expressing 

several enzymes not produced by the host), (ii) trophic by maintaining the 

structural integrity of gut mucosal barrier, (iii) protective against 

pathogens, and (iv) immunological by regulating cytokines production and 

Th1-Th2 balance (Guarner and Malagelada, 2003; Jandhyala et al., 2015; 

Rinninella et al., 2019; Gomaa, 2020). Furthermore, commensal bacteria 

sustain the structural integrity of the intestinal mucosal barrier by 

maintaining the expression of tight junction proteins, such as claudin-1, 

Zonula Occludens-1 (ZO-1), and occludin (Morrison and Preston, 2016). 

Gut microbiota also has a barrier function, defined as protecting the 

intestine from damaging substances and controlling the intake of different 

substances across the mucosa. Additionally, the gut microbiota is 

implicated in xenobiotic and drug metabolisms. Finally, another 

fundamental gut microbiota function is the synthesis of vitamin K and 

several components of vitamin B (Jandhyala et al., 2015) (Table 4). 
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Main functions of healthy gut microbiota 

Metabolic 

Fermentation of non-digestive dietary residue; 

Salvage of energy; 

Production of SCFAs, folic acid, arginine, glutamine, vitamin B 
components, and vitamin K; 

Absorption of ions; 

Participation in drug metabolism. 

Protective 

Prevention of colonization by pathogens. 

Trophic 

Control of epithelial cell proliferation, differentiation, and renewal; 

Development and homeostasis of immune system. 

Immunological effects 

Stimulation of IgA production; 

Promotion of  anti-inflammatory cytokines release; 

Down-regulation of  pro-inflammatory cytokines release; 

Induction of regulatory T (Treg) cells. 

Table 4: Main Function of healthy gut microbiota 

Gut bacteria can also biotransform diet-introduced polyphenols allowing 

their portal vein absorption and, therefore, their metabolic effects. 

Bacteroides, Roseburia, Bifidobacterium, Fecalibacterium, and 

Enterobacteria can ferment digestion-escaped carbohydrates and 

indigestible oligosaccharides, producing short-chain fatty acids (SCFAs; 

i.e., acetate, propionate, and butyrate), which are energy sources for the 

host (Macfarlane and Macfarlane, 2003) and help to prevent the 

accumulation of toxic metabolic by-products (Jandhyala et al., 2015). 

SCFAs are fundamental for gut health, leading to eubiosis, stimulating 

epithelial barrier function, regulating immune response, and protecting 

against cancer (La Rosa et a., 2018; Zhang et al., 2018). Furthermore, 

SCFAs can modulate the immune system and inflammation process and 

elicit epigenetic mechanisms (Kogut et al., 2020). In particular, recent 

studies confirm that the decrease of the SCFAs increases the 

inflammation in CNS. Indeed, therapies focusing on SCFAs are being 

developed for treating CNS diseases (Silva et al., 2020). Moreover, it has 
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been demonstrated on animal models that butyrate can pass through the 

blood-brain-barrier (BBB) and exerts significant neuroprotective effects. 

Butyrate leads to the inhibition of histone deacetylation (HDAc), an 

enzyme involved in epigenetic mechanisms associated with inflammatory 

responses. The HDAc inhibition also brings to the inhibition of the nuclear 

factor kappa- (NF-B) present in macrophages or microglia, localized in 

the lamina propria of the gut and in the CNS, resulting in reduced pro-

inflammatory responses (Levy et al., 2017). 

Recently, more and more interest is focused on the gut microbiota: 

dysbiosis has been associated with several human diseases, such as 

inflammatory bowel diseases (IBD), irritable bowel syndrome (IBS), 

obesity, diabetes, allergic disorders, and neurodegenerative diseases 

(Jandhyala et al., 2015; Konjevod et al., 2021; Goyal et al., 2021; Li et al., 

2022). 

3.8.1 Microbiota and aging 

The hallmarks of aging lead to the decrease of functions of tissues and to 
inflammation, in particular in the gastrointestinal system, increasing the 
predisposition to gut-associated diseases by causing alterations in the gut 

microbiota composition in elderly people (Napgal et al., 2018). 

In literature, many scientists confirm that gut microbiota significantly 

changes during aging (Kim and Jazwinski, 2018). Overall, the aging-

associated microbiota is characterized by (i) a decline in microbial 

diversity, (ii) a decrease of the two main phyla (Firmicutes and 

Bacteroidetes), and (iii) an increase in the subdominant species belonging 

to other phyla, as well as a rearrangement in their co-occurrence network. 

Furthermore, there is an imbalance between the two principal bacterial 

phyla: Firmicutes and Bacteroidetes. Specifically, it has been described 

during aging a decrease in the Firmicutes phylum, corresponding to a 

reduction in SCFAs levels, and in contrast, an increase in Bacteroidetes 

phylum. Furthermore, analysis of aged gut microbiota composition 

showed an increase of opportunistic pathogens and potential pathobionts 

(Figure 18), including the pro-inflammatory Desulfovibrio spp., Clostridium 

perfringens, C. difficile, and Proteobacteria spp., and a decline of the 

health-promoting SCFAs-producers and anti-inflammatory bacteria, such 

as Bifidobacteria spp., Ruminococcus obeum, Roseburia intestinalis, 

Faecalibacterium prausnitzii,  Akkermansia spp., and Lactobacillus spp. 

(Mariat et al., 2009; Salazar et al., 2014; Salazar et al., 2017; Van der 
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Lurgt et al., 2018; Napgal et al., 2018; Mangiola et al., 2018; Bana and 

Cabreiro, 2019; Goma et al., 2020). Consequently, the gut microbiota of 

aged individuals leads to an increase in pro-inflammatory levels. 

 

Figure 18: Age-related changes in the human gut microbial ecosystem and 
factors affecting bacterial composition. From Nagpal et al., 2018. 

However, these changes can also lead to longevity and extreme longevity 
(Wu et al., 2019). Centenarians and super-centenarians represent the 
best model of “successful” aging, showing a lower index of illness, a 
reduction of comorbidity, and an extension of lifespan. The study of 
centenarians' gut microbiota needs to understand how bacteria can adapt 
in an extremely long lifespan, influenced by age-related environmental 
factors (lifestyle, diet, age-related diseases, etc.) and endogenous 
changes. The principal changes in the gut microbiota of centenarians are 
similar to ones found in aged people: (i) the decrease of relative 
abundance of the core microbiota, (ii) the enrichment of subdominant 
taxa, (iii) the accommodation of allochthonous bacteria, and (iv) the 
“Longevity adaptation” seems to involve enrichment in health-associated 
gut bacteria (Biagi et al., 2016). In centenarians, in particular, the core gut 
microbiota, composed of dominant symbiotic bacterial taxa 
Ruminococcaceae, Lachnospiraceaeae, and Bacteroidaceae loses 
diversity during aging. This phenomenon is counterbalanced by increased 
longevity-adapted and possibly health-promoting species like 
Akkermansia, Bifidobacterium, and Christensenellaceaea. Moreover, 
several butyrate producers, such as Rominococcus obeum, Roseburia 
intestinalis, and Fecalibacterium prausnitzii have been found in a lower 
concentration in centenarians' gut microbiota, while Anaerotruncus 
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colihominis and Eubacterium limosum increased. Additionally, in the gut 
microbiota of centenarians and supercentenarians have been found 
micro-organisms typical of other niches, such as Mogibacteriaceae and 
Synergistaceaea (Biagi et al., 2016). Therefore, scientists can confirm 
that, even if the most important core components are lost in centenarians' 
gut microbiota, they acquire in parallel a wealth of new microbial 
components. Indeed, higher diversity and enrichment of Prevotella, 
Treponema, Bacteroidetes, and Clostridiales bacteria occur. A recent 
study performed on Italian and Chinese people confirmed that the 
centenarians’ gut microbiota is enriched with Akkermansia and 
Christensenellaceaee, considered a marker of longevity (Santoro et al., 

2018).  

3.8.2 Microbiota and frailty 

Some authors, i.e., Jackson et al. (2016) and Ticinesi et al. (2018, 2019), 

defined frailty as a problem associated with gut microbiota dysbiosis by 

promoting chronic inflammation and anabolic resistance. Comparing the 

gut microbiota of adult and elderly frail people, many differences in the 

relative abundance and diversity have been noted that may be connected 

with frailty. Clostridiales, in particular Ruminococcaceae and 

Fecalibacterium prausnitzii are negatively correlated with frailty, whereas 

Eubacterium dolichum and Eggerthella lenta are positively correlated 

(Jackson et al., 2016). Like aging, frailty is associated with an overall 

decrease in microbial diversity, with the increase in Bacteroides relative 

abundance and the decrease in Firmicutes that leads to a decrease in 

SCFAs production (Morgan et al., 2013). Concordantly, the presence of 

SCFAs producers, such as Lachnospiraceaea, Roseburia, 

Fecalibacterium prausnitzii, is considered a suitable parameter for 

preventing frailty. These bacteria are able to metabolize SCFAs, which 

induce inhibition of the inflammation processes, considered one of the 

leading causes of frailty (Jackson et al., 2016). Indeed, inflammation 

increases gut permeability and the overexpression of several bacteria, 

including the pathobionts, such as Porphyromonadaceae, Odoribacter, 

Butyricimonas, Clostridium, and Oxalobacter. Furthermore, a recent study 

on elderly patients evidenced that the increased relative abundance of 

Enterobacteriaceae, Fusobacteriaceae, and Porphyromonadaceae is 

negatively correlated with patients' cognitive performances, while the 

overexpression of Lactobacillus is positively correlated with cognitive 

performances in elderly patients (Ticinesi et al., 2018). Moreover, 

phenotypic frailty was also associated with the decreased relative 
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abundance of other anti-inflammatory and overexpression of other 

species, including Eubacterium, Eggerthella, Ruminococcus, and 

Coprobacillus (Ticinesi et al., 2019). 

Furthermore, notably, higher frailty index scores were significantly related 

to a reduction in alpha diversity, a decrease of anti-inflammatory and 

butyrate producers bacteria, and an increase of pro-inflammatory and LPS 

producers microorganisms such as Enterobacteriaceae (van Tongeren et 

al., 2005; Jackson et al., 2016;  Haran et al., 2018; Piggott and 

Tuddenham, 2020).  

Thus, it is possible to confirm a correlation between gut microbiota and 

frailty. Currently, it is still unclear if a modification in the gut microbiota 

causes the manifestation of frailty or vice versa. However, probiotics and 

prebiotics are used in animal models to modulate the gut microbiota and 

avoid frailty. Indeed, the first action of the probiotics and prebiotics is to 

inhibit the inflammation process and promote longevity in mice (Santoro 

et al., 2017). 

3.9 The microbiota-gut-brain axis 

Already in 460 –  370 BC, Hippocrates of Kos wrote “All disease begins in 
the gut”, but only at the end of 1800, Elie Metchnikoff was the first who 
supposed a theory about the connection between gut and brain, known 
as the gut-brain axis according to the beneficial bacteria contained in the 
gut can positively influence health and delay cognitive decline (Scott et 
al., 2017; Cryan et al., 2019). In the beginning, this idea was not accepted 
by the scientific community, but today it is proved that the absence or 
imbalance of the gut microbiota leads to alteration in behavior and 
cognitive functions, such as memory and learning. It also leads to the 
manifestation of pathologies associated with the CNS like anxiety, 
depression, and neurodegenerative diseases. 
Even if today the processes leading to the communication between the 

gut microbiota and the brain are not yet totally clear, it is known that this 

axis is made of a network that includes gut microbiota and its metabolic 

products, enteric nervous system (ENS), neuroendocrine system, CNS, 

hypothalamic-pituitary-adrenal axis (HPA), sympathetic and 

parasympathetic branches of the autonomic nervous system (ANS) 

(Mayer et al., 2015; Wang and Wang, 2016). 

Notably, the gut microbiota-brain communication is bidirectional: the gut 
can influence the brain activity and metabolism, and the brain can lead to 
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modifications in the functions of the gut microbiota (Suganya and Koo, 
2020; Figure 19). In both cases, these modifications can lead to positive 
or negative results (Forsythe et al., 2012).  
 
 

 

Figure 19: Gut-brain axis and the bidirectional communication thanks to the use 
of circulating molecules (involved in immune, neural, and endocrine pathways 
and metabolites produced after the digestion), vagal nerve, spinal pathway, 

autonomic nervous system (ANS), enteric nervous system (ENS), and 
hypothalamic–pituitary–adrenal (HPA. From Suganya and Koo, 2020; Dinan 

and Cryan, 2017. 

One of the ways of communication between gut and brain is signaling 
molecules using. Gut bacteria can send to the brain molecules involved in 
immune responses or in neuroendocrine signaling pathways, like 
catecholamines, GABA, serotonin, cytokines, and others. The same 
metabolites can be released into the gut lumen by neurons, immune cells, 
and enterochromaffin cells (Mayer et al., 2015). 
Gut bacteria are also able to metabolize neurotransmitters for obtaining 
other neurotransmitters (for example, Lactobacillus and Bifidobacterium 
can metabolize glutamate to produce GABA), influencing the expression 
of the subunits of neurotransmitter receptors in brain regions connected 
with stressful responses (Foster and McVey-Neufeld, 2013). 
On the other hand, it was demonstrated that variations in neurotransmitter 
CNS concentrations influence the proliferative activity of several gut 
bacteria, including pathobionts. 
Another way of communication involved the parasympathetic and 
sympathetic branches of the ANS, the vagal nerve, spinal pathways, and 
the neurons that belong to the ENS. ANS and ENS can regulate intestinal 
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functions, such as regional motility, secretion of acids, production of 
bicarbonates, microbiota activity, and mucosal immune responses. 
Furthermore, the microorganisms' metabolites, such as SCFAs, 
branched-chain amino acids, and peptidoglycans, can influence the 
functions of neurons in the gut mucosa,  stimulating fibers, like the vagal 
nerve, that sends informations to the brain. Consequently, brain activity or 
behavior can also be influenced by the same molecules (Mayer et al., 
2015; Cryan et al., 2019). Moreover, the gut microbiota and the brain can 
also communicate through the immune system and tryptophan 
metabolism. So, for all these communications, the host and his cognitive 
functions can be influenced by the activity of bacteria and vice versa. 

Several recent papers demonstrated that the treatment with prebiotics or 
probiotics could alter neuroplasticity and behavior, influencing the 
microbiota composition (Vázquez et al., 2015; Allen et al., 2016; Burokas 
et al., 2017; Yang et al., 2018; Gronier et al., 2018; Osadchiy et al.,  2019; 
Cryan et al., 2019). In addition to probiotics and prebiotics that improve 
the microbiota-gut-brain axis, many other factors impact the bidirectional 
communications, such as diet, drugs, genetics, epigenetics, 
environmental factors, and exercise (Sandhu et al., 2017; Dalton et al., 
2019; Cryan et al., 2019). On the other side, several host functions are 
affected by microbiota-gut-brain axis activity, including food intake, 
cognitive behavior, stress, social interaction, and fear (Cryan et al., 2019; 
Figure 20). 

Nowadays, the microbiota-gut-brain axis receives more and more interest 
given its implication in several pathologies, from epilepsy to autism to 
mood disorders (anxiety, stress, depression) to inflammatory (IBS) to 
metabolic (obesity) to neurodegenerative diseases (Quigley, 2017; Liang 
et al., 2018; Martin et al., 2018; Cryan et al., 2019; Saurman et al., 2020; 
Figure 21). Indeed, targeting the gut-brain axis, for example, through the 
supplementation with psychobiotics (which confer mental health benefits 
by impacting microbiota composition), is one innovative intervention for 
delaying the onset of and treating different diseases (Sarkar et al., 2016; 
Cryan et al., 2019; Bermúdez-Humarán et al., 2019; Barrio et al., 2021). 
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Figure 20: Factors that affect microbiota-gut-brain axis: diet, genetics and 
epigenetics, congenital heredity and associated epigenetics, environment, 
medications, exercise, and mode of delivery at birth, as well as the various 
behaviors known to be affected by microbiota-gut-brain axis perturbation, 

including cognitive and social behaviors, stress, fear, and food intake. From 
Cryan et al., 2019. 
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Figure 21: Diseases related to a dysregulation in the microbiome-gut-brain axis. 
From Cryan et al., 2019.
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4. Aims of the research 

At the end of the early 2000s, about 8% of the world population was 65 

years old, and it is estimated that by 2050, 1.5 billion people aged over 65 

years old will live in the world, about 16% of the entire population. The 

constant increase in the average age and life expectancy has led to a 

higher incidence of neurodegenerative diseases associated with aging. 

Therefore, it has necessitated studying mechanisms that improve patients' 

quality of life to age healthily. Indeed, aging is a natural process that 

affects all living organisms, and the deterioration in physiological functions 

characterizes it, but notably, the decrease in physiological functions has 

different rates from individual to individual, making aging a heterogeneous 

process. However, the social isolation resulting from COVID-19 pandemic 

social distancing measures has significantly accelerated cognitive decline, 

depression, and sarcopenia in aged and frail people (Kirwan et al., 2020). 

Hence, further investigations are mandatory to develop strategies to 

prevent and reverse frailty, cognitive impairment, and disability in the 

elderly (Harai et al., 2018), as well as mood disorders in the population. 

This Ph.D. project aimed, firstly, (i) to investigate the effect of physiological 

aging on locomotor and cognitive decline and microbiome composition 

changes in rodents, next (ii) to study the effects of standardized extracts 

of Hericium erinaceus in mice on frailty reversion and prevention, focusing 

on novelty-seeking behavior, recognition memory, locomotor 

performances, and microbiota composition, and, finally, (iii) to explore the 

effect of Hericium erinaceus dietary supplementation on mood and sleep 

disorders in overweight and obese humans. 

Regarding the studies conducted on the preclinical model, in this Ph.D. 

work, the animal model and behavioral tests were chosen to reach a 

translational approach and to translate the acquired knowledge from 

“bench to bedside.” Furthermore, we used an interdisciplinary and 

integrated approach based on physiology and cellular biology techniques.  

So, the first purpose of this Ph.D. research was to generate a frailty index 

(FI) to monitor in a simplified and non-invasive method both locomotor and 

cognitive aging-related decline in mice. Hence, to assess whether 

phenotypic frailty was associated with cognitive impairment (evaluated as 

recognition memory), C57BL/6 wild-type mice were examined during 

physiological aging in vivo in a longitudinal study. In particular, to 

investigate locomotor and recognition memory performances during 
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physiological aging, we carried out spontaneous behavioral tests at 

several experimental times, from adulthood to senescence, evaluating 

both locomotor and cognitive FIs at each experimental time. Furthermore, 

we also evaluated the effect of physiological aging on gut microbiota 

composition since intestinal dysbiosis is known to increase during aging, 

with enrichment in pro-inflammatory bacteria at the expense of beneficial 

microorganisms. 

Next, in a first set of animals, we selected the frailer aged mice (at 21.5 

months) that were supplemented with a blend of sporophore and 

mycelium H. erinaceus extracts (He1) containing 150 µg/g of erinacine A, 

500 µg/g of hericenone C, about 20 µg/g of hericenone D, and 460 µg/g 

of L-(+)-ergothioneine (EGT). In a second set of mice, we started to treat 

random mice from the adulthood phase, maintaining the oral 

supplementation until the senescence phase, with an H. erinaceus 

primordium extract (He2) containing 1.30 mg/g of EGT and no nootropic 

molecules. Notably, we obtained the exact amount of nootropic and 

bioactive metabolites in H. erinaceus using HPLC-UV-ESI/MS technique.  

In particular, thanks to the first set of animals, we investigated the potential 

of H. erinaceus in reverting frailty, and thanks to the second set of mice, 

we investigated the potential of H. erinaceus in preventing frailty. 

The molecular mechanisms of H. erinaceus effects were investigated in 

the central nervous system (CNS) of aged treated and untreated mice 

using histochemistry and immunohistochemistry with specific markers of 

inflammation, gliosis, oxidative stress, senescence, blood-brain barrier 

(BBB) functionality, cell proliferation, and neurogenesis. Furthermore, 

given the importance of the microbiota-gut-brain axis, we investigated the 

effect of H. erinaceus supplementation on microbiota composition, 

exploring its possible role as a prebiotic. 

Regarding the study in humans, we studied the effect of a commercial 

dietary supplement based on H. erinaceus, the “Micotherapy Hericium” 

provided by A.V.D. Reform s.r.l. (Noceto, Parma, Italy), on mood and 

sleep disorders, using self-assessment questionnaires, in overweight and 

obese humans who underwent a low-calorie diet regimen. In this case, to 

investigate the mechanism based on H. erinaceus effect, we examined 

the concentrations of serum pro-BDNF and BDNF as potential clinical 

biomarkers. 

 

 



Material and methods 
 

56 
 

5. Material and methods 

5.1 Hericium erinaceus collection and extraction 
procedures 

The strains 1 and 2 of H. erinaceus were isolated from two H. erinaceus 

collected in Siena province (Tuscany, Italy) from a live specimen of 

Quercus ilex. The basidiomas of H. erinaceus were aseptically cut in small 

portions (about one mm3) and were placed into Petri dishes with 2% malt 

extract agar as a culture medium (MEA, Biokar Diagnostics). 

Chloramphenicol at 50 ppm was added in this first step. Incubation was 

performed at 24°C in complete darkness. The strains were maintained in 

the Italian Culture Collection of Pavia University (MicUNIPV). 

Lyophilized mycelium and sporophores of H. erinaceus strain 1 (He1) and 

primordium of strain 2 (He2) were extracted in 70% ethanol, following the 

procedure described. One gram of dry substrate was blended with 10 mL 

of 70% ethanol and left in the thermostat in agitation overnight at 50°C. 

Before withdrawing, the material was stirred for one hour and was 

centrifuged at 4000 rpm for 3 minutes (Gerbec et al., 2015). The 

supernatant was stored at −20 °C until it was analyzed through HPLC-UV-

ESI/MS method.  

5.2 Quantification of bioactive metabolites through HPLC-

UV-ESI/MS  

HPLC-UV-ESI/MS analyses were carried out on a Thermo Scientific LCQ 

FLEET system, equipped with a PAD-UV detector working at 254 nm 

(Thermo Scientific®, San Jose, CA, USA). The chromatographic 

separation was performed using an Ascentis Express F5 HPLC column 

(150 × 3.0 mm, 2.7 μm particle size, Sigma Aldrich, Milan, Italy) 

maintained at 40 °C, with a flow rate of 0.3 ml/min and an injection volume 

of 20 µL. The following gradient method was utilized with water containing 

0.1% formic acid (solvent A) and acetonitrile (solvent B): 0–9 min (30–

50% B), 9–27 min (50–60% B), 27–54 min (60–100% B), 54–69 min (100–

30% B), and 69-75 min (30% B). All solvents were purchased from Sigma 
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Aldrich, Milan, Italy. The HPLC system was interfaced to the ion trap mass 

spectrometer with an Electro Spray Ionization (ESI) ion source. The 

compounds were analyzed under positive (ESI+) ion conditions. The ion 

spray and capillary voltage were set at 5kV and 10V, respectively, in 

positive ion mode. The capillary temperature was 400 °C. The acquisition 

was performed both in Full Scan mode (mass range 200–2000 Da) and 

MS/MS Dependent Scan mode. The data station utilized the Xcalibur MS 

Software Version 2.1 (Thermo Scientific®, San Jose, CA, USA). 

Standards of erinacine A and hericenones C and D were provided by 

Professor Kawagishi (Shizuoka University, Japan). Stock solutions (1 

mg/mL) of erinacine A and hericenones C and D were prepared in 70% 

ethanol to mimic the procedure with which we obtained H. erinaceus 

extracts. Standard solutions with the final concentration range of 1–25 

µg/mL for erinacine A and 20–100 µg/mL for hericenones C and D were 

prepared. Linear least-squares regression analysis for the calibration 

curves showed correlation coefficients of 0.9968, 0.9945, and 0.9951, 

respectively, for erinacine A, hericenones C, and hericenones, 

demonstrating an excellent linear relationship in the different ranges 

tested. In particular, each concentration was analyzed in triplicate. 

Given the absence of a formerly published standardized extraction 

protocol for the ergothioneine (EGT), we conformed with the extraction 

procedure already reported for erinacine and hericenones. L-(+)-

Ergothioneine (EGT; E7521-5MG, Sigma Aldrich, Milan, Italy) was used 

as standard. The EGT calibration curve was constructed using standard 

mixture solutions at five concentrations (10, 70, 150, 350 μg/mL; each 

concentration was analyzed in triplicate) and linear least-square 

regression analysis demonstrating, also in this case, an excellent linear 

relationship in the different ranges tested. 

5.3 Study designs in preclinical model 

All the animals used in this work were wild-type pathogen-free male mice 

(strain C57BL-6J), purchased by the Charles River company (Calco, 

Italy). The mice were acclimated to their environmental conditions for 

almost one month before starting experiments conducted in the Animal 

Care Facility at the University of Pavia. The mice were housed in single 

plastic cages at 21 ± 2 °C, with humidity at 50 ± 10%, with an automatically 

controlled light/dark cycle: the dark period lasted from 07:00 to 19:00, and 
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the light period was from 19:00 to 07:00. Water and food (standard chow) 

were furnished ad libitum. All experimental protocols and animal handling 

were carried out in strict conformity with European Council Directive 

2010/63/EU and with the Ethics Committee of Pavia University (Ministry 

of Health, License number 774/2016-PR). 

5.3.1 Study of the effects of H. erinaceus mycelium and sporophore 
standardized extracts (He1) treatment during aging in reverting 
frailty 

These experiments were conducted on 15 male wild-type mice. In vivo 

experiments, used to evaluate frailty in mice, were performed at six 

different experimental times: 11, 14, 17, 20, 21.5, and 23.5 months, as 

reported in Figure 22. 

 

Figure 22. Proportional age between humans and mice during their life span 

and the experimental times for experiments concerning He1. 

Modified from Dutta and Sengupta, 2016 and Ratto et al., 2019. 

 

The seven frailer mice (He1 group), starting from 21.5 months old (T4), 

received for two months a drink made by a mixture of mycelium and 

sporophore ethanol extracts (He1) solubilized in water, in such a way that 

every mouse received 1 mg of supplement per day. This amount was 

chosen to mimic the oral supplementation in humans (about one g/day). 

Daily consumption of water and supplements was monitored for each 

mouse every week. 

At each experimental time, mice were weighed, and no statistically 

significant changes were recorded during aging or between the He1 and 

control groups. 
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5.3.2 Study of the effects of H. erinaceus  primordium standardized 
extract (He2) treatment on the prevention of aging and frailty 

These experiments were conducted on 15 other male wild-type mice. In 

this experimental set, in vivo experiments were performed at four different 

experimental times: 11 and 14 (T0 and T1, including in adulthood), and 20 

and 23 (T2 and T3, including in the senescence) months old. For studying 

the potential of H. erinaceus in preventing frailty onset, starting from 15 

months, nine random mice (He2 group) were supplemented with a drink 

of H. erinaceus primordium ethanol extract (He2) solubilized in water at 

the final dose of 1 mg/die, whereas the remaining six mice did not receive 

any supplement (C group).  As before, we selected this dose for simulating 

the oral supplementation used in humans. 

Figure 23 shows the experimental design: 

Figure 23. Proportional age between humans and mice during their life span 

and the experimental times for experiments concerning He2. 

Modified from Dutta and Sengupta, 2016 and Ratto et al., 2019. 

Also in this case, at each experimental time, mice were weighed, and no 

statistically significant changes were recorded during aging or between 

the He2 and C groups. 

5.4 Behavioral tests 

Spontaneous behavioral tests were performed without any external 

reward or punishment to evaluate the mice's recognition memory and 

novelty-seeking behavior. The activity of mice was investigated and 

quantified through the "SMART Video Tracking System" program with a 

sampling time of 40 ms/point (Biological Instruments, Besozzo, Varese, 
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Italy) and a charge-coupled device (CCD) Sony color (PAL). At all different 

experimental times, all mice were subjected to five spontaneous 

behavioral tests: Open arena, Emergence, Novel Object Recognition 

(NOR), Object Location (OL), and Y Maze. Different locomotor or cognitive 

parameters were selected and investigated for each of them, as followed 

reported. For each test, as the mice alternated, the arena was carefully 

sanitized with 70% ethanol to eliminate the previous mouse's traces. 

5.4.1 Open arena test 

The open field or open arena test is widely used to investigate anxiety-

related and exploratory behavior in rodents, but principally locomotor 

activity. In our conditions, during the test, mice were left free to explore an 

empty arena of 63 x 42 cm for 15 minutes and their movements were 

tracked by SMART Video Tracking System. 

In this test, we evaluated the following parameters of interest: (i) total 

distance traveled in the 15 minutes (cm), (ii) resting time, so time when 

mice stay still (s), mean speed (cm/s), and (iv) max speed (cm/s). 

5.4.2 Emergence test 

The emergence test allows studying the “knowledge” component of 

recognition memory and the “novelty-seeking behavior”. 

In this test (Figure 24), the mouse is placed in a familiar environment (a 

same cage as the one it usually lives in, 33 cm long, 15 cm wide, and13 

cm high) with a hole (5 cm long and 4 cm wide) through which it can go 

out into a larger arena with a laminated floor but without walls (90cm long 

and 60 cm wide), which represents a new safe environment. This test, 

lasting 8 minutes, allows the mouse to freely choose between a new 

environment or a family one. 

In this test, the parameters of interest were the (i) latency of the first exit 

(the time that elapses before the first exit from the cage with all four limbs), 

(ii) the number of exits (the number of times a mouse completely emerged 

from the cage), and (iii) the time of exploration of the new environment 

(the amount of time a mouse spent exploring the new environment outside 

the familiar cage). 
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Figure 24: Experimental set-up and procedure for emergence test. 

From Brandalise et al., 2017. 

 

5.4.3 Novel Object Recognition test 

The Novel Object Recognition (NOR) test evaluates exploratory behavior 

towards novelty and recognition memory (knowledge component) in 

rodents. The test, which lasts three days, is characterized by three main 

phases: habituation (or open arena), familiarization, and testing. During 

the first phase of habituation, which is carried out in the first two days, the 

mice were placed one at a time inside a white arena with no objects inside. 

Each mouse was left free to explore the empty arena for 15 minutes to 

familiarize themselves with the environment in which the test would later 

take place. Following this, the mice were removed from the arena and 

repositioned in their respective cages.  

On the third day, during the familiarization phase, the mice were 

positioned, always one at a time, within the same arena in which two 

identical objects were placed. The animals were left free to explore the 

two objects for 5 minutes, after which they were transferred back to their 

cages for 10 minutes (retention phase). During this time-lapse, the arena 

and the objects were cleaned with 70% ethanol, and one of the two objects 

was replaced with another object with a different shape, size, and color. 

Next, during the test phase, the mice were returned to the same arena 

and were left free to explore the familiar object and the new object for 5 

minutes, after which they were returned to their respective cages (Figure 

25). 
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Figure 25: Experimental set-up and procedure for NOR task. 

From Brandalise et al., 2017. 

 

In this test, we evaluated two cognitive parameters: (i) the number of 

approaches and (ii) the total duration of the approaches for both the 

familiar object and the new object. The approaches were defined as when 

the distance between the mice's snout and the object is equal to or less 

than 2 cm. 

To assess the mice capability to discriminate between the familiar and the 

novel object, we calculated the mean novelty discrimination index (DI) 

using the formula: 

DI = (n - f) / (n + f) 

where n is the number or duration of approaches to the new object and f 

is the number or time of approaches to the familiar one. The DI value 

can range from -1 to 1, where -1 indicates complete preference towards 

the familiar object, 0 no preference, and 1 complete preference for the 

new object. 

5.4.4 Object Location test 

The Object Location (OL) is a spontaneous behavioral test that allows to 

investigate the "remember" component of the recognition memory in 

rodents (Rossi et al., 2018). This test consists of the same phases as the 

NOR task: two days of habituation (15 minutes per day) and the 



  Material and methods 
 

63 
 

familiarization, retention, and test phase on the third day. The test 

procedure is identical to the NOR up to the test phase. After 5 minutes of 

the familiarization phase, the mouse was removed from the arena and 

placed inside its cage for 10 minutes. During this period, the arena and 

objects were cleaned with 70% ethanol, and one of the two was moved to 

a different location in the arena. In the subsequent test phase, the animals 

were repositioned in the same arena and were left free to explore the 

familiar object and the repositioned object for 5 minutes (Figure 26). 

In the OL test, we investigated the exact parameters of the NOR test: (i) 

the number of approaches and (ii) the duration of the approaches for both 

the familiar object and the repositioned one.  

To assess the discrimination between the familiar object and the 

repositioned one, the discrimination index (DI) was calculated in the same 

way as it was done for the NOR task. 

 

 

 

Figure 26: Experimental set-up and procedure for NOR task. 

From Rossi et al., 2018). 
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5.4.5 Y maze 

The Y maze test is usually used to study the "remember" component of 

the recognition memory and spatial working memory. This test is carried 

out in a Y-shaped labyrinth consisting of three symmetrical solid gray 

plastic arms (40 cm long, 12 cm high, 8 cm wide) positioned at an angle 

of 120 ° to each other. Each session began with placing the mouse in the 

center of the maze. The mouse is left free to explore the three arms for 8 

minutes (Figure 27). In this test, an “arm entry” was defined as all 4 of the 

animal’s limbs entering an arm of the maze. A “triad” or “triplet” was 

defined as a set of 3 arm entries in which each consecutive entry was into 

a different arm of the maze. If the arms of the Y maze are designated A, 

B, and C, an entry will proceed as ABC, ACB, BAC, BCA, CAB, or CBA. 

On the contrary, a failure was defined as repeated entry into the same arm 

(AAA, ABA, ACA, AAB, AAC, BBB, BAB, BCB, BBC, CCC, CBC, CAC, 

CCB, or CCA). The number of arm entries and the number of triads were 

measured.  

In particular, the percentage of triplet alternation was considered as 

cognitive parameters, calculated by using the following formula: 

 

Number of triplets

Number of total entries - 2
× 100 

 

 

 

Figure 27: Experimental set-up and procedure for Y maze task. 

From Rossi et al., 2018). 
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5.5 The Frailty Index development 

We used a variant of Parks's procedure to measure the frailty index (FI) 

during aging (Parks et al., 2012). Park’s FI procedure is as follows. Mean 

reference values for each parameter used to construct the FI are obtained 

at T0. For each mouse and at different experimental times, the values of 

these parameters are compared with the mean reference values. The 

values that are 1 standard deviation (SD) above or below the mean 

reference value are given a FI value of 0.25; the values that are different 

of 2 SD are scored as 0.5; the values that are different of 3 SD are 0.75; 

the values that are more than 3 SD above the mean reference receive the 

maximal frailty value of 1. Parameters that are different from the mean 

reference values by less than 1 SD receive a score of 0. These values are 

averaged to obtain an FI for each animal so that a mouse with no deficits 

has a FI score of 0 and an animal with all possible maximal deficiencies 

has a FI score of 1 (Parks et al., 2012). 

Whereas Parks’s method for creating the FI used a graded scale, we 

developed a method to derive more accurate values during aging. The 

mean reference value and the SD for each studied parameter were 

calculated at T0 (11 months). The values obtained from each mouse at 

different experimental times were compared to the mean value at T0 using 

the following formula: 

 

FI=(Value-Mean at T0)/(SD at T0)*±0.25 

This procedure was used for creating both Locomotor FI and Cognitive 

FIs.  

5.6 Tissue Sampling: Hippocampal and Cerebellar 
Samples Preparation 

All mice were decapitated at 23.5 (for the study concerning He1) or 23 (for 

the study concerning He2) months after anesthetization with isofluorane 

(Aldrich, Milwaukee, WI, USA). The cerebral hemispheres and cerebellum 

were immediately excised, washed in 0.9% NaCl, and fixed by immersion 

for 48 hours at room temperature in Carnoy’s solution (6 absolute 

ethanol/3 chloroform/1 acetic acid; for the study concerning He1) or for 7 

hours in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4; for the 

study concerning He2). The tissues were then dehydrated through a 

graded series of ethanol and finally embedded in Paraplast X-TRA (Sigma 
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Aldrich, Milan, Italy). Eight-μm thick sections, collected on silane-coated 

slides, were cut in the sagittal and transversal plane. 

At the time of use, the sections included in Paraplast X-tra were then 

deparaffinized for 20 minutes in xylene (Carlo Erba, Cornaredo, Italy), 

subsequently rehydrated by using a descending alcoholic scale protocol 

that includes five steps of 5 minutes each, as follows: xylene 50%/absolute 

ethanol 50%, absolute ethanol, ethanol 95%, ethanol 80%, and finally 

ethanol 70%. Next, the sections were rinsed in phosphate-buffered saline 

(PBS). Then the sections were used both for brightfield and fluorescence 

immunohistochemistry evaluations. 

5.7 Hematoxylin/eosin staining 

The deparaffinized and rehydrated sections were immersed in 

hematoxylin for 10 minutes and then washed with running water for about 

2 minutes. Next, the sections were washed twice in distilled water (H20d) 

and immersed in eosin for 2 minutes. After two washes in H20d, the slices 

were dehydrated following an ascending alcoholic scale protocol 

consisting of five steps: 80% ethanol (fast), 95% ethanol, absolute 

ethanol, xylene 50%/absolute ethanol 50%, and xylene (3 minutes each). 

Finally, the slides were mounted with Eukitt (Kindler gmbH) for the bright-

field microscope analysis. 

5.8 Nissl staining 

To determine the neuronal morphologies of the section, the Nissl 

histological staining was performed. This reaction allows highlighting the 

ribosomes contained in the endoplasmic reticulum, cytoplasm, and 

nucleus. For the procedure, the sections included in Paraplast X-tra 

(Sigma) were spun in xylene, rehydrated, and washed two times in H20d 

for 3 minutes. Next, the sections were incubated in an incubator at 58°C 

with a solution of Toluidine blue for 20 minutes. Subsequently, the 

sections underwent two washes in H20d (the first of a few seconds and 

the second of 3 minutes) and then were dehydrated with the previously 

described ascending alcoholic scale. Finally, the slides were mounted with 

Eukitt (Kindler gmbH) for the bright-field microscope analysis. 
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5.9 Immunohistochemistry 

Immunohistochemistry was performed using specific commercial 

antibodies to localize and eventually quantify the presence and 

distribution of different specific markers.  We performed 

immunohistochemical reactions simultaneously on slides from different 

experimental groups to avoid potential staining differences due to small 

procedural changes. 

5.9.1 Brightfield Microscopy Assessment 

After deparaffination, rehydration, and rinse in phosphate-buffered saline 

(PBS), the hippocampal and cerebellar slides were incubated at room 

temperature for 7 minutes in a blocking buffer for the suppression of the 

endogenous peroxidases (3% H2O2 in 10% methanol in PBS). Then the 

slices were washed in PBS and incubated for 20 minutes in fetal serum to 

block non-specific antigen-binding sites. Next, the sections were 

incubated for 2 hours in agitation in a humid and dark chamber. 

Subsequently, after two washes in PBS, the slides were incubated with 

biotinylated secondary antibodies (Vector Laboratories, Burlingame, CA, 

USA) for 30 minutes, washed two times in PBS, and incubated with 

horseradish peroxidase-conjugated avidin-biotin complex (Vector 

Laboratories, Burlingame, CA, USA) for 30 minutes at room temperature. 

Then, 0.05% 3,3-diaminobenzidine tetrahydrochloride (DAB; Sigma 

Aldrich, Milan, Italy) with 0.01% H2O2 in Tris–HCl buffer (0.05 M, pH 8) 

was used as chromogen followed by nuclear counterstaining with 

Hematoxylin. Then, sections were dehydrated in ascending scale of 

ethanol, cleared in xylene, and finally mounted with Eukitt (Kindler, 

Freiburg, Germany). 

The primary antibody was omitted in some sections incubated with PBS 

only for control staining. No immunoreactivity was observed in this 

condition. The slides were observed with an Olympus BX51 microscope 

(model BX51TF), and the images were acquired with an Olympus 

Camedia c-2000 Z digital camera and stored on a PC running Olympus 

software. 

Immunopositivity quantification was performed by calculating (i) the 

percentage of immune-positive nervous cells and (ii) the optical density 

(OD) by using ImageJ program. 
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Table 5 shows the primary and secondary antibodies used in brightfield 

microscopy:  

 Antigen Species Manufactures Dilution 

P
rim

a
ry

 a
n

tib
o

d
ie

s
 

Interleukin-6 
(IL6) 

Goat 

Santa Cruz Biotechnology 
(Santa Cruz, CA, USA), Goat 
polyclonal IgG, Cat# sc-1265, 

RRID: AB_2127470 

1:100 

Glial 
Fibrillary 

acidic 
protein 
(GFAP) 

Goat 

Santa Cruz Biotechnology 
(Santa Cruz, CA, USA), Goat 
polyclonal IgG, Cat# sc-6170, 

RRID: AB_641021 

1:100 

Hipoxia 
inducible 
factors-1α 
(HIF 1α) 

Mouse 

Santa Cruz Biotechnology 
(Santa Cruz, CA, USA), Mouse 

monoclonal IgG, Cat# sc- 
53546, RRID: AB_629639 

1:100 

Vascular-
Endothelial 

Growth 
Factor 
(VEGF) 

Rabbit 

Santa Cruz Biotechnology 
(Santa Cruz, CA, USA), Rabbit 
polyclonal IgG, Cat# sc-507, 

RRID: AB_2212666 

1:100 

Superoxide 
Dismutase-1 

(SOD1) 
Rabbit 

Santa Cruz Biotechnology 
(Santa Cruz, CA, USA), Rabbit 
polyclonal IgG, Cat# sc-11407, 

RRID: AB_2193779 

1:100 

Nitric Oxide 
Synthases-2 

(NOS2) 
Rabbit 

Santa Cruz Biotechnology 
(Santa Cruz, CA, USA), Rabbit 
polyclonal IgG, Cat# sc-650, 

RRID: AB_631831 

1:100 

Cyclooxygen
ase-2 

(COX2) 
Goat 

Santa Cruz Biotechnology 
(Santa Cruz, CA, USA), Goat 
polyclonal IgG, Cat# sc-1747, 

RRID: AB_2084976 

1:100 

Zonula 
Occludens 1 

(ZO-1) 
 

Goat 

 

Santa Cruz Biotechnology        
(Santa Cruz, CA, USA), Goat 

polyclonal IgG, Cat# sc-1265, RRID: 
AB_2127470 

1:100 

Occludin Mouse 

Santa Cruz Biotechnology         
(Santa Cruz, CA, USA), Mouse 

monoclonal IgG, Cat# sc-133256, 
RRID: AB_2156317 

1:100 

Glucose 
Transporter 

1 (Glut1) 
Human 

Purified antibody raised against 
amino acids218-260 of Glut1 of 

human origin. 
1:100 

p53 Mouse 
Sigma-Aldrich (St. Louis, MO, USA), 

Mouse monoclonal IgG2a, Cat# 
OP33-100UG, RRID:AB_564977 

1:100 
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Biotinylated 
horse  anti-
mouse IgG 

Gamma-
immunoglob

ulin 

Vector Laboratories          
(Burlingame, CA, USA),             
Horse, Cat# PK-6102, 

RRID:AB_2336821 

1:200 

Biotinylated 
goat anti-
rabbit IgG 

Gamma-
immunoglob

ulin 

Vector Laboratories          
(Burlingame, CA, USA),               

Goat, lot# PK-6101, 
RRID:AB_2336820 

1:200 

Biotinylated 
rabbit anti-
goat IgG 

Gamma-
immunoglob

ulin 

Vector Laboratories          
(Burlingame, CA, USA),            
Rabbit, Cat# PK-6105, 

RRID:AB_2336824 

1:200 

 

Table 5: Primary and secondary antibodies used for immunocytochemical 
reactions. 

5.9.2 Fluorescence Microscopy Assessment 

After the deparaffination, rehydration, and rinse in PBS, the sections were 

incubated for 7 minutes at room temperature with a blocking solution (100 

mg BSA, 10 μl Tween 20, 3.3 ml glycine 0.3 M in 7ml PBS) to block non-

specific binding sites. Then, the slices were left overnight in a humid and 

dark chamber in incubation with the primary antibody reported in Table 6. 

The next day, the sections were washed twice in PBS and then incubated 

for 1 hour with the secondary antibody (Table 6). After washing in PBS, 

nuclei were counterstained with 0.1 μg/ml Hoechst 33258 for 5 minutes. 

Further, the slices were rinsed in PBS and then mounted with Mowiol 

(Calbiochem, Inalco, Italy or Calbiochem, San Diego, CA, USA).  

The sections were observed by fluorescence microscopy with an Olympus 

BX51 microscope equipped with a 100 W mercury lamp. The following 

equipment was used: 330 to 385 nm excitation filter (excf), 400 nm 

dichroic mirror (dm), and 420 nm barrier filter (bf), for Hoechst 33258; 450 

to 480 nm excf, 500 nm dm, and 515 nm bd for Alexa 488; and 540 nm 

excf, 580 nm dm and 620 nm bf for Alexa 594. Images were recorded with 

an Olympus MagnaFire camera system and processed with the Olympus 

Cell F software. 

As in bright-field microscopy, immunofluorescence quantification was 

performed by (i) calculating the percentage of immune-positive nervous 

cells and (ii) the optical density using ImageJ program. 
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 Antigen Species Manufactures Dilution 

 SIRT1 Rabbit 

Polyclonal 
antibody (Abcam 
(Cambridge, MA, 

USA) 

1:100 

P
rim

a
ry

 a
n

tib
o

d
ie

s
 

PCNA (PC10) Mouse 

monoclonal 
antibody (Abcam, 
Cambridge, MA, 

USA) 

1:600 

Double cortin (DCX) Goat 

Polyclonal 
antibody (Santa 

Cruz 
Biotechnology, 

Santa Cruz, CA, 
USA) 

1:100 

S
e
c
o

n
d

a
ry

 a
n

tib
o

d
ie

s
 

Alexa Fluor 488-
conjugated anti-mouse 

Goat 
Molecular 

Probes, Space, 
Milano, Italy 

1:100 

Alexa Fluor 594-
conjugated anti-goat 

Donkey 
Molecular 

Probes, Space, 
Milano, Italy 

1:100 

 

Table 6: Primary and secondary antibodies and respective dilution used in 

immunofluorescence experiments. 

5.9.3 Quantitative analysis 

After assembly, the slides were dried and then analyzed under an 

Olympus BX51 microscope. At 4x and 10x magnifications, a first 

panoramic observation was made to define the state of integrity of the 

slice and the encephalic area of interest. Larger magnifications, 20x, 40x, 

and 100x, were used to evaluate cytoarchitecture and cell population. 

For all markers, it was helpful to measure the density of pixel here referred 

to as optical density (OD) of the immunopositive areas after 

immunohistochemical reactions. After the acquisition, in the bright field 

immunoreactions, the color was inverted to have the positive areas lighter 

than the background or the non-expressed neurons. The background and 
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the hematoxylin staining were always subtracted with a plugin of the 

ImageJ (ImageJ 1.46p, NIH, Bethesda, MA, USA) program. 

The OD measurements, used for evaluating the immunocytochemical 

intensity, were evaluated in 3 randomized images/section (making at least 

ten measurements/image) per 5 slides/animal from each experimental 

group and were carried out using the polygonal selections tool of the 

ImageJ program (Figure 28) to best capture the marker expression.  

 

Figure 28: ImageJ toolbar with "Polygonal selections" and an example of a 

captured area for calculating the OD. 
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5.10 Microbiota analysis 

5.10.1 Bacterial DNA extraction and 16s rRNA sequencing 

Total microbiota genomic DNA in the mice stools was extracted using a 
QIAamp DNA stool mini kit (Qiagen, Dusseldorf, Germany) according to 
the manufacturer’s instruction. DNA quantification was performed using 
Qubit FluorometerTM (Invitrogen, Molecular Probes, USA). Libraries for 
16S rDNA amplicons sequencing of the V3 and V4 regions were obtained 
by using PCR primers containing a barcode (V3 Forward: 5′-
CCTACGGGNGGCWGCAG-3′; V4 Reverse: 5′-
GACTACHVGGGTATCTAATCC-3′). Furthermore, for preparing the 
amplicons for the sequencing by MiSeq Illumina, we used the specific 
forward (V3 F: 5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3') 
and reverse (V4 R: 5'-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3') adapters. 
Finally, we performed the PCR analysis using Bio-Rad MJ Mini Personal 
Thermal Cycle, and PCR amplicons were sequenced by MiSeq Illumina, 
relying on the BMR Genomics SRL di Padova. 

5.10.2 Illumina data processing and microbiota characterization 

The raw paired-end FASTQ reads were imported into the Quantitative 
Insights Into Microbial Ecology 2 program (QIIME2, ver. 2020.2.01) 
(Bolyen et al., 2019) and demultiplexed using the native plugin. The 
Divisive Amplicon Denoising Algorithm 2 (DADA2) (Callahan et al., 2016)   
was used to quality filter, denoise, and mergepair the data, and remove 
chimeric sequences. 
The resulting Amplicon Sequence Variants (ASVs) with less than a 50x 
coverage were discarded from further analyses. The classification of the 
obtained ASVs was run using the feature-classifier plugin (Bokulich et al. 
2018), implemented in QIIME2 against the SILVA SSU non-redundant 
database (138 release) (Quast et al., 2013), adopting a consensus 
confidence threshold of 0.7.  

5.10.3 Microbiota Data analysis  

The analysis of the bacterial diversity, and the corresponding figures, was 
done using the phyloseq R package (Mcmurdie and Holmes, 2013). 
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Microbiota diversity was described within (alpha) and between (beta) 
sample diversities. The Shannon index and Phylogenetic Distance (PD) 
alpha diversity metrics were calculated to estimate the variation of 
bacterial diversity at the different time points. Values were compared using 
the pairwise Krustall-Wallis test. 
Beta diversity was estimated with quantitative distance metrics using the 
diversity function in the phyloseq R package. We estimated the Bray-
Curtis dissimilarity indexes by sampling 10,000 reads per sample.  
Canonical Analysis of Principal Coordinates (CAP) was computed using 
the cap-scale function from the vegan R Package (Anderson & Willis, 
2003; Oksanen et al., 2015).  Variance partitioning and significance on 
bacterial communities for experimental factors: time groups and Cognitive 
Frailty Index (FI), were determined by running a permutation‐based 
ANOVA test using 999 permutations on the Bray Curtis distance metric. 
PerMANOVA Pairwise contrast was performed by the adonis function in 
the phyloseq package. Non-Metric Multidimensional Scaling (NMDS) 
explored microbial communities' structure, an ordination approach.  

The DESeq2 R package (Love et al., 2014) was used to identify the 
bacteria with the most significant changes in ASV differential abundance 
considering the Cognitive FI. Improvements to the stability and dispersion 
of the counts (variance) were required before it was possible to calculate 
the differential abundances for the different species present in the 
samples being compared. To this end, we used the estimated SizeFactors 
function in DESeq2 to transform the stabilization of the variance. The 
differential abundances were measured with the log2foldchange value, 
and the different conditions were compared using the Wald test with the 
Benjamini–Hochberg correction (Q parameter = 0.1, FDR < 10%). The 
differential-abundance measurements were statistically significant if the 
adjusted p-value was < 0.05. 

5.11 Study design in Humans 

The experimental plan for the clinical study developed as follows: 

recruitment time (T0), after two months of H. erinaceus supplementation 

(T1), and after two months wash-out (T2). Seventy-seven volunteers (62 

females and 15 males; mean age 53.2 ± 0.7 years old) with a body mass 

index (BMI) ≥ 25 Kg/ were enrolled from the Department of Preventive 

Medicine, Luigi Devoto Clinic of Work, Obesity Centre, at the IRCCS 

Foundation Policlinico Hospital (Milan, Italy). 

The patients were invited to participate in the study through an individual 

interview during which the study was presented. Subjects with the 
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following characteristics were excluded from the study: antidepressant or 

anti-anxiety treatment, mushroom allergies, pregnancy, language barrier, 

and organ transplantation. Furthermore, we included only patients with 

one or more sleep and mood disorders, evaluated by Zung’s Depression 

Self-Assessment Scale, Zung’s Anxiety Self-Assessment Scale, 

Symptom Checklist-90 (SCL-90), and the binge eating scale (BES). 

Each participant signed an informed consent form and provided detailed 

information about their general health, dietary intake, and lifestyle when 

starting the study. This study was performed according to the Declaration 

of Helsinki for Research on Human Subjects and was approved by the 

local ethics committee (study registration number: 1370).  

From T0, all participants were undergoing a low-calorie diet of 1400 kcal 

for women and 1700 kcal for men (CHO 52%, Lipids 30%, and protein 

18%) and were randomly assigned to the control group (n = 37) or the H. 

erinaceus group (n = 40). In the H. erinaceus group, we recorded three 

dropouts at T1 and five drop-outs at T2, while in the control group, we had 

no dropouts. Figure 29 displays the experimental design. 

Patients belonging to the H. erinaceus group received three capsules/die 

for two months of an H. erinaceus dietary supplement (Micotherapy 

Hericium) provided by A.V.D. Reform s.r.l. (Noceto, Parma, Italy). This 

supplement is composed both of mycelium and sporophore of the 

mushroom. In particular, extraction conditions from both fruiting body and 

mycelium were the following: biomass/solvent ratio was 1/15 and the 

extraction time was three hours. Solvents for distinct extractions were 

water and pure ethanol, respectively. The remaining liquid phase was 

dried under vacuum at 70°C and -0.9 bar and further milled by UPZ mill 

(Hosokawa Alpine Aktiengesellschaft, Augsburg, Germany). Final 

particles were mostly smaller than 100 𝜇m.  

The polysaccharide content was determined by 𝛽-Glucan Assay Kit 

(Megazyme, Ireland) and expressed as total (𝛼 plus 𝛽) glucan content: 50 

mg of polysaccharides were present in each capsule so that each subject 

assumed 150 mg/die. 
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Figure 29: experimental design of the study. 

From Vigna et al., 2019. 
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The composition (Table 7) and nutritional values (Table 8) of Micotherapy 

Hericium supplement are reported in the following tables: 

 

Component mg/capsule mg/die 

H. erinaceus mycelium 400 1200 

H. erinaceus sporophore extract 100 300 

Total polysaccharides amount 50 150 

Table 7: Composition of the supplement Micotherapy Hericium: 80 % of 

mycelium and 20 % of sporophore extract. From Vigna et al., 2019. 

 Sporophore extract Mycelium  

Kcal/g 2.23 1.98 

Proteins % 8.25 10.22 

Fats % 0.17 1.02 

Fibers %  5.92 39.2 

Polysaccharides/total glucans % >45 >37 

Sodium % 0.0146 0.0031 

Table 8: Nutritional values of the components (sporophore extract and mycelium 

powder) of supplement Micotherapy Hericium. From Vigna et al., 2019). 

5.11.1 Self-Evaluation Scales 

The effect of hypocaloric diet on mood disorders, i.e., depression, anxiety, 

and binge eating disorders, was investigated by using the Zung Self-

Rating Depression Scale (ZDS) Zhang et al., 2019), Zung Self-Rating 

Anxiety Scale (ZAS) (Palagini et al., 2019), and Binge eating scale (BES). 

In the H. erinaceus group, the effects on mood disorders were also 

investigated using an Italian version of the SCL-90 (Prunas et al., 2012), 

since the SCL-90 test is considered a psychometrically more advanced 

tool than Zung’s tests. The SCL-90 differs from other psychiatric 

questionnaires as it measures both externalizing (such as impulsivity, 

hostility, and aggressiveness) and internalizing (such as depression, 

anxiety, sleep, and somatizations) symptoms. Indeed, in clinical practice, 

the SCL-90 is considered a more articulated psychometric test. We 

recruited only patients with one or more mood disorders evaluated by 

these tests.  

For each test, we determined the range values to define the entity of the 

disorder, such as “low”, “moderate”, and “high” (Table 9). 
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Table 9: the range values to define the entity of the disorder: very low, low, 

moderate, high, and very high. From Vigna et al., 2019. 

 

5.11.1.1 Zung Self-rating Depression Scale 

Zung’s Self-Rating Depression Scale (ZDS) is a rapid self-administered 

test used to quantify the depressed status of a patient. This test is 

considered the prototype of the self-assessment scales and allows to 

obtain a fast and quantitative evaluation of psychological (10 items), 

affective (2 items), and somatic (8 items) symptoms of depression in 

humans. The patient must evaluate the frequency of the symptom 

described in the item on a scale from 1 to 4, in which 1 is “a little of the 

time”, 2 is “some of the time”, 3 is “good part of the time”, and 4 is “most 

the time” (Figure 30). Then, the different scores obtained for the 20 items 

were added to find a total final score. We considered patients very low 

depressed with a score between 20-31, low depressed for 32-43, 

moderate depressed for 44-55, high depressed for 56-67, and very high 

depressed with 68-80. Indeed, we considered a patient positive for 

depression with a score equal to or greater than 44 (Table 9).  
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Figure 30: Zung Self-Rating Depression Scale (from 

http://www.mentalhealthministries.net/resources/flyers/zung_scale/zung_scale.pdf). 

5.11.1.2 Zung Self-Rating Anxiety Scale 

Similarly, the Zung’s Self-Rating Anxiety Scale (ZAS) is a rapid self-

administered test used to quantify the anxiety status of patients. The 

evaluation is precise as described for Zung’s depression scale: the patient 

must evaluate the frequency of the symptom described in each item on a 

scale from 1 to 4, in which 1 is “a little of the time”, 2 is “some of the time”, 

3 is “good part of the time”, and 4 is “most the time” (Figure 31). For 5 

items (numbers 5, 9, 13, 17, and 19), the score value was opposite to the 
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other 15 items addressing anxiety symptoms. In this way, the risk that the 

patient mechanically provided the same score to all items was reduced. 

Next, the different scores obtained for the 20 items were added to find a 

total final score. We considered a patient with a low degree of anxiety with 

a final score between 20-40, moderate for 41-60, and high for 61-80. 

Indeed, we considered a patient positive for anxiety with a score equal to 

or greater than 41 (Table 9). 

 

Figure 31: Zung g Self-Rating Anxiety Scale (from 

https://www.mnsu.edu/comdis/isad16/papers/therapy16/sugarmanzunganxiety.pdf) 

 

5.11.1.3 BES 

The BES includes 16 groups of statements (findable on 

https://www.dors.it/public/ar28/Binge%20Eating%20Scale.pdf), and the 

patient chooses the statement that is closest to describing their emotional 

feelings. A value from 0 to 3 is assigned to each statement. The total score 

is obtained by summing all of the values. A score lower than 10 indicates 

an optimal score, a range between 10 and 16 indicates the beginning of 

binge eating. A score > 17 indicates a high risk for a food disorder. We 

considered a patient positive for binge eating with a score equal to or 

greater than 10 for the BES (Table 9). 

https://www.mnsu.edu/comdis/isad16/papers/therapy16/sugarmanzunganxiety.pdf
https://www.dors.it/public/ar28/Binge%20Eating%20Scale.pdf
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5.11.1.4 SCL-90-R 

The SCL-90-R is a short self-report psychometric questionnaire 

composed of 90 items. For each item, the patient provides an evaluation 

from 0 (“not at all”) to 4 (“very much”), as reported on 

https://www.aslvco.it/wp-content/uploads/2021/04/ALL04.2-S.C.L.90-

TEST-PSICOLOGICI-AUTOVALUTAZIONE.pdf. The different items 

assess ten different states of the mind, including some related to 

“depression” (13 items), “anxiety” (10 items), and “sleep disorders” (3 

items). For each dimension, we calculated the mean score value. We 

considered a patient positive for a mood disorder when the score was 

equal to or greater than 1 (Table 9). 

5.11.2 Determination of pro-BDNF and BDNF Serum Levels by 
Direct Enzyme-Linked immunosorbent Assay (ELISA)  

Blood samples were collected after an overnight fast, and the serum was 

immediately isolated and stored at −20°C. To avoid seasonal variations 

and correlation with the amount of ambient sunlight, we collected serum 

between June and December (Molendijk et al., 2012). By using two 

different competitive ELISA immunoenzymatic colorimetric kits (one for 

pro-BDNF (SK00752-09) and one for BDNF (SK00752-01) provided by 

Aviscera-Bioscience, Santa Clara, CA, USA), serum pro-BDNF and BDNF 

levels were measured in patients of the H. erinaceus intervention group 

(n = 10). The specifications of the kits are reported in Table 10: 

 

Kit 
Detection 

range 
Sensitivity 

Intraassay 
precision 

SK00752-09 
(directed 

against pro-
BDNF) 

0.78–25 ng/ml 0.25 ng/ml 4–6% 

SK00752-01 
(directed 
against 
BDNF) 

23–1500 pg/ml 5–8 pg/ml 4–6% 

 

Table 10: Specifications of the two different competitive ELISA 

immunoenzymatic colorimetric kits: SK00752-09 for pro-BDNF evaluation and 

SK00752-01 for BDNF quantification. 

https://www.aslvco.it/wp-content/uploads/2021/04/ALL04.2-S.C.L.90-TEST-PSICOLOGICI-AUTOVALUTAZIONE.pdf
https://www.aslvco.it/wp-content/uploads/2021/04/ALL04.2-S.C.L.90-TEST-PSICOLOGICI-AUTOVALUTAZIONE.pdf


  Material and methods 
 

81 
 

The protocols were performed according to the manufacturer’s 

instructions. Blank, standard dilutions, positive control, and samples were 

assayed at least in duplicate. Briefly, after bringing all reagents and 

samples to room temperature, we added 100 L per well of dilution buffer 

to blank wells and 100 L of standard dilutions, positive control, or 

samples per well, covered with the plate sealer, and incubated for 2 hours 

on microplate shaker at room temperature. Then, we washed four times 

with 1x Wash Buffer (300 L), and after complete removal of Wash Buffer, 

we added 100 L of Detection Antibody working solution to each well and 

incubated for 2 hours on microplate shaker at room temperature. After 

washing, we added 100 L of Streptavidin-HRP Conjugate working 

solution to each well and incubated for 60 minutes on a microplate shaker 

at room temperature, protecting from the light. We washed again, and then 

we added 100 L of Substrate Solution to each well, and we incubated on 

a microplate shaker at room temperature, protecting from light. Finally, we 

added 100 L of Stop Solution. The color in the wells changed from blue 

to yellow. Next, we determined the optical density of each well using an 

automated microplate reader (ELx808, BioTek,Winooski, VT, USA) set to 

450 nm within 5 min.  

5.12 Statistical analysis 

All data were reported as mean ± SEM (standard error of the mean). 

We performed Bartlett and Shapiro Wilk Tests to establish and confirm the 

homogeneity and normality of parameters. 

In preclinical studies, to verify statistically significant differences in 

behavioral tests, we used one-way analysis of variance (ANOVA) for 

repeated measures followed by Bonferroni post hoc test to study the 

physiological aging in mice and two-way ANOVA followed by Bonferroni 

post hoc test for studying the effect of H. erinaceus supplementations.  

To verify statistically significant differences in immunohistochemistry was 

used Unpaired Student’s t-test.  

To compare the groups in the clinical study, we performed the one-way 

ANOVA for repeated measures, two-way ANOVA, and Student’s t-test.  

The differences were considered statistically significant for p < 0.05 (*), p 

< 0.01 (**), p < 0.001 (***), and p < 0.0001 (****). Statistical analyses were 

performed with GraphPad Prism 7.0 software (GraphPad Software Inc., 

La Jolla, CA, USA) and R package. 
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6. Results 

6.1 Identification and quantification of bioactive 
metabolites in He1 and He2 

To identify and quantify the bioactive metabolites of interest in H. 

erinaceus samples, we analyzed the mycelium and sporophore extracts 

of H. erinaceus strain 1 (He1) and primordium extract of H. erinaceus 

strain 2 (He2) using the HPLC-UV-ESI/MS technique. In particular, we 

investigated the presence and the abundance of three nootropic 

metabolites (Erinacine A, Hericenone C, and Hericenone D) and L-+-

Ergothioneine (EGT). 

6.1.1 Quantification of nootropic and bioactive metabolites in He1  

Erinacine A, hericenones C and D, and ergothioneine (EGT) in He1 were 

identified and quantified by comparing both retention times and ESI/MS 

spectra with the standards provided by Professor Kawagishi (University of 

Shizuoka, Japan) or purchased from Sigma Aldrich, Milan, Italy. Table 11 

shows the molecular structure of bioactive metabolites, the molecular 

weight, the specific ions in the ESI/MS spectrum, and the content in 1 g of 

dried He1 mushroom, identified and quantified by comparing the retention 

time and molecular ion or mass spectra in HPLC/ESI-MS methods. 

For Erinacine A, the calibration curve was constructed using five 

concentrations (1, 5, 10, 15, and 25 µg/ml) of standard. The linear least-

square regression analysis for the calibration curve showed a good 

correlation coefficient (R2 = 0.9968; Figure 32 A). By comparison the He1 

mycelium extract spectrum with the calibration curve and Erinacine A 

spectrum (Figure 32 A and B), we quantified the Erinacine A (with a 

retention time of 10.57 minutes) content in He1 mycelium: 150 µg/g of 

dried He1 mycelium (as reported in Table 11). 

To quantify Hericenone C and D concentration in the He1 sporophore 

extract, we used UV detection that allows the quantification by comparing 

the peak areas in the UV trace with those of the standards (Figure 33 A). 

The calibration curves for the two Hericenones were constructed by using 
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four concentrations (20, 50, 75, 100 µg/ml) of the respective standards. 

The linear least-square regression analysis for the calibration curves 

showed a good correlation coefficient both for Hericenone C (R2 = 0.9945) 

and D (R2 = 0.9951). By comparison the UV traces of He1 sporophore with 

Hericenone C and D standard ones (retention time of 42.57 and 44.34 

minutes, respectively) and with the calibration curve (Figure 33 A and B), 

we quantified the Hericenones C and D content in He1 sporophore:  500 

µg/g and less than 20 µg/g, respectively (Table 11). 

 

 

 

Table 11: Erinacine A, Hericenones C and D, and EGT chemical structure, 

molecular weight (g/mol), characteristic ions, and content (µg) in 1 g of dried 

He1 mycelium and sporophore. Modified from Ratto et al., 2019 and Roda et al., 

2021. 
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Figure 32: Quantification of Erinacine A in He1 mycelium. A: ESI/MS spectrum 

of Erinacine A. The top right panel shows the calibration curve and linear 

regression curve for Erinacine A. B: the Mass Spectrum traces of He1 mycelium 

and Erinacine A standard (Retention time = 10.57 minutes). 

From Ratto et al., 2019. 
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Figure 33: Quantification of Hericenones C and D in He1 sporophore. A: 

ESI/MS spectrum of Hericenones C (top) and D (below). The top right panel 

shows the respective calibration curves and linear regression analysis. B: Ultra 

Violet traces of He1 sporophore (top) and Hericenone C (Retention time= 42.57 

min) and D (Retention time = 44.34 min) standards (down). The peak area 

corresponding to Hericenone C or D is pointed. From Ratto et al., 2019. 
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We also evaluated the ergothioneine (EGT) content in He1 extracts. The 

calibration curve for EGT was constructed by using five concentrations 

(10, 70, 150, 350 μg/ml). The linear least-square regression analysis for 

the calibration curve showed a good correlation coefficient (R2 = 0.9925; 

Figure 34 A). Next, the EGT was identified by comparing retention time 

and the ESI/MS-MS spectrum with the authentic standard. ESI-MS/MS 

spectrum of EGT (Figure 34 B) obtained by fragmentation of ion m/z 230 

showed two fragment ions m/z 186 and m/z 127. To obtain better 

sensitivity, EGT was then quantified by multiple-reaction-monitoring 

(MRM) transition m/z 230 > 127. Figure 34 C displays the traces regarding 

the standard molecule of ET at 70 ppm. On the top, the figure shows the 

UV trace and, on the bottom, it represents the mass spectrum (MS) trace 

(MS/MS Selected Reaction Monitoring m/z 230 > m/z 186 traces). Figure 

34 D displays the mass spectrometry (MS) chromatographic traces of He1 

lyophilized mycelium. Notably, both ESI-MS/MS spectrum of the standard 

molecule of EGT at 70 ppm (retention time at 3.16 min; Figure 34 C) and 

the He1 mycelium (retention time at 3.09 min; Figure 34 D) and 

sporophore (retention time = 3.00 min; Figure 34 E) spectrum showed the 

peak of EGT. Finally, by comparing with the calibration curve, we found 

that the EGT content in He1 lyophilized mycelium was 580 µg/g and in 

sporophore was 340 µg/g (Table 11).  
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Figure 34. Quantification of EGT in He1. A: the ESI/MS spectrum of EGT. The 

upper right part shows the calibration curve and linear regression analysis for 

the EGT standard. B: the ESI-MS/MS spectrum of EGT obtained by 

fragmentation of ion m/z 230 shows two fragment ions m/z 186 and m/z 127. C: 

the standard molecule of L-(+)-EGT at 70 ppm: UV trace (top) and mass 

spectrum (MS)/MS Selected Reaction Monitoring m/z 230 > m/z 186 trace 

(bottom) (retention time = 3.09 minutes). D: MS/MS Selected Reaction 

Monitoring m/z 230 > m/z 186 trace of He1 mycelium. E: the MS/MS Selected 

Reaction Monitoring m/z 230 > m/z 186 trace of He1 sporophore. 

From Roda et al., 2021. 

EGT 
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6.1.2 Quantification of bioactive metabolites in He 2 

The He2 primordium extract spectrum did not display Erinacine A, 

Hericenone C, and D peaks. 

To identify and quantify the EGT content in He2 primordium extract, we 

used the same previously described procedure for He1: HPLC-UV-

ESI/MS. The used calibration curve for this evaluation was the same 

previously described. Using HPLC-UV-ESI/MS and comparing with the 

EGT calibration curve (Figure 35), we found that the EGT content in He2 

lyophilized primordium was 1.30 mg/g, a higher concentration compared 

with that found in mycelium and sporophore.  

In particular, Figure 35 A shows the UV (Ultra Violet) trace of He2 

primordium, panel B shows ESI full MS (mass spectrum) trace of He2 

primordium, and panel C displays the standard molecule of L-(+)-EGT in 

MS/MS Selected Reaction Monitoring m/z 230 &gt; m/z 186 trace. 

 

 

 

Figure 35: Quantification of EGT in He2. A: UV trace of He2 primordium. B: ESI 

full MS trace of He2. C: Standard molecule of L-(+)-EGT: MS/MS Selected 

Reaction Monitoring m/z 230 > m/z 186 trace (retention time: 3.08 minutes).  
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6.2 The effect of aging on locomotor performances, 
cognitive functions, and microbiota composition 

The effects of physiological aging on wild-type mice were recorded in two 

different experimental sets (previously named experiments concerning 

He1 and experiments concerning He2), both performed on 15 animals, 

using different spontaneous behavioral tests, specifically for evaluating 

locomotor capabilities, recognition memory performances, and novelty-

seeking behavior. In particular, we investigated the two different 

components of the recognition memory using (i) emergence and NOR 

tests for accessing the “knowledge” component and (ii) Y maze and OL 

tasks for evaluating the “remember” component. 

Table 12 resumes all selected locomotor and cognitive parameters 

evaluated in the different tests: 
 

Spontaneous 
behavioral test 

Selected locomotor 
Parameters 

Open arena 

Resting Time (s) 
Total Distance (cm) 
Max Speed (cm/s) 

Mean Speed (cm/s) 

Spontaneous 
behavioral test 

Selected cognitive 
Parameters 

Emergence 
Exit Number (n) 

Latency of First Exit (s) 
Time of Exploration (s) 

NOR 
Number of Approaches: DI 

Time of Approaches: DI 

Y maze Alternation triplet % 

OL 
Number of Approaches: DI 

Time of Approaches: DI 

 

Table 12: Selected parameters to evaluate locomotor and cognitive 

performances in mice during physiological aging. 
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6.2.1 Physical activity decline  

The gait speed and the physical activity level are indicators of phenotypic 

frailty in humans (Fried et al., 2011). To accomplish a translational 

approach, we selected similar locomotor parameters in mice. So, total 

distance (Figure 36 A), resting time (Figure 36 B), mean (Figure 36 C), 

and maximum speed (Figure 36 D) were recorded in two different 

experimental sets in an open arena for 15 minutes, where mice were freely 

exploring the open-field in the absence of objects. 

For the first set of animals (belonging to He1 experiments), all selected 

parameters worsened during aging from 11 (T0) to 23.5 months (T5), but 

with different trends. Whereas total distance and resting time decreased 

earlier, from 11 to 14 (T1), stabilizing at 20 (T3) months, mean speed 

started to worsen at 17 months (T2), and maximum speed worsened later, 

in the senescence phases (21.5 and 23.5 months, T4 and T5, 

respectively). 

For all studied parameters, we obtained the Locomotor FIs and then, 

averaging these, a combined Locomotor FI, which increased linearly 

during physiological aging (R2 = 0.8912; Figure 36 E), indicating that 

locomotor performances decline linearly from adulthood to senescence 

age. In particular, linear least-square regression analysis showed that 

locomotor activity declined in a statistically significant manner by about 

35% every three months. 

 

Similar to previously reported data, also for the second set of animals 

(belonging to He2 experiments), all selected parameters worsened during 

aging from 11 (T0) to 23 months (T3), but with different trends (Figure 37).  

The resting time (Figure 37 B) and max speed (Figure 37 D) decreased 

earlier, from 11 to 14 (T1) months, the mean speed (Figure 37 C) and total 

distance (Figure 37 A) started to worsen in a period between 14 and 20 

months (T2) (Figure 37). 

Also in this case, for all studied parameters, we obtained the Locomotor 

FIs and then a combined Locomotor FI, which increased linearly during 

physiological aging (R2 = 0.9838; Figure 37 E), indicating that locomotor 

performances decline linearly from adulthood to senescence. In particular, 

linear least-square regression analysis showed that locomotor activity 

declined in a statistically significant manner by about 42% every three 

months, indicating that the locomotor decline in the second set of mice 

was analogous but slightly steeper than in the first set of animals. 
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Figure 36: Locomotor decline during aging (in mice belonging to He1 

experiments). A: Total distance; B: Resting time; C: Mean speed; D: Maximum 

speed; E: Locomotor FI and linear least-square regression during aging. The 

table represents the statistical analysis regarding the Locomotor FI.  

Statistical results were performed by the One-Way ANOVA for repeated 

measures: * vs. T0, # vs. T1, $ vs. T2, and £ vs. T3. For all symbols reported p 

< 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****). 
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Figure 37: Locomotor decline during aging (in mice belonging to He2 

experiments). A: Total distance; B: Resting time; C: Mean speed; D: Maximum 

speed; E: Locomotor FI and linear least-square regression during aging. The 

table represents the statistical analysis regarding the Locomotor FI. 

 Statistical results were performed by the One-Way ANOVA for repeated 

measures: £ vs. T0, # vs. T1, $ vs. T2. For all symbols reported p < 0.05 (*), p < 

0.01 (**), p < 0.001 (***). 
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6.2.2 Cognitive decline  

We monitored cognitive performances during aging in the same wild-type 

mice (2 sets of 15 mice) in parallel to locomotor parameters. 

6.2.2.1 Knowledge component of recognition memory 

To achieve a translational approach during physiological aging, we 

selected in mice spontaneous behavioral tests resembling those 

described for humans, the emergence and the NOR tasks. The 

emergence task allows to study the novelty recognition memory for a new 

environment and to assess anti-neophobia behavior, whereas the NOR 

task assesses the novelty recognition memory for new objects. In 

particular, as reported in Table 12,  in the emergence test, we investigated 

the latency to the first exit (Figure 38 and 39 A), the exits number (Figure 

38 and 39 B), and the exploring time (Figure 38 and 39 C). In the NOR 

task, we studied the discrimination index (DI) of the time of approaches 

(Figure 38 and 39 D) and of the number of approaches (Figure 38 and 39 

E).  

In the first set of animals, regarding the emergence test, all the selected 

parameters worsened from 11 (T0) to 14 months (T1), but whereas the 

number of exits and the exploring time remained relatively stable in later 

times, the latency to the first exit worsened again during senescence. 

Regarding the NOR test, DIs both for the time and the number of 

approaches decreased from 17 months (T2) and even more during 

senescence (Figure 38). 

For all these parameters, we obtained the Cognitive FI and then a 

combined Cognitive FI, which increased linearly during physiological 

aging (R2 = 0.8077; Figure 38 F). Linear least-squares regression analysis 

on Cognitive FI experimental points demonstrated that, from 11 months, 

every three months, novelty recognition memory decreases in a 

statistically significant manner by about 26%. 
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Figure 38: Cognitive decline of knowledge component of recognition memory 

during aging (in mice belonging to He1 experiments). Panel A, B, C show 

cognitive parameters measured during the emergence test. A:  latency to the 

first exit; B: number of exits; C: exploring time. Panel D and E report cognitive 

parameters evaluated during the NOR task. D:  DI of the time of approaches; E: 

DI of the number of approaches. F: Cognitive FI and linear least-square 

regression during aging. Statistical results were performed by the One-Way 

ANOVA for repeated measures: * vs. T0, # vs. T1, $ vs. T2, and £ vs. T3. For all 

symbols reported p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). 
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In the second set of animals, regarding the emergence test, the exits 

number and the exploring time significantly worsened from 11 (T0) to 14 

(T1) months, whereas the latency to the first exit significantly increased 

only at 20 months (T2). All parameters worsened again during the 

senescence. 

Regarding the NOR test, DIs both for the time and the number of 

approaches significantly decreased from 20 months (T2) and even more 

during senescence (Figure 39). 

For all these parameters, we obtained the Cognitive FI and then a 

combined Cognitive FI regarding the knowledge component of recognition 

memory, which increased linearly during physiological aging (R2 = 0.9912; 

Figure 39 F). Linear least-squares regression analysis on Cognitive FI 

experimental points demonstrated that, from 11 months, novelty 

recognition memory decreases in a statistically significant manner by 

about 26% every three months, as reported in the other set of animals. 
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Figure 39: Cognitive decline of knowledge component of recognition memory 

during aging (in mice belonging to He2 experiments). Panel A, B, C show 
cognitive parameters measured during the emergence test. A:  latency to first 

exit; B: number of exits; C: exploring time. Panel D and E report cognitive 
parameters evaluated during the NOR task. D:  DI of the time of approaches; E: 

DI of the number of approaches. F: Cognitive FI and linear least-square 
regression during aging. Statistical results were performed by the One-Way 

ANOVA for repeated measures: £ vs. T0, # vs. T1, $ vs. T2. T3. For all symbols 
reported p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) . 
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6.2.2.1 Remember component of recognition memory 

To achieve a translational approach during physiological aging, we 

selected in mice spontaneous behavioral tests resembling those 

described for humans, Y maze and OL tests. In particular, we evaluated 

the alternation triplet percentage in the Y maze (Figure 40 A) and the 

discrimination index (DI) of the time of approaches (Figure 40 B) and of 

the number of approaches (Figure 40 C) in the OL task (Table 12). 

The remember component of recognition memory was evaluated only in 

the second set of animals. During physiological aging, the cognitive 

parameter evaluated during the Y maze task, such as the alternation 

triplets’ percentage, decreased appreciably between 14 and 20 months 

(T2), whereas the two cognitive parameters recorded during the OL test, 

such as the number and the time of approaches DIs, significantly 

worsened between 20 and 23 months (T3) in wild-type mice.  

Next, we calculated the cognitive FI for each parameter and averaging the 

various FIs, we obtained the cognitive FIs for the remember component 

of recognition declarative memory (Figure 40 D). Notably, remember 

cognitive FI significantly increased during aging in control animals in 

straight way, as demonstrated by linear least-square regression analysis 

(R2 = 0.9814).  

Remarkably, from 11 months, remember component of recognition 

memory decreases in a statistically significant manner by about 2 % every 

three months, suggesting that this kind of memory is not affected by aging 

or has already deteriorated before 11 months. 
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Figure 40: Cognitive decline of the remember component of recognition memory 
during aging (in mice belonging to He2 experiments). A: triplet alternation 
percentage in the Y maze test. Panel B and C show cognitive parameters 

evaluated during the OL task. B:  DI of the time of approaches; C: DI of the 
number of approaches. F: Cognitive FI and linear least-square regression 
during aging. Statistical results were performed by the One-Way ANOVA 

performed statistical results for repeated measures: £ vs. T0, # vs. T1, $ vs. T2. 
T3. For all symbols reported p < 0.05 (*), p < 0.01 (**). 
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6.2.3 Gut microbiome composition 

6.2.3.1 Sequencing data results 

The microbiota of 15 mice (belonging to the experimental group 
concerning He1) at different experimental times was examined by 
sequencing the bacterial 16S rRNA gene to study the effect of 
physiological aging on the intestinal microbial communities. After the 
quality control analysis, the sequences of entire libraries resulted in 
1,748,748 million sequence reads, ranging from 564 to 43,360 reads, with 
a median of 25801 for samples. No reads were reported in negative 
controls. A total of 1458 Amplicon Sequence Variant (ASV) was identified. 
Figure 41 shows the exact number of reads obtained per mouse at each 
time. 

 

Figure 41. The number of reads obtained in each mouse at each time. 
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6.2.3.2 Aging affects overall gut microbiome composition 

Stool profiling revealed significant microbiota composition differences 
between mice of different ages. In particular, the alpha diversity (microbial 
diversity within the sample) analysis based on Faith phylogenetic metrics 
(PD) and Shannon index exhibited conflicting results ( Figure 42).  
In the case in which the Shannon is considered as the alpha-diversity 
index, an increase in the diversity was noted. Specifically, there was a 
significant variation (Wilcoxon Rank-Sum Test p-value < 0.05) between 
T1 and T2 of minor intensity and a greater significant variation between 
time T2 and til T4 and T5. The variations recorded between T0 and T1 
and between T3, T4, and T5 were not significant considering the Shannon 
index (Figure 42 A). On the other hand, regarding the Faith index, the 
estimated bacterial diversity decreased during aging, but no variation was 
significant except that between T0, T1, T2 vs. T3, T4, and T5 (Wilcoxon 
Rank-Sum Test p-value < 0.05; (Figure 42 B). 
 
 

 
Figure 42: Alpha diversity distribution box plot.  

A: Shannon diversity index. B: Faith phylogenetic index (PD). 

 

To get a complete picture of the variation over time of the measured 
diversity, we estimated the magnitude of change between successive time 
points considering the distance in terms of estimated diversity (beta-
diversity). Figure 43 shows the Non-Metric Multidimensional Scaling 
(NMDS) based on the Bray-Curtis distance matrix (with stress value = 
0.12), demonstrating that the mice’ microbiomes were more similar to 
each other at different times than to themselves in a subsequent time. In 
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particular, we found the formation of 5 consequential clusters in reference 
to each time. The effect of time between the different times was not strong 
but added up over time, creating a large gap between T0 and T5 groups.  

 

Figure 43: Non-metric multidimensional scaling (NMDS) of different time points. 
Colors in the bidimensional NMDS plot are used according to the different 

sample origin as shown in the legend: T0 in pink, T1 in olive, T2 in green, T3 in 
light blue, T4 in blue, and T5 in purple. The ordinate analysis was based on the 

Bray-Curtis distance matrix. 
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6.2.3.3 Microbiota Composition and Distribution 

The 76% of the ASV calculated was assigned at least at the phylum level. 

In particular, for the 1458 ASV, we found: 13 Phyla, 20 Class, 54 Order, 

76 Family, and 145 Genera. 

The most represented phyla in all samples (Figure 44) was Bacteroidota 

followed by Firmicutes, whose ratio did not change during aging. The most 

significant evidences in phyla level were (i) the disappearance of 

Verrucomicrobiota, which passed from 11.05% at 11 months (T0) to 

undetectable in the senescence (T4 and T5), and (ii) the high decrease of 

Deferribacterota, which passed from 4.96% at T0 to 0.38% at T5. 

Other important significant variations were recorded at family (Figure 45) 

and genera (Figure 46) levels. The most represented families were the 

Tannerellaceae and Lacnospiraceae (Figure 45), whose relative 

abundance remained relatively stable during physiological aging. Notably, 

during aging, the Akkermansiaceae (phylum Verrucomicrobiota, genus 

Akkermansia) gradually disappeared from T0 (11.05%) to T5 (Figure 47 

A). Concomitantly, the Muribaculaceae appeared with a relative 

abundance of 6.77% at T3 that further increased to 12.69% at T4 and 

15.31% at T5 (Figure 47 B). The Rikenellaceae, totally represented by 

Alistipes genus, increased from 0.01-0.36% at T0-T1-T2 to 1.59 at T3, 

9.60% at T4, and 12.18% at T5 (Figure 47 C and D). 

Regarding the genera, the most represented genera were 

Parabacteroides and Lachnospiraceae_NK4A136_group (Figure 47 E), 

both these did not significantly fluctuate during aging. The genus with 

greater variations was, besides the genera Akkermasia and Alistipes, 

Clostridia_vandinBB60. A substantial increase of Clostridia_vandinBB60 

was observed, which grew from 0.05-0.25% at T0 and T1, to 8.03% at T2, 

and 10.07% at T3, and then remained stable (10.02% at T4, and 9.92% 

at T5; Figure 47 F).  
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Figure 44: Bar chart regarding the distribution of the most abundant AVS 

assigned to a specific Phylum. 
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Figure 45: Bar chart regarding the distribution of the most abundant AVS 

assigned to a specific family. 
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Figure 46: Bar chart regarding the distribution of the most abundant AVS 

assigned to a specific genus. 
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Figure 47: Box plots representing the relative abundance of (A) Akkermansia, 

(B) Muribaculaceae, (C) Rikenellaceae, (D) Lachnospiraceae_NKA136_group, 

(E)  Clostridia_vadinBB60_group, (F) Alistipes.   
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6.3 The effect of He1 on wild type mice in reverting frailty 

In the first set of animals, we investigated the effect of two-months H. 

erinaceus strain 1 sporophore and mycelium standardized extracts (He1) 

oral supplementation in aged mice on (i) locomotor performances, (ii) 

cognitive functions, (iii) cerebellar histology and morphology, (iv) oxidative 

stress pathway in CNS, (v) inflammation in CNS, (vi) neurogenesis in 

CNS, (vii) BBB functions, and (viii) gut microbiota composition. To achieve 

these aims, the seven mice with the highest locomotor and cognitive FIs 

at T4 received He1 (i.e., the blend of H. erinaceus strain 1 mycelium and 

sporophore ethanol standardized extracts) for two months during 

senescence, from 21.5 (T4) to 23.5 (T5) months. In order to get a 

translational approach, we treated mice with oral supplementation (1 

mg/die) to mimic the supplementation used in humans (about one g/die). 

6.3.1 Effects on locomotor and cognitive performances  

Firstly, we investigated the effects of He1 oral supplementation on 

locomotor and cognitive performances (regarding the knowledge 

component of recognition memory) in aged wild-type mice. 

At T4, the overall locomotor FI of the seven frailer mice (pre-He1 treated 

animals) was 44% higher than that measured in untreated mice (2.36 ± 

0.07 vs. 1.63 ± 0.21, Figure 48 A). As previously reported, the locomotor 

activity of control mice significantly decreased from 21.5 to 23.5 months 

(Locomotor FI: 1.63 ± 0.21 vs. 1.79 ± 0.17, respectively) on the contrary 

of H. erinaceus group (He1), in which Locomotor FI significantly 

decreased from 2.36 ± 0.07 at T4 to 2.12 ± 0.09 at T5, indicating a 

locomotor improvement. Notably, whereas the He1 mice at T4 were 

significantly frailer than control animals, the treatment brought mice back 

to comparable levels, with no significant differences in the locomotor frailty 

index at T5 between the two experimental groups (Figure 48 A). 

At T4, the knowledge cognitive FI of the seven frail animals (pre-He1 mice) 

was 128% bigger than FI of control mice (1.71 ± 0.21 vs. 0.75 ± 0.21; 

respectively; Figure 48 B). As previously reported, control mice showed a 

non-significant trend in increasing the recognition memory FI score: 

cognitive FI increased from 0.75 ± 0.21 at T4 to 1.03 ± 0.18 at T5.  He1 

oral supplementation significantly improved recognition memory, causing 

a Cognitive FI statistically significant reduction (from 1.71 ± 0.21 at T4 to 

0.72 ± 0.22 at T5, Figure 48 B). Notably, whereas the He1 mice at T4 were 

significantly cognitively frailer than control animals, the treatment brought 
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mice back to comparable levels, with no significant differences in the 

cognitive FI at T5 between the two experimental groups (Figure 48 B). 

Altogether, these results demonstrated that two months of He1 oral 

supplementation reverted aging-related frailty in mice. 

 

 
 

Figure 48: The effect of He1 treatment in aged mice. A: Locomotor FI, and B: 

Cognitive FI measured at T4 (light blue)and T5 (dark blue) in control and H. 

erinaceus treated mice (He1). Statistical results were performed Two-Way 

ANOVA for repeated measures: p < 0.05 (*); p < 0.01 (**). 

Modified by Ratto et al., 2019 and Roda et al., 2021. 

6.3.2 Effects on cerebellar cytoarchitecture, inflammation, and 
oxidative stress  

To evaluate the mechanisms underlying the effect of He1 treatment in 

mice, we performed histochemical and immunohistochemical reactions on 

sagittal slides of (i) the cerebellar vermis and (ii) hippocampus from 

untreated control animals and He1 treated mice at T5 (23.5 months). In 

particular, regarding cerebellar specimens, we performed the reactions on 

the neocerebellar lobules VI-VIII because they are especially affected by 

aging and correlated with cognitive and locomotor performances (Paul et 

al., 2009). 

6.3.2.1 Cerebellar morphological characteristics, cytoarchitecture 

alterations, and fibrillar collagen networks evaluation during aging 

The general characteristics and cytoarchitecture of the cerebellum of 

control and He1 treated mice were evaluated using Hematoxylin and 
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Eosin (H&E) and Nissl staining. Both H&E and Nissl results (Figure 49 

and 50) showed a preserved cerebellar cytoarchitecture in both groups, 

displaying the three typical distinct layers in the cerebellar cortex: 

molecular (ML), Purkinje (PL), and granular (IGL) layers. The ML was 

made by a few small cells together with numerous fibers. The large 

pyriform Purkinje cells appeared regularly placed in a single line next to 

the outer margin of the IGL. The IGL showed closely packed small 

rounded cells with deeply stained nuclei.  

Aging-related changes were found in control mice, in which (i) the volume 

of the cerebellum was diminished (43.73 ± 0.44 mm3), (ii) about 44% of 

the Purkinje cells appeared smaller, and (iii) the ML thickness was 

reduced (47.81 ± 2.23 µm). Notably, the He1 supplementation 

considerably prevented these age-related changes: He1 animals 

exhibited a bigger cerebellar volume (45.35 ± 0.39 mm3), only 24% of the 

Purkinje cells were shrunken, and the ML thickness was greater (62.02 ± 

0.98 µm) (Figure 49 and 50). 

 

 

Figure 49. Representative H&E and Nissl-stained cerebellar specimens, in 

untreated (a,d,g,i) and He1-treated mice (b,c,e,f,h,j). Light microscopy 

magnification: 20x (a–c); 40x (d–h); 100x (i,j). From Roda et al., 2021. 
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Figure 50: Panel A–D display histograms showing (A) the number of Purkinje 

cells (PCs), (B) the shrunken PCs frequency percentage, (C) the ML thickness 

and (D) the cerebellar volume. Statistical results were performed by the 

Unpaired Student’s t-test: significant values were reported for p < 0.05 (*); p < 

0.01 (**); p < 0.001 (***). From Roda et al., 2021. 

 

For evaluating the collagen networks, we performed the Picrosirius Red 

staining. In aged mice, the collagen fibers, both in control and He1 groups, 

were identified in the meninges (Figure 51). Both control and He1 mice 

also showed Picrosirius Red staining positive basal laminae of the 

cerebellar capillaries (Figure 51). Furthermore, some clusters of positive 

cells were also detected in the upper external part of the ML in control 

untreated mice only (Figure 51 c), whereas the ML of He1 treated mice 

was not positive for Picrosirius Red staining.  

Interestingly, the collagen fibers OD was significantly higher in control 

mice compared to He1 treated mice both in ML layer (84.71 ± 1.82 vs. 

74.22 ± 2.15, respectively) (Figure 51 H) and meninges (85.91 ± 1.79 vs. 

74.39 ± 2.89, respectively) (Figure 51 I). 
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Figure 51: Picrosirius Red staining in light microscopy on cerebellar slices, in 

control (a–c) and He1-treated mice (d–g). Magnification: 40x in panels a–e; 

100x: insert in c. Asterisks in a–e marked the meningeal fibers. Panels H and I 

show histograms indicating the quantitative analysis of Picrosirius Red staining 

positive (H) ML cells OD and (I) meningeal fibers OD. Statistical results were 

performed by the Unpaired Student’s t-test, significant values were reported for: 

p < 0.01 (**), and p < 0.001 (***). From Roda et al., 2021. 

 

6.3.2.2 Inflammation (IL-6), gliosis (GFAP), and hypoxia (HIF-alpha and 

VEGF) evaluation 

Given the importance of aging-dependent neuroinflammation in 

cerebellum functions (Simen et al., 2011), we investigated the expression 

of interleukin 6 (IL-6), a pro-inflammatory cytokine.  

IL-6 was expressed both in untreated mice and He1 animals, and its 

immunopositivity was mainly detected in cells close to the Purkinje cells 

soma (Figure 52). Furthermore, numerous IL-6-positive fibers running in 

the ML that reached the pial surface were detected only in control mice 
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(Figure 52). These fibers presented a higher OD in the upper part of the 

ML layer. The IL-6 immunopositive cells and fibers probably represented 

the main constituents of the Bergmann glia (BG, i.e., the radial glia that 

remains even after the development of the cerebellum, that is involved in 

the regulation of synaptic plasticity), with specialized astrocyte cell bodies 

around the Purkinje cells and the radial fibers extending over the full depth 

of the ML (Figure 52). 

The analysis of IL-6 expression demonstrated a significant increase in the 

frequency percentage (69.24 ± 2.60 vs. 50.92 ± 3.23) (Figure 52 J) and in 

the OD (Figure 52 K) (105.56 ± 0.72 vs. 100.02 ± 0.31) of BG cells in 

control mice compared to He1 mice. 

 

Figure 52. IL-6 DAB-immunostaining reaction in control (a–d,i) and He1 mice 

(e–h). Light microscopy magnification: 40× (a,b,e,f); 100× (c,d,g,h,i). Panels J 

and K: Histograms showing the immunopositive BG cells frequency (A) and OD 

(B). Statistical results were performed by the Unpaired Student’s t-test: 

significant values were reported for p < 0.05 (*); p < 0.001. From Roda et al., 

2021. 
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Since gliosis is frequently related to a pro-inflammatory environment and 

CNS damages (Burda et al., 2014), we investigated the expression of Glial 

Fibrillary Acid Protein (GFAP) as specific marker of the Bergmann glia 

(BG). The untreated control animals showed GFAP-positive glial fibers 

that sometimes appeared thickened and twisted, with an irregular course 

in the ML (Figure 53 a–d). On the contrary, He1 mice displayed an almost 

complete absence of GFAP-positive glial fibers. Furthermore, control 

animals also showed many GFAP-immunopositive IGL astrocytes, 

whereas in He1 treated mice, GFAP-immunopositive IGL astrocytes were 

rare (Figure 53 a-h). These data were confirmed by quantitative analysis: 

• the GFAP-immunopositive BG cells density was significantly 

higher in control animals compared to He1 mice (539.95 ± 46.57 

vs. 87.61 ± 22.75, respectively) (Figure 53 I); 

• The GFAP-immunopositive BG area/ML area ratio was 

significantly higher in control animals compared to He1 mice 

(34.49 ± 5.68 vs. 6.53 ± 1.53) (Figure 53 L); 

• The GFAP-immunopositive IGL astrocytes density was 

significantly higher in control animals compared to He1 mice 

(1557.39 ± 80.76 vs. 1033.43 vs. 110.54) (Figure 53 M); 

• The GFAP immunopositive astrocytes OD was significantly higher 

in control animals compared with He1 mice (122.28 ± 0.68 vs. 

112.12 ± 1.90) (Figure 53 N). 
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Figure 53. GFAP DAB-immunostaining reaction in control (a–d) and He1-treated 

mice (e–h). Light microscopy magnification: 40x (a,b,e,f); 100x (c,d,g,h). Panels 

I-N show the histograms representing quantitative analyses of (I) BG 

immunopositive cell density, (L) ratio between GFAP-immunopositive area in 

the ML and whole ML area,(M) IGL immunopositive astrocytes density and (N) 

IGL immunopositive astrocytes OD, respectively. Statistical results were 

performed by the Unpaired Student’s t-test: significant values were reported for: 

p < 0.01 (**), and p < 0.001 (***). From Roda et al., 2021. 
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Next, we investigated the expression of Hypoxia-inducible factor 1-alpha 

(HIF1α), for investigating the decrease of oxygen availability in the cellular 

environment during aging. The HIF1α was expressed in vascular 

endothelial cells in the whole width of the cerebellar cortex, both in control 

and He1 mice (Figure 54). The HIF1α-positive vessels were mainly 

localized in the width of ML and characterized by the presence of several 

intricate ramifications (Figure 54). In particular, we detected a significant 

increase of both blood vessels area (5.60 ± 0.59 vs. 1.65 ± 0.15) and OD 

(178.21 ± 3.57 vs. 161.66 ± 3.16) in control animals compared to He1 

mice (Figure 54 I and L). 

 

Figure 54. HIF1α DAB-immunostaining in control (a–d) and He1 mice (e–h). 
Light microscopy magnification: 40× (a,b,e,f); 100× (c,d,g,h). Panels I and L 

show histograms indicating HIF1α-immunopositive blood vessels area (I) and 
OD (L). Statistical results were performed by the Unpaired Student’s t-test: 

significant values were reported for: p < 0.01 (**), and p < 0.001 (***). 
From Roda et al., 2021. 
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Subsequently, we investigated the expression of the Vascular-Endothelial 

Growth Factor (VEGF), whose expression is related to vasculogenesis 

and angiogenesis and is essential for endothelium function. VEGF 

expression was detected in PCs and mossy fiber rosettes, both in control 

and He1 animals (Figure 55). The quantitative analysis demonstrated a 

significant decrease in VEGF expression in control mice than He1 

animals: 

• VEGF-immunopositive PC cells frequency (44.10 ± 1.22 vs. 62.80 

± 1.76, respectively) (Figure 55 G); 

• VEGF-immunoreactivity OD in PC cells soma (117.93 ± 0.77 vs. 

130.94 ± 1.82, respectively) (Figure 55 H); 

• VEGF-immunoreactivity OD in mossy fiber rosettes (117.62 ± 1.82 

vs. 128.74 ± 0.96, respectively) (Figure 55 I). 

 

6.3.2.3 Oxidative Stress Pathway: SOD1, NOS2, and COX2 evaluations 

Oxidative stress is one of the significant factors involved in 

neurodegeneration associated with aging (Finkel and Holbrook, 2000; 

Chen et al., 2012). So, we performed immunohistochemistry for detecting 

the expression and localization of specific markers of oxidative stress 

pathway: Superoxide Dismutase (SOD1), Nitric oxide synthase inducible 

(NOS2), and Cyclooxygenase 2 (COX2). 

SOD1 immunohistochemistry showed a general expression of this marker 

both in control and in He1 mice (Figure 56 a-h). In particular, the most 

SOD1-expressed cells were in the ML. The quantitative analysis 

demonstrated that He1 oral supplementation determined a significant 

decrease in the SOD1 immunopositive ML cells frequency (63.52 ± 1.26 

in control vs. 54.44 ± 1.86 in He1 mice), but not in the OD (123.15 ± 0.43 

in control vs. 122.99 ± 0.68 in He1 mice) (Figure 56 I and L). 

NOS2 immunohistochemistry showed the expression of this marker in PC 

cells (Figure 57 a-c and e-g) and large mossy fiber rosettes (Figure 57 d 

and h) both in control and in He1 mice. Quantitative analysis showed that 

the He1 oral supplementation significant decreased NOS2 expression in 

mice during aging: 

• immunopositive PC cells frequency: 31.31 ± 0.99 in controls vs. 

22.01 ±1.07 in He1 animals (57 Figure I); 

• mossy fibers rosettes OD: 76.52 ± 0.28 in controls vs.59.81 ± 

0.91 in He1 animals (57 Figure L); 
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• PC cells OD: 64.98 ± 0.62 in controls vs. 57.66 ± 0.59 in He1 

animals (57 Figure M). 

 

Figure 55. VEGF DAB-immunostaining in control (a–c) and He1-treated mice 
(d–f). Light microscopy magnification: 40x (a–f); 100x (insert in f). Panels G, H, 

and I show histograms presenting the quantitative measurement of VEGF-
immunoreactive cell frequency (G) and OD (H) for PC neurons and mossy fibers 
rosettes OD (I). Statistical results were performed by the Unpaired Student’s t-

test: significant values were reported for: p < 0.01 (**), and p < 0.001 (***). From 
Roda et al., 2021. 
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Figure 56. SOD1 DAB-immunostaining in control (a–d) and He1 treated mice 

(e–h). Light microscopy magnification: 40x (a,b,e,f); 100x (c,d,g,h). Panels I and 
L show the histograms representing the quantitative measurement of SOD1-

immunoreactive cell frequency (I) and OD (L) in the ML cells. Statistical results 
were performed by the Unpaired Student’s t-test: significant values were 

reported for: p < 0.05 (*). From Roda et al., 2021. 



 Results 

119 
 

 

Figure 57. NOS2 DAB-immunostaining in control (a–d) and He1-treated mice 

(e–h). Objective magnification: 40x (a,b,e,f); 100x (c,d,g,h). Panels I, L, and M 

show histograms representing the quantitative measurement of NOS2 

immunopositive PC cells frequency (I), and OD evaluation for both mossy fibers 

rosettes (L) as well as PC cells (M). Statistical results were performed by the 

Unpaired Student’s t-test: significant values were reported for p < 0.01 (**) and p 

< 0.001 (***). From Roda et al., 2021. 
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COX2 immunohistochemistry showed the expression of this marker in PC 

cells soma and dendrites (Figure 58 a-h) both in control and in He1 mice, 

whereas in IGL, COX2 was expressed only in control mice. Quantitative 

analysis showed that the He1 oral supplementation significant decreased 

COX2 expression in mice during aging: 

• immunopositive PC cells frequency: 79.67 ± 1.71 in controls vs. 

62.32 ± 1.67 in He1 animals (Figure 58 I); 

• PC cells OD:  121.93 ± 0.49 in controls vs. 108.65 ± 0.30 in He1 

animals (Figure 58 L). 

 

Figure 58. COX2 DAB-immunostaining in control (a–d) and He1-treated mice 

(e–h). Objective magnification: 40x (a,b,e,f); 100x (c,d,g,h). Panels I and L 

display histograms showing the quantitative measurement of COX2 

immunopositive PC cells frequency (I) and OD (L). Statistical results were 

performed by the Unpaired Student’s t-test: significant values were reported for: 

p < 0.01 (**) and p < 0.001 (***). From Roda et al., 2021. 
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6.3.3 He1 had a potential senomorphic activity: SIRT1 evaluation 

Next, we investigated the expression of SIRT1, a protein with a critical role 

in aging and lifespan, fundamentally in influencing the functions of 

neurons. Some recent papers defined as senomorphic the molecules able 

to activate SIRT1. 

In our samples, SIRT1 was prevalently localized in PL and ML cells, with 

a significantly higher expression in He1 treated mice compared to controls 

(Figure 59 a–f), as confirmed by quantitative analysis of: 

• immunopositive PC cells frequency (72.32 ± 2.46 in He1 mice vs. 

48.00 ± 1.44 in control mice) (Figure 59 G); 

• immunopositive ML cells frequency (59.00 ± 3.81 in He1 mice vs 

19.00 ± 1.08 in control mice) (Figure 59 H); 

• immunopositive PC cells OD (39.01 ± 1.33 in He1 mice vs. 22.6 ± 

1.53 in control mice) (Figure 59 I); 

• immunopositive ML cells OD (32.19 ± 1.55 in He1 mice vs 18.57 ± 

1.21 in control mice) (Figure 59 L). 
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Figure 59. Immunofluorescence for SIRT1 (green fluorescence) in control (a–c) 

and He1 mice (d–f). Nuclei were counterstained with Hoechst 33,258 (blue 

fluorescence). Objective magnification: 40x (a–f); 100x (inserts). Panels G-L 

show the histograms indicating quantitative analyses of frequency of SIRT1 

expression in PC (G) and ML (H) cells and regarding the OD of PC (I) and ML 

(L) cells. Statistical results were performed by the Unpaired Student’s t-test: 

significant values were reported for p < 0.01 (**), and p < 0.001 (***). From 

Roda et al., 2021. 
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6.3.4 Effects on BBB functions during aging  

Next, we performed immunohistochemical evaluations of the expression 
of Zonula Occludens-1 (ZO-1) and Occludin as specific markers of Blood-
Brain Barrier (BBB) integrity since the BBB functionality impairment is 
related to the onset of dementia and aging-related neurodegenerative 
diseases. 

ZO-1 is a multi-domain scaffold protein responsible for forming and 
maintaining tight junctions through the interaction with transmembrane 
adhesion molecules, signaling proteins, and cytoskeletal actin filaments 
(Monaco et al., 2021). In our samples, the distribution of ZO-1 appeared 
principally localized in the endothelium of cerebral microvessels, in the 
endothelial cell of the choroid plexus, and in the ependymal cells of the 
lateral ventricle (Figure 60). Notably, the ZO-1 immunopositivity appeared 
strongly evident in the He1 animals compared to control mice. Moreover, 
the capillary endothelium showed an irregular and interrupted gross 
morphology in the untreated animals compared to He1 mice. The 
quantitative analysis confirmed a significant increase of ZO-1 OD values 
in He1 treated mice compared to untreated animals in: 

• the cortical capillaries (135.109 ± 2.74 vs. 112.901 ± 2.40, 
respectively; Figure 60 G);  

• the hippocampal endothelium (114.990 ± 1.03 vs. 101.900 ± 1.97, 
respectively; Figure 60 H);  

• the hypothalamic endothelium (128.593 ± 3.56 vs. 108.487 ± 4.90, 
respectively; Figure 60 I). 

Concerning ZO-1 expression in ependymal cells (Figure 61), a more 
evident OD increase appeared in He1 mice compared to controls (OD 
values: 153.923 ± 2.21 vs. 129.826 ± 2.75, respectively; Figure 61 
E). Regarding ZO-1 expression in the choroid plexus (Figure 61), a similar 
but slighter OD increase was measured in the endothelial cells comparing 
He1 mice with the untreated controls (OD values: 138.149 ± 3.46 vs. 
122.134 ± 3.54, respectively; Figure 61 F). 
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Figure 60. ZO-1 DAB-immunostaining reaction in untreated (a–c) and He1-
treated mice (d–f) considering cortical, hippocampal, and hypothalamic blood 

vessels. Light microscopy magnification: 40×. Panels G, H, I display histograms 
showing the quantitative analyses of ZO-1 OD for cortical (G), hippocampal (H), 

and hypothalamic (I) blood vessels. Statistical results were performed by the 
Unpaired Student’s t-test: significant values were reported for p < 0.05 (*), and p 

< 0.01 (**). 
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Figure 61. ZO-1 DAB-immunostaining reaction in untreated (a,b) and He1-
treated mice (c,d) considering ependymal and choroid plexus, respectively. 

Light microscopy magnification: 40×. Panels E and F display histograms 
showing the quantitative analyses of ZO-1 OD for ependymal cell (E) and 

choroid plexus (F).   Statistical results were performed by the Unpaired 
Student’s t-test: significant values were reported for p < 0.05 (*), and p < 0.01 

(**). 

 
Following, we assessed the distribution of Occludin in the brain as a 
specific transmembrane protein required for tight junctions’ detection 
(Figure 62 and 63).  
Occludin immunoreactivity was markedly evident in He1 animals (Figure 
62), where Occludin-positive blood vessels were detected. Also for this 
marker, the quantitative analysis showed a significant increase in the OD 
immunopositivity of He1 mice compared to untreated animals in: 

• Cortical vessels endothelium (181.874 ± 1.76 vs. 84.521 ± 3.48, 
respectively; Figure 62 G); 

• Hippocampal vessels endothelium (126.860 ± 3.05 vs. 75.431 ± 
2.06, respectively; Figure 62 H); 

• Hypothalamic vessels endothelium (186.634 ± 8.72 vs. 132.259 ± 
3.57, respectively; Figure 62 I). 
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Figure 62. Occludin DAB-immunostaining reaction in untreated (a–c) and He1-
treated mice (d–f) considering cortical, hippocampal, and hypothalamic blood 

vessels. Light microscopy magnification: 40×. Panels G, H, I display histograms 
showing the quantitative analyses of occludin for cortical (G), hippocampal (H), 

and hypothalamic (I) blood vessels, respectively. Statistical results were 
performed by the Unpaired Student’s t-test: significant values were reported for 

p < 0.05 (*), and p < 0.01 (**). 
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Next, we investigated the expression of occludin in ependymal cells and 
choroid plexus (Figure 63). 
The ependymal cells covering the lateral ventricle appeared regularly 
stained in He1 treated animals compared to controls, but the quantitative 
analysis did not show significant differences (93.450 ± 4.60 vs. 75.281 ± 
9.68; Figure 63 E). 
The choroid plexus-immunostaining highlighted a strong Occludin-
positivity in He1 mice compared to untreated animals too. Indeed, 
immunopositivity of choroid plexus cells highlighted a significant  increase 
in OD in He1 mice compared to untreated animals (141.607 ± 2.38 vs. 
122.712 ± 6.18; respectively; Figure 63 F).  
 

 

Figure 63. Occludin DAB-immunostaining reaction in untreated (a,b) and He1-
treated mice (c,d) considering ependymal and choroid plexus, respectively. 

Light microscopy magnification: 40×. Panels E and F display histograms 
showing the quantitative analyses of occludin OD for ependymal cells (E) and 

choroid plexus (F). Statistical results were performed by the Unpaired Student’s 
t-test: significant values were reported for p < 0.05 (*), and p < 0.01 (**). 
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To integrate the study of the BBB integrity during aging, we investigated 
the expression of Glut1 protein, a specific type of glucose transporter 
widely expressed in both luminal and abluminal membranes of endothelial 
cells. Glut1 exclusively mediates glucose transfer across the BBB. Since 
a high amount of glucose is essential for brain and neurons metabolism, 
this protein plays a crucial role in preserving normal neurological functions 
(Patching, 2017). 
In our samples, the distribution of Glut1 appeared mainly localized in the 
endothelium of the cerebral capillaries, in the choroid plexus, and in the 
ependymal cells of the lateral ventricle (Figure 64 and 65). Endothelial 
cells showed very intense Glut1 immunopositivity in He1 treated animals 
compared to untreated mice. Indeed, the quantitative analysis 
demonstrated a significant increase in He1 treated mice compared to 
untreated animals in the OD values of: 

• the cortical capillaries (178.574 ± 3.59 vs. 152.496 ± 7.85, 
respectively; Figure 64 G); 

• the hippocampal endothelium (162.678 ± 8.86 vs. 87.133 ± 5.66, 
respectively; Figure 64 H); 

• the hypothalamic endothelium (160.894 ± 6.88 vs. 138.475 ± 5.14, 
respectively; Figure 64 I). 

Concerning the ependymal cells, we detected a non-significant increase 
of OD values appeared in He1 mice compared to control ones (105.214 ± 
0.91 vs. 76.052 ± 4.41,  respectively; Figure 65 E). Instead, regarding the 
choroid plexus, a significant OD increase was measured in the endothelial 
cells comparing He1 treated mice and untreated animals (184.060 ± 8.08 
vs. 137.437 ± 2.45, respectively; Figure 65 F), 
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Figure 64. Glut-1 DAB-immunostaining reaction in untreated (a–c) and He1-
treated mice (d–f) considering cortical, hippocampal, and hypothalamic blood 

vessels. Light microscopy magnification: 40×. Panels G, H, I display histograms 
showing the quantitative analyses of Glut-1 for cortical (G), hippocampal (H), 

and hypothalamic (I) blood vessels, respectively. Statistical results were 
performed by the Unpaired Student’s t-test: significant values were reported for 

p < 0.05 (*), and p < 0.01 (**). 
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Figure 65. Glut1 DAB-immunostaining reaction in untreated (a,b) and He1-
treated mice (c,d) ependymal and choroid plexus cells, respectively. Light 

microscopy magnification: 40×. Panels E and F display histograms showing the 
quantitative analyses of Glut1-OD for both ependymal cells (E) and choroid 

plexus (F). Statistical results were performed by the Unpaired Student’s t-test: 
significant values were reported for p < 0.01 (**). 

6.3.5 Enhancement of hippocampal and cerebellar proliferation and 
neurogenesis 

To further investigate the molecular mechanism of He1 effect, we 

performed immunohistochemistry on the hippocampus and cerebellum of 

He1 and untreated control mice at T5, investigating the expression of 

proliferating cell nuclear antigen (PCNA) and doublecortin (DCX) as 

specific markers of cell proliferation and neurogenesis, respectively.  
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6.3.5.1 PCNA evaluation 

PCNA is a nuclear protein that plays an essential role in nucleic acid 

turnover as a component of the replication and repair (Boehm et al., 

2016).  

PCNA immunolabelling showed a higher cell density percentage 

expression in the hippocampal dentate gyrus (DG) granule cells and in the 

CA3 pyramidal neurons of He1 mice compared to control mice (22.89% ± 

6.09 vs. 10.80% ± 3.09, respectively; Figure 66). Similarly, in the 

cerebellar cortex, the immunopositive cells (possibly both neuronal or glial 

cells) were predominantly localized in the width of the outer molecular 

layer, and PCNA-positive cells were in higher number in He1 mice than 

controls (25.60% ± 6.66 vs. 8.19% ± 4.43, respectively; Figure 66). 

6.3.5.2 DCX evaluation 

DCX is a cytoplasm marker for newborn neurons and migrating 

neuroblasts during neurogenesis (Ayanlaja et al., 2017). Regarding 

cytoplasmic DCX expression, He1 treated mice showed more 

immunopositive cells than control animals in the hippocampal DG granule 

cells (cell frequency percentage: 8.45% ± 3.02 vs. 0.22% ± 0.45, 

respectively, Figure 67 A and B). In the cerebellar cortex, DCX positive 

cells were less expressed and mainly localized in the molecular layer, and 

the cell frequency percentage was slightly and no significant higher in the 

He1 group than control animals (4.68 ± 3.06 vs. 0.26% ± 0.79, 

respectively) (Figure 67). 
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Figure 66: PCNA labeling in control (CNTR) and He1 mice in the hippocampus 

(a, b, c, d, and a’, b’, c’, d’, respectively) and cerebellum (e, f, g, h, and e’, f’, g’, 

h’, respectively).  Objective magnification: 20 x (a, e and a’, e’); 40 x (b–d, f–h 

and b’–d’, f’–h’); 100 x (insert in b–d, f–h, b’–d’, f’–h’). B: Cell frequency 

percentage of PCNA labeling of hippocampal and cerebellar cells in control 

(white) and He1 (blue) mice. Statistical results were performed by the Unpaired 

Student’s t-test: significant values were reported for p < 0.05 (*). From Ratto et 

al., 2019. 
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Figure 67: DCX labeling in control (CNTR) and He1 mice in the hippocampus (a 

and b, respectively) and cerebellum (c and d, respectively). Objective 

magnification: 40 x (a–d), 100 x (insert). B: Cell frequency percentage of DCX 

labeling of hippocampal DG and cerebellar molecular layer in control and He1 

mice. Statistical results were performed by the Unpaired Student’s t-test: 

significant values were reported for p < 0.05 (*). 

6.3.5 Effects on gut microbiome composition  

We also studied the effect of He1 during aging on the intestinal microbial 
communities using 16S ribosomal RNA (rRNA) gene sequencing. 
When looking at overall microbiota composition, during senescence, the 
alpha-diversity (Faith phylogenetic metrics) was similar between control 
and He1 treated mice both at T4 and T5, so pre- and post-treatment 
(Figure 68 A). Remarkably, also the beta-diversity observed in non-metric 
multidimensional scaling (NMDS) analysis did not reveal different clusters 
in control and He1 groups at T4 and T5 (Data not shown). So, the two-
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months oral supplementation with H. erinaceus did not significantly 
change the overall microbiome composition. However, compared to 
control mice, during aging, the He1 supplementation significantly 
increased the relative abundance of genera Clostridia UCG-014, 
Lachnospiraceae_NK4A136, and Eubacterium xylanophilum, whereas 
significantly reduced the relative abundance of Odoribacter, Clostridia 
vadinBB60, and Muribaculaceae (Figure 68 B). 

 

Figure 68: He1 effects on gut microbiota composition. A: faith_pd alpha diversity 
in control mice and He1 treated animals at T4 and T5. B: Differential abundance 

at T5 in control mice vs. He1 treated animals.  
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6.4 The effect of He2 in frailty prevention  

In the second set of animals, we tested the preventive effect of He2 (an 

enriched-EGT primordium extract, in which there were no present 

nootropic metabolites) on frailty development in wild-type mice. In 

particular, we investigated the effect of eight-month (from 15 to 23 months) 

He2 oral supplementation in mice on (i) locomotor performances, (ii) 

cognitive functions, and (iii) oxidative stress pathway in CNS. 

To achieve these aims, starting from 15 months, nine random mice (He2 

group) were supplemented with 1 mg/die of He2, whereas the remaining 

six mice did not receive any supplement (control group).  As previously 

discussed, we selected this dose for simulating the oral supplementation 

used in humans (about one g/day).  

6.4.1 Effects on locomotor and cognitive performances 

6.4.1.1 Effects on locomotor performances 

Firstly, we investigated the preventive effect of He2 on locomotor frailty 

onset in wild-type mice studying the locomotor capabilities. Figure 69 

shows the proceeding of locomotors parameters during aging comparing 

control (red) and He2 (green) groups. As previously reported (Figure 37), 

in control mice, all recorded parameters worsened during aging with 

different timing (Figure 69). Notably, the oral supplementation with He2 

for eight months significantly improved locomotor performances in mice 

regarding the resting time and total distance at 23 months (Figure 69 C 

and D). A similar non-significant trend was observed for the mean and 

maximum speeds. 

Next, we calculated the locomotor FI for each parameter and, averaging 

the four locomotor FIs, we obtained the global Locomotor FI, which 

significantly increased during aging both in control and He2 treated mice 

in a straight way, as demonstrated by linear least-square regression 

analysis (R2 = 0.9838 and R2 = 0.9397, respectively). However, 

interestingly, the increase in the He2 group is statistically lower compared 

to control animals (Figure 69 E). Indeed, the linear least-square regression 

for locomotor FIs analysis changed the slope from 0.133 for control group 

to 0.087 for He2 mice (Figure 69 E). 
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Figure 69: Locomotor performances decline during physiological aging is recovered 

through He2 oral supplementation. A: Mean speed (cm/s); B: resting time (s); C: max 

speed (cm/s); D: total distance (cm). E: Scatter plot of the global locomotor FIs (up left), 

the linear least-square regression of experimental points (down left), and table showing 

statistical results regarding aging effect in wild-type control (red, upright) and treated 

(green, down right) animals. For each panel, red bars or dots show data regarding 

control group, whereas green bars or dots show data belonging to He2 mice. For panel 

A, B, C, D, and tables of panel E: statistical results were performed by One-way ANOVA 

for repeated measures: £ vs 11 months (T0), # vs 14 months; $ vs 20 months. Statistical 

results regarding the comparison between C and P group (scatter plot and linear least-

square regression of panel E) were performed by using Two-way ANOVA for repeated 

measures: *. For all described symbols: p < 0.05 (£, #, $, *); p < 0.01 (££, ##, $$, **);  p < 

0.001 (£££, ###, $$$, ***). 

Control 

He2 
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6.4.1.2 Effects on  the “knowledge component” of Recognition memory  

 

We also investigated the preventive effect of He2 in wild-type mice on the 

“knowledge component” of recognition memory decline during aging.  

As previously reported (Figure 39), Figure 70 shows the decline of 

“knowledge”  during physiological aging. All the parameters recorded 

during the Emergence task and NOR test worsened during aging, with 

different timing.  

Notably, the oral supplementation with He2 during aging significantly 

prevented the cognitive decline in wild-type mice regarding all recorded 

parameters both at T2 and T3. Indeed, the He2 group showed similar 

values for all recorded parameters in adulthood and senescence phases, 

and significantly differed from the control mice at both experimental times 

(Figure 70).  

Analogously with precedent evaluations, we obtained the global 

knowledge cognitive FI. The knowledge cognitive FI significantly 

increased during aging in control animals (red dots) in a straight way, as 

demonstrated by linear least-square regression analysis (R2=0.9912), 

whereas He2 treated mice (green dots) did not show an increase of 

knowledge cognitive FI during aging, demonstrating the preventive effect 

of the oral supplementation with He2 on “knowledge” component of 

recognition memory decline (Figure 70 F).  
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Figure 70: Knowledge component of recognition memory decline during physiological 

aging in wild-type mice and its prevention with He2 oral supplementation. Panels A, B, 

and C refer to Emergence test: A: exit number; B: exploring time (s); C: first latency to 

exit (s). Panel D and E refer to NOR test: D: Number of approaches DI; E: time of 

approaches DI. F: Knowledge cognitive FIs (up left) and the linear least-square 

regression of experimental points of control mice (down left) and table showing statistical 

results regarding aging effect in wild-type control (up right) and He2 (down right) animals. 

For panels A, B, C, D, E, and tables in F: statistical results were performed by One-way 

ANOVA for repeated measures: £ vs. 11 months (T0), # vs. 14 months; $ vs. 20 months. 

Statistical results regarding the comparison between C and P groups (scatter plot and 

linear least-squares regression of panel F) were performed using Two-way Anova for 

repeated measures: *. For all described symbols: p < 0.05 (£, #, $, *); p < 0.01 (££, ##, 

$$, **);  p < 0.001 (£££, ###, $$$, ***). 

Control 

He2 
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6.4.2 The effect on the “remember” component of Recognition memory  

Next, we also investigated the preventive effect of 8-months He2 oral 

supplementation in wild-type mice on the “remember component” of 

recognition memory decline during physiological aging. Figure 71 shows 

the proceeding of “remember” cognitive parameters during aging in 

control and He2 groups.  

As previously reported (Figure 40), the cognitive parameter evaluated 

during the Y maze task, such as the alternation triplets’ percentage 

decreased appreciably at T2 (Figure 71 A) during physiological aging. 

Notably, the oral supplementation with He2 during aging significantly 

boosted this cognitive deterioration in wild-type mice: the He2 group 

showed higher alternation triplets’ percentage in senescence compared 

to adulthood.  

Also the cognitive parameters recorded during the OL test, such as the 

number and the time of approaches DIs, significantly worsened at T3 in 

control mice (Figure 71 B and C). Notably, the oral supplementation with 

He2 during aging significantly prevented this cognitive decline in wild-type 

mice, acting yet at T2. Indeed, the He2 group showed similar values for 

all recorded parameters in adulthood and senescence phases and 

significantly differed to control mice at both experimental times.  

Notably, the remember cognitive FI significantly increased during aging in 

control animals in a straight way (R2 =0.9814), whereas He2 mice showed 

that the remember cognitive FI after supplementation reached a value 

lower than in young animals, suggesting a boosting effect of this 

component despite the animal age (Figure 71 D).  
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Figure 71: Remember component of recognition memory decrease during physiological 

aging in wild-type mice and its prevention with He2 supplementation. Panel A and B refer 

to OL test: A: Number of approaches DI exit number; B: time of approaches DI. Panel C 

refers to the Y maze task: Alternation triplets %. D: Remember cognitive FIs, with linear 

least-square regression of experimental points and table showing statistical results 

regarding aging effect in wild-type control animals. For panels A, B, C, and tables in E: 

statistical results were performed by One-way ANOVA for repeated measures: £ vs. 11 

months (T0) and # vs. 14 months. Statistical results regarding the comparison between C 

and P groups (scatter plot and linear least-square regression of panel D) were performed 

using Two-way ANOVA for repeated measures: *. For all described symbols: p < 0.05 (£, 

#, $, *); p < 0.01 (££, ##, $$, **);  p < 0.001 (£££, ###, $$$, ***). 

Control 

He2 
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6.4.2 The effect on oxidative stress in the cerebellum 

As previously reported, oxidative stress is one of the most significant 

factors involved in neurodegeneration associated with aging. To evaluate 

specific markers of oxidative stress pathways, we investigated the 

expression of NOS2 and COX2. The immunohistochemical reactions 

highlighted the NOS2 and COX2 expression in all layers of the 

cerebellum, both in control and He2 mice. 

Regarding NOS2 (Figure 72), the immunohistochemical reactions 

revealed an evident immunoreactivity in the large soma of Purkinje 

neurons, more marked in control mice (Figure 72 a-c and g) compared to 

He2 group (Figure 72 d-f and h). Further, several heavily NOS2-

immunopositive mossy fibers were observed in the IGL, showing the same 

intensity pattern already reported for PCs (Figure 72, a-c and g vs. d-f and 

h). Likewise, the analysis of NOS2-immunoreactivity OD, evaluated both 

at PCs soma and mossy fibers level, demonstrated a significant decrease 

in He2 animals compared to control mice (PCs OD: 70.73 ± 3.91 vs. 

157.86 ± 4.85 and mossy fibers OD: 89.79 ± 3.71 vs. 146.01 ± 4.03, 

respectively). 

In particular, concerning COX2, an evident immunoreactivity was 

observed in the somas of Purkinje Cells (PCs). A clear immunoreactivity 

was also detected in IGL, localized in the large mossy fiber rosettes and 

in several Golgi cells (GCs). These observed immunoreactivities 

appeared significantly more intense in control mice (Figure 73, a-c and g) 

than He2 animals (Figure 73, d-f and h). In accordance, the subsequent 

quantitative analysis confirmed the significant decrease of COX2 

immunoreactivity: 

• PCs OD: 110.60 ± 2.51 in control mice vs. 77.66 ± 3.23 in He2 

mice; 

• mossy fibers rosettes OD: 34.94 ± 1.81 in control mice vs. 51.80 ± 

2.35 in He2 mice 

• GCs OD: 76.73 ± 4.91 in control mice vs. 117.37 ± 1.89 in He2 

mice. 
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Figure 72: Immunohistochemical labeling for NOS2 in control (a, b, and c) and 

He2 (d, e, and f) mice. Histograms showing the quantitative analysis of Optical 

Density (OD) in Purkinje cells (G) and mossy fibers (H). Statistical results were 

performed by the Unpaired Student’s t-test: significant values were reported for 

p < 0.001 (***). 
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Figure 73: COX2 DAB-immunostaining in control (a, b, and c) and He2 (d, e, 

and f) mice. Panels G, H, and I show the histograms indicating the quantitative 

analysis of Optical Density (OD) in Purkinje cells (G), mossy fibers rosettes (H), 

and Golgi cells (I). Statistical results were performed by the Unpaired Student’s 

t-test: significant values were reported for p < 0.001 (***). 
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6.4.3 The effect on the apoptosis in the cerebellum 

p53 is a marker for programmed cell death induction for its capability to 

induce the arrest of cell growth and enhanced apoptosis.   

The immunoreaction for p53 showed its expression in Purkinje cells and 

IGL, where immunoreactive mossy fibers were observed. Nonetheless, 

notably, the p53 immunopositivity pattern was opposite compared to those 

evidenced for COX2 and NOS2, with the heaviest immunoreactivity 

observed in He2 mice (Figure 74 d-f) compared to the control group 

(Figure 74 a-c). Accordingly, the following quantitative analysis 

demonstrated an increased p53-immunoreactivity OD, evaluated both at 

PCs as well as at mossy fibers levels, in He2 mice compared to control 

animals (PCs: 68.28 ± 2.97 vs. 59.89 ± 1.68 and mossy fibers: 78.50 ± 

3.93 vs. 50.57 ± 2.46, respectively) (Figure 74, G and H).  

 
Figure 74: p53 DAB-immunostaining in control (a, b, and c) and He2 (d, e, and 

f) mice. The histograms showing the quantitative analysis of Optical Density 

(OD) in Purkinje cells (G) and mossy fibers (H). Statistical results were 

performed by the Unpaired Student’s t-test: significant values were reported for 

p<0.05 (*) and p < 0.001 (***). 
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6.5 A clinical trial: The effect of H. erinaceus oral 
supplementation on mood and sleep disorders in 

overweight and obese patients  

This clinical study investigated the effect of the dietary supplement based 

on H. erinaceus, the “Micotherapy Hericium” (provided by A.V.D. Reform 

s.r.l.) on mood and sleep disorders in overweight and obese patients 

underwent low-calorie diet. The study design foresaw three experimental 

times: the recruitment time (T0), two months of “Micotherapy Hericium” 

oral supplementation (T1), and after two months from “Micotherapy 

Hericium” suspension (T2).  

So, at T0, 77 patients with sleep and/or mood disorders and with a body 

mass index (BMI) ≥ 25 Kg/m2 were enrolled from IRCCS Foundation 

Policlinico Hospital (Milan, Italy). For four months (from T0 to T2), all the 

volunteers underwent a low-calorie diet of 1400 kcal for women and 1700 

kcal for men, with the following macronutrient composition: CHO 52%, 

lipids 30%, and protein 18%. Thirty-seven patients received only the low-

calorie diet, whereas forty participants received both the low-calorie diet 

for four months and two months of H. erinaceus oral supplementation 

(from T0 to T1). For more details, see the Materials and Method section. 

BMI decreases in a no-significant way similarly in the two experimental 

groups control and H. erinaceus groups, suggesting that the BMI 

reduction depends only on the low-calorie diet (Figure 75). 

 

 

Figure 75: BMI of control and H. erinaceus groups at T0, T1, and T2. Statistical 

differences, tested by two-way ANOVA, were not present. 

(Kg/m2) 
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6.5.1 Effects on mood disorders in overweight and obese patients  

6.5.1.1 Mood disorders evaluated by Zung’s Depression and Anxiety 

Scales and Binge Eating Scale. 

At the recruitment time (T0), all volunteers were tested for quantitative 

evaluation of the psychological symptoms according to Zung’s depression 

scale, Zung’s anxiety scale, and the BES. Each subject was positive for 

at least one of the mood disorders (anxiety, depression, or binge-eating; 

Table 9). Only 0-5% of patients showed high depression and anxiety 

levels, whereas a high binge eating score was recorded in 21.6% of 

patients. Moderate depression, anxiety, and BES were present in 32–

39.3% of subjects. The remaining patients were distributed in the low or 

very low depression, low anxiety, and low BES score (Table 13).  
 

 % Very low % Low % Moderate % High 

ZDS 12.5 50.5 32 5 

ZAS - 60.7 39.3 0 

BES - 44.6 33.8 21.6 
 

Table 13: Quantitative evaluation at T0 (recruitment time) of psychological 

symptoms. Patients’ percentage in different scale score of Zung Depression 

Scale (ZDS), Zung Anxiety Scale (ZAS), and Binge Eating Scale (BES). 

The mean score values for the Zung depression scale, Zung anxiety scale, 

and BES at different experimental time points in control (Figure 76 A) and 

H. erinaceus (Figure 76 B) groups demonstrated (i) no differences 

between control and H. erinaceus groups for depression, (ii) a significant 

improvement in anxiety disorder of about 12.6%, and (iii) a significant 

decrease in the BES score both in the control patients and after H. 

erinaceus supplementation (percentage of decrease: 31.5% vs. 32.7% at 

T1 and 55.5% vs. 38.2% at T2 in control and H. erinaceus groups, 

respectively). The decrease of BES score is similar in control and H. 

erinaceus groups, suggesting that H. erinaceus oral supplementation had 

no additional effect than a low-calorie diet on eating disorders. 

Next, we selected only patients positive for mood disorders at the 

recruitment time (n=14 for depression and n=15 for anxiety in the control 

group, n= 16 for depression and n=15 for anxiety in the H. erinaceus 

group). Firstly, we investigated in the control group the effect of low-calorie 

diet alone, and any statistically significant difference in mean value score 

for mood disorders was recorded (Figure 76 C). Next, we studied the 

effects of H. erinaceus oral supplementation only in patients positive at 

T0, and regarding depression, 40% of patients belonging to the H. 
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erinaceus group fell in moderate symptoms and 7.5% in a high degree in 

Zung depression scale (mean score value 48.8 ± 1.03). After two months 

of H. erinaceus oral supplementation (at T1), the mean score value 

decreased to 43.5 ± 1.54, indicating a low degree of depression 

symptomatology. The value remained similar after two months of H. 

erinaceus wash-out (T2, mean score value 43.2 ± 2.38) (Figure 76 D). 

Regarding anxiety at T0, among selected patients for anxiety 

symptomatology, 42.5% fell in moderate and 2.5% in high degree in Zung 

anxiety scale (mean score value 47.7 ± 1.66). After two months of H. 

erinaceus treatment (T1), the mean score decreased to 39 ± 1.68, 

indicating a low degree of anxiety symptomatology. The value remained 

constant after two months of H. erinaceus wash-out (T2, mean score value 

38.3 ± 1.68) (Figure 76 D). 

 

Figure 76: Mean scores ± SEM of Zung depression (DEP), Zung anxiety (ANX), 

and binge eating scale (BES) tested by self-evaluation in control (A) and H. 

erinaceus (B) at T0, T1, and T2. C: Patients of control group selected for 

symptomatology D: Patients selected for symptomatology before (T0), after 

(T1), and in H. erinaceus wash-out condition (T2). p<0.05 (*) and p<0.01 (**) 

were obtained by the comparison versus T0 of the corresponding experimental 

group (according to two-way ANOVA). From Vigna et al., 2019. 
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6.5.1.2 Mood disorders evaluated by SCL-90 test 

For H. erinaceus treated patients, we investigated the effect of the 

supplementation on depression, anxiety, and sleep disorders also using 

the SCL-90 (Figure 77). Both depression, anxiety, and sleep disorders 

tested with SCL-90 significantly decreased after 2-months of H. erinaceus 

oral supplementation (Figure 77 A). Depression symptoms significantly 

decreased by 34.9% and 36% at T1 and T2, respectively. Anxiety 

symptoms significantly decreased by 49.6% at T1, and it was maintained 

by 41.9% at T2. Sleep disorders reduced by 34.4% at T1 and decreased 

by 39.1% at T2. Notably, there was no wash-out effect after 2-months of 

the H. erinaceus supplementation suspension because the improvements 

in the different mood and sleep disorders were retained. 

Furthermore, as performed for Zung tests, we studied the effect of H. 

erinaceus supplementation only in patients positive at T0 for depression 

(n=19), anxiety (n=18), and sleep disorders (n=27, Figure 77 B) in the 

SCL-90 test. We obtained an even clear picture of the H. erinaceus effect 

on mood disorders by selecting patients for symptomatology. After two 

months of H. erinaceus oral supplementation, depressed patients on the 

mean fell close to 1 score value, that is, the limit value to recognize 

depression symptomatology. The effect was still evident after two months 

of H. erinaceus wash-out (T2). For anxiety disorder, the H. erinaceus 

treatment effect was more evident, and patients fell under the limit value 

for anxiety disorder. Furthermore, after H. erinaceus oral 

supplementation, patients with sleep disorders moved from a very high-

value score (>2) to close to 1 score value, and the effect persisted at T2. 

The score of sleep disorder was significantly reduced by 44.25% at T1 

and 38.13% at T2. 

 

Figure 77: A: Mean scores ± SEM obtained in SCL-90 test in H. erinaceus 

group at T0, T1, and T2 regarding depression (DEP), anxiety (ANX), and sleep 

disorders (SLEEP) symptoms. B: Patients selected for symptomatology. The 

p<0.05 (*) and p<0.01 (**) were obtained by the comparison versus T0 

(according to one-way ANOVA, Tukey post hoc test). From Vigna et al., 2019. 
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6.5.1.3 Mood disorders evaluated by Combined Analysis 

We also investigated the effects of two-months H. erinaceus oral 

supplementation during low-calorie diet in overweight and obese patients 

with mood disorders by the combined analysis of Zung’s and SCL-90 tests 

for depression (n = 22) and anxiety (n = 20) (Figure 78). Data obtained by 

Zung’s and SCL-90 tests were normalized to the value of T0 (obtained 

before H. erinaceus oral supplementation). Two months of H. erinaceus 

treatment significantly reduced depression by 27.2% at T1 and by 29.4% 

at T2 and reduced in a significant way anxiety by 38.8% at T1 and by 

33.2% at T2. Notably, all subjects moved from the “moderate state” to the 

“low state” for anxiety and depression after two months of H. erinaceus 

oral supplementation, and the effect remained after two months of wash-

out. 

 

Figure 78: Patients selected for symptomatology positive at T0. Depression 

(DEP) and anxiety (ANX) at T0, T1, and T2. p<0.01 (**) indicates the 

comparison between T1 and T2 versus T0 (according to one-way ANOVA, 

Tukey post hoc test). From Vigna et al., 2019. 

6.5.2 Pro-BDNF and BDNF Serum Level 

Given BDNF implication both in obesity and mood disorders, we 

investigated the hypothesis that H. erinaceus increases the circulating 

BDNF levels, thus, allowing its use as a potential clinical biomarker. 
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We selected patients with both anxiety, depression, and sleep disorders 

at T0 (n = 10) and measured serum pro-BDNF and BDNF levels at T0, 

T1, and T2. After two months of H. erinaceus supplementation, at T1, the 

serum pro-BDNF level significantly increased, whereas any change in 

serum BDNF level was detected. Interesting, at T2, there was a significant 

decrease in serum BDNF level without change in pro-BDNF levels (Figure 

79 A). The increase in the pro-BDNF/BDNF ratio after two months of H. 

erinaceus oral supplementation (T1) reflected the increase in pro-BDNF 

at T1, whereas the increase after washout (T2) reflected the decrease in 

BDNF at T2 (Figure 79 B). 

 

Figure 79: A: pro-BDNF and BDNF serum levels reported as mean ± SEM in H. 

erinaceus group at T0, T1, and T2. B: serum pro-BDNF/BDNF ratio. p<0.05 (*) 

indicates significant differences between different times versus T0 tested by 

paired Student’s t-test. From Vigna et al., 2019. 
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7. Discussion 

The aims of this Ph.D. project were to (i) develop a non-invasive 

methodology for monitoring the locomotor and cognitive decline in wild-

type mice during physiological aging, (ii) quantify the content of nootropic 

and bioactive molecules in different samples of H. erinaceus to obtain 

standardized extracts, (iii) investigate the effects in frailty reversion of two-

months oral supplementation with H. erinaceus standardized extracts in 

mice during aging, (iv) study the capabilities of H. erinaceus standardized 

extracts in prevention of aging and frailty onset in mice, (v) identify the 

molecular mechanism by which H. erinaceus exerts its effects, and (vi) 

finally, investigate the effects of two-months oral supplementation with an 

H. erinaceus supplement in overweight and obese humans with mood and 

sleep disorders.  

To date, only few papers have been published about the effect of H. 

erinaceus supplementation in rodents and humans in the absence of 

diseases, so this thesis could be innovative and of great interest. 

Furthermore, it should be noted that in this work, we used a translational 

approach with the purpose to transfer all the results obtained in preclinical 

model to humans: “from bench to bedside”. For this reason, we monitored 

in mice locomotor parameters (mean and maximum speed, resting time, 

and the total distance covered in open arena test) that compared well to 

phenotypic frailty parameters evaluated in humans (gait speed and the 

level of physical activity) (Fried et al., 2001), and we investigated cognitive 

parameters similar to those studied in humans cognitive evaluations. 

Indeed, to measure cognitive impairment during aging in humans, often 

researchers use mainly the Stenberg Item Recognition Paradigm (SIRP) 

(Nosofsky et al., 2011). During this task, several items, called the “positive 

set”, are shown and should be memorized during this test. The positive 

set can be composed of numbers, words, or images. After a delay, a single 

item is presented, and the subject should decide if the object was present 

among the “positive set”. To achieve a translational approach during 

physiological aging, we selected in mice spontaneous behavioral tests 

resembling those described for humans, the emergence and the NOR 

tasks, that allows to assess anti-neophobia behavior and study the novelty 

recognition memory for a new environment and for new objects, 

respectively. Moreover, to measure cognitive impairment during aging in 

humans, clinicians and researchers also use the Four mountains test and 

Image-location memory tasks. Four mountains test is usually used to 
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evaluate the hippocampal memory in patients with MCI, dementia, and 

early Alzheimer's Disease. In this test, patients see an image and, after a 

delay time, must choose an image from 4 alternatives: one (the positive 

response) shows the same place from a different viewpoint, whereas (the 

wrong response) the remaining three images are landscapes whose 

topography differs from the correct one (Chan et al., 2016). In the Image-

location memory test, patients must memorize the position of a variable 

number of images and then have to remember the image positions both 

from the same point of view and with different angulations (Shrager et al., 

2007). To achieve a translational approach during physiological aging, we 

selected in mice spontaneous behavioral tests resembling those 

described for humans, Y maze and OL tests.  

Additionally, we supplemented mice with a dose (1 mg/die) that mimics 

the dose used in humans supplementation (1 g/die), both in the study of 

the reversion and the prevention of frailty. 

Aging is a physiological process characterized by various 

symptoms, such as phenotypic frailty and cognitive decline, that in a 

chronic condition can become disabling (Mitinsky et al., 2001; Xue, 2011). 

Thanks to the discovery of new molecular mechanisms underlying 

senescence, the study of aging has found great success in the scientific 

community. 

Firstly, we tuned a non-invasive methodology for obtaining frailty index 

(FI) for both locomotor and cognitive performances to monitor mice 

functions during physiological aging. Concordantly with literature data 

(Singhal et al., 2020), we demonstrated a decrease in locomotor and 

cognitive activities during aging.  

Remarkably, we investigated in particular both the knowledge and 

remember component of recognition memory, showing that from 11 to 23 

months in mice, the remember component displayed a minimal decline 

compared with the knowledge component. These results could be 

explained fundamentally in three ways: (i) most probably this kind of 

memory is not seriously affected by aging, or (ii) the tests used for 

investigating it are not efficacious, or (iii) it has already deteriorated before 

11 months. This evidence confirmed the dual-process model hypothesis 

of recognition memory, where “knowledge” and “remember” components 

are differently affected by aging and are placed in two different brain 

areas, i.e., hippocampus and parahippocampal cortex. 

Notably, we found that both locomotor and cognitive performances 
worsened linearly during aging in mice, but the locomotor decline is 
steeper than the cognitive one, suggesting that when mice start to develop 
phenotypic frailty, they became at risk of developing cognitive decline as 
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well. So, our results demonstrated that locomotor frailty anticipates the 
cognitive decline in recognition memory, suggesting that cognitive decline 
could be intercepted by monitoring locomotor performances.  

Next, we investigated the effect of physiological aging on gut 
microbiota composition. It is known that the gut microbiome is highly 
sensitive to environmental stimuli, and its composition changes during the 
lifespan of the host: it can adapt composition and functionality in relation 
to the different host conditions. For this reason, longitudinal studies, like 
this work, are necessary to understand the microbiota changes occurring 
over time (Santoro et al., 2017). To isolate the only effect of aging as much 
as possible, we maintained mice for all experimental time in the same 

conditions, i.e., water, food, temperature, and humidity never changed. 

Firstly, we demonstrated that aging significantly affected the overall gut 
microbiome composition. In particular, we found different trends in the 
alpha-diversity changes during aging: Shannon index increased, whereas 
Faith index decreased. Since Faith diversity considers the phylogenetic 
distance while Shannon index did not, these results suggested that the 
ASV number increased during aging, whereas the ASV diversity did not. 
So, in adulthood, mice had bacteria that carried out different functions, 
whereas in the aged mice, despite displaying a higher number of different 
species, they belong to very similar taxa, suggesting that they are similar 
from a functional point of view. 
Next, we estimated the interindividual variation through the beta-diversity, 
demonstrating the formation of five consequential clusters in each time. 
The effect of time between the different groups longitudinally increases, 
creating a huge gap between the adult and senescent mice microbiota, 
and, therefore, confirming that aging significantly affected the overall 
microbiota composition. 
Regarding the taxonomy, the most abundant phyla were Bacteroidetes 
and Firmicutes, whose relative abundance did not change significantly 
throughout the life span. A critical evidence was the disappearance of the 
Verrucomicrobia and the high decrease of Deferribacterota in the 
senescence. Confirming these results at the Phylum taxonomic level, the 
Akkermansiaceae (Phylum Verrucomicrobia; genus Akkermansia) 
disappeared in the senescence. On the contrary, at the same time, the 
Muribaculaceae and Rikenellaceae families appeared. The most 
represented genera were Parabacteroides and 
Lachnospiraceae_NK4A136_group, whose relative abundances did not 
significantly change during aging. The genera with the most significant 
variations, besides the genus Akkermansia, were Clostridia_vandinBB60 
and Alistipes, which significantly increased during aging. 
Some of these modifications need to be understood more in depth. 
Notably, we found that Akkermansia disappeared during aging in mice 
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between 20 and 21.5 months. Akkermansia is a genus with a critical role 
in metabolic and gastrointestinal diseases. Akkermansia stimulates the 
communication between gut microbiota bacteria and maintains the 
integrity of the gut barrier, regulating the host immune response and 
reducing local inflammation. Furthermore, Akkermansia influences the 
fats and sugars metabolism (Macchione et al., 2019). Notably, all these 
factors are also involved in the pathogenesis of neurodegenerative 
diseases. Indeed, a change in Akkermansia relative abundance is 
associated with metabolic diseases (i.e. diabetes, inflammatory bowel 
disease, and obesity) (Derrien et al., 2017; Naito et al., 2018; Macchione 
et al., 2019) and also with neurodegenerative diseases (i.e., Alzheimer 
and Parkinson diseases) (Gerhardt and Mohajeri, 2018; Heintz-Buschart 
et al., 2018; Nishiwaki et al., 2020). Recently, Ou et al. (2020) and Higarza 
et al. (2021) demonstrated that Akkermansia improves cognitive 
performances in two different preclinical models. In particular, Ou et al. 
(2020) found that the Akkermansia gavage, in addition to regulating the 
inflammation and sugars metabolism, significantly reduces the Aβ 40–42 
levels in the cerebral cortex and improves the spatial and recognition 
memory of APP/PS1 mice, a model of AD (Ou et al., 2020). Higarza et al. 
(2021) demonstrated that Akkermansia gavage restored cognitive 
impairment related to nonalcoholic steatohepatitis in rats (Higarza et al., 
2021). 
In our experiment, simultaneously with the disappearance of 
Akkermansia, Muribaculaceae (previously known as S24-7) appeared. 
Muribaculaceae family is one of the major utilisers of mucus-derived 
monosaccharides in the gut, contributing to SCFAs production (Sibai et 
al., 2020), in particular, propionate (Smith et al., 2019; Pereira et al., 
2020). The SCFAs have a pivotal role in the host’s homeostasis and 
physiology, and SCFAs concentrations are predictive of the host’s lifespan 
(Smith et al., 2019). Indeed, Muribaculaceae bacterial family is found as 
a dominant bacteria taxa in the gut of Spalax leucodon, an exceptional 
animal model for its longevity, and its presence could explain the healthy 
and long life span of this model (Pereira et al., 2020). Previous works 
demonstrated a lower abundance of the Muribaculaceae family in aged 
mice compared to young animals, and anti-aging interventions partially 
reversed the gut microbiota composition of elderly mice, also increasing 
the relative abundance of the Muribaculacea (Han et al., 2020; Shenghua 
et al., 2020). On the contrary, during physiological aging, we found an 
increase in Muribaculacea relative abundance paralleled by the 
disappearing of Akkermansia. In this regard, we hypothize a possible 
compensatory/adaptive and homeostatic mechanism at the base of this 
result. 
Furthermore, we demonstrated that Lachnospiraceae NK4A136, a SCFAs 
producer group, relative abundance remained stable during aging. 
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Recently, Kim et al. (2021) showed an increase of Lachnospiraceae 
NK4A136 during aging comparing mice of 2.5 and 20 months (Kim et al., 
2021). In this study, we found a similar Lachnospiraceae NK4A136 
relative abundance of aged 20-months-old mice, but we investigated the 
gut microbiome composition in a different time window, from 11 months 
onwards. Confirming this hypothesis, Laubitz et al., 2021 demonstrated 
that 40 weeks-old mice displayed a higher relative abundance of 
Lachnospiraceae NK4A136 than seven-week-old mice.  
Furthermore, we found a significant increase in Clostridia vadinBB60 

between 11 and 17 months. This genus is slightly discussed in the 

literature. However, recently, Juckel and colleagues (2021), in patients 

with schizophrenia, suggested that an increase in the Clostridia 

vadinBB60 group could be responsible for the neuroplasticity reduction in 

the central nervous system (CNS). So, we speculate that the Clostridia 

vadinBB60 relative abundance increase could determine and contribute 

to a reduction of CNS neuroplasticity also in aged mice. 

Next, we demonstrated a significant increase in Rikenellaceae family 
during the aging process. Notably, in our samples, Alistipes genus 
represented all Rikenellaceae family. There are contrasting data in the 
literature regarding this genus (Parker et al., 2020); some works reported 
its potential in gastrointestinal and cardiovascular diseases prevention, 
whereas other evidence demonstrated its pro-inflammatory activity and its 
relationship with depression (Naseribafrouei et al., 2014) and its 
pathogenic role in cancer (Yang et al., 2017). To date, 13 species of 
Alistipes were isolated (Parker et al., 2020), and probably some of these 
exert beneficial properties, whereas other species have pro-inflammatory 
behavior and lead to disease onset. We speculated that there was an 
increase in Alistipes species with a pro-inflammatory profile in our 
samples. 
Whether the gut microbiota modifications are cause or effect of aging 

remains a challenge to explore. However, it is certain that gut dysbiosis 

can activate different signaling pathways in enteric cells, leading to the 

overproduction of pro-inflammatory substances, which cause a leaky gut 

and spreading of inflammation form local, to systemic, to the brain causing 

neuroinflammation. Additionally, intestinal dysbiosis interferes with the 

physiological production of SCFAs, neurotransmitters, and intestinal 

hormones, all of which are critical for the brain function.  

The standardization of dietary supplements and medicinal 

mushrooms and herbs is a very pressing and actual problem (Wasser, 

2014; Dwyer and Coates, 2018). 

During this Ph.D. project, we performed chemical analyses for quantifying 

the presence of specific bioactive molecules in two H. erinaceus samples 
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available in the Italian Culture Collection of Pavia University (MicUNIPV): 

ethanol sporophore and mycelium extracts of H. erinaceus strain (He1) 

and ethanol primordium extract of H. erinaceus strain 2 (He2). The 

nootropic and bioactive molecules present in H. erinaceus are known to 

cross the blood-brain barrier (BBB) and exert a neuroactive effect on the 

CNS (Lai et al., 2013). Using HPLC-UV-ESI/MS technique and comparing 

with standards, we quantified the amount of selected nootropic and 

bioactive metabolites in He1 and He2 extracts. First, we found an amount 

of 150 µg/g of Erinacine A in He1 lyophilized mycelium. This content is 

similar to that found by Krzyczkowski et al. (2010), using the most 

favorable combination of nutrients. Regarding Hericenone C and D, we 

quantified in the He1 sporophore an amount of respectively 500 µg/g and 

about 20 µg/g, like that found by Lee et al. (2016), in different strains of H. 

erinaceus. Furthermore, we quantified the amount of L+-ergothioneine 

(EGT), and we found that the EGT content in He1 lyophilized mycelium 

was 580 µg/g and in He1 lyophilized sporophore was 340 µg/g. Regarding 

He2 lyophilized primordium, we found an EGT content of 1.30 mg/g and 

no nootropic molecules. The EGT concentration in He1 mycelium was 

higher compared to literature data (149 µg/g and 400 µg/g) (Cohen et al., 

2014; Chen et al., 2012, respectively), whereas the EGT concentration in 

He1 sporophore was lower compared to literature data (629.96 µg/g, 960 

µg/g, and 1120 µg/g) (Cohen et al., 2014; Lee et al., 2009; Kalaras et al., 

2017, respectively). The EGT content of He2 primordium was notably 

higher than that found in the He1 mycelium and sporophore extracts (for 

primordium, to my knowledge, no literature data are available). The 

relevant EGT amount measured in our samples confirmed recent data, 

demonstrating that fungi are undoubtedly the leading natural dietary 

source of EGT (Beelman et al., 2021). 

Notably, we observed a content of nootropic and bioactive metabolites 

similar or higher than literature data suggesting the correctness of our 

cultivation parameters (such as temperature, ventilation, and nutrients). 

These bioactive metabolites are known for their beneficial effects on 

animals’ and humans’ health. EGT is a molecule with outstanding 

antioxidant and cytoprotective properties in several animal and human 

tissues, including CNS (Cheah and Halliwell, 2012; Halliwell et al., 2018). 

Several works demonstrated the neuroprotective properties of EGT in 

different models of dementia and Alzheimer's diseases (Song et al., 2010; 

Halliwell et al., 2018; Cheah et al., 2019; Kameda et al., 2020). 

Furthermore, in a recent paper, Kameda et al., 2020 identified as marker 

of frailty the blood EGT reduction. 
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Erinacine A and Hericenones C and D are molecules with nootropic 

effects, known for their capability to cross the BBB and for their effects on 

CNS: (i) stimulating the synthesis of growth factors, such as NGF 

(Kawagishi et al., 1993; Kawagishi et al., 1991; Ma et al., 2013); (ii) 

promoting hippocampal neurogenesis (Tzeng et al., 2018; Ryu et al., 

2018); and (iii) ameliorating the Alzheimer's disease and dementia-like 

pathologies in humans and animal models (Zhang et al., 2016; Tzeng et 

al., 2018; Cordaro et al., 2021). 

Previous studies conducted in our laboratory demonstrated a 

beneficial effect of a commercial supplement based on H. erinaceus on 

adult wild type mice. In particular, H. erinaceus oral supplementation 

significantly improved locomotor (Rossi et al., 2018) and cognitive 

performances in NOR and emergence behavioral tests, enhancing the 

novelty-seeking behavior and the knowledge component of recognition 

memory. In hippocampal brain slices, in the mossy fibers and CA3 neuron 

synapse an increase in the frequency of spontaneous and an increase in 

the amplitude of evoked excitatory synaptic currents were recorded 

(Brandalise et al., 2017). However, in adult wild-type mice, two months of 

H. erinaceus treatment did not improve cognitive performances in Y maze 

and OL tests, demonstrating that a supplement based on H. erinaceus 

mycelium and sporophore extract did not act on the remember component 

of recognition memory. Notably, these results confirmed once again the 

dual-component hypothesis of recognition memory, where “knowledge” 

and “remember” components are placed in and supported by two different 

brain areas (Rossi et al., 2018).  

The results reported in my Ph.D. thesis confirmed the selective effect of 

the extracts obtaneid by He1 mycelium and sporophore (containing 

erinacine A, hericenones C and D, and EGT) on locomotor activity, on the 

novelty-seeking behavior, and on the knowledge component of 

recognition memory, not only in adulthood but also during aging. 

Accordingly, there was no effect on the remember component of 

recognition memory both in adulthood and during aging (data not shown). 

In particular, we accessed these results by He1 oral supplementation (with 

a dose mimicking the amount used in human supplementation) in frail 

wild-type mice from 21.5 to 23.5 months. Hence, we demonstrated that 

two months of oral supplementation with He1 significantly reverted the 

locomotor and cognitive frailty during aging and increased the exploration 

of novel stimuli. In particular, whereas treated He1 mice at 21.5 months 
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were significantly frailer than control animals, the He1 supplementation 

brought mice back to comparable levels at 23.5 months. 

Literature data demonstrated that the cerebellar cortex (in 

particular, lobules VI–VIII) is notably involved in the aging-induced 

locomotor and cognitive decline (Bernard et al., 2014).  

Hence, we investigated the cerebellar cytoarchitecture of VI–VIII lobules 

in aged control and He1 treated mice (of 23.5 months), demonstrating a 

significant alteration in cerebellar cytoarchitecture in control aged mice 

where we described (i) shrinkage of about half of the Purkinje neurons, (ii) 

a significant decrease in the cerebellar volume, (iii) a reduction in the 

molecular layer (ML) thickness, and (iv) a critical fibrotic response. 

Notably, the He1 treated mice displayed less Purkinje neurons shrunken 

and fibrotic tissue and greater cerebellar volume and ML width than 

control mice.  

Next, to better investigate the molecular mechanism by which H. 

erinaceus exerts its effects on locomotor and cognitive performances, we 

performed immunohistochemistry on CNS (in particular on cerebellum) to 

evaluate the expression of different markers involved in different 

pathways, like inflammation, oxidative stress, neuron metabolism, BBB 

functions, and neurogenesis. 

Firstly, we investigated the inflammatory levels in the cerebellum since, 

during normal aging, neuroinflammation occurs in CNS (Sparkman and 

Johnson, 2008), and the chronic inflammation state (inflammaging) is one 

of the major causes of age-related decline and disease (Khansari et al., 

2009).  

As expected, we demonstrated in the cerebellum a significant expression 

of the pro-inflammatory IL-6 in aged mice. In parallel, we demonstrated an 

increase of GFAP immunopositive cells and fibers in aged animals, 

suggesting the astrocytes’ reactive/activated state (Liddelow et al., 2017; 

Palmer et al., 2019). Probably the reactive gliosis is a consequence of the 

pro-inflammatory environment, and reactive gliosis exacerbates the 

inflammation, creating a vicious circle that sustains the 

neuroinflammaging, fibrosis, and gliosis. Notably, the He1 treatment 

significantly reduced both IL-6 expression, hence inflammation, and 

gliosis.  

Next, we investigated the expression of HIF1α and VEGF.  Aerobic 

organisms has to deal with the deficient oxygen availability or hypoxia in 

different physiological and pathological states, and in order to counteract  
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this deficiency they develop adaptive systems. In mammals, the first 

response to hypoxia is the increase in HIFs expression (Majmundar et al., 

2010). Recent evidence suggested that HIF-1α overexpression is also 

involved in cancer onset and progression (Rashid et al., 2021). 

Furthemore, hypoxia also regulated the VEGF expression. VEGF, through 

very complex signaling, is fundamental in (i) vasculogenesis, the 

generation of new blood vessels ex novo, (ii) angiogenesis, the generation 

of new vessels from pre-existing vessels, and (iii) the homeostasis of 

vascular endothelium (Apte et al., 2019). It was recently demonstrated that 

VEGF signaling also acts as a nootropic factor (Deyama et al., 2019), 

improving neuronal survival during aging. HIF1 α and VEGF are two 

critical cellular metabolic sensors and play a crucial role in regulating 

cellular metabolism and inflammatory pathways (Yu et al., 2018).  

We demonstrated in cerebellum a significant reduction of the expression 

of HIF1α in aged mice treated with He1 compared to aged control animals, 

suggesting that the He1 treatment improved brain tissue.  Moreover, we 

demonstrated a significant increase of VEGF expression in the cerebellum 

of the He1 group compared to control mice, indicating that the He1 

supplementation had a nootropic activity, enhanced the angiogenesis 

during aging, and maintained the correct homeostasis in endothelial cells.  

Next, we investigated the oxidative stress markers because free radicals 

excess is one of the leading causes of inflammaging (Forrester et al., 

2018) and because a body of literature undeniably suggested that 

oxidative damage is crucially involved in aging-associated cognitive and 

locomotor impairment (Khansari et al., 2019). Indeed, free radicals 

accumulate in cells during aging and can trigger phenomena that lead to 

the onset of neurodegenerative diseases. Experimental investigations 

demonstrated that longer-lived animals display reduced oxidative damage 

and/or increased resistance to oxidative stress, acquired through dietary 

restriction or genetic manipulations (Liu and Xu, 2011; Vatner et al., 2020). 

In line with these results, our present findings proved the protective role 

of H. erinaceus supplementation in cognitive and locomotor aging-related 

decline, triggering a partial oxidative stress recovery in aged mice. In 

particular, for evaluating oxidative stress, we investigated the expression 

of several markers, such as SOD1, NOS2, and COX2.  

Regarding the SOD1 expression, we demonstrated a significant reduction 

of positive cells in the molecular layer (ML) of the cerebellum in He1 

treated mice compared to control mice. High levels of SOD1 expression 

could suggest cells attempting to buffer the oxidative stress, higher in 

control mice. Furthermore, the He1 supplementation decreased the 
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expression of NOS2 in mice cerebellum. A decrease in NOS2, the 

inducible form of NOS, could suggest that the He1 supplementation 

triggered an antioxidant response, reducing oxidative stress. Once again, 

the expression of COX2 was decreased in the He1 treated animals 

compared to controls, confirming the hypothesis of lower oxidative stress 

in He1 treated mice cerebellar cortex. Notably, Kushairi and colleagues 

(2019) demonstrated in vitro a significant neuroprotective and anti-

inflammatory activity of H. erinaceus by increasing antioxidant enzyme 

activity and decreasing free radicals in neurons. This Ph.D. work 

confirmed these data and gave them even more value by demonstrating 

these effects in vivo.  

Next, we investigated the expression of SIRT1, a NAD+-dependent 

histone deacetylase protein that can delay cellular aging and extend 

lifespan by modulating several cellular pathways, including DNA repair, 

oxidative stress, and inflammation (Lee et al., 2019). Indeed, SIRT1 

expression significantly decreases during aging, leading to neuronal 

degeneration and cognitive decline. Accordantly, there is a relationship 

between a high level of SIRT1 activation and the decrease in senescent 

cells (Chen et al., 2020), indicating that molecules that activate SIRT1 

pathways display a senomorphic activity. In this Ph.D. thesis, we 

demonstrated that the He1 oral supplementation significantly increased 

the SIRT1 expression in the cerebellum of aged mice, suggesting a 

senomorphic activity of He1 extracts in mice brains. Accordantly, in 2020, 

Amara et al. published a paper showing the in vitro neuroprotective effect 

of H. erinaceus in induced neurotoxicity, also through SIRT1 expression 

modulation. 

Next, we investigated the BBB functions in aged control and He1 treated 

animals. BBB is composed of basal lamina, astrocytic endfeet processes, 

pericytes, and endothelial cells that interact with each other to control the 

passage of different molecules from the blood circulation to the brain 

parenchyma. It is known that the BBB permeability increases during aging 

due to the impairment of tight junctions’ structure and function (Costea et 

al., 2019; Propson et al., 2021). Indeed, the “leaky” BBB is a common 

feature in cognitive decline and neurodegenerative disease, allowing the 

pass of proinflammtory molecules from the blood circulation to the brain 

parenchyma.  

Two useful markers which are essential for the formation and preservation 

of tight junctions and, consequently, for BBB integrity are ZO-1 and 

occludin (Gawdi and Emmady, 2021). 
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We found that He1 treatment significantly increased the ZO-1 and 

occludin expression in ependymal cells, choroid plexus, cortical, 

hippocampal, and hypothalamic blood vessels, suggesting that H. 

erinaceus oral supplementation is efficacious in preserving BBB structure 

and function during aging. These results well corroborate the decrease of 

neuroinflammation previously described. 

In parallel, we also assessed the expression of Glut1 on the BBB of aged 

control and He1 treated mice. As known, glucose is the principal energy 

source of neurons and Glut1 is the carbohydrate transport uniporter 
responsible for the passage of glucose across the BBB (Gawdi and 

Emmady, 2021). In our samples, we found an increase in Glut1 

expression in the choroid plexus and cortical and hippocampal blood 

vessels in He1 animals, suggesting once again that H. erinaceus 

preserves BBB function and improves neuronal metabolism. 

Furthermore, a recent review highlighted the importance of Glut-1 and 

SIRT1 in preventing hyperglycemia, acting on the insulin signaling, linking  

diabetes mellitus to the Alzheimer's disease (Shieh et al., 2020). 

We also demonstrated increased hippocampal and cerebellar cell 

proliferation and neurogenesis by using PCNA and DCX 

immunodetection, respectively. Ryu et al., 2018, similarly demonstrated in 

adult C57BL/6 mice that chronic administration of H. erinaceus extracts 

for one month significantly increases the expression of PCNA and Ki67 in 

hippocampal progenitor cells, suggesting an increase in their proliferation 

and in adult hippocampal neurogenesis. Regarding the cerebellum, in my 

knowledge, no data are reported about neurogenesis, but our data 

evidenced the presence of very few proliferating neuroblasts. Notably, 

during aging, in neuronal stem cells, the ability to proliferate and to 

produce neuronal decrease, and this process contribute to aging-related 

cognitive decline. Remarkably, our results suggest that oral 

supplementation with He1 increased the cell proliferation and the 

neurogenesis in hippocampus and cerebellum in frail elderly mice. 

Hippocampal neurogenesis is involved in higher cognitive function and, 

new neuronal cells, generated by adult neurogenesis, could contribute to 

neural plasticity throughout the whole lifespan.  

Furthermore, these results corroborated the capability of H. erinaceus to 

perform BDNF/NGF-like effects, stimulating neurogenesis. 

Medicinal mushrooms are considered very important for 

maintaining gut microbial balance, so they are also considered a potential 

source of prebiotics (Panda et al., 2021). Indeed, we also investigated the 
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effect of the He1 oral supplementation of gut microbiota composition in 

frail aged mice. Firstly, we demonstrated that this treatment did not 

change the overall gut microbiota composition, as demonstrated by similar 

alpha- and beta-diversities in control and He1 groups. Consistent with our 

results, several studies in the literature reported that probiotic or prebiotic 

oral supplementation in the elderly did not modify overall microbiome 

composition (Badal et al., 2020). However, He1 oral supplementation 

significantly changed the relative abundance of few but important genera, 

with a significant increase in the relative abundance of Clostridia UCG-

014, Lachnospiraceae_NK4A136, and Eubacterium xylanophilum, and a 

significant reduction of Odoribacter, Clostridia vadinBB60, and 

Muribaculaceae. 

As previously discussed, Muribaculaceae are SCFAs bacteria producers 

with healthy-promoting activities. Contrary to the expected, we found a 

reduction in its relative abundance after two months of He1 treatment, but 

concomitantly with locomotor and cognitive performances improvement, 

suggesting that probably other microbiome variations compensated 

Muribaculaceae decrease.  

Generally, the Clostridium genus exercises many beneficial effects on gut 

function, producing SCFAs, exerting an anti-inflammatory activity, 

communicating with the immune system, and strengthening the gut barrier 

(Guo et al., 2020). However, few Clostridium species (for example, 

Clostridium difficile) exert adverse effects on host health, leading, for 

example, to pseudomembranous colitis and diarrhea. 

The Clostridia UCG-014 is a species very little discussed. The few 

published articles discussed Clostridia UCG-014 as a pro-inflammatory 

bacteria (Wang et al., 2021; Liu et al., 2021) and described its relationship 

with fasting blood glucose (Zhao et al., 2021). Contrary to expectations, 

we found an increase in Clostridia UCG-014 relative abundance after He1 

supplementation.  

Furthermore, we found a significant reduction in Clostridia vadinBB60 

relative abundance after He1 supplementation. As previously reported, 

this genus is marginally examined in the literature, but the few evidence 

supported that its increase is associated with neuroplasticity decrease. 

So, the Clostridia vadinBB60 decrease could influence positively CNS 

neuroplasticity. 

Notably, we also found an increase in Lachnospiraceae NK4A136 in He1 

treated mice. This bacterial group has the potential to be a probiotic with 

a possible role in bile acids metabolism and cholesterol homeostasis 

(Huang et al., 2019; Wu et al., 2020). Indeed, Lachnospiraceae NK4A136 
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group is a butyrate producer, and its relative abundance has been shown 

to be reduced in patients with dementia (Stadlbauer et al., 2020). 

Eubacterium xylanophilum also has a role in SCFAs production: it can 

produce formic, acetic, and butyric acids from xylans (Van Gylswyk and 

van der Toorn, 1985; Mukherjee et al., 2020), and, notably, we 

demonstrated Eubacterium xylanophilum relative abundance increased in 

He1 samples.  

Finally, we found a reduction in Odoribacter genus. A recent study 

conducted by Zhou and colleagues (2021) demonstrated that Odoribacter 

relative abundance is changed in people with Alzheimer's Disease 

compared to control (Zhou et al., 2021). Furthermore, Ren et al. (2020) 

demonstrated in patients affected by Parkinson's disease that individuals 

with cognitive impairment displayed a higher relative abundance of 

Odoribacter and a lower Ruminococcus concentration compared to 

healthy controls and patients without cognitive dysfunctions. This 

evidence suggested that Odoribacter is negatively correlated with 

cognitive performances. 

Altogether, these results pave the way to a prebiotic role of H. erinaceus, 

modulating in a complex way microbiota intestinal homostasis, suggesting 

a psychobiotics effect.  

The capabilities of H. erinaceus in reducing senescence and modulating 

microbiota composition give strength to the theories that are based on 

microbiome modulation therapies with age-delaying and longevity-

promoting purposes (Boyajian et al., 2021; Sharma, 2022). 

Furthermore, the finding that He1 positively modulated gut microbiota 
composition well corroborated the improvement of BBB functions and the 
decreased inflammation. Indeed, growing evidence supports the role of 
gut microbiota-derived molecules in the pathogenesis of 
neurodegenerative diseases. Microbiota’s gut metabolites could reach 
brain tissue through the gut-brain axis and cross a “leaky” BBB, typically 
observed in elderly people. This event could consequently trigger the 
release of toxins and pathogen components that ultimately could affect 
CNS homeostasis (Costea et al., 2019).  

Next, in another set of experiments, we investigated the preventive 

effect of H. erinaceus in frailty onset. In particular, we assessed this 

potential by treating mice with the He2 primordium extract for eight 

months, from adulthood (15 months) to senescence (23 months). Notably, 

primordium consists of the transition stage between mushroom mycelium 

and sporophore, and it is formed by dense mycelial cords that develop 

with negative geotropism.  
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Remarkably, the He2 primordium extract did not contain erinacine A and 

hericenones C and D but only a high EGT content, probably allowing us 

to study the isolate contribution of this metabolite in our model. In wild-

type mice, eight months of He2 oral supplementation significantly 

improved novelty-seeking behavior, locomotor, and cognitive 

performances in all tasks carried, surprisingly, also enhancing the 

remember component of recognition memory. Furthermore, remarkably, 

the supplementation for eight months with He2 displayed more beneficial 

effects than the supplementation for two months with He1 both on 

locomotor and cognitive performances. Notably, regarding the cognitive 

evaluations, we demonstrated that He2 supplementation determined 

similar behavior in adulthood and senescence phases, as confirmed by 

the cognitive FIs during aging, which did not increase during the time in 

He2 mice. More precisely, He2 supplementation determined similar 

performances in the emergence and NOR tests in adult and senescent 

mice, whereas aged He2 treated mice displayed better performances than 

adult mice in the Y maze and OL tasks. These results again support that 

the recognition memory is a dual process supported by two different brain 

structures and that H. erinaceus bioactive metabolites act in a selective 

way on the two components.  

So, comparing with the effects previously described of He1, we found that 

He2 primordium extract had a more significant improvement on the 

locomotor activity and on the knowledge component of recognition 

memory and was also effective on the “remember” component. This 

differences were related to the presence of a high concentration of EGT 

and to the longer duration of treatment, but we cannot exclude the 

presence in the primordium of other no detected nootropic metabolites. 

For investigating the molecular mechanisms of EGT-enriched He2 extract, 

we performed immunohistochemistry on cerebellum brain slices of aged 

control and He2 treated aged mice (of 23 months). In particular, since EGT 

is the elective antioxidant, we investigated the expression of COX2 and 

NOS2 in the cerebellar cortex. Similar to He1 treatment, we found that 

He2 supplementation significantly reduced the COX2 and NOS2 

expression, suggesting that EGT-enriched He2 extract had significant 

antioxidant activity in vivo.  

These results related to oxidative stress pathways were further 

corroborated by data on p53, known to play a crucial role in modulating 

oxidative stress and aging (Rufini et al., 2013).  

In response to many stressors, including oxidative stress, p53 is activated 

as a transcription regulator, leading to a rapid accumulation of itself in 

stressed cells. Indeed, many studies suggested that oxidative stress may 
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elicit a specific p53 transcriptional response to control cellular senescence 

and aging (Liu et al., 2013; Chen et al., 2017). Moreover, p53 is able to 

influence a variety of molecular pathways through posttranslational 

modifications, including protein phosphorylation, methylation, and 

ubiquitination.  

However, it has to be taken into consideration that oxidative stress 

conditions do not always induce cell aging since evidences indicate that 

when the oxidative unbalance is mild, p53 can induce the expression of 

antioxidant genes to prevent cell death. By contrast, enhanced p53 levels 

could accelerate the generation of free radicals and induce cell death 

under severe cellular stress. 

Moreover, in vivo investigations demonstrated that (i) p53-overexpressing 

transgenic mice did not display any signs of accelerated aging, (ii) 

transgenic mice with increased p53 activity displayed normal life span, 

and (iii) mice with an additional copy of p53 showed an enhanced 

expression of antioxidant activity and decreased levels of endogenous 

oxidative stresses, correlating with increased life span (Liu et al., 2011; 

Rufini et al., 2013). 

These controversial data support the notion that the precise role of p53 in 

cell aging is complex and strictly linked to the environmental situation. In 

this context, p53 activation in response to low oxidative stress could 

protect cells against oxidative damage, thus supporting the role of p53 in 

the maintenance of tissue homeostasis. 

In line with these results, we demonstrate an increase of p53 expression 

in He2 mice, in which a decrease of COX2 and NOS2 had contextually 

been demonstrated, led us to hypothesize that the p53 enhancement 

could prevent the accumulation of oxidative stress molecules at high 

levels, inhibiting senescence progression, thus achieving delayed aging 

in these mice. 

In perspective, it could be interesting to demonstrate if He2 described 

effects are specifically addressed to senescent cells, which over time 

would cause damage to brain tissue. 

Altogether, these results (both performed with He1 and He2 samples) 

clearly demonstrated that the H. erinaceus standardized extracts are 

effective in locomotor and cognitive frailty prevention and reversion in the 

preclinical model. Regarding the molecular mechanism by which H. 

erinaceus exerts its effect, we found that H. erinaceus extracts (i) improve 

gut microbiome composition and BBB function, (ii) enhance cell 

proliferation and neurogenesis, (iii) activate antioxidant and anti-

inflammatory pathways, and (iv) have neuroprotective and senomorphic 
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effects, restoring the appropriate cytoarchitecture and cellular function in 

aged brain cells. The mechanism of action of H. erinaceus exploits the 

ability to stimulate the synthesis and the release of neurotrophic factors, 

i.e., BDNF or NGF. Indeed, previous works reported that in the peripheral 

nervous system, H. erinaceus stimulates the expression of the NGF, 

promoting the regeneration of peripheral nerve injury at least in the early 

stage of recovery (Wong et al., 2011). This event could also occur in the 

CNS, where in vivo administration of H. erinaceus showed an increase in 

the NGF mRNA expression (Mori et al., 2008).  

Furthermore, during aging, neuronal stem cells exhibit reduced 

proliferation and neuron production, which is thought to contribute to age-

related cognitive decline (Apple et al., 2017). Remarkable, our results 

suggest that the oral supplementation with H. erinaceus increased the cell 

proliferation and the neurogenesis in CNS of frail elderly mice. Notably, 

hippocampal neurogenesis is involved in higher cognitive function and, 

new DG granule cells, generated by adult neurogenesis, could contribute 

to neural plasticity throughout the whole lifespan. Surprisingly, we also 

found an increased cell proliferation and active neurogenesis in the 

cerebellum in elderly frail mice.  

Among other H. erinaceus effects, we demonstrated an increase in 

novelty-seeking behavior, essential in mammalian species for the 

interaction with the environment. Notably, a reduction in novelty-seeking 

behavior is a risk factor for anxiety and depression onset, as well as a 

symptom of these mood disorders (Stedenfeld et al., 2011; Duclot et al., 

2011). 

The neurotrophic hypothesis of depression originates in the late nineties 

and the beginning of the new century. Firstly preclinical research and, 

immediately afterward, clinical research showed that subjects undergoing 

stressful events lost brain neuron tropism and neuronal plasticity. In 

parallel, other clinical researches have shown that the volume of some 

brain areas (i.e., hippocampus, prefrontal cortex, and nucleus accubens) 

of subjects with severe depression is significantly reduced compared to 

healthy subjects (van Tol et al., 2010; Otte et al., 2016). 

Analogously, the discovery that the treatment with antidepressant drugs 

in depressed animal models and patients significantly reverts the neuronal 

hypotropism and the reduction of brain volume has suggested that these 

drugs can restore at least in part the neuronal tropism and the affective, 

emotional, and cognitive sphere (Zanos et al., 2018). The evidence that 

antidepressant drugs can activate, also in non-specif ways, different 

genes involved in neuronal tropism has brought new knowledge on the 
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etiopathogenesis of depression. In particular, these studies highlighted 

that trophic factors, i.e., NGF, BDNF, and glial cell-derived neurotrophic 

factor (GDNF), play a crucial role in mediating the therapeutic effects of 

antidepressant drugs (Lang et al., 2013; Björkholm and Monteggia, 2016; 

Sharma et al., 2016; Peng et al., 2020). These results have stimulated 

numerous researches to develop trophic molecules capable of 

overstepping the human BBB and having a tropic effect in the CNS. As 

previously reported, several bioactive metabolites of H. erinaceus display 

nootropic effects, stimulating the synthesis and release of NGF and BDNF 

in the CNS and enhancing adult neurogenesis. 

Furthermore, for some authors, mood disorders are considered 

inflammatory conditions mediated by pro-inflammatory cytokines, 

including interleukin-6 (Dowlati et al., 2010; Lang et al., 2016). Probably, 

these pro-inflammatory cytokines could interact with several 

pathophysiological domains relevant to depression, such as 

neurotransmission, neuronal tropism, and synaptic plasticity. 

Give this framework, finally, in this Ph.D. thesis, we investigated the 

effects of two months of H. erinaceus oral supplementation on sleep and 

mood disorders in obese and overweight patients who underwent a low-

calorie diet. Indeed, several works also demonstrated a relationship 

between obesity and mood disorders (Soczynska et al., 2011; 

Jantaratnotai et al., 2017; Milaneschi et al., 2019). 

Firstly, we investigated the mood disorders in all recruited patients (control 

and H. erinaceus treated subjects) using Zung’s depression and anxiety 

tests. Notably, patients who underwent the low-calorie diet and 

supplemented with H. erinaceus for two months significantly reduced 

depression and anxiety symptoms, in addition to binge eating disorders. 

The low-calorie diet alone did not mitigate the mood disorders but 

significantly reduced binge eating disorders, suggesting that the dietary 

regimen is sufficient to improve emotional eating. Then, we studied the 

effect of H. erinaceus in selected patients with mood disorders using the 

SCL-90 test, confirming and exacerbating the effect of H. erinaceus oral 

supplementation in reducing mood and sleep disorders. Notably, the 

effect of H. erinaceus oral supplementation lasted in the absence of 

treatment for at least two months, suggesting that H. erinaceus could exert 

an effect on neuronal plasticity, as expected by an NGF- or BDNF-like 

effect (Bothwell, 2014; Leal et al., 2017; Mondal and Fatima, 2019). 

These results confirmed the antidepressive and antianxiety effects of H. 

erinaceus described in the literature and demonstrated both in preclinical 

models (Chiu et al., 2018; Chong et al., 2021) and in clinical trials (Nagano 
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et al., 2010). In particular, Chong and colleagues (2021) demonstrated 

that the antidepressant effect of H. erinaceus occurs by enhancing 

neurogenesis and reducing neuroinflammation through the BDNF-TrkB-

CREB signaling pathway. Given these data and the implication of BDNF 

in both obesity and mood disorders, we investigated the serum 

proBDNF/BDNF ratio in patients. In particular, in CNS, pro-BDNF and 

BDNF exert two opposite roles: the pro-BDNF displays pro-apoptotic 

function and decreases the synaptic efficacy (Teng et al., 2005; Yang et 

al., 2009), whereas mature BDNF exerts neurotrophic effects, influencing 

dendritic spines morphology and function and the adult neurogenesis 

(Colucci-D'Amato et al., 2020). Notably, unexpectedly, we found a 

significant increase in serum pro-BDNF/BDNF ratio both after two months 

of H. erinaceus supplementation (for the increase in pro-BNDF levels) and 

after two months of washout ( for the significant reduction of serum BDNF 

levels). Hence, further investigations are necessary to study the regulation 

of cleavage of pro-BDNF into mature BDNF and the mechanism by which 

pro-BDNF and BDNF cross the BBB because it is unknown how and 

whether mature BDNF increase in CNS is mirrored in serum BDNF levels. 

Furthermore, we cannot exclude that the serum pro-BDNF/BDNF ratio is 

not a valuable biomarker for evaluating mood disorders' improvement. 

However, the mood disorders’ improvement was undoubtedly associated 

with a change in pro-BDNF/BDNF ratio, suggesting that additional 

examinations are necessary for understanding the role of pro-BDNF and 

BDNF. 

The main limitations of this Ph.D. project regarding the preclinical study 

were (i) the sample size and (ii) it was conducted only on male mice. 

Furthermore, other critical points are currently under study, such as (i) 

individuation of possible biological markers of frailty, evaluating, for 

example, inflammatory profile and inflamma-miRs expression, (ii) the 

development of models for evaluating and predicting the relationship 

between gut microbiome modifications and frailty, (iii) other 

immunohistochemistry analysis to investigate other mechanisms by which 

the H. erinaceus standardized extracts exert their beneficial effects (iv) 

ultrastructural studies with the transmission electron microscope (TEM), 

and (v) more specific quantification with Western Blot analysis. However, 

thanks to the translational approach, the possibility of transferring the 

acquired knowledge “from bench to bedside” on humans should be noted. 

Regarding the clinical study, the main limitations were (i) the limitated 

number of patients and (ii) the absence of the placebo group. Hence, it 
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will be necessary to confirm these results by randomized placebo-

controlled trials. 

In conclusion, H. erinaceus could be a potential candidate in (i) reverting 

and avoiding physical frailty, (ii) preventing and treating aging-related 

cognitive decline and neurodegenerative diseases, and (iii) reducing sleep 

disorders, anxiety, and depression. In particular, thanks to the 

interdisciplinary approach followed during this Ph.D. thesis, we 

understood the molecular mechanisms by which H. erinaceus acts its 

effects, modulating in a pleiotropic way the gut microbiome, BBB function, 

oxidative stress, inflammation, and adult neurogenesis.  

So, oral intake of H.erinaceus is a safe and convenient supplement for 

physical frailty, dementia, and mood disorders prevention and/or partial  

reversion. 
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9. Appendix: A new study of inward and outward 
rectifying potassium currents in U251 
glioblastoma cells 

Introduction  

Glioblastoma (GBM, WHO grade IV astrocytoma) is the most common 

and malignant brain tumor (Barbieri et al., 2018) arising from glial cells. 

Compared to other central nervous system cancers, GBM is characterized 

by strong invasiveness and pro-angiogenic behavior that turn into a very 

poor prognosis with a mean survival rate of about 15 months (Stupp et al., 

2009). The aggressive invasiveness and infiltrative behavior of glioma 

cells make complete surgical resection impossible (Maher et al., 2001) 

with, therefore, consequent rapid relapses. Additionally, GBM possesses 

a small subpopulation of cells called cancer stem cells (CSCs) which are 

incredibly resistant to radiotherapy and chemotherapy (Lathia et al., 

2011). Furthermore, death evasion minimized the effect of all therapeutic 

strategies currently available, and the increased cell invasion is the 

prominent feature that prevents a successful treatment (Louis et al., 

2007). 

GBM cells migrate via the narrow space in the brain parenchyma (De 

Vleeschouwer et al., 2017) that is generally smaller than the soma of the 

cells (Liu et al., 2018). To make that possible, GBM cells undergo a cell 

shrinkage to reduce their volume by about 30%, followed by migration and 

invasion (Armento et al., 2017). The cell shrinkage is achieved by the 

release of cytoplasmatic water in order to reach the osmotic equilibrium in 

the cell. Several recent evidences suggest that some ion channels and 

transporters are involved in the modulation of the cell volume. Chloride 

(Cl-) and Potassium (K+) are the two main ionic gradients that have been 

previously reported to be altered in GBM cells. Indeed, Cl- and K+ gradient 

have been shown to be essential for migration and invasion processes in 

GBM (Turner and Sontheimer, 2014). Due to the cytosolic calcium 

fluctuations during GBM cells migration, the family of Ca2+-activated K+ 

channels, such as KCa3.1 (intermediate conductance K+ channel or IK) 

and Kca1.1 (large-conductance K+ channel or BK), is overexpressed in 

the brain of GBM patients, and there is a direct relationship between the 

expression of these channels and the progression of GBM. Thanks to their 

calcium sensitivity, it has been shown that these channels are positively 
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activated by different neurotransmitters or bioactive molecules that lead 

to intracellular Ca2+ increases, with a resulting efflux of K+ and water. 

Consequently, the GBM cells reduce their volume, which enables them to 

migrate through the narrow space of the parenchyma tissue in the brain 

(Catacuzzeno and Franciolini, 2018). 

Overexpression of BK channels has been reported in cells lines of GBM 

and in biopsies of GBM patients (Catacuzzeno et al., 2015) and, in 

addition, the channel structure seems to be altered with a consequent 

increase in the sensitivity of the intracellular calcium concentration ([Ca2+]i) 

(Ransom et al., 2002). 

Typically, the BK channel is a tetrameric large-conductance K+ channel, 

widely expressed in both neurons and glial cells (Lee and Cui, 2010). The 

BK channel is characterized by an outwardly rectifying current that shows 

both voltage and [Ca2+]i dependence (Cui et al., 2009). Voltage and [Ca2+]i 

dependence act in concert, since [Ca2+]i  has a strong impact on BK 

voltage dependence (Schreiber and Salkoff, 1997) and, notably, the Ca2+ 

sensors and the voltage-sensing domain of BK channel interact with each 

other, determining BK channel open probability (Lorenzo-Ceballos et al., 

2019). It has been demonstrated in GBM that [Ca2+]i oscillation along with 

different values of the resting membrane potential (RMP) (depolarized 

versus hyperpolarized) are involved in cell migration, invasiveness, and 

proliferation (Ronde’ et al., 2000, Catacuzzeno et al., 2011). Nevertheless, 

the intracellular mechanisms targeted by [Ca2+]i changes are not fully 

understood (Catacuzzeno et al., 2011). Recently, cyclic variation of both 

voltage and calcium concentration in GBM cells has led to the hypothesis 

that the BK channel, considering its overexpression, can be one of the 

critical targets in triggering the glioblastoma migration and invasion 

process (Catacuzzeno et al., 2015). 

The onset of GBM is the consequence of a defective process of neural 

stem cells differentiation or of the so-called “somatic evolution” process, 

in which a differentiated glial cell accumulates mutations (Batista et al., 

2014).  

Another channel involved in GBM is the inward rectifier K+ channel. One 

of the significant functions of glial cells in the CNS is to preserve ionic 

homeostasis during neuronal activity via the potassium spatial buffering 

phenomenon that requires the activation of inwardly rectifying K+ channels 

(Kir) activity (Olsen and Sontheimer, 2008). Notably, a reduced 

expression or functionality of Kir 4.1 channels was detected in human 

brain cancers, including in GBM (Thuringer et al., 2017). 
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Physiologically, Kir 4.1 channel is mostly expressed in the glial cells of the 

brain and, in particular, in mature astrocytes, where the high potassium 

permeability is mediated to a large extent by the Kir 4.1 channels. This 

condition leads to two functional consequences: (i) the negative RMP, 

which is closer to the potassium equilibrium potential, and (ii) the buffering 

of the extracellular potassium after neuronal activity (Butt and Kalsi, 2006, 

Chever et al., 2010). Since a fraction of the Kir 4.1 channels is 

physiologically constitutively open, it has been proved that Kir 4.1 channel 

plays a crucial role in the homeostatic regulation of the RMP of the cells, 

in particular during glia maturation (Olsen and Sontheimer, 2008).  

In conclusion, in the last years, several evidences have revealed that 

many ion channels and pumps have an impaired expression in cancers 

and their mis-regulation is responsible for high proliferative rate as well as 

migration and invasiveness. Indeed, the term oncochannelopathies has 

been recently coined to define several cancers, including GBM.  
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Aim of the work 

A part of my Ph.D. activity was focused on the migration process in GBM, 

which is the most aggressive, undifferentiated, and common type of 

astrocytoma (Louis et al., 2007). GBM is resistant to the therapies 

currently available such as surgical resection followed by chemotherapy 

and radiotherapy, giving frequent relapses caused by its high invasion rate 

(Berger and Sanai, 2008). For this reason, a better knowledge of the 

cellular mechanisms regarding GBM migration and invasiveness is 

necessary in order to develop new therapeutic strategies for this disease.  

Therefore, we studied the invasiveness process in human U251 GBM 

cells, focusing on the characterization of potassium channels to identify 

the mechanisms underlying the GBM cell migration. Furthermore, 

considering GBM as oncochannelopathy, the purpose of this research 

was to better understand the real contribution of BK channels along with 

the Kir 4.1 on the GBM invasiveness, focusing on their biophysical 

properties and on their osmo-electric effect at the physiological [Ca2+]i and 

RMP of GBM cells. 

For this purpose, we applied the wound healing assay to induce U251 cell 

migration. The experimental plan consisted of two experimental time 

points: (i) basal condition (80% confluence cells) and (ii) 24 h after the 

wound healing assay (t1) (Figure 1). At t1, the cells within (intra) and 

outside (extra) the scratch were studied by using the perforated patch-

clamp technique that allows [Ca2+]i to follow physiological oscillations.  

Since it is known that the [Ca2+]i oscillation is involved in migration and 

invasiveness, the intracellular mechanisms targeted by [Ca2+]i changes 

are not well understood (Catacuzzeno et al., 2011), we tested the effect 

of inducing calcium oscillation by menthol on potassium currents.  

Menthol activates a Transient Receptor Potential cation channel subfamily 

M (melastatin) member 8 (TRPM8) that causes Ca2+ influx, and 

consequently an increase in BK currents and migration in human GBM 

cells (Weaver et al., 2006; Wondergem and Bartley, 2009). 

Furthermore, only few papers have described the possible role of BK 

channels in migration upon artificial [Ca2+]i rise, but nobody have 

described the role of BK channels at the RMP and at the physiological 

[Ca2+]i oscillation, also in relation to other channels that at the RMP are 

constitutively open, such as Kir 4.1. Indeed, in this project, we proposed 

a possible mechanism in which BK and Kir 4.1 channels interact together 

allowing GBM migration and invasiveness. 
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Summarizing, in the attempt to develop new therapeutic strategies for 

avoiding relapses on GBM patients, the purposes of this project on the 

GBM U251 cell line are: (i) to understand the contribution of BK channels 

along with the Kir 4.1 at the physiological conditions (i.e., spontaneous 

[Ca2+]i oscillation and RMP), (ii) to investigate the involvement of Kir 4.1 

and BK channels in migration and invasion. 

 

 

Figure 1: Schematic illustration describing selected experimental conditions: 

basal, intra and extra scratch at t1 (24 h after wound healing assay).            
From Ratto et al., 2019. 
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 Results and discussion 

i.Migration process in flattened and polarized cells  

In all different tested experimental conditions, basal, t1 intra and t1 extra 

scratch, U251 cells displayed two different main morphologies: flattened 

or polarized.  

Focusing on the invasive process, we performed immunocytochemistry to 

identify the expression of active-Cdc42, a migration marker that stained 

U251 cell cytoplasm. The immunoreactivity was enhanced in polarized 

cells compared to flattened ones. In particular, the mean fluorescence 

density per cell gradually increased in polarized cells from basal condition 

to extra to intra scratch cells at t1, whereas the mean fluorescence 

remained constant in flattened cells in different experimental conditions 

(Figure 2). 

ii.Electrophysiological Recordings intra and extra scratch 

We performed perforated patch-clamp on polarized cells intra and extra 

the wounded area at t1. This technique allowed us to avoid rundown of 

currents and to maintain the [Ca2+]i at physiological levels, and, therefore, 

to record currents in a constitutive condition. 

Polarized cells analyzed intra (n=54) and extra (n=33) scratch at t1 

displayed a depolarized RMP, respectively of − 31.7 ± 1.4 mV and − 34.7 

± 1.7 mV, as expected by an undifferentiated state of GBM cells. 

Notably, about 85% of cells analyzed intra scratch (n=46 out of 54) 

showed both outward and inward constitutive rectifier currents. The 

remained 15%, instead, did not display any currents (Fig. 3 A). On the 

contrary, most of the cells analyzed outside the scratch did not display any 

currents (78%; n=26 out of 33) and only 21% showed both inward and 

outward rectifier currents (Fig. 3 B). Notably, inward and outward currents' 

amplitudes were directly related, as demonstrated by the straight-line 

interpolation (R2 = 0.7654). Furthermore, intra scratch polarized cells 

showed larger outward and inward rectifier currents than extra scratch 

polarized cells (Fig. 3 C). It should be noted that the amplitude of inward 

rectifier currents was significantly lower in U251 cells compared to 

differentiated glial cells (Higashimori and Sontheimer, 2007) and, 

consequently, the RMP is more depolarized. These data indicate that at 
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RMP only a tiny number of inward rectifier channels were functionally 

active in GBM cells. 

 

 

Figure 2: Immunostaining for active Cdc-42 (green fluorescence) in different 

experimental conditions: basal (a), extra (t1; b), and intra (t1; c) scratch. Nuclei 
were counter-stained with Hoechst (blue fluorescence). Scale bar: 40 μm. The 
top right histogram shows the mean fluorescence density per cell in flattened 
(black) and polarized (white) cells in the three experimental conditions. The 

histogram below shows the mean fluorescence density per polarized cells in the 
three different experimental conditions. Statistical results were performed by 

analysis of variance (ANOVA) with Post hoc Bonferroni’s test. P-values: * for p < 
0.05; **for p < 0.01; *** for p < 0.001. From Ratto et al., 2019. 
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Figure 3: Currents recorded intra and extra scratch in polarized cells. A, B) Pie 

charts displayed the percentage of polarized cells with or without inward and 

outward rectifier currents intra (A left) and extra (B left) scratch. Examples of 

averaged experimental traces recorded intra and extra scratch are reported, 

respectively, in the right of panel A and B. C) Liner relationship between inward 

(y axis) and outward (x axis) rectifier currents intra (orange) and extra (blue) 

scratch is showed in panel C. From Ratto et al., 2019.  
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iii.Biophysical and pharmacological characterization of 
inward and outward rectifier currents.  

We first used a pharmacological approach to characterize the recorded 

currents, applying selective blockers by local bath perfusion. 

Inward rectifier current was entirely blocked by the perfusion of Barium 

(Ba+) 1 mM (Fig. 4 A), as demonstrated by eliciting hyperpolarized pulses 

(in steps of 10 mV) from a holding potential of -40 mV to -120 mV 

(n=17). Figure 4 panel B shows an example of experimental trace (empty 

dots) obtained by using digital subtraction (control – barium) of 

depolarizing ramp protocols (from -120 t0 -60 mV with a rate 

corresponding to 0.077 mV/ms) and fitted by the following equation (black 

line): 

Equation 1 

where: 

Table 1: parameters that define the modified Boltzmann equation. 

 
Thanks to this procedure, we found the values of Gmax, Vrev, V1/2, and k for 
the barium-sensitive currents of 17 polarized cells and we reconstructed 
the mean I-V plots (Fig. 4 C) by using the mean values reported in table 
2.  
 

Table 2: Biophysical features of inward rectifier currents recorded n polarized 
cells intra scratch.

 
 

Known that G(V)=I(V)/(V-Vrev), we also obtained the normalized 

conductance (Fig. 4 D) by using the following formula: 

Equation 2 

 

Gmax The maximum conductance (nS) 

Vrev The reversal potential (mV) 

V1/2 The potential at which the current is half-activated (mV) 

k The voltage dependence of activation (1/mV) 
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Figure 4: Biophysical and pharmacological properties of constitutively inward 

rectifier current recorded in polarized cells intra scratch. A) Inward currents were 
blocked by Ba+ 1 mM perfusion (n=17). The barium-sensitive currents have 

been obtained by digital subtraction: control- barium. B) An experimental trace 
(empty dots) obtained by using a voltage-ramp protocol. The experimental 
points have been fitted with Equation 1 (black line). For panel A and B the 

voltage-clamp protocol is shown in the bottom of the panel.  C) Averaged I-V 
plot were obtained by using the averaged values reported in table 2. D) 

Normalized conductance of inward rectifier current has been reconstructed 
using Equation 2. From Ratto et al., 2019. 

All these results (the block by Barium and the biophysical properties, such 

as the weak voltage-dependent rectification) allowed us to characterize 

inward rectifier current as mediated by Kir 4.1 channels (Ruppersberg, 

2000).  

We used a similar approach to investigate the outward rectifier current. 

Outward rectifier current was completely blocked by the perfusion of 

Tetraethylammonium (TEA) 3 mM (n=28) or Iberiotoxin (Ibtx) 100 nM 

(n=3), specific blocker for BK channels. On the contrary, the current was 

insensitive to clotrimazole 10 µM, a specific blocker for IK channels 

(n=28) (Fig. 5 A). 
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Analogous to inward rectifier current, we performed a similar biophysical 

analysis by using the following equations: 

Equation 3 Equation 4 

In particular, experimental I-V traces (empty points), elicited by using a 

depolarizing voltage-clamp ramp protocol from + 50 to +140 mV, were 

fitted by using the equation 3 (Fig. 5 B). Thanks to the fitting, we 

obtained the values of Gmax, Vrev, V1/2, and k for the TEA-sensitive 

currents of 28 polarized cells perfused by TEA intra scratch and we 

reconstructed the mean I-V plots (Fig. 5 C) by using the mean values 

reported in table 3.  

Table 3: Biophysical features of outward rectifier currents recorded in polarized 

cells intra scratch. 

 

The mean normalized conductance (Fig 5 D) of the TEA-sensitive BK 

current was reconstructed by using equation 4.  

Figure 5 F, finally, shows the activation time constant of BK current at 

different membrane potentials, that, notably, it was faster at + 140 mV 

compared to other lower potentials (p < 0.05, Fig. 5 F). 

All these results indicated that the outward rectifier current was mediated 

by BK channels, whereas intermediate potassium currents were not 

detectable. 
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Figure 5: Biophysical and pharmacological properties of constitutively outward 
rectifier current recorded in polarized cells inside the scratch. A and B) Outward 

rectifier currents were blocked by TEA 3 mM (n=28) or Ibtx 100 nM (n=3) 
perfusion, but not by Clotrimazole 10 µM (n = 28). The blockers-sensitive 

currents have been obtained by digital subtraction: control - TEA or Ibtx. In the 
center left, it is reported the voltage-clamp protocol eliciting depolarized pulses 

(in steps of + 20 mV) from a holding potential of -60 mV to +140 mV. C) An 
example of experimental trace (empty plot) obtained using a voltage-ramp 

protocol (from +50 to +140 mV). The experimental points have been fitted with 
Equation 3 (black line). D) Averaged I-V plot was obtained by using the 

averaged values reported in table 3 inserted in the Equation 3. E) Normalized 
conductance of outward rectifier current has been reconstructed by using 
Equation 4. F) Activation time constant (ms) of outward rectifier current at 

different membrane potentials (mV). From Ratto et al., 2019. 
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iv.Menthol Modulation of Kir4.1 and BK currents 

We demonstrated that the wound healing induced migration that was 

matched with functional and related activation of Kir 4.1 and BK currents, 

therefore suggesting that a common mechanism triggered BK and Kir4.1 

increase. One possible mechanism could be the increase of intracellular 

Ca2+ concentration, which appears to be a conserved feature among 

migratory cells.  

So, for investigating this calcium involvement hypothesis, we studied the 

effect of menthol, a TRPM8 agonist, which increases [Ca2+]i (Wondergem 

and Bartley, 2009). The 100 µM menthol local perfusion increased both 

Kir 4.1 and BK currents in all polarized cells tested intra scratch, 

regardless of the presence (n=15) or not (n=5) of basal constitutive 

currents (Fig. 6 A and B, respectively). The currents amplitude reached 

the same value in cells with and without constitutive currents, indicating 

that TRPM8 activation and the consequent [Ca2+]i increase could reach a 

similar effect despite the difference in constitutive currents. In particular, 

in cells with constitutively currents, menthol perfusion increased Kir4.1 by 

about 66% (from - 76.45 ± 19.47 pA to -226.60 ± 16.78 pA) and BK current 

by about 67% (from 409.15 ± 119.17 to 1244.23 ± 112.67), whereas in 

cells without constitutively currents menthol perfusion elicited aKir4.1 

current of -203.16 ± 53.80 pA (mean amplitude at -120 mV) and an 

outward rectifier current of 1329.13 ± 266.76 pA (mean amplitude at +140 

mV, Fig. 6 B).  

After menthol bath perfusion, the liner relationship between inward and 

outward rectifier currents was maintained, indicating, again, a direct 

relationship between the Kir4.1 and BK currents amplitudes (R2 = 0.7365, 

Fig. 6 C) and suggesting that [Ca2+]i increase is a common cellular 

mechanism triggering Kir 4.1 and BK channels. 
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Figure 6. Menthol perfusion increased inward and outward rectifier currents in 
polarized cells intra scratch. A, B) Left traces: averaged experimental traces 

elicited before (constitutive condition, black), and after menthol (100 μM; red) in 
polarized cells with (panel A) and without (panel B) constitutively active 

currents. In the center: experimental menthol-sensitive traces (green) obtained 
after digital subtraction: menthol – constitutive condition. On the right: 

histograms summarizing the absolute values of inward (Kir 4.1) and outward 
(BK) rectifier currents elicited at -120 mV and + 140 mV, respectively, before 
(constitutive, black) and after (red) menthol perfusion. Statistical results were 

performed by analysis of variance (ANOVA) with Post hoc Bonferroni’s test. P-
values: * for p < 0.05; ** for p < 0.01. C) Liner relationship between inward (Kir 

4.1, y axis) and outward (BK, x axis) rectifier currents before (constitutive 
condition, grey) and after menthol perfusion (red) is showed in panel C.        

From Ratto et al., 2019. 

 

  



 Appendix 1 

225 
 

The menthol-evoked currents were blocked by the same blockers 

previously tested in constitutive conditions. Indeed, Kir 4.1 current was 

blocked by 81.5% using Ba+ 1 mM (Fig. 7 A) and BK current was blocked 

by 72% using TEA 3 mM (Fig. 7 B).  

Whereas the calcium dependence of BK channels is well established in 

the literature (Wondergem and Bartley, 2009), the calcium dependence of 

Kir 4.1 channel has not yet reported. 

So, to verify this result, we carried out experiments at different [Ca2+]out. 

Menthol 100 µM perfusion in the absence of [Ca2+]out did not have any 

effect on BK and Kir 4.1 currents, whereas the addition of [Ca2+]out 3 mM 

evoked both currents (Fig. 7 C). So, we speculated that a calcium-

dependent mechanism could cause the recruitment to the cell surface of 

Kir 4.1 channels (from the nucleus or other store cell compartments) or 

their activation through an intracellular modulation involving, for example, 

phosphatases or kinases.  
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Figure 7. Pharmacological properties of menthol induced inward and outward 
rectifier currents inside the scratch. The voltage-ramp protocol is shown at the 

bottom. A) On the left: averaged experimental traces elicited before 
(constitutive, black), after menthol (100 μM; red), and after barium (1mM; blue) 

perfusion. On the right: histogram summarizing the effect of menthol and barium 
perfusion at -120 mV on the absolute value of inward rectifier current. B) On the 

left: averaged experimental traces elicited before (constitutive, black), after 
menthol (100 μM; red), and TEA (3mM; violet) perfusion. On the right: histogram 

summarizing the effect of menthol and TEA perfusion at +140 mV on outward 
rectifier current.  Statistical results were performed by Student’s t-test. ρ values: 

* for p < 0.05; ** for p < 0.01. C) Averaged experimental traces showing 
constitutive currents obtained with [Ca2+]out 0 mM (dark blue), [Ca2+]out 0 mM 
plus 100 μM menthol (orange), and [Ca2+]out 3 mM plus menthol (dark red). 

From Ratto et al., 2019. 
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v.The effect of activation and inhibition of BK and Kir 4.1 
channels on migration rate 

To study how ionic K+ currents influence U251 cell migration, we tested 

whether the pharmacological inhibition of Kir 4.1 and BK channels, alone 

or alongside the activation of TRPM8 channels by menthol, changed the 

percentage of scratch closure 24 h after the wound healing assay. Ibtx 

100 nM treatment for 24 h inhibited the U251 cell migration alone or 

alongside the treatment with menthol 100 μM, and when Ibtx was 

combined with Ba+ 1 mM exposure, the migration was reduced even more. 

On the contrary, menthol 100 μM promoted migration, as demonstrated 

by the higher percentage of scratch wound closure (Fig. 8).  

Therefore, the pharmacological block of BK and Kir 4.1 channels, alone 

or alongside the activation of TRPM8 channels by menthol, inhibited the 

migration of U251 cells in a two-dimensional migration assay, 

demonstrating a direct role of these channels in the invasion process. In 

particular, the difference between the inhibition induced by Ibtx alone or 

combined with Ba+ revealed a direct role of both channels in U251 cell 

migration. So, the simultaneous block of Kir 4.1 along with the BK 

channels seems to be an effective strategy for blocking GBM cell 

invasiveness in the wound healing assays, with (menthol presence) or 

without external [Ca2+]i perturbation. This suggests that the two classes of 

potassium channels are mutually involved in the shrinkage of the cell via 

the regulation of K+ gradient. 
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Figure 8: Effect of the Kir4.1 and BK pharmacological inhibition on U251 cell 

migration 24 hr after the wound healing assay, alone or alongside the activation 
of TRPM8 by menthol. The different images display pictures at t0 or after 24 h 
of continuous exposure in the different experimental conditions indicated in the 

figure. The concentrations used were the same used in electrophysiological 
experiments: Ibtx 100 nM, barium 1 mM, and menthol 100 μM. The histogram 

shows the scratch wound closure (%) at t1 in different experimental conditions. * 
Statistical significance between control condition (CTR) and the other 

experimental conditions. # Statistical significance between menthol condition and 
the other pharmacological experimental conditions. Statistical results were 

performed by analysis of variance (ANOVA) with Post hoc Bonferroni’s test. P-
values: * for p < 0.05; **for p < 0.01; *** for p < 0.001. From Ratto et al., 2019. 
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vi.Kir 4.1 and BK channels function state at the RPM: a 
cooperative link for inducing migration? 

During the physiological process, Kir 4.1 channel plays a role in the 

homeostatic regulation of the RMP of the cell, essential for the glia 

maturation that settled the RMP at around -80 mV (Olsen and Sontheimer, 

2008). The Kir 4.1 peculiar current-voltage relation (Fig. 10 A) is due to 

weak voltage-dependence rectification at negative membrane potential 

and to the voltage-dependent pore block from the inner side of the 

channel, by magnesium and some other organic cations like polyamine at 

more positive membrane potential (Ruppersberg, 2000). At potentials 

more positive to the K+ equilibrium (about –80 mV), this block limits the 

amount of K+ that can go across the channel. In the GBM cells, it is 

demonstrated a downregulation or mislocation of Kir 4.1 channels (Olsen 

and Sontheimer, 2004) and it has been correlated to the dramatic shift in 

the RMP to more depolarized values, to about -40/-30 mV (see chapter ii: 

Electrophysiological Recordings intra and extra scratch in Results and 

Discussion session). 

Due to Kir 4.1 internalization in the cytosol during GBM progression, very 

little attention has been paid in literature to the residual activity of the Kir 

4.1 channels at the RMP. Nevertheless, our results suggest that despite 

the functional downregulation of the Kir 4.1 channels, there is still a 

significant fraction of this channel expressed in the membrane that, at the 

value of the RMP of the GBM cells, exerts a constitutive outward K+ 

current (Fig. 10 B) that might play a role in cell volume changes. 

The fact that the Kir 4.1 channel is internalized but not degraded (Olsen 

and Sontheimer, 2004) suggests that it can still perform a functional role 

as a readable pool that is potentially re-inserted into the membrane in a 

relatively short time, as suggested by a calcium-dependent upregulation 

of the functional Kir 4.1 current after menthol 100 µM local perfusion. 

Lastly, we tentatively proposed how Kir 4.1 and BK channels might work 

in concert during the GBM cell invasion: 

i) Glia cells in physiological condition (Fig. 10 A): glia cells expressed 

a high amount of Kir 4.1 channels that is involved in the ionic homeostasis 

by buffering the ambient K+ during high neuronal activity. Additionally, glial 

cells have strongly hyperpolarized RMP and the Kir 4.1 is involved in its 

maintenance (in fact, the reversing potential of Kir 4.1 in normal condition 

is around -75/-80 mV). BK channels, on the other hand, are also 

expressed but are in a closed state at this RMP and [Ca2+]i. Indeed, at 
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resting [Ca2+]i (about 10-100 nM), BK channels open only at membrane 

potentials higher than +10 mV (Lee and Cui, 2010).  

ii) GBM morphological change (Fig. 10 B): the alteration in the Cl- 

and K+ equilibrium in the cells prior migration leads to a more depolarized 

RMP (about -40/-30 mV). Consequently, the reversal potential of Kir 4.1 

is no longer aligned with the RMP, but instead, it sets the channel to a 

constitutively open state with a small but steady net outward flow of K+. It 

is notable that in basal condition GBM cells use the efflux of water to 

change their shape, but the total surface of the cell is actually not reduced, 

probably due to the formation of lamellipodia, as suggested by the cell 

capacitance increase after menthol perfusion (data not shown). Probably, 

in this phase, BK channels are overexpressed in their splicing isoform 

(known as gBK) which increases the sensitivity to the calcium 

concentration (Ransom and Liu, 2002). Therefore, despite the RMP is still 

below the BK activating curve, some calcium fluctuations could depolarize 

the cell and could shift the BK activation curve to a more hyperpolarized 

potential allowing a transient opening of BK channels (Catacuzzeno et al., 

2011; Fig 10 C). Under this conditions BK channels could contribute 

efficiently and cooperate with the Kir 4.1 channels in the total efflux of 

potassium and consequent shrinkage. It agrees with our result 

demonstrating that the block of Kir 4.1 and BK channels succeeds in 

reducing U251 cell migration.  

iii) GBM invasiveness in the healthy surrounding tissue: When a GBM 

cell invades the extracellular matrix in the brain, the process could require 

an additional reduction of the cytosolic volume. The increase in pressure 

that the extracellular matrix applies to the GBM cell induces a mechanic 

stress on the membrane, that could activate BK channels (Wawrzkiewicz-

Jałowiecka et al., 2018). Moreover, this mechanic constrain might lead to 

a possible biochemical cascade with a consequent increase of [Ca2+]i that, 

again, shifts the voltage activation curve of BK channel to a more 

hyperpolarized potential (Charles et al., 1999). Overall, an increased 

pressure on GBM cell membrane turns into a higher functional BK 

channels activation that significantly increases the outward flux of 

cytosolic water with consequent volume reduction and higher capability to 

migrate efficiently (Fig. 10 C). Once the cell has passed through the 

mechanic constrain, pressure release reduces the fraction of active BK 

channels and the activation balance between the two channels should 

come back to the situation described in point (ii) (Fig. 10 B). 
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Figure 10: A proposed action mechanism for BK and Kir 4.1 channels. A) In 
normal glial cells the RMP is set at hyperpolarized potentials (-70/-80 mV) so 

that Kir 4.1 channel exerts a homeostatic equilibrium of it and BK channels are 
in the close state. Top panel shows the kinetics of BK and Kir 4.1 channels in 
the range of the RMP (blu bar). Middle panel shows a representation of the 

expression and functional state of the two channels and the direction of the ionic 
potassium flow (K+). On the Bottom, there is the graphical representation of glial 
cells in relationship with their RMP. B) When glia turns into GBM cells the RMP 
shift to a more depolarized potential (top and bottom) due to a downregulation 

of Kir 4.1 channel while BK channel is overexpressed (middle). C) The 
increasing pressure on the GBM cells membrane during migration in the brain 

parenchyma exerts a double effect, activating BK channel and raising the 
[Ca2+]i, that results into the opening of the BK channels (top and middle) with a 

consequent cell shrinkage (bottom) allowing the migration of the GBM cells.  
From Brandalise et al., 2020. 
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Conclusion and future prospects 

The results obtained give new insights on the physiological role and 

modulation of BK and Kir 4.1 channels in U251 GBM cells. These novel 

findings can support in developing new therapeutic strategies targeting 

ion channels for reducing the invasion behavior of GBM cells in adjacent 

healthy tissues. 

Summarizing the main conclusions of this Ph.D. research activity are: 

i. Polarized cells were in migration, as opposed to flattened cells. 

ii. Migrated U251 polarized cells displayed functional outward rectifier 

current and a residual inward rectifier current.  

iii. Pharmacological inhibition and biophysical proprieties identified the 

inward rectifier current as mediated by Kir 4.1 channels and 

outward rectifier current by BK channels, whereas IK currents 

were negligible. 

iv. A K+ leakage was present at the RMP (-40/-30 mV) of the GBM cell, 

due to Kir 4.1 constant activation in this cancer model. K+ leakage 

was exacerbated after menthol perfusion, which elicited both BK 

and Kir 4.1 currents through a calcium-dependent mechanism. 

Indeed, after menthol perfusion, the shift on the left of the BK 

activation curve caused an increased leakage of potassium 

currents at the RMP. 

v. The expression of Kir 4.1 and BK channels was paired both during 

migration and after menthol modulation. Therefore, we 

hypothesize that both migration and menthol modulation would 

share an increase of [Ca2+]i modulating Kir 4.1 and BK channels. 

vi. We demonstrated the direct involvement of both BK and Kir 4.1 

channels in the migration process. 

vii. We developed a theory for explaining the functional involvement of 

Kir 4.1 and BK channels during GBM migration, referring on 

normal RPM and [Ca2+]i.  

viii. These novel findings can aid in designing new therapeutic strategies 

targeting ion channels (BK and Kir 4.1 channels) to stop the 

invasiveness of GBM cells in surrounding healthy tissues, and thus 

reducing the relapses number. 
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The following steps of this research will be focused on: 
i. The investigation of the link between menthol perfusion and Kir 4.1 

channels activation. 

ii. The use of current clamp protocols to record the shift in the resting 

membrane potential.  

iii. The study of the Kir 4.1 and BK channels co-expression with 

proteins involved in migration process.  

iv. For obtaining an exhaustive dissection of the GBM cell 

invasiveness, the study of the involvement of other channels, such 

as Cl- channels and leak channels. 

v. The use of time-lapse microscopy to observe how cells migrate, 

their morphology, and their direction of migration. 

vi. The study of intracellular calcium oscillation during the migration 

process, for example,  using calcium-imaging. 

vii. The study of the currents expressed by the cell on the side of the 

scratch.  
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