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Chapter 1: NEUROINFLAMMATION 
Neuroinflammation is a "cytokine-mediated" inflammatory process that can be caused by 

systemic tissue damage or, more often, associated with direct damage to the central nervous 

system (CNS), both of traumatic and/or neurodegenerative origin [1-3]. Neuroinflammation 

differs from inflammation by the low presence of lymphatic vessels inside the cerebral 

parenchyma, by the absence of endogenous cells capable of presenting the antigen and by the 

presence of the blood-brain barrier (BBB), which reduces the exchange of immune cells and 

mediators of inflammation with the bloodstream. The persistence in the CNS of inflammatory 

processes can cause serious damage to the neuronal complex up to compromising its functional 

integrity. 

 

 

Figure 1. Positive and negative aspects of neuroinflammation 
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1.1 Neuroinflammation cells 
1.1.1 Microglia 
Microglial cells represent 5-10% of the total brain cell population. It is a population of 

hematopoietic derivation: during embryogenesis, in fact, a subpopulation of monocytes 

migrates into the nervous system and differs into resident macrophages. Microglia cells have a 

small cell body and long tapered processes equipped with lamellipods that give it a branched 

morphology. They are spread homogeneously in the cerebral parenchyma and can be found 

attached to neurons, but also in correspondence with blood vessels and free in gray matter. 

These cells are internal to the BBB and are therefore ready to receive and respond to any 

damage to the barrier itself.  Microglia are normally inactive in the CNS, the cellular soma 

remains immobile while the ramifications move continuously to monitor the surrounding 

environment. The occurrence of changes in homeostasis in the environment, such as increase 

in serum proteins, toxicity from glutamate, increase in purines (ATP, ADP) or the presence of 

lipopolysaccharide (molecule present on the membrane of GRAM-negative bacteria) are all 

stimuli capable of stimulate the microglial, through different receptors and signal pathways.  

The microglial cells present in the perivascular areas also exercise the function of antigen-

presenting cells (APC) on myelin-specific T cells, which have infiltrated the CNS and can thus 

initiate inflammatory processes [4]. When the microglial is activated, it passes from a branched 

morphology to an amoeboid, the lamellipods retract and the cell assumes phagocytic capacity, 

aimed at eliminating any residual dead cells or engulfing bacteria and viruses. Activated 

microglia has the main role of promoting and supporting the inflammatory state through the 

production of cytokines, reactive oxygen intermediates, proteinases, complement factors and 

chemokines. These inflammatory mediators promote the infiltration of immune system cells 

from the bloodstream, the recall of other microglial cells from the surrounding areas and the 

activation of astrocytes. When the inflammatory stimulus that caused the activation is lacking, 
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the microglia participates in the processes of suppression of the inflammatory state with the 

production of immunomodulatory cytokines, such as Interleukin-15 (IL-15), and anti-

inflammatory cytokines, such as Interleukin-10 (IL-10); it then returns to an inactivated state, 

or undergoes apoptosis [5]. Microglia also have a trophic property, useful for protecting 

neuronal cells. This action is mediated by the production of growth factors such as glial cell-

derived neurotrophic factor (GDNF), brain derived neurotrophic factor (BDNF) and nerve 

growth factor (NGF). Microglial activation and the neuroinflammatory events that follow are 

aimed at neuroprotection and elimination of the cause of the lack of homeostasis. In reality, 

both in chronic neurodegenerative diseases and in traumatic events, an uncontrolled and 

persistent microglial activation can have neurotoxic effects and contribute to exacerbate 

neuronal damage. The balance between neuroprotective and neurotoxic action of microglia is 

determined by many factors, including the nature of the activating stimulus and the interactions 

that are established between microglia, the other cells of the immune system and the neuronal 

network, so it is too simplistic to classify the role of microglia in an absolute way and additional 

studies are absolutely needed to shed light on the mechanisms that regulate this dual role [6]. 

Numerous evidences show that modulation of microglial activation, and in general of the 

inflammatory state in the brain, are able to improve the symptomatology of many pathological 

conditions and to decrease the phenomenon of neurodegeneration [7]. Based on these 

observations, microglial activation represents a potential pharmacological target for the 

treatment of traumatic brain injury and neurodegenerative diseases.  

 

1.1.2 Astrocytes 
Astrocytes are cells characterized by elaborate radial symmetry ramifications that give them a 

starry form. They can be of three types: 

1. fibrous, mostly located in the white matter and characterized by long and thin 

processes; 



 7 

2. protoplasmic, mainly located in the gray matter and with short and branched processes; 

3. radial, arranged perpendicular to the axis of the ventricles.  

One of the main functions of astrocytes consists in the creation of the BBB by wrapping the 

cerebral capillaries with their processes. They contribute to the structural integrity of the barrier 

and participate in exchanges between the bloodstream and the cerebral parenchyma. Astrocytes 

are essential for interactions with adjacent neurons, in fact, they cover the synaptic terminations, 

safeguarding normal neuronal excitability thanks to the maintenance of extracellular ionic 

homeostasis [8]. Even astrocytes have the ability to respond to pathological conditions; in these 

conditions, in fact, they implement a series of functional and structural changes which are called 

astrogliosis. The astrocytes are activated by the cytokines produced by the microglia and are in 

turn capable of producing pro-inflammatory molecules. 

 

1.2 Molecules of Neuroinflammation  
1.2.1 Cytokines 
Cytokines are a class of very small molecules (8-80 kDa) that act in an integrated way in cell 

communication. In addition to the main role of stimulating the inflammatory phenomenon, they 

play a role in promoting cell growth, survival and differentiation. Thanks to their biological 

activities it is therefore possible to group cytokines into different classes: there are 18 cytokines 

called interleukins (IL), some of these promote inflammation and are called pro-inflammatory 

cytokines such as IL1β and IL1α, IL6, IL8 and TNFα; while other cytokines suppress the 

activity of pro-inflammatory cytokines and are called anti-inflammatory cytokines such as IL-

4, IL-10, TGFβ. Cytokines are secreted by a variety of immune cells such as T lymphocytes 

and macrophages, as well as by non-immune cells such as fibroblasts. They are synthesized 

from many cell types including monocytes, neutrophils, hepatocytes and tissue macrophages, 

and microglia. The main function of cytokines is to regulate the differentiation of T cells from 

undifferentiated T-helper 1 and 2 cells, regulatory T cells and T-helper 17 cells [9]. Many of 
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these cytokines have already been shown to be produced by neurons or glia in central nervous 

system disorders where they have increased significantly. In fact, it has been shown that after 

the ischemic insult, and the inflammatory state that follows, there is a significant increase in 

the concentration of pro and anti-inflammatory cytokines aimed at protecting neuronal 

networks from cell damage. However, their action is not always positive, and their role in this 

particular type of insult is still being studied [10]. Cytokines are among the main effector 

molecules of inflammation, in fact, they respond to various inflammatory stimuli and are also 

present in auto-inflammatory diseases. The Interleukin 1 family has 11 ligands active on 

different specific receptors. Among the different IL-1 there are some, such as IL-1beta, which 

act on trans membrane receptors and others, such as IL-33, which mediate nuclear responses 

by acting directly from transcription factors. The parent interleukins of this subfamily are IL1-

α and IL1-β.  

• IL1-α is synthesized in the cytoplasm starting from an active precursor, and once mature it 

remains mostly bound to the plasma membrane. A fraction is present at the nuclear level where 

it acts in an autocrine way. 

• IL1-β, the most studied of this family, differs from the α type because it is synthesized as an 

inactive pro-peptide and stored in vesicles. Inflammatory stimuli, such as lipopolysaccharide 

(LPS) and ATP, determine the maturation of the pro-peptide by the enzyme ICE (interleukin 

converting enzyme, also called Caspase-1) and the secretion of IL-1β therefore plays a crucial 

role in the response rapid. IL-1β also undergoes significant induction of gene expression. IL-

1β in the brain is involved in the induction mechanism of fever, together with IL-6, and in the 

activation of T cells, macrophages and astrocytes. In the CNS, IL-1β can mediate the neurotoxic 

effects due to the induction of i-NOS and therefore of NO and radical oxygen species. 

• IL-1Ra, it binds the receptors for IL-1β (IL-1R type I and II), but is unable to activate them, 

therefore it acts as a specific inhibitor. The overexpression of IL-1Ra induced in animal models 
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showed a reduction in the infarcted area in addition, mice with low production of this cytokine 

show a dramatic increase in ischemic damage [11, 12]. According to these data, the treatment 

with IL1-β induced a worsening of the damage. These observations clearly indicate that IL1-β 

has an important role in determining the severity of ischemic damage. These positive results 

allowed the start of clinical trials on the treatment with IL-1Ra of patients with cerebral 

ischemia [13]. 

• Tumor necrosis factor-α (TNF-α) is considered a fundamental cytokine in the inflammatory 

process; it is produced by monocytes-macrophages, dendritic cells and lymphocytes; in the 

brain it is produced by microglia and astrocytes and plays a fundamental role in directing the 

immune response. It exists both in transmembrane and soluble form, after cutting by the TACE 

enzyme (TNF-α converting enzyme). The balance between membrane and soluble forms 

depends on the activation state of the cell and is crucial for its activitỳ. Soluble TNF-α acts on 

transnmembrane receptors (TNFR1 and TNFR2) that activate different signal pathways, among 

which the main effector is the one that involves the transcription factor NF-kB, which positively 

regulates the transcription of numerous pro-inflammatory genes. In the TNF-α nervous system 

it mediates important functions including the activation of microglia and astrocytes, the 

regulation of the permeabilitỳ of the blood brain barrier, the induction of feverish state, 

glutamatergic transmission and synaptic plasticity [14]. TNF-α overexpression has neurotoxic 

effects: high levels of TNF-α have been measured in the serum of patients suffering from 

Alzheimer's Disease, Parkinson's disease and multiple sclerosis [15]. In cerebral ischemia TNF-

α undergoes an increase in expression, but its role in this insult is still a matter of debate: 

evidence obtained in animal models shows that treatment with TNFR1 receptor inhibitor drugs 

determines a reduction in ischemic damage, while other studies have shown that treatment with 

anti-TNF-α antibodies, which do not discriminate activity on different receptors, leads to 
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reduced hippocampal neurogenesis. These observations suggest a different role of TNF-α 

receptors [14]. 

• IL-6 is also a pro-inflammatory cytokine produced by macrophages, microglia, astrocytes, T 

lymphocytes, fibroblasts, endothelial cells and keratinocytes. Among its main functions are the 

induction of feverish state, the generation and coordination of the immune response. In addition, 

IL-6 is able to activate B lymphocytes and induce them to synthesize antibodies. Unlike IL-1, 

IL-6 also has anti-inflammatory functions, in particular it inhibits the synthesis of TNF-α and 

induces the synthesis of soluble receptors for IL-1 and TNF-α, which decrease the share of 

cytokines available. High serum IL-6 levels have been measured in patients with acute 

ischemia, and in animal models, IL-6 is induced following ischemic insult in the CNS, 

particularly in the peripheral region of the ischemic zone. It has a dual role: in fact, it contributes 

both to brain damage and to repair mechanisms that are carried out through the binding of IL-

6 with the gp130 receptor, common to other neurotrophic cytokines (LIF). Although a 

significant improvement in ischemic damage has not been observed in the animal KO for IL-6, 

other studies report that direct injection of IL-6 after induction of ischemia determines a 

reduction in damage. 

• IL-10 is a powerful anti-inflammatory cytokine, mainly produced by monocytes-

macrophages, microglia and, even if in smaller quantities, by lymphocytes. It is able to inhibit 

the expression of pro-inflammatory cytokines, such as TNF-α, INF-γ, IL-2 and IL-3. In the 

brain it plays an important role in controlling the neuroinflammatory state. It is up-regulated 

after ischemia, produced by the glia, and exerts a neuroprotective action. KO animals for IL-10 

subjected to focal ischemia show a larger infarcted area, and other studies report that the 

administration of IL-10 or its over expression causes a reduction in the volume of the heart 

attack and inflammation [16]. 
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Another important class of mediators of the inflammatory response is prostanoids 

(prostaglandins, prostacycline and thromboassane), molecules that derive from arachidonic 

acid. Their synthesis takes place by cyclooxygenase (COX) or PGH-synthase. There are two 

isoforms of this enzyme: COX-1 and COX-2; they mediate the same catalytic function, but 

have different physiological roles. In fact, the COX-1 enzyme is constitutively expressed in 

many cells of the body, including neurons, microglia and lymphocytes and performs functions 

of maintaining homeostasis. COX-2 is instead inducibly expressed following a pro-

inflammatory stimulus. These enzymes are the main target of nonsteroidal anti-inflammatory 

drugs (NSAIDs). COX-2 expression is induced in many neuroinflammatory diseases. Also 

following the ischemic event, an increase in COX-2 expression is observed both in the area 

affected by heart attack and in distal regions. The role of these enzymes is mainly protective, 

but in the long term, the excessive production of prostaglandins has deleterious effects on the 

central nervous system. Recent studies suggest that the prostaglandin EP1 receptor has a role 

in ischemia-induced neurotoxicity. Furthermore, numerous evidences have shown that the 

treatment with COX-2 inhibitors improves the symptomatology after ischemic insult. COX 

activity leads to the production of reactive oxygen species, also accused of worsening the 

damage, although recent evidence has shown that the negative role of COX is mainly 

attributable to prostaglandins [10]. 

 

1.2.2 Chemokines 
Chemokines (chemotactic cytokines) are cytokines with a predominantly chemotactic function; 

they are part of a superfamily of low MW proteins (6-14 kDa), active in the recall of various 

cell populations that participate in the immune response, such as neutrophil and eosinophil 

granulocytes, monocytes and lymphocytes, as well as in the cell migration processes that take 

place during embryogenesis. The chemokine family can be divided into three subfamilies 

characterized by 2-4 highly conserved cysteine residues in the sequence of the molecule. The 
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main families of chemokines are represented by: α-chemokines (or CXC not conserved (X); β-

chemokines (or CC chemokines), which have two juxtaposed cysteine residues; and δ-

chemokines (CX3C chemokines), which show the two cysteine residues separated by three 

amino acid residues. Chemokines are produced by a large variety of cell types, generally 

involved in phlogistic responses. They act on multiple cell types, carrying out numerous actions 

described in vitro such as chemotaxis, the release of enzymes on cell deposits, the formation of 

oxygen radicals, the formation of lipid mediators and the induction of adhesion to the 

endothelium or to the extracellular matrix [17]. In ischemic tissues, different signal pathways 

(such as that of reactive oxygen species, that of cytokines, the complement cascade and the NF-

kB system) can regulate the synthesis of chemokines, resulting in a rapid increase in their 

concentration, following white blood cell infiltration and immediate inflammatory response 

[18]. One of the most studied chemokines belongs to the family of CC chemokines and is the 

Monocyte Chemoattractant Protein-1 MCP-1 / CCL2. CCL2 has a fundamental role in the 

attraction of monocytes, T cells and NK cells; it is also implicated in diseases characterized by 

monocytic infiltration. 

MCP-1 also has important effects in the heart attack, on the activation and recruitment of 

macrophages, on the synthesis of cytokines and on the accumulation of myofibroblasts. This 

chemokine can therefore exert its effects in the first hours after the infarction through distinct 

mechanisms, such as the recruitment of monocytes in the ischemic myocardium and the 

modulation of macrophage differentiation, activation of phagocytes and expression of 

cytokines. 

The up-regulation of MCP-1 / CCL2 has been observed in association with neuroinflammatory 

responses in animal models of cerebral ischemia and in myocardial tissues [19]. MCP-1 is 

responsible for the migration of leukocytes into the CNS under various pathological conditions. 

The synthesis of MCP-1 by astrocytes and microglia in the CNS regulates the increase in the 
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influence of leukocytes, which occurs following axonal damage or in association with 

neuroinflammatory diseases, such as autoimmune encephalopathy, a model of sclerosis 

multiple induced in the rat [20]. 

The CXC chemokines family plays a fundamental role in the regulation of chemotaxis and in 

the activation of neutrophils in ischemic tissues; but they are still important in inflammation 

induced by Th1 cell infiltration. In addition, CXCs present angiostatic and inhibitory effects on 

fibroblast migration. 

RANTES (Regulated upon Activation, Normal T-cell Expressed, and Secreted or CCL-5) is 

part of the CC-chemokines family, it is produced by circulating CD8+ T lymphocytes, 

endothelial cells, fibroblasts, platelets and in the brain by microglia and astrocytes. Its main 

function is the recruitment of leukocytes to inflammatory sites; it also activates the release by 

eosinophils of eosinophilic cationic proteins. RANTES also increases the adherence of 

monocytes to endothelial cells and selectively supports the migration of monocytes and T 

lymphocytes that express CD4 markers on the surface. Finally activates the basophils and 

causes the release of histamine. 

Platelet Derived Growth Factor (PDGF) is a chemokine isolated from platelets and 

synthesized by megakaryocytes as a growth factor for connective tissue and glial cells; the 

biologically active protein is a dimer composed of two connected polypeptides called A and B. 

PDGF heterodimers are expressed by a variety of cell types, such as macrophages, endothelial 

cells, fibroblasts and smooth muscle cells. PDGF binds to plasma proteins and is involved in 

wound repair processes and angiogenesis. PDGF also stimulates the proliferation of astrocytes 

and inhibits the premature differentiation of progenitor cells; it is also involved in the 

development of the central nervous system as the PDGF-b isoform receptors are expressed in 

many areas of the brain. PDGF has a role in the activation of mesenchymal stem cells. PDGF-

B and its PDGFR-β receptor are also expressed at the neuronal level, and an increase in 
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expression of these proteins has been detected in post mortem brains of patients with ischemia. 

PDGF has a role in addressing and regulating the differentiation of different stem cells, 

including neuronal stem cells present in the subventricular and sub-granular area [21]. 

Interferon Inducible Protein (IP-10 or CXCL10) is a member of the CXC family of 

chemokines. IFN-γ induces the expression of IP-10 in different cell types, such as monocytes, 

endothelial cells, keratinocytes, fibroblasts and microglia. IP-10 has chemoattractant activity 

for monocytes and T cells in humans and promotes the adhesion of T cells to endothelial cells; 

also in vivo it is able to inhibit angiogenesis and demonstrates anti-tumor activity. In the brain 

it is mainly produced by microglia and contributes to exacerbate the inflammatory state and its 

neutralization or depletion turns out to be neuroprotective. 

Neural Regeneration Protein (NRP) is a chemokine expressed in stem cells and glial cells. It 

can induce migration and cell proliferation, promote neuronal survival and increase neurite 

development; it also induces the differentiation of neuronal stem cells into neurons. NRP exerts 

its effects on neuronal survival through the phosphorylation of ERK 1 and ERK 2, two cytosolic 

kinases [22]. 
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Chapter 2: OXIDATIVE STRESS 
The term oxidative stress represents the condition that is established when at the cellular level 

an imbalance is established between the production processes of reactive oxygen species (ROS) 

and those responsible for their removal [23]. The ROS production and removal processes are 

strictly regulated, so as to ensure that a reducing environment is preserved inside the cells. ROS 

represent a group of molecules characterized by a high tendency to react with substrates of 

various nature by oxidizing them. In physiological conditions, ROS are normally produced 

inside the cell. ROS have been shown to mediate numerous signaling pathways that take part 

in cell cycle control. Low or moderate intracellular levels of ROS are associated with the 

activation of signals involved in the processes of survival, growth, proliferation and cell 

migration. High quantities of ROS, on the other hand, can damage cellular structures and, 

consequently, activate cell death signaling pathways [24]. 

Proteins, nucleic acids and lipids represent the main targets of the oxidizing action of ROS. 

Proteins can undergo oxidation reactions especially at the level of the side chains of lysine, 

arginine, proline and threonine. Carbonylation is the consequence of protein oxidation and 

generally results in the loss of the functions of the protein itself. While moderately carbonylated 

proteins are directed to the proteasome and degraded, highly carbonylated proteins tend to form 

high molecular weight aggregates that accumulate inside the cell [25]. DNA is particularly 

vulnerable to oxidative damage which determines the modification of the bases, the oxidation 

of deoxyribose, the breakage of the filament, the formation of protein cross-links. The oxidation 

of the nitrogen bases can induce errors in the duplication process, which, if not corrected by the 

repair systems, can turn into a stable mutation [26, 27]. Lipids are much more reactive towards 

ROS than nucleic acids and proteins, because they have unsaturation sites in carbon-carbon 

double bonds. The hydroxyl radical (OH•) can react with the carbonaceous chain of the 

phospholipid by extracting a hydrogen atom and forming a carbon-centered radical in a reaction 

known as lipid peroxidation. Once irreversibly damaged, the lipid is enzymatically degraded 



 16 

and resynthesized to repair the membrane. The greater the extent of peroxidative damage, the 

less the cell's ability to promptly repair the membrane. 

The main source of intracellular ROS is the respiratory chain. It has been estimated that during 

breathing 1-2% of the oxygen is not completely converted to water, but only partially reduced 

producing the superoxide anion (O2• -), which can be converted into hydrogen peroxide (H2O2) 

and in hydroxyl radical (OH•). The main O2 production sites • - are located at the level of 

complexes I and III of the electron transport chain (ETC), from which electrons escape by 

directly reducing molecular oxygen. The ROS generated at the ETC level do not exert their 

toxic action only in the mitochondria, but also in the cytosolic compartment. In fact, hydrogen 

peroxide is a highly diffusible species and quickly leaves the matrix and also pours into the 

cytosol [27].  

 

 

Figure 2. Oxidative stress in the brain 
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2.1 Endogenous Antioxidant Systems 
Superoxide dismutase (SOD) (EC 1.15.1.1) is one of the most effective enzyme antioxidant 

systems; it catalyzes the conversion of the superoxide anion into molecular oxygen and 

hydrogen peroxide in the following dismutation reaction: 

O2 • - + O2 • - + 2H + → O2 + H2O2 

SOD is present in different isoforms, identifiable on the basis of the ions present in the active 

site, the amino acid composition and the distribution in the cellular compartments. Three 

isoforms have been identified in human cells: SOD1 (CuZn-SOD) represents the cytosolic 

isoform, SOD2 (Mn-SOD) is localized at the mitochondrial level, SOD3 (CuZn-SOD) is 

instead the extracellular isoform [28]. Hydrogen peroxide, deriving from the dismutation 

reaction, still represents a reactive species. The enzymes mainly responsible for its removal are 

catalase and glutathione peroxidase. 

Catalase (Cat) (EC 1.11.1.6) is an enzyme present in peroxisomes and catalyzes the conversion 

of hydrogen peroxide to water and molecular oxygen in the following reaction: 

H2O2 + H2O2 → 2H2O + O2 

Cat is one of the enzymes with the highest turnover numbers: a catalase molecule can convert 

about six million hydrogen peroxide molecules in a minute [29]. 

Glutathione peroxidase (GPx) (EC 1.11.1.9) competes with catalase for the removal of 

hydrogen peroxide and represents the main source of protection against low levels of oxidative 

stress [30]. GPx catalyzes the conversion of hydrogen peroxide or an organic peroxide (ROOH) 

to water or alcohol (R-OH) by using glutathione as a reducing agent. 

2GSH + H2O2 → GSSG + 2H2O 

2GSH + R-OOH → GSSG + R-OH + H2O 

Glutathione (GSH) is the most potent non-enzymatic endogenous antioxidant. It is a tripeptide 

(cysteine-glycine-glutamate) present in large quantities in the cytosol, in the nucleus and in the 

mitochondria. When glutathione is used during peroxide detoxification reactions, two 
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molecules of reduced GSH are oxidized to form a disulfide bridge (GS-SG) [31]. Under 

physiological conditions, oxidized glutathione makes up about 1% of total glutathione; 

variations in the GSH/GSSG ratio represent an index of the state of oxidative stress [32]. A 

recurrent theme is reactive redox signaling based on cysteine thiol. Under physiological 

conditions, reactive cysteine thiols exist as thiolate anions (S−) and are more reactive towards 

ROS than sulfhydryl groups (-SH). Reactive thiols interact with ROS to generate a range of 

cysteine oxidation products, including sulfuric, sulfinic and sulfonic acids; S-nitrosothiol and 

thionitrates; S-glutathiolation products; and inter and intraprotein disulfides [33]. The 

modification of the critical cysteine thiols of Keap1 and Nrf2 by oxidants and electrophiles is 

a main mechanism by which ARE inductors activate Nrf2 [34, 35]. 

Nrf2 directly influences ROS homeostasis by regulating antioxidant defense systems through 

different mechanisms. Among these we find: 

1. induction of superoxide and peroxide catabolism through SOD, Prx and GPx; 

2. regeneration of cofactors and oxidized proteins; 

3. synthesis of reducing factors, such as GSH from GCLC and GCLM, and NADPH from 

G6PDH and 6PGD; 

4. expression of the antioxidant protein Trx and inhibition of the expression of the Trx TXNIP 

inhibitor; 

5. increase in oxide-reduction transport; 

6. metal-chelation by MT1, MT2 and ferritin; 

7. induction of stress response proteins, such as HO-1. 

Most of the antioxidant enzymes/proteins regulated by Nrf2 are located in specific 

compartments within the cell where they have the function of regulating redox signaling. Nrf2 

also regulates the expression of different oxidant signaling proteins to affect a range of 

programmed cellular functions. Some regulators, such as p62 and DJ-1, activate Nrf2 and are 
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induced by oxidants through Nrf2, creating a positive feedback circuit with Nrf2. Among the 

proteins dependent on Nrf2 we have heme oxygenase 1 (HO-1), which in addition to removing 

excess toxic heme, produces iron, biliverdin and carbon monoxide ions. This protein, together 

with its products, have beneficial effects by protecting against oxidative lesions, regulating 

apoptosis, modulating inflammation and contributing to angiogenesis. Therefore, Nrf2 and HO-

1 represent factors of protection from stress and anti-aging. Furthermore, recent discoveries 

have revealed that Nrf2 plays a role in regulating various processes such as autophagy; 

reporting to inflammasome; endoplasmic reticulum stress and unexplained protein response; 

mitochondrial biogenesis; stem cell function [36, 37]. 
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Chapter 3: NEUROHORMESIS 
The term hormesis refers to a process that places itself at the center of the responses of cells 

and organisms to environmental factors and biological organization [38]. This process is 

nothing more than the expression of integrative adaptive responses characterized by biphasic 

dose responses with specific quantitative response characteristics (maximum amplitude and 

width of the adaptive response) and induced by a direct stimulatory response or the result of 

compensatory biological processes following of an interruption of homeostasis [39, 40]. More 

simply, the term hormesis refers to those drugs, toxins or natural substances which, if 

administered in low doses, can give a positive response on the cell or organism, while at higher 

concentrations they are harmful and toxic [38].  

At the cellular and molecular level, hormesis involves the activation of adaptive stress response 

pathways that involve, for example, a greater expression of heat shock proteins, antioxidant 

enzymes and anti-apoptotic proteins. All these phenomena act in most cases through hormonal 

mechanisms [41]. These hormone dose responses provide quantitative information on the limits 

of biological plasticity [42] and allow us to measure how much adaptive processes can be 

upregulated, which is particularly relevant for understanding the protective effects induced by 

plant and fungal species.  

The hormonal concept is extremely important as it provides reliable estimates of the upper limit 

for the induction of potential therapeutic responses and should play a key role in carrying out 

experimental and clinical studies.  

The hormesis has aroused particular interest in the toxicological community for the dose-

response model, especially in vulnerable biological systems, such as the brain. We therefore 

define neurohormesis as the adaptive process by which nervous systems and organisms respond 

to a moderate level of stress by improving their ability to resist more severe stress that could be 

lethal or cause dysfunction or disease.  
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Neurohormesis affects the memory, learning, performance and neurodegenerative responses 

mediated by oxidative stress in cellular models for various diseases such as neurodegenerative 

ones [38, 43].  

Common examples of neurohormesis are ischemic preconditioning [44] and adaptive responses 

of neurons to moderate intensity excitatory neurotransmission [45], exercise [46] and dietary 

restrictions [47]. Neurohormesis can also be induced by endogenous neurotoxic molecules such 

as nitric oxide [48], carbon monoxide [49], glutamate [50] and Ca2+ [51].  

Both in vitro and in vivo studies have shown that the responses of neurohormesis to stressors 

can be mediated by several factors [52-55]: 

- NF-kB; 

- cAMP-response-element binding protein (CREB); 

- factor related to nuclear factor E2 (Nrf2); 

- factor 1 inducible by hypoxia (HIF1). 

Other mechanisms could include modulating the expression of proteins involved in the 

regulation of oxidative stress and Ca2+ cellular homeostasis [56]. 
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Chapter 4: NUTRITIONAL SUPPLEMENTATION 
Epidemiological studies and experiments on animal models have revealed that the 

phytochemicals present in fruit and vegetables can protect the nervous system from disease [57, 

58]. In particular, it has been shown that the beneficial effects of phytochemicals on health are 

due to the antioxidant properties of many chemical products contained in them. For example, 

numerous studies have reported the neuroprotective effects of compounds found in natural 

products, including �-tocopherol, lycopene, resveratrol, ginkgo biloba and ginsenosides [59]. 

Markers of oxidative stress have also been identified in the brains of patients with 

neurodegenerative diseases that support intervention with neuroprotective nutritional 

substances based on the antioxidant action and anti-inflammatory agents, such as polyphenols 

or fungi [60]. In fact, it is known that polyphenols and fungi activate the pathway of heat shock 

proteins (Hsp), which plays a crucial role in the response to cellular stress. 

Therefore, the neuroprotective effects of these products are associated with their ability to 

reduce oxidative stress but, recently, other biological activities of phytochemicals are emerging 

that could be beneficial to human health [61]. 

 

4.1 Hericium erinaceus 
Medicinal mushrooms have become a focus for researchers because the bioactive compounds 

they contain have many therapeutic properties. Hericium erinaceus has been commonly 

prescribed in traditional Chinese medicine (TCM), because its fruiting body and mycelia 

contain a high amount of structurally different bioactive and potentially bioactive components 

whose consumption has proven to be beneficial for human health. This mushroom species is 

found throughout the northern hemisphere in Europe, Asia and North America.  
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Figure 3. Hericium erinaceus 

 

Fungus and fermented mycelia have been shown to produce numerous classes of bioactive 

molecules, including polysaccharides, proteins, lectins, phenols and terpenoids. The numerous 

bioactive compounds of Hericium erinaceus have been developed in food supplements and 

alternative medicines [62]. These compounds have been shown to have different properties 

such as antibiotic, antidiabetic, anti-hypertensive, cardioprotective, anticarcinogenic, anti-

hyperlipidemic, anti-aging, nefroprotective, hepatoprotective, neuroprotective, anti-depression 

and also improves anxiety and function cognitive [63]. The antioxidant property of Hericium 

erinaceus was shown in a diabetic rat model in which the intraperitoneal (ip) administration of 

an aqueous extract of Hericium erinaceus (100 and 200 mg/ kg) led to a significant reduction 

in serum glucose levels, increase in insulin level and attenuated serum lipid profiles compared 

to the control group. These results are associated with an increase in the activity of antioxidant 

enzymes such as catalase (CAT), superoxide dismutase (SOD) and glutathione peroxidase 

(GSH-Px), an increase in glutathione levels (GSH) and a reduction in malondialdehyde (MDA) 

in the liver. These data suggest that the health promoting mechanism appears to be the result of 

ROS inhibition [64]. Also interesting is the beneficial effect observed following the use of two 
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classes of terpenoid compounds, ericenones and erinacins, respectively isolated from fruiting 

bodies and mycelia. These compounds have been able to stimulate the synthesis of nerve growth 

factor (NGF) in cultured astrocytes [65]. The cholineacetyltransferase and acetyl cholinesterase 

enzymes are modulated by NGF which is therefore capable of influencing the cholinergic 

neurons of the basal midbrain. It is known that the first pathological events of Alzheimer's 

disease are precisely the loss and dysfunction of cholinergic neurons. Therefore, the 

administration of Hericium erinaceus improves cognitive dysfunction. Recent, both basic and 

clinical studies have shown that Alzheimer's disease is closely associated with beta amyloid-

induced neuroinflammation (Aβ). This protein is responsible for activating the astrocytes and 

microglia that promote neuronal damage through the release of proinflammatory and cytotoxic 

factors, aggravating the course of the disease [66]. A new neuroprotective strategy is 

represented by the oral administration of a Hericium biomass preparation given for 3 months 

[67]. This type of intervention can represent a therapeutic goal to minimize the harmful effects 

related to the oxidative load, such as that which occurs in the brain during aging or 

neurodegenerative disorders. Hericium erinaceus treatment resulted in a significant increase in 

LXA4 production in most brain regions such as cortex, hippocampus, substantia Nigra, striatum 

and cerebellum and a modulated expression of cytoprotective proteins, such as HO-1, Hsp70 

and Trx. These results are consistent with recent evidence from mice studies showing Hericium 

erinaceus neuroprotection on Aβ 25–35 peptide-induced cognitive dysfunction [68, 69]. 

 

4.2 Moringa oleifera 
Moringa oleifera is native to India and grows in the tropical and subtropical regions of the 

world. It is commonly known as a "natural gift" or "miracle tree" or "mother's best friend". 

Moringa is able to withstand extreme weather conditions, which is why it is grown all over the 

world.  
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Figure 4. Moringa oleifera 

 

Thanks to its high nutritional values, each part of the tree can be used for nutritional or 

commercial purposes. For example, the leaves are rich in minerals, vitamins and other essential 

compounds and for this reason their extracts are used for the treatment of malnutrition and to 

increase breast milk in breastfeeding mothers. As is known, most vegetables lose nutrients 

during cooking. However, it has been observed that Moringa leaves, fresh, cooked or stored as 

dried powder for months without refrigeration, have not lost their nutritional value [70]. Boiled 

leaves produced three times more bioavailable iron than raw leaves. These results were also 

observed in powdered Moringa leaves. In addition, Moringa was found to have a group of 

unique compounds containing sugar and rhamnose, which are unusual glucosinolates modified 

by sugar [71]. These compounds have been reported to exhibit some chemo preventive activity, 

inducing apoptosis [72]. 

Moringa oleifera has been used as a treatment in numerous diseases, such as obesity, diabetes, 

scurvy, hysteria and tumors [73, 74]. Moringa oleifera has anti-cancer [75], anti-inflammatory 

[76], anti-oxidant [77], hepatoprotective [78], anti-bacterial [79], cardioprotective [80], 

hypolipidemic [81], hypoglycemic [82] and antihypertensive [83] activity. 
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In a rat model of liver fibrosis, Moringa oleifera has been shown to reduce not only 

histopathological damage but also to modulate various biochemical markers such as aspartate 

aminotransferase (AST) and alanine aminotransferase (ALT), which are indicators of liver 

health conditions [84]. In another study, the protective ulcer property of 50% ethanolic leaf 

extract of Moringa oleifera was demonstrated in different induction models of gastric ulcers. 

The anti-inflammatory and anti-oxidant role of Moringa oleifera was initially observed in a 

model of diabetes induced by obesity. In this study, the ability of this natural compound to 

modulate cytokine levels such as tumor necrosis factor alpha (TNF-a), interleukin-1 beta (IL-

1b), but also the inducible nitric oxide synthase (iNOS) and the nitric oxide (NO) [85-87]. 

Polyphenols represent the main natural compounds capable of reducing oxidative damage in 

tissues. Moringa oleifera leaves have a high number of polyphenols and therefore have an 

important antioxidant power [88]. Both mature and tender leaves of this plant have been shown 

to exhibit antioxidant activity against free radicals, preventing oxidative damage to major 

biomolecules and tissues [89]. In addition, the 50% ethanolic leaf extract has been tested to 

study the activities of LPO, CAT and SOD. The antioxidant properties of Moringa extract have 

been found to modulate the levels of SOD, CAT and LPO in the gastric mucosa of the rat [70]. 

In a recent study, based on the role of oxidative stress in stroke pathophysiology, it was 

determined whether Moringa oleifera protected against brain damage and oxidative stress in 

the animal model of focal stroke. The results obtained from this study showed that all the used 

doses of extract reduced the volume of the heart attack both in the cortex and in the sub-cortex. 

The protective effect of medium and low doses of extract in all areas occurred mainly through 

the reduction of oxidative stress [90]. Oxidative stress plays a crucial role in age-related 

dementia. Having Moringa oleifera antioxidant and nootropic activity, the enhancement of 

spatial memory and neuroprotection of Moringa oleifera leaf extract in the age-related animal 

model of dementia was determined. The results obtained from this study showed that the extract 
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is capable of improving spatial memory and neurodegeneration in the areas CA1, CA2, CA3 

and in the dentate gyrus of the hippocampus. It also decreases MDA levels and AChE activity 

but increases that of SOD and CAT. Therefore, the extract of Moringa oleifera leaves represents 

a therapeutic potential against cognitive disorders. The possible mechanism is probably related 

to the ability to reduce oxidative stress and increase cholinergic function [91].  

 

4.3 Hydroxytyrosol 
In recent years, numerous studies support the beneficial effects of the Mediterranean diet (MD) 

in preventing neurodegeneration. MD predicts a high intake of cereals, vegetables, fruit, olive 

oil, legumes, low meat consumption, and a moderate amount of fish and seafood and alcohol. 

This translates into a reduction in the consumption of saturated fat and an increase in the intake 

of foods containing high concentrations of bioactive compounds such as polyphenols and 

flavonoids [92, 93]. In this regard, one of the main phytochemicals present in oil and table 

olives is Hydroxytyrosol (HT). 

 

 

Figure 5. Hydroxytyrosol  

 

Its importance is supported by numerous studies that highlight the high antioxidant power of 

HT and its ability to eliminate free radicals [92]. Therefore, interest in HT has increased in 
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recent years and this is also due to the possession of other biological activities including anti-

inflammatory, antimicrobial, anticarcinogenic and neuroprotective effects [92, 94-97]. All of 

these activities could give HT a central role in the prevention of neurodegenerative diseases. 

Although there are still few studies on the neuroprotective effects of HT in animal models, they 

provide important data that encourage the evaluation of this compound in the treatment of 

neurodegenerative disorders. In an animal model similar to Huntington's disease, the 

antioxidant effect of oral administration of extra virgin olive oil (EVOO) and HT has been 

shown in the brain. The results show a decrease in lipid peroxidation and an increase in cellular 

glutathione (GSH) levels. This displays that EVOO and HT act as brain antioxidants through a 

natural mechanism useful for protection from oxidative damage [98]. In another study, 

C57BL/6 mice were treated with oligomeric acid Aβ1–42 + ibotenic acid to induce neural 

behavioral dysfunction. After induction, a severe deficiency in the visuo-spatial and working 

memories took place. However, HT treatment appreciably ameliorated spatio-cognitive 

performances. Further research has shown that HT administration has been able to counteract 

dysregulation of signaling mechanisms in hippocampal neurons [99-101]. Recently, increasing 

evidence reports that HT and its derivates activate phase 2 response leading to the expression 

of nuclear factor erythroid 2-related factor (Nrf2) antioxidant pathway [102, 103]. Interestingly, 

Nrf2 represents a crucial mechanism of resistance to oxidative stress and inflammation in vitro 

and in vivo [104, 105]. In line with these observations, Nrf2 codifies the antioxidant pathway 

of vitagene that exists to counteract various forms of stress (eg oxidative, environmental and 

proteotoxic stress). The latter involves redox sensitive genes, such as γ-glutamyl cysteine 

synthetase (γ-GCS), HO-1, heat shock protein 70 (Hsp70), thioredoxin and sirtuin-1 (Sirt1), 

called vitagenes that help preserve the protein homeostasis and cellular redox balance in various 

pathological states [106, 107].  
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Chapter 5: TRAUMATIC BRAIN INJURY 
Traumatic brain injury (TBI) is a damage that does not occur due to a hereditary, congenital 

factor but can result from a wide variety of insults, such as external mechanical force. This can 

cause temporary or permanent impairment of both cognitive and physical functions [108]. 

Additionally, the TBI can lead to coma and even death. Cerebral lesions are divided into 2 

subcategories: primary lesions, which occur at the time of the trauma, and secondary lesions, 

which occur immediately after the trauma and whose effects can be prolonged over time. What 

happens in the brain following TBI are a series of cellular and molecular interactions, which 

cause excitotoxic effects related to oxidative stress, inflammation, ionic and metabolic 

imbalance. The combination of these pathways induces progressive neuronal loss through 

necrosis and apoptosis [109, 110]. Also, very important are the changes that occur within the 

cells that are determined by the increased flow of calcium, which affects mitochondrial 

integrity. Lactate accumulation is also cytotoxic for cells as, together with the increase in 

vascular permeability, cerebral edema occurs, increase in intracranial pressure and decrease in 

brain perfusion [109-111]. People who have undergone a TBI also experience a number of 

stereotyped symptoms such as confusion, dizziness and sometimes loss of consciousness. In 

addition, about 70-80% of people with TBI, even after the resolution of the initial lesion, 

develop a series of long-lasting symptoms such as anxiety and depression that affect the 

patient's personality [112-115]. In addition, TBI may increase the risk of developing 

neurodegenerative diseases. An example is the repeated concussive TBI that appears to appear 

to lead to the development of chronic traumatic encephalopathy (CTE) in athletes. Furthermore, 

repeated or single TBI appears to be strongly associated with the risk of developing Alzheimer's 

disease, Parkinson's disease and amyotrophic lateral sclerosis [116]. 

Considering the high number of cases of TBI and its association with severe neurological 

problems and risk of neurodegenerative diseases, there is a strong interest in developing new 
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therapies that not only promote cell survival immediately after injury, but also address the 

development of secondary pathology [117-119].  

 

Figure 6. Schematic representation of TBI 

 

5.1 Classification of TBI 
In the United States and many other countries, a score scale known as the Glasgow Coma Scale 

(GCS) is used to evaluate a patient's mental and neurological status following a brain injury 

[120]. The score is based on the sum of three components: eye opening response, verbal 

response and motor response (see the following table). 
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GCS can be further divided into minor injuries (13 to 15), moderate injuries (9 to 12) and serious 

injuries (3 to 8). The clinical features that allow us to define a mild injury are loss of 

consciousness for 20 minutes, absence of focal neurological changes, no intracranial injury and 

no intracranial surgery. The patient, on the other hand, falls into the moderate category when, 

regardless of mental state, he has a focal lesion of computed tomography (CT). Finally, the 

patient is defined as serious when, always regardless of mental state, he goes into a coma for at 

least 6 hours. The Glasgow scale is not the only one, however, the only scale used in terms of 

outcome. Another scale commonly used, especially by rehabilitation facilities, is the scale of 

cognitive functioning level of Rancho Los Amigos (see the following table) [120]. 

Table 1 – Glasgow Coma Scale. 
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5.2 Epidemiology, incidence and causes 
 Each year, approximately 30 million visits, hospitalizations and injury deaths occur in the 

United States alone. Among hospitalizations, approximately 16% include TBI as a primary or 

secondary diagnosis. About a third of deaths include the TBI as a cause of direct or underlying 

death. To make an estimate, of all the people who are hospitalized for accidents, about 87% are 

treated and subsequently released, 11% are hospitalized and discharged, and about 2% die. 

These data, however, are not real as they do not take into account those people who have not 

needed medical treatment, who have made outpatient visits, or who have received treatment at 

a federal facility [121].   

 

 

Figure 1. Estimates of the global incidence of TBI 

Table 2 - Rancho Los Amigos Level of Cognitive Functioning Scale. 
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In the United States, children (0-4 years), teenagers (15-19 years) and adults (> 75 years) are 

the groups most likely to undergo a visit or be hospitalized for TBI [121]. In particular, the rates 

of hospitalizations and deaths following TBI are very high among adults aged ≥75 years. 

Overall, males account for approximately 59% of all TBI-related medical visits to the United 

States [121]. As can be seen from Table 4, in the period 2002-2010, the main causes of TBI-

related visits were falls, road accidents and hits from or against an object. 

Instead, the main causes of TBI-related deaths are traffic accidents, accidental falls and suicides 

[122]. Other data that are not estimated are the percentages of TBI that occur during sports and 

recreational activities. However, according to the National Electronic Injury Surveillance 

System - All Injury Program, in the period 2001-2009 (CDC, 2011) the activities associated 

with the highest estimated number of TBI-related hospital visits were cycling, soccer, game and 

basketball activities among people under the age of 19. 

 

5.3 Therapeutic Strategies of TBI 
Neuroprotection, neurovascular regeneration, and neuro-restoration have been proposed to be 

therapeutic strategies for TBI. As we have seen before, the TBI leads to a cascade of events and 

a loss of neurons, which clinically manifests itself with different degrees of neurological deficit 

depending on the site and the severity of the loss of neurons. Numerous studies have been 

conducted to reduce or prevent TBI-induced neuronal loss. Generally in in vivo studies a 

treatment to have neuroprotective effects on TBI must be carried out within a few hours from 

the first impact [123-125]. However, many clinical trials using neuroprotective treatment have 

not shown promising results. Therefore, even today, the TBI remains an unmet medical need 

and an important source of disability and mortality in developed and developing societies. 

Below we describe the current therapeutic strategies in use.  

Acetylcholinesterase inhibitors: Central acetylcholinesterase (AChEI) inhibitors have the role 

of increasing synaptic acetylcholine and inhibiting its breakdown in the synaptic cleft. AChEIs 
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are normally used for the treatment of mild to moderate Alzheimer's disease but have also been 

used for other cognitive disorders, including TBI. The AChEIs most used in recent years in 

clinical trials for chronic TBI are donepezil [126-132] rivastigmine [131, 133-137] and 

galantamine. These studies have suggested that these compounds may have beneficial effects, 

especially in patients with moderate and severe chronic TBI who have persistent cognitive 

deficits, by increasing synaptic ACh levels.  The benefits of these compounds have also been 

reported in preclinical studies of TBI. In particular, it was observed that AChEI had positive 

effects on acute injury processes with consequent reduction of TBI-induced neuronal death, on 

the conservation of neurons in the hippocampus region CA1, on the reduction of the interruption 

of the blood-brain barrier (BBB) , on the reduction of cerebral edema and on the reduction of 

neurological and motor deficits [126, 138].  

Amantadine: Amantadine (1-adamantamine hydrochloride) is a tricyclic amine normally used 

for the treatment of influenza A, and in recent years it has shown modest efficacy also for the 

treatment of Parkinson's disease. Studies have shown that amantadine increases extracellular 

dopamine (DA) concentrations by blocking the recovery of DA or facilitating the synthesis of 

DA [139]. It can also have post-synaptic effects, acting on the circuits of the DA and increasing 

the DA density of the receptor [140]. Amantadine has been studied little in the preclinical 

models of experimental TBI. One study showed that amantadine treatment, starting 1 day after 

a closed controlled cortical impact model of TBI in rats and continuing for 18 days after injury, 

resulted in modest improvement in Morris water maze (MWM) latencies [141]. However 

further studies are needed. Clinically, amantadine has been shown to be effective during the 

post-acute period in the patient with TBI. In another study, amantadine was shown to result in 

a faster improvement in the disability rating scale (DRS) than placebo, although the rate of 

change in DRS flattened after 4 weeks of treatment [142]. 
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Cyclosporine A/FK 506: Cyclosporin A (CsA) is capable of maintaining the potential of the 

mitochondrial membrane by inhibiting the opening of the transition pore of the mitochondrial 

permeability after TBI. This action has been confirmed by in vivo studies that have shown that 

CsA is able to reduce reactive oxygen species thus preserving mitochondrial function [143, 

144]. In addition, these compounds inhibit the calcineurin phosphatase protein, also having 

positive effects on axonal lesions and on learning and memory [145-149]. Another 

characteristic of CsA is their immunosuppressive power [150]. Not all studies have produced 

positive results. Both preclinical and clinical studies suggest that the acute treatment of patients 

with severe TBI is the most suitable route for the clinical development of CsA or FK 506. 

Simvastatin/other statins: Statins, 3-hydroxy-3-methylglutaryl coenzyme A (HMGA) 

reductase inhibitors, reduce serum cholesterol but also have potent effects in the brain relevant 

to mechanisms of TBI injury and recovery. Such effects target mechanisms that influence both 

the acute and chronic phases of TBI [151, 152]. There is pre-clinical evidence of beneficial 

effects including those on acute injury processes such as brain edema, BBB integrity, cerebral 

blood flow, neuroinflammation, axonal injury, and cell death, in addition to effects on key 

facets of regeneration such as trophic factor production. A variety of molecular outcomes are 

influenced including TUNEL staining, CREB, Akt, eNOS, FOXO1, NF-κB, GSK3, cytokines, 

BrdU labeling, blood vessel formation, and vascular endothelial growth factor [153].  

N-acetylcysteine (NAC): NAC is FDA-approved as an antidote for acetaminophen overdose 

and as a mucolytic for cystic fibrosis and other bronchopulmonary diseases. In animal models 

of TBI, NAC has shown strong antioxidant activity by increasing glutathione levels and 

decreasing markers of oxidative damage [154]. NAC also showed anti-inflammatory activity 

by decreasing the activation of NF-κB, while lowering interleukin (IL)-1β, tumor necrosis 

factor (TNF)-α, and intercellular adhesion molecule (ICAM)-1 levels [155, 156]. It is unclear 

how the anti-inflammatory action of NAC is related to its antioxidant activity. NAC has been 
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shown to reduce lesion volume while simultaneously reducing levels of the putative 

neuroprotective enzyme heme oxidase [155, 156]. 

Growth hormone (GH): GH is a polypeptide that is synthesized, stored, and secreted by 

somatotrophic cells within the lateral wings of the anterior pituitary gland. GH 

deficiency/insufficiency (GHD/GHI) is the most common anterior pituitary abnormality after 

TBI. Manipulating the GH axis has been shown to improve motor function, enhance learning 

and memory retention after TBI in rats, and to improve spatial learning and memory in a mouse 

model of AD [157, 158]. 

Erythropoietin (EPO): EPO is a cytokine implicated in erythropoiesis and has a number of 

beneficial effects that may be important in the treatment of TBI such as attenuation of glutamate 

and nitric oxide toxicity, anti-apoptotic, anti-oxidant and anti-inflammatory effects , stimulation 

of neurogenesis and angiogenesis, and protection of mitochondria [159-161]. Numerous studies 

have demonstrated the efficacy of EPO in rodent models of TBI [151, 162-167]. The route of 

administration, dosage and therapeutic window appear to be favorable. Research indicates that 

any parenteral route of administration appears to be effective for the treatment of TBI. In 

addition, the therapeutic window can be prolonged, with some studies suggesting a benefit with 

a first dose for up to 24 hours after injury [159]. Similarly, the administration of EPO in humans 

has been shown to be effective in chronic conditions [168]. EPO has been beneficial and has 

reduced gray matter loss in chronic schizophrenia [169]. 
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Chapter 6: NEURODEGENERATIVE DISEASES 
Neurodegenerative diseases represent a heterogeneous set of distinct nosographic entities, 

united by some pathogenic and clinical characteristics. From the point of view of pathogenesis, 

they are characterized by a chronic and selective process of cell death affecting neurons. The 

exact etiology behind this pathogenetic process is not yet defined. Although in some sporadic 

cases some genetic mutations responsible for the development of disease have been identified 

in families affected by some degenerative pathologies, in the etiopathogenesis of most of them 

numerous risk factors, of both genetic and environmental origin, seem to play a fundamental 

role. 

The progressive degeneration, which precedes the appearance of symptoms for a few years, 

concerns, at least in the initial phase, a certain population of neurons. Subsequently, during the 

course of the disease, other neuronal systems may be damaged. From a clinical point of view, 

therefore, neurodegenerative diseases begin insidiously, generally in adulthood, and have a 

progressive and inexorable course that culminates in a serious disability, which often follows 

the patient's death  [170]. 

Although in the early stages they can take on a focal character, these pathologies generally 

affect a specific neuronal system bilaterally, giving rise to an extremely varied clinical 

symptomatology. In fact, neuronal deterioration is the cause of irreversible and inevitable 

damage to brain functions that occurs, depending on the type of disease, with cognitive deficits, 

dementia, motor alterations and behavioral and psychological disorders, more or less serious. 

The definition and classification of neurodegenerative diseases, due to the overlapping of the 

symptoms and sometimes also the sharing of some phases of the pathogenetic process, continue 

to be the subject of a heated medical-scientific debate. However, it can now be said that several 

well-defined clinical entities are grouped under this name, of which the best known are 

Alzheimer's disease and Parkinson's disease. The other main neurodegenerative diseases are 
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Huntington's disease, amyotrophic lateral sclerosis, progressive supranuclear palsy, 

frontotemporal dementia and Lewy body dementia. 

From a therapeutic point of view, although for some of these pathologies instruments are 

available which are able to delay or control, more or less effectively, the clinical symptoms, 

they still remain incurable diseases. Despite the significant progress made in recent years by 

biomedical research, in fact, there is still no therapeutic intervention that has proven capable of 

reversing or stopping the pathological process underlying these disorders. This situation largely 

depends on the fact that the cellular and molecular mechanisms underlying the neuronal damage 

observed in the various neurodegenerative diseases are still poorly understood  [170]. 

 

6.1 Parkinson's disease 
It is a chronic progressive disease, defined clinically by the association of tremor, rigidity, 

brady-akinesia and postural instability, and neuropathologically characterized by severe 

degenerative changes in the substantia nigra (SN) and in the pigmented nuclei of the brain stem, 

with the presence of specific cell inclusions (Lewy bodies) in residual neurons. Described 

initially as "agitating paralysis" by James Parkinson ("Essay on the Shaking Palsy", 1817) and 

later by Charcot (1872-1873) who specified its clinical characteristics, the disease found its first 

neuropathological identity with the studies by Tretiakoff (1919) who underlined the constancy 

of the alterations of the SN. Biochemical studies have made it possible to demonstrate the 

existence of a severe dopamine depletion of the striatum, as a consequence of the neuronal 

depletion of the SN, thus providing a pathophysiological interpretation of the disease [171]. 
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Figure 7. Main feature of Parkinson’s disease. 

 

6.1.1 Epidemiology and Etiology 
The disease begins insidiously in the second half of life (usually between 50-60 years); cases 

that begin before the age of 40 are relatively rare. The frequency is high: it is estimated that 

every year a new case appears for every 4000 inhabitants and, if referred to subjects over 50 

years of age, a new case for every 1000. In Italy the prevalence has been indicated between 95 

and 199 /100,000 in different epidemiological studies [172], with progressive growth over 50 

years. It can be assumed that there are currently around 100,000 Parkinsonians in Italy. The 

disease affects males and females (with a slight preponderance for the male sex) and is 

ubiquitously widespread, albeit less frequently in China and Africa than in western nations. 

The cause of the disease is unknown, although studies on its etiology have intensified especially 

after the discovery of a toxic substance (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine or 

MPTP; rotenone) capable of reproducing, in humans and in some animal species, a clinical and 

neuropathological picture similar to that of Parkinson's [173]. The toxicity of MPTP develops 

as a result of its metabolization by glial monoamine oxidase B (MAO B) with the formation of 

the MPP + compound which is transported within dopaminergic neurons, where it accumulates 

in the mitochondria by inhibiting complex I of the respiratory chain and causing ATP depletion 

and therefore the onset of cell death. 
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The discovery of parkinsonism from MPTP or rotenone has supported the hypothesis that 

Parkinson's idiopathic disease may depend on exposure to toxic substances of environmental 

origin with variable distribution (the risk of disease would be higher in a rural environment, in 

relation to the use of pesticides and herbicides). However, research in this direction has not 

been conclusive and the hypothesis has been put forward that the responsible toxic substances 

are more widely distributed, but that only some individuals are vulnerable to potential toxic 

damage in relation to a genetic predisposition. Alternatively, it has been suggested that the toxic 

action on the nigral cells may be of endogenous origin: in particular, some products of the 

normal dopamine catabolism (similarly to any environmental toxins) would be responsible for 

the formation of free radicals and would induce oxidative stress damage. Free radical theory 

has been the subject of heated controversy [174, 175], but there is no doubt that a specific 

deficiency of mitochondrial complex I and an increase in iron levels have been documented in 

the SN of parkinsonian subjects, not compensated by increases in ferritin [176]. In addition, it 

has recently been shown that the toxic mechanisms mentioned above are capable of inducing 

the phenomenon of apoptosis which could represent the main factor responsible for neuronal 

death. The possible role of heredity in Parkinson's disease has also been the subject of 

conflicting opinions: the finding of a positive family history only in 10-15% of cases has 

suggested the existence of an autosomal dominant predisposition with reduced penetrance , 

which is difficult to highlight due to the marked variability of the preclinical phase of the disease 

[177]. The recent study by Tanner et al. (1999) on the degree of concordance between 

monozygotic and dizygotic twins suggests that early-onset parkinsonisms would be 

characterized by a strong genetic component, while in parkinsonisms with onset over 50 years 

the latter would be considered irrelevant. 

 



 41 

 

Figure 8. Diagnosed prevalent cases of PD 

 

6.1.2 Pathogenesis 
The consequence of the loss of dopaminergic neurons of the SN is the reduction of dopamine 

at the striatal level, the main biochemical alteration of Parkinson's disease [171]. There is a 

close parallel between the extent of neuronal depletion, the degree of depletion of striatal 

dopamine and the severity of clinical symptoms: the preclinical phase of disease has a variable 

duration, probably less than 7 years according to recent PET data [178], during which the loss 

of dopaminergic neurons and the reduction of the striatal dopamine content are accompanied 

by a minor reduction of the homovanillic acid (and of the enzymes tyrosine hydroxylase and 

dopa-decarboxylase) in relation to an increased dopaminergic turnover and to the compensatory 

development of receptor hypersensitivity from denervation (i.e. an increase in the number of 

dopaminergic receptors). Parkinsonian symptomatology occurs when the number of dopamine 

neurons and the content of striatal dopamine have fallen below a critical level (70-80%) [179]. 

As the disease progresses, the reduction of dopaminergic neurons is associated with a 

progressive reduction in the number of postsynaptic receptors. However, the biochemical 

alterations that characterize Parkinson's disease are much more complex and widespread, 
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indicating a prevalent, but not exclusive, compromise of dopaminergic systems. Starting from 

the observation that the striatal neurons also receive a cholinergic innervation in addition to the 

dopaminergic innervation, the existence of an alteration of the normal neurotransmitter balance 

between dopamine and acetylcholine has been hypothesized, therefore a relative hyperfunction 

would be associated with the reduced activity of the dopaminergic neurons of cholinergic 

neurons. Although not without important practical findings, the theory of the altered 

"dopamine-acetylcholine balance", based on outdated anatomical data, is no longer considered 

valid. Other neurotransmitters (norepinephrine, serotonin) are reduced, albeit to a lesser degree. 

The concentration of the glutamic acid decarboxylase enzyme (GAD), responsible for the 

synthesis of GABA, is reduced in the black substance and in the cortex of parkinsonian subjects: 

this lays down for a functional impairment of the strio-nigric GABAergic projections involved 

in the inhibitory regulation of neurons dopaminergic. At present, therefore, Parkinson's disease 

cannot be related exclusively to a dopamine deficiency secondary to the degeneration of 

pigmented neurons of the SN and of the brain stem, but must rather be considered as a complex 

disease, characterized biochemically by an imbalance in the relationships between the various 

neurotransmitters. 

 

6.1.3 Neuropathology 
The main alterations concern the midbrain region. The most characteristic and constant 

histopathological changes are localized in the pars compacta of the black substance (ventro-

lateral region), where there is a serious neuronal rarefaction with almost complete 

disappearance of the pigmented neurons, followed by a mild or moderate glial reaction [180]. 

The melanin pigment is found free in the nervous parenchyma or engulfed by macrophages. In 

surviving neurons, hyaline cytoplasmic inclusions (rounded in shape with a clear peripheral 

halo and a strongly acidophilic central part) called "Lewy bodies" are observed in variable 

numbers, in the composition of which the presence of α-synuclein polymers stands out [181]. 
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Similar alterations are also observed in the pigmented formations of the brainstem, in particular 

in the locus coeruleus and in the dorsal motor nucleus of the vagus, as well as in the unnamed 

substance, in the basal nucleus of Meynert and in the cells of the intermediolateral column of 

the spinal cord. "Lewy bodies" do not constitute a pathognomonic finding of Parkinson's 

disease, being also present in other degenerative diseases and in about 5% of the brains of 

normal people over the age of 65, but in fact they represent such a characteristic 

neuropathological aspect (they are present in about 76% of the brains of Parkinsonian patients) 

to be considered indispensable for confirming the diagnosis of disease [182]. The "Lewy 

bodies" also characterize a rare morbid form, called "Lewy body disease", in which they are 

located in large numbers in the cerebral cortex and in the gray subcortical nuclei, giving this 

condition a nosographic identity on a neuropathological basis. More discrete alterations of 

uncertain significance (some of which may represent senile type changes) are found in the 

striatum and in the pale and may reflect a trans-synaptic degeneration linked to the serious and 

persistent compromise of the nigro-striated dopaminergic pathway. Neurons in neurofibrillary 

degeneration and senile plaques have been described in the frontal cortex and hippocampus of 

Parkinsonian patients to a greater extent than controls of the same age: it is not yet certain, 

however, whether these alterations represent the pathological substrate of mental deterioration 

which, after years of illness, can be found in a variable percentage of cases [180]. 

 

6.1.4 Symptomatology 
The disease occurs insidiously and in about 60% of cases the onset symptom is represented by 

tremor; other initial manifestations can be constituted by a motor hindrance or a feeling of 

stiffening of a limb, but also nonspecific disturbances (pains, fatigue, depression of mood, gait 

disturbances, changes in vocal timbre or writing) may be present for months before the disease 

fully develops. Onset symptoms tend to be one-sided (or asymmetric) and can remain so for 

many years (very rarely definitively), even if minimal contralateral objective signs can be 
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highlighted by neurological examination. The cardinal signs of the disease are represented by 

the triad: tremor, rigidity, akinesia, and later by alterations in posture and balance, variously 

combined in intensity and order of appearance.  

• Tremor - Parkinsonian tremor occurs at rest and is caused by the rhythmic contraction 

of an alternating type of antagonist muscles with a frequency of 4-6 shocks per second 

(Hz.). It disappears during the execution of voluntary movements, even if in the most 

serious and advanced forms, the voluntary movement attenuates, but may not 

completely suppress the tremor. External circumstances are able to influence and 

modify it: fatigue, emotions, mental calculation and all the situations in which the 

patient believes to be observed, determine an increase in the intensity of the tremor, 

which is instead attenuated in conditions of tranquility, to completely disappear during 

sleep. It is preferentially located, especially in the initial stages of the disease, in the 

limbs and in particular in the distal segments of the upper limb: the thumb has 

abduction-adduction movements and the other fingers of flexion-extension, creating a 

movement described as "counting coins" or "pack pills". The hand can also be the seat 

of flexion-extension and prono-supination movements; the lower limb is affected less 

frequently, rarely in the initial phase, with distal movements of flexion-extension of the 

foot. The head is rarely involved, although the tremor can spread to the jaw and lips. 

The pathophysiological mechanisms responsible for resting tremor are still 

controversial. It is hypothesized that segmental mechanisms (oscillation phenomena 

transmitted by hyperfunctioning long-loop reflex circuits) and supraspinal mechanisms 

(rhythmic activity of a central generator, identified in the nucleus ventralis intermedius 

of the thalamus) influenced by peripheral afferents contribute to the genesis of resting 

tremor. It should be remembered that postural tremors are commonly observed in 

parkinsonians (with various frequencies: 6-7 and 9.5-11 Hz.) During the maintenance 
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of specific attitudes of the upper limbs, often in the initial stages of disease and even in 

the absence of the typical tremor at rest, which can pose differential diagnostic problems 

with respect to the various forms of "essential tremor" - 

• Rigidity - Characteristic and constant symptom, rigidity can be the only clinical sign of 

the disease for a long period of time. It consists of an increase in muscle tone appreciated 

by the patient as muscle "stiffening" and by the examiner as a continuous resistance to 

passive movement, of similar intensity in antagonistic muscle groups, constant for the 

whole area of manipulation, defined as "plastic" (reminiscent of the flexibility of wax 

or a lead pipe). These semeiological characteristics contrast with the selective 

distribution and dependence on the stretching speed of "spasticity". The 

pathophysiological mechanisms responsible for rigidity are currently not fully known. 

The prevailing hypothesis is that rigidity derives from an altered cortical control of the 

spinal segmental circuits (where the interneurons Ib would be mainly involved), 

responsible for modifying the threshold, gain and duration of the EMG activity related 

to muscle stretching. The changes in the pale ouput directed to the pedicle-pontine 

nucleus would play an important role. Stiffness affects all muscle groups: initially 

localized to the axial, cervical and proximal limb muscles, it also tends to affect the 

distal extremities and to prevail in the flexor and adductor muscle groups, determining 

the particular postural attitude of the Parkinsonian, called "camptocormia" : the head 

and trunk in slight flexion, the shoulders forward, the arms adhering to the chest, the 

semi-flexed and rounded forearms, the thighs adduced and in modest flexion with 

respect to the trunk, the legs slightly flexed and the feet in the initial position varus. 

Superimposed on rigidity, during passive mobilization (especially on the wrist and 

elbow), small, regular and rhythmic sagging of muscle hypertonia described by Negro 

as a phenomenon of the "toothed wheel" or "trochlea", attributed to a reaction of 
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elongation, are appreciated shortening, although it has recently been suggested that this 

phenomenon may express the superimposition of activity discharges of a subclinical 

action tremor. Parkinsonian stiffness, such as tremor, can also be influenced by 

numerous factors: it is increased by emotions, cold, fatigue and exertion, while it 

subsides during sleep. 

• Akinesia - This term is referred to a global reduction of motility (voluntary, automatic, 

associated and reflex), while the term bradykinesia refers to the slowness and fatigue 

with which voluntary movements are performed. The associated and automatic 

movements, which are normally performed in a regular and harmonious way without 

the intervention of the will, are compromised and require attention and concentration. 

For example, the movements spontaneously performed during a conversation such as 

the use of the hands, cross the legs, change the position on the chair, are reduced or 

absent. The voluntary movement is quantitatively reduced and altered in all the phases 

of its realization: repetitive movements, of rapid alternating type, such as rhythmically 

beating the fingers of the hand or foot, opening and closing the fist, pronating and supine 

the forearm is performed slowly with a gradual reduction in breadth and completeness. 

The pathophysiological bases of bradykinesia have been identified in the thalamo-

cortical facilitation deficit of the supplementary motor area and in the inappropriate 

activation of the primary motor areas which would follow the hyperactivity of the 

"indirect route" from putamen to pale (external segment) and subthalamic nucleus. 

Walking occurs slowly and in small steps, the feet are crawled on the ground mainly 

with the toe, the pendulum movements of the upper limbs are significantly reduced or 

abolished. Starting to walk is particularly difficult: the patient feels his feet as glued to 

the floor and only after repeated attempts to start does he start walking. Similarly, in 

attempts to change direction (behind-front), when encountering an obstacle, when 
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passing through narrow spaces (for example, a doorway) the patient hesitates and 

freezes (paradoxical or "freezing" akinesia phenomenon) . In the more advanced stages 

of the disease, the spontaneous attitude in flexion of the trunk favors a constant tendency 

to anteropulsion, which can be evidenced with a progressive acceleration of the pace, 

"as if chasing its own center of gravity" (phenomenon of "festination"). The loss of 

normal facial expression (hypo-amimia) is often an early sign: the physiognomic 

features are fixed (having lost the expressive capacity of emotions and feelings) giving 

the subject an impassive and expressionless aspect, the eyelid rhyme is slightly wider 

than the Normally, blinking is rare. The language is monotonous, slow, without 

inflection; the speech loses its normal prosody, the articulation is irregular and 

intertwined, the voice is hypophonic. In some cases, after the difficult and slow start, 

the discussion shows a trend towards progressive acceleration, a phenomenon called 

"festination of language". More rarely, in advanced forms, palilalia appears, that is, 

iterative repetition of a word several times, or more often of a syllable or a syllabic 

fragment. As the disease progresses, dysarthria can make the word unintelligible. Even 

the alterations of the writing often represent one of the initial clinical signs: the graphic 

characters are irregular, uneven, disturbed by the tremor and they are getting smaller 

and smaller, creating the typical Parkinsonian micrograph. In the advanced stages, 

writing can become totally illegible. 

• Postural alterations - The prevalence of hypertonia in the flexor and adductor muscle 

groups involves the development of a specific postural attitude ("camptocormia") which 

can be associated, over time, with skeletal changes (kypho-scoliosis); sometimes the 

unilateral prevalence of the symptoms affects the development of postural alterations 

on the frontal plane (lateral inclination of the column). Postural deformations also occur 

in the hands (flexion of the metacarpophalangeal joints with hyperextension of the 
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interphalangeal joints) and in the feet (extension of the big toe with a "hammer" attitude 

of the other fingers, which constitutes the so-called "striatal foot", wrongly interpreted, 

sometimes, as an extensor plantar response). As the disease progresses, the 

deformations described above are associated with a progressive patient compromise 

tends to fall backwards on the chair. This postural instability (evidenced by the "thrust 

test") can become responsible for antero-retropulsion and falls to the ground, severely 

limiting autonomy. 

• Other signs or symptoms - While objective sensitivities are not compromised, patients 

often complain of subjective sensory disturbances, such as: paraesthesia or dysesthesia 

of various types, muscle pain and cramps (very annoying, but often indefinite and poorly 

localized). The eye movements are normal, except for a deficit of convergence, a 

limitation of the conjugate gaze of verticality upwards and a reduced speed of the 

saccadic movements. Blepharospasm is possible. Sialorrhea is a frequent symptom in 

the advanced stages of the disease and is the expression of inadequate spontaneous 

swallowing. Sometimes mild dysphagia may be present. An important vegetative 

dysfunction is always present: increased sweating (hyperhidrosis), with sebaceous 

secretion of the skin (especially the face), constipation; urination disorders (pollakiuria, 

nocturia, incontinence) are rarer and alterations of thermoregulation are possible. 

Orthostatic hypotension occurs clinically in about 10% of cases with dizziness and 

presynopal phenomena, without assuming the severity and earliness that distinguishes 

Shy-Drager syndrome. Sleep disturbances can be considered a frequent occurrence (60-

90% of parkinsonism cases) [183] and include, among other things, parasomnias (vivid 

dreams, nightmares, REM sleep behavioral disorders) and motor disorders (myoclonus 

, restless legs syndrome, periodic sleep movements). 
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• Cognitive alterations - The detection of disturbances of affect (dysphoric states, anxiety 

crisis, depressive states, asthenia, abulia, inertia) is a frequent and long-known 

observation. More complex, however, is the problem of impaired cognitive functions: 

the presence of cognitive deficits has been demonstrated by epidemiological and 

neuropsychological studies, but important controversies remain regarding the precise 

nature of neuropsychological alterations, their neuropathological and neurochemical 

substrate, the actual prevalence. Despite the large percentage differences reported in the 

literature, it can be assumed that about 20% of parkinsonian subjects also present a 

picture of dementia [184]. In view of the possible development of an impairment of 

cognitive functions, the use of anticholinergic drugs (especially in patients of older age) 

must always be considered with caution. The neuropsychological characteristics of 

parkinsonian intellectual deterioration have been analyzed not only with respect to 

normal control subjects, but above all with respect to dementia with Alzheimer's 

disease. Although there are some similarities, the type of neuropsychological 

impairment is very different in these two pathologies suggesting in Parkinson's disease 

a prevalent involvement of the functions related to the frontal lobes (visual-spatial 

impairment, impaired verbal fluency, attention deficit, reduced ability to late memory, 

perseveration, alterations of the sequential and temporal order) [184]. The 

neuropathological and neurochemical bases of intellectual deterioration are highly 

controversial. The hypothesis of a correlation between mental deterioration and 

neuropathological alterations typical of Alzheimer's disease (presence of neurons in 

neurofibrillary degeneration and senile plaques) is not currently receiving consensus, 

even if the possible concomitance between Alzheimer's disease and Parkinson's disease 

is accepted. Alternative hypotheses are constituted by the dopaminergic deafferentation 

of the frontal cortex and by the cortical deafferentation following the depletion of 
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cholinergic neurons in the basal nucleus of Meynert and noradrenergic in the locus 

coeruleus. It is possible that, more than a single form of dementia, Parkinsonians suffer 

from different intellectual impairments, linked to different lesion sites and specific 

neurotransmitter deficits. 

However, it should be remembered that a correct assessment of cognitive impairment in 

parkinsonians is made difficult by the existence of numerous factors of variability related to 

motor impairment, bradyphrenia, the effects of therapy, and socio-environmental isolation. 

 

6.1.5 Therapy 
Failure to identify the cause of the disease makes causal therapy impossible in the current state 

of knowledge. The treatment is therefore symptomatic, that is, aimed at compensating for the 

dopaminergic deficit underlying the main symptoms. Alongside it, neuroprotective therapies 

have recently been proposed, aimed at slowing the progression of the disease, and neurosurgical 

approaches. 

• Symptomatic treatment - Many drugs can have a positive effect on parkinsonian 

symptoms, among which levodopa remains the most reliable and effective drug. A 

heated controversy, however, arose (as a consequence of the possible development of 

the "prolonged treatment syndrome with levodopa") and the type of drugs and the time 

of use. In general, the therapeutic choices must be adapted to the individual in relation 

to his specific conditions and expectations. In the initial stages of the disease (when 

motor impairment is mild, such as not to interfere with daily activities), symptomatic 

treatment may be unnecessary, or drugs with potential neuroprotective (selegiline), 

anticholinergic and amantadine significance may be used. Anticholinergics 

(trihexyphenidyl, biperidene, orfenadrine, bornaprine) were the first drugs used in the 

treatment of the disease: blocking muscarinic receptors at the level of striatal 

interneurons are able to attenuate the relative cholinergic hyperfunction and induce a 
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clinical benefit (quantifiable, however, , to an extent not exceeding 20%), in particular, 

on rigidity, tremor, sialorrhea. The most frequent side effects of anticholinergic 

substances are xerostomia, nausea, dizzy sensations, accommodation disorders, 

sometimes urinary retention and confused-hallucinatory states; also hypersensitization 

is frequent. The use of anticholinergics, currently much less widespread, can interfere 

with the absorption of levodopa, is contraindicated in glaucoma and not recommended 

in subjects over 65-70 years of age due to the possibility of inducing memory, cognitive 

and psychic disorders. Amantadine has a modest anticholinergic action and also has a 

partial indirect dopamine agonist effect by promoting the release of dopamine from the 

accumulation sites. The therapeutic effect is early, affecting both akinesia and rigidity, 

but usually of limited size and duration. Side effects (edema, livedo reticularis) are 

infrequent. Its current use is linked to the demonstration of a distinct anti-dyskinetic 

effect. As the disease progresses, a more adequate symptomatic treatment becomes 

necessary, and the problem therefore arises of the choice between the use of levodopa 

and that of dopamine agonists (or their association). Levodopa which, as mentioned, 

constitutes the immediate natural precursor of dopamine in which it is converted by the 

aromatic decarboxylase enzyme, is currently administered in association with peripheral 

decarboxylase inhibitors (carbidopa or benserazide) which have allowed a significant 

reduction of gastro side effects enteric (nausea, vomiting) and cardiovascular 

(orthostatic hypotension, rhythm disturbances). Levodopa induces in the vast majority 

of patients a rapid and significant improvement (quantifiable in excess of 50%) of 

symptoms, in particular, of rigidity and akinesia, much less than tremor. The limit to the 

use of levodopa is constituted by the fact, already mentioned, that a large percentage of 

patients (with an incidence between 5-10% per year of treatment) undergo a "variable 

syndrome" after a variable number of years. protracted treatment with levodopa 
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"(inadequate and declining therapeutic response, clinical fluctuations, dyskinesias). In 

this regard, the introduction on the market of delayed decommissioning levodopa 

preparations may allow for a more physiological dopaminergic stimulation, but does 

not seem to be able to reduce the risk of developing clinical fluctuations. Dopaminergic 

agonists are able to directly stimulate postsynaptic receptors (with different specificity 

towards the five subtypes, D1-D5), do not induce the formation of free radicals, are 

characterized by a longer duration of action and some can be administered via 

parenterally. They are divided into ergotderivatives (bromocriptine, pergolide, lysuride, 

cabergoline) and non-ergolinics (apomorphine, piribedil, pramipexole, ropinirole). 

These drugs demonstrate a definitely lower efficacy than that of levodopa if used as 

monotherapy: only a minority of patients, around 25%, retains sufficient symptomatic 

benefit over time from their use. Direct dopaminergic agonists, however, are associated 

with a lower risk of clinical fluctuations or dyskinesias and indeed their early use can 

prevent or delay their appearance [185]. A therapeutic strategy based on the early 

association of levodopa and dopaminergic agonists is also possible. Among the main 

side effects of dopaminergic agonists, it is worth mentioning: nausea, orthostatic 

hypotension, mental disorders, edema of the lower limbs, erythromelalgia. The 

appearance of the clinical phenomena associated with the continued use of levodopa 

and the long duration of illness always represents a painful (and sometimes dramatic for 

the sick) event and a therapeutic problem that is very difficult to solve. The reduction 

of single doses of levodopa, increasing the number of administrations, despite the 

apparent initial benefit, accentuates the instability of the plasma levels of levodopa 

(favoring the formation of sub-therapeutic concentrations) and makes the patient more 

exposed to fluctuations related to peripheral pharmacokinetic factors (delayed gastric 

emptying, competition with food proteins). Partial results can be obtained with delayed 
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disposal levodopa preparations, the association with dopaminergic agonites, the 

infusion of lysuride and apomorphine or the association with catechol-methyl-

transferase (COMT) inhibitor drugs (tolcapone, entacapone) which result in an increase 

in the plasma half-life of levodopa. Despite these strategies, many patients evolve 

towards a full-blown picture of clinical fluctuations, which cannot be adequately 

managed on a pharmacological level. The problem of dyskinesias can be tackled by 

reducing the dose of levodopa, but often at the expense of an accentuation of akinesia, 

only partially compensated by the increase in the dose of dopaminergic agonists. The 

use of amantadine [186] has recently been proposed in order to reduce dyskinesias. 

Sialorrhea can be alleviated by the use of anticholinergics or by the use of infiltration 

of the salivary glands with botulinum toxin, orthostatic hypotension may require the use 

of fluorohydrocortisone (not commercially available in Italy), alterations in the 

sphincter lines involve measures specific. Other symptoms of the more advanced stages 

of the disease are insensitive to drug treatment, in particular: the accentuation of the 

"freezing" phenomena, the increasing postural impairment (with possible falls to the 

ground), the alterations of the word's articulation. Some neuropsychiatric pictures, 

which occur frequently, can be treated effectively. The depressive symptoms (not only 

reactive to one's condition of disability) are positively affected by the use of tricyclic 

and serotonergic drugs; anxious manifestations can be attenuated by diazepam or beta 

blockers. Hallucinatory phenomena can be controlled with atypical neuroleptics 

(clozapine, olanzapine, quetiapine) which act on D4 receptors and are characterized by 

a lower incidence of extrapyramidal side effects. The appearance of confusional states 

can be tentatively addressed with the suspension of anticholinergic preparations and, 

possibly, with short transitory suspensions of dopamine replacement therapy. At the 
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moment, however, there are no therapeutic aids to deal with the progressive appearance 

of cognitive disorders. 

• Neuroprotective treatment - Neuroprotection is a therapeutic intervention aimed at 

slowing down or blocking the progression of neuronal degeneration by acting on 

pathogenic mechanisms. Numerous drugs (antioxidants, anti-excitotoxic, anti-

apoptotic, neurotrophic) have been proposed or tested. In particular, it has been 

suggested that the use of selegiline (Deprenyl), an irreversible inhibitor of the 

monoamine oxidase type B enzyme, could modify the natural evolution of the disease, 

postponing the use of levodopa; it is likely, however, that the observed results are 

largely attributable to a delayed symptomatic effect. Other substances (e.g. NMDA 

antagonists, dopamine agonists) are currently under study. 

 

6.2 Alzheimer’s disease 
Alzheimer's disease is the most common cause of dementia in the elderly population of western 

countries, accounting for around 50-60% of cases of mental deterioration. The term Alzheimer 

identifies a primary degenerative brain disease, due to the progressive and irreversible death of 

brain cells, which leads to the loss and ability to communicate with each other. In other words, 

it is the progressive loss of the associative capacity of the different areas of the cerebral cortex. 

Therefore, there is deterioration of cognitive abilities and the appearance of behavioral and 

affective disorders that inexorably lead the patient to a loss of functional autonomy and the 

inability to maintain relationships with the surrounding environment. 
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Figure 9. Schematic representation of the pathology of Alzheimer's disease 

 

6.2.1 Epidemiology 
AD is the most frequent cause of dementia over the age of 65 and is believed to represent around 

60% of all cases of dementia. 

The prevalence of dementia in industrialized countries is around 8% in the over-65s and rises 

to over 20% after the age of eighty. It is estimated that currently around 600 thousand people 

in Italy are affected by AD, equal to 4% of the over 65 population [187]. 

As a consequence of the aging of the world population, the prevalence of this disease is 

expected to increase by about four times in the coming decades. Recent estimates predict that 

more than 74 million individuals will suffer from this type of dementia by 2030 and 131 million 

by 2050 [187]. Therefore, the CEO is destined to become one of the most important social and 

health emergencies in the world, with a dramatic increase in the costs of dementia worldwide. 

Women have an almost double risk of developing AD compared to men and the prevalence of 

the disease is much higher, especially in the older age groups. Although higher male mortality 

may partially explain these differences, it is clear that other factors come into play [188]. In 

fact, females live significantly longer than males [189]. In women, however, the survival 
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advantage is associated with a worse quality of life in old age, characterized by an increase in 

disability and in the prevalence of degenerative diseases [190]. Therefore men and women 

undergo a qualitatively different aging process [191]. 

 

 

Figure 10. Global, regional, and national burden of Alzheimer's disease and other dementias 

 

6.2.2 Clinical features and pathological changes 
AD is a primitive, irreversible and progressive neurodegenerative disease, characterized by the 

loss of multiple cognitive functions of an amount that interferes with the patient's usual social 

activities. In addition to cognitive symptoms, alterations affecting the sphere of personality, 

affectivity, ideation, perception, vegetative functions and behavior are present, especially in the 

moderate-advanced stages of the disease. 

In AD, the first changes in the cerebral cortex are found mainly in the entorhinal region, located 

in the anterior portions of the hippocampal gyrus of the temporal lobe [192]; these 

modifications subsequently affect other areas of the cerebral cortex and specific groups of 

subcortical nuclei. On macroscopic examination, the brain of a patient with AD shows a 

variable degree of cortical atrophy, which can be found in the autopsy both with the decrease 

in the weight and volume of the organ, and with the thinning of the neocortical layers and 
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convolutions, which involves regions involved in memory and learning processes, such as the 

temporal, parietal, frontal cortex, the hippocampus and the amygdala. 

Atrophy is mainly due to neuronal degeneration; this is accompanied by a compensatory 

ventricular enlargement, secondary to the loss of parenchyma. In reality, all macroscopic 

changes found in AD patients are also found in healthy elderly subjects and are an expression 

of physiological brain aging. However, AD is characterized by their greater quantity and their 

peculiar distribution. 

At the histological level, there are the accumulation of two different proteins: the β-amyloid 

protein (Aβ), which is deposited at the extracellular level, and the phosphorylated Tau protein 

(pTau) which constitutes intracellular neurofibrillary clusters. Aβ is organized in different 

forms, the senile plaques, the diffuse plaques and the so-called amyloid angiopathy. 

Senile plaques are made up of a compact central part of insoluble fibrils of the Aβ protein, 

surrounded by a phlogistic agglomerate with degenerating neurites, reactive astrocytes and 

activated microglia, activated monocytes or macrophages derived from the reticuloendothelial 

system residing in the central nervous system (CNS); they are found above all at the 

hippocampus and limbic structures, the amygdala, the subiculum and the entorhinal cortex. The 

diffuse plaques are instead composed of poorly structured material and lack the neuritic 

component. Amyloid angiopathy is caused by the deposition of Aβ at the level of the walls of 

the cerebral and meningeal arteries. 

The neurofibrillary tangles are made up of compact bundles of anomalous filaments made up 

mainly of the Tau protein; they mainly affect the soma, but can also extend to the dendrites. 

The tangles are found mainly at the level of the medium-sized pyramidal neurons of the 

entorhinal cortex, the limbic cortex, the hippocampus, the amygdala, the neocortical layers of 

the frontal and temporal lobes and the cholinergic systems of the nuclei of the base. 
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6.2.3 Pathogenesis 
The etiopathogenesis of AD is still unknown, despite the efforts made by the scientific 

community in recent decades. The most accredited theory is the amyloid one, supported by the 

autoptic observation of plaques containing this molecule at the brain level of patients with AD. 

The cerebral senile plaques are made up of Aβ, which derives from APP by means of a 

proteolytic process [193]. It has functions of adhesion to the extracellular matrix, receptor and 

of modulation of gene expression. Furthermore, secreted APP molecules participate in the 

formation of synapses and probably play a role in the integrity of the mnemonic process. 

The fragments of Aβ40 and Aβ42 aggregate spontaneously to form a β-toxic structure for 

neurons and synapses, both in its early, monomeric, dimeric or oligomeric form, and as a 

deposit in aggregates, the senile plaques. The toxic effects of Aβ are believed to cause dementia 

development [194]. 

In the healthy subject the two pathways of APP processing are in balance with each other, while 

it is believed that in the individual with Alzheimer's disease an unbalance condition is created, 

with the prevalence of the amyloidogenic pathway over the non-amyloidogenic pathway. This 

determines a greater production of Aβ40 and Aβ42 and a consequent oversaturation of the 

structures responsible for its disposal, which are already compromised due to aging. 

Three observations would not support the amyloid hypothesis. The first is functional: Aβ is 

normally present in the brain and the concentration of soluble Aβ is higher in the brain of young 

people than in non-demented elderly people [195] and a possible role of Aβ could be to 

modulate neuroplasticity [196, 197]. The second observation regards the fact that 20-30% of 

the cognitively healthy subjects have a significant number of pre or post-mortem amyloid 

plaques [198, 199]. Therefore, their presence cannot alone justify the onset of AD, suggesting 

that the deposition of plaques is actually a paraphysiological phenomenon and that 

discriminating for the onset of AD may be the site where they are deposited, as well as 

interaction with other cofactors, equally important for the development of the disease. In 
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addition, it should be noted that immunotherapy can remove Aβ plaques, but does not affect 

the progression of dementia [200, 201]. The third observation highlights that individuals with 

fully penetrating mutations of both APP and γ-secretase do not develop dementia until 30-40 

years of age, thus suggesting that the toxic effect is due to the accumulation and deposition of 

amyloid at the brain level, accompanied by other factors [202]. Therefore, in recent years more 

and more evidence indicates that Aβ acts as a trigger in the early disease process and appears 

to be necessary but not sufficient in the late AD phase [203]. 

The neurofibrillary tangles, containing pTau protein, together with the senile plaques, constitute 

a typical anatomic-pathological finding in AD patients and therefore make the involvement of 

this protein in the etiopathogenesis of the disease highly probable. The Tau protein is the main 

neuronal protein associated with microtubules, whose function is to assemble tubulin into 

microtubules in the cytoskeleton supporting structure. The dysfunction of the Tau protein in 

AD is due to its hyperphosphorylation, mediated by the activation of a series of protein kinases. 

This anomaly has two important repercussions: on the one hand, the pTau sequesters the normal 

one and the other proteins associated with the microtubules, causing disassembly of the 

microtubules and alterations in axonal transport and neuronal plasticity, on the other it is prone 

to aggregation with the formation neurofibrillary tangles, which compromise the neuron and 

synaptic function. 

The neurofibrillary tangles are not, however, specific for AD, having been observed in many 

other neurodegenerative diseases, to the point that the generic term "Taupatie" has been coined. 

The inflammatory reaction that characterizes most neurodegenerative disorders is called 

"neuroinflammation" and mainly involves components of innate immunity. Activated microglia 

and astrocytes are the main cells that take part in this response in AD. Chronic activation of the 

immune response is observed in AD, which probably plays a harmful role and contributes to 

the progression of the disease. On the other hand, the involvement of the immune system could 
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play a positive role in the acute, for example through processes of phagocytosis and production 

of trophic and repair factors, helping to limit the progression of the disease itself. 

The presence of Aβ plaques could keep microglia constantly activated, leading to a condition 

of chronic inflammation in the CNS; various studies on glial cell cultures and macrophages 

have shown that Aβ stimulates the synthesis and release of pro-inflammatory cytokines [204] 

and overexpression of the same cytokines has been observed in the brains of patients with AD 

[205]. Polymorphisms present in the genes of some cytokines (IL-1, IL-6, TNF-α) and acute 

phase proteins (α1-antichymotrypsin) have been shown to be associated with an increased risk 

of AD [206]. In addition, recent genetic and transcriptome studies have supported the 

hypothesis of the involvement of pathways from microglia in the pathogenesis of AD [207-

209] and numerous evidences have shown that microglia play a central role from the early 

stages of the pathology. Microglia, activated by the trigger receptor expressed on type II 

myeloid cells (TREM2) and by the complement system, is responsible for the synaptic 

alteration found in AD [210, 211]. Furthermore, an alteration, both centrally and peripherally, 

of the expression of TREM2 has been demonstrated in patients with AD and in the preclinical 

phases of the disease, which has a peculiar role in the activation of microglia [212]. The 

demonstration of an activation of inflammatory processes in the early stages of the disease 

would support the hypothesis of inflammation as "primum movens", although inflammation 

could play a key role in the etiopathogenesis of the disease even if it intervened later. 

Aβ plaques also induce the proliferation of astrocytes, glial cells, which would participate in 

the clearance and degradation of Aβ by forming a protective barrier between Aβ deposits and 

neurons. The neurons themselves, reacting to toxic stimuli, could say that they themselves are 

a source of complement factors, prostanoids and various cytokines. Many of these factors can 

promote neurodegenerative mechanisms, while others can counteract the spread of 

inflammation or have beneficial neurotropic effects. 
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"Neuroinflammation" could therefore be the primary cause of AD or be a consequence of it. 

Oxidative stress is the result of a dysregulation between the amount of free and non-free radicals 

produced. This can be attributed to the loss of homeostasis caused by the mitochondrial 

overproduction of oxidants compared to the production of antioxidants [213]. The brain uses 

more oxygen than other tissues, which increases the potential for ROS exposure. ROS, as well 

as RNS, are produced in physiological conditions by the mitochondria, act on the second 

messengers and can influence the signal pathways [214]. Similarly, mitochondria are able to 

produce antioxidants that neutralize the harmful effects of reactive oxygen species, to maintain 

the balance between ROS production and detoxification. 

The development of oxidative stress in AD has been linked to mitochondrial dysfunction, which 

leads to the overproduction of ROS and RNS and which leads to synaptic damage. Several 

authors have observed a decrease in mitochondrial activity in transgenic mice for AD and 

mitochondrial dysfunction that could induce an increase in the production of Aβ [215, 216]. 

The authors suggested that the progressive increase in oxidant production related to a decrease 

in antioxidant components could cause the loss of cerebral homeostasis observed in AD 

patients. Although the role of oxidative stress in neurodegenerative diseases is not fully 

understood, increased oxidation and nitration of proteins, glycosylation and lipid peroxidation 

have been observed and it has been seen that the accumulation of Aβ can induce oxidative stress 

[217, 218]. Furthermore, there is a modest level of oxidative damage to RNA in the neurons of 

patients in the early stage of cognitive decline [219] and studies have shown alterations in the 

oxidative markers in the hippocampus and in the lower parietal cortex, regions mainly 

compromised in AD [220]. 

Glucose hypometabolism is an early pathogenetic event observed in the prodromal phase of 

AD and associated with the cognitive and functional decline of patients affected by the disease 

[221, 222]. At the basis of AD there may be a decrease in the synaptic / metabolic brain activity. 
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Glucose is essential for the release and re-uptake of neurotransmitters, for post-synaptic 

terminal activity, for depolarization and repolarization of axons. Some data indicate that 

synaptic activity and brain metabolism seem to regulate the activity and expression of β-

secretases and APP-derived proteins, which increase in response to a decrease in metabolic 

activity. Decreased metabolic brain activity has been shown to be associated with AD [223]. 

This interpretation would allow to combine the different risk factors for dementia in a single 

hypothesis and would direct research on the identification of the factors that determine a 

decrease in brain metabolic activity, in order to maintain it adequate and prevent the onset of 

the disease [194]. 

AD is conventionally considered a CNS disorder. However, growing experimental, 

epidemiological and clinical evidence has suggested that the manifestations of AD may extend 

beyond the brain. In particular, research in recent years reveals that the intestinal microbiota 

has a profound impact on the formation of the blood-brain barrier, on myelination, on 

neurogenesis and on the maturation of microglia [224, 225]. In particular, tests on animals 

exposed to pathogenic microbial infections, antibiotics, probiotics or faecal microbiota 

transplantation have shown that the intestinal microbiota modulates many behavioral aspects 

of animals, suggesting its role in AD cognition and pathogenesis [226-228] . The mechanisms 

underlying the influence of the intestinal microbiota in the brain could involve the immune 

system, the endocrine system, the vagus nerve and the metabolites derived from bacteria. 

 

6.2.4 Therapy 
Currently, there is still no pharmacological treatment capable of curing Alzheimer's disease, 

that is, of restoring cognitive functions and memory to the patient. The most commonly used 

drugs are those that increase acetylcholine levels, since Alzheimer's leads to a decrease in this. 

They are called "acetylcholinesterase", have the function of blocking an enzyme that 

demolishes acetylcholine and would seem to be able to slow down the evolution of the disease, 
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the loss of autonomy and improve the control of some behavioral disorders such as apathy and 

psychotic symptoms. Memantine is used for patients with moderate and / or severe Alzheimer's 

disease: memantine works by blocking the harmful effect of glutamate, while the three 

cholinesterase inhibitors are donepezil, galantamine, rivastigmine and are used in the mild or 

moderate phase of the disease. Furthermore, antidepressant drugs can also be useful to the 

patient as frustration with the event and the continuous and incessant loss of memory pieces 

often leads to depression and closure in themselves. 

Both acetylcholinesterase inhibitors and memantine are distributed free of charge by the 

National Health Service, after an evaluation of the patient at the Alzheimer's Assessment Units. 

Unfortunately, not all patients respond positively to treatment, but an attempt must always be 

made with everyone unless there are important contraindications. Non-pharmacological 

therapies can also help the patient a lot, such as music therapy and / or dance therapy, where 

patients are made to listen to music, sometimes accompanied by the rhythmic clapping of the 

hands. Often with this method you get participation and attention from the participants that 

usually is not there. Pet therapy is also widely used, which is based on the presence of trained 

animals that keep the patient’s assistance, arousing interest and satisfaction. However, we must 

always remember that Alzheimer's dementia cannot be cured and that is why it is essential to 

guarantee assistance and personalization of care to all affected subjects, not only with drugs but 

also by learning to listen to them and offering them a safe place. 
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Chapter 7: EXPERIMENTAL MODEL OF TRAUMATIC BRAIN INJURY 
7.1 Materials and Methods 
7.1.1 Animals 
Male CD1 mice (25 to 30 g, Envigo, Italy) were used for this study. Mice were accommodated 

in cages (five in each) and kept under a light/dark cycle at controlled humidity. Standard diet 

and water were provided ad libitum. The Review Board for the care of animals of the University 

of Messina approved the study. We respected the legislation for the protection of laboratory 

animals (D.Lgs 2014/26 and EU Directive 2010/63). 

 

7.1.2 Controlled cortical impact (CCI) experimental TBI 
TBI was induced in mice by a controlled cortical impact (CCI) as previously described [229]. 

Briefly, a craniotomy was made encompassing bregma and lambda and between in the sagittal 

suture and the coronal ridge the right hemisphere, using a Micro motor hand piece and drill. 

The ensuing bone flap was removed and on the exposed cortex a cortical contusion was 

produced using the controlled impactor device Impact OneTM Stereotaxic impactor for CCI 

(Leica, Milan, Italy). The impact tip was lowered over the exposed cortex until it touched the 

dura mater. The rod was then retracted and the tip was advanced to induce a brain injury of 

moderate severity (tip diameter: 2mm; cortical contusion depth: 1mm; impact velocity: 3.6 m/s) 

[230]. Subsequently, the skin incision was sutured and 2% lidocaine jelly was applied to the 

lesion to minimize any possible discomfort. 

 

Experimental design 

Animals were randomized in the indicated groups (10 mice for each group):  

- Sham + vehicle group: the described surgical procedures were applied except that the 

impact was not applied and animals were administered o.s. with vehicle (saline);  
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- Sham + Hericium erinaceus the described surgical procedures were applied except that 

the impact was not applied and animals were administered o.s. with Hericium erinaceus 

300 mg/kg (data not shown); 

- Sham + Moringa oleifera: the described surgical procedures were applied except that 

the impact was not applied and animals were administered o.s. with Moringa oleifera 

150 mg/kg (data not shown); 

- Sham + Hericium erinaceus + Moringa oleifera: the described surgical procedures were 

applied except that the impact was not applied and animals were administered o.s. with 

Hericium erinaceus (300mg/kg) + Moringa oleifera (150mg/kg) (data not shown); 

- TBI + vehicle group: the described surgical procedures were applied and animals were 

administrered o.s. with vehicle;  

- TBI + Hericium erinaceus: the described surgical procedures were applied and animals 

were administrered o.s. with Hericium erinaceus (300 mg/kg) 1h after TBI and once a 

day for 10 days for the behavioral test;  

- TBI + Moringa oleifera: the described surgical procedures were applied and animals  

were administrered o.s. with Moringa oleifera (150 mg/kg) 1h after TBI and once a day 

for 10 days for the behavioral test; 

- TBI + Hericium erinaceus+Moringa oleifera: the described surgical procedures were 

applied and animals were administrered o.s. with Hericium erinaceus (300mg/kg) + 

Moringa oleifera (150mg/kg) 1h after TBI and once a day for 10 days for the behavioral 

test. 

The tested doses were chosen based on previous experiments executed in our laboratories. Mice 

were sacrificed 1 day after surgical procedures brain was collected for histological and 

biochemical investigation. For behavioral testing mice were sacrificed 10 days after traumatic 

brain injury.  
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7.1.3 Behavioral assessment  
Elevated pluz-maze Test: The Elevated pluz-maze Test (EPMT) test was performed as 

described previously [231]. The EPMT apparatus (Panlab, S.L.- Harvard Apparatus, Spain) was 

employed. The test was based on rodents' aversion of open spaces that leads to thigmotaxis. 

The percentage of time spent on the open arms and total numbers of arm entries and closed-

arm entries was recorded.  

 

Elevated Biased Swing Test: The Elevated Biased Swing Test (EBST) comprised of 20 trials 

with the number of swings contralateral and ipsilateral to the injured hemisphere recorded and 

expressed in percentage to evaluate the biased swing activity. This analysis was performed as 

previous described [232].  

 

Open Field Test: Anxiety-like behavior and locomotor activity were evaluated for 5 min using 

the Open Field Test (OFT). To perform the test a white Plexiglas box 50 × 50 cm with its floor 

divided into 16 squares was used. The animals' behavior was videotaped. The line crossings 

and the time spent in the center were counted and scored [233, 234]. 

 

7.1.4 Histology 
An experienced histopathology evaluated coronal sections of 5-µm thickness from the 

perilesional brain area of each animal. Histopathologic changes of the gray matter were 

evaluated on a six-point scale [235]: 0, no lesion observed; 1, gray matter contained one to five 

eosinophilic neurons; 2, gray matter contained five to 10 eosinophilic neurons; 3, gray matter 

contained more than 10 eosinophilic neurons; 4, small infarction (less than one third of the gray 

matter area); 5, moderate infarction (one third to one half of the gray matter area); 6, large 

infarction (more than half of the gray matter area). The scores from all the sections of each 
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brain were averaged to give a final score for individual mice. All the histological studies were 

performed in a blinded fashion [236]. 

 

7.1.5 Western Blot Analysis for IkB-α, NF-kB, Bax, Bcl-2, GFAP and Iba-1 
Western Blots was made as previously described [237]. Filters were blocked with 1× PBS, 5% 

(w/v) non-fat dried milk (PM) for 40 min at room temperature and then probed with one of the 

next primary antibodies: anti-IkB-α (1:500, Santa Cruz Biotechnology), or anti-NF-kB (1:500, 

Santa Cruz Biotechnology), or anti-Bax (1:500, Santa Cruz Biotechnology), or anti-Bcl-2 

(1:500, Santa Cruz Biotechnology), or anti-GFAP (1:500, Santa Cruz Biotechnology), or anti-

Iba-1 (1:500, Santa Cruz Biotechnology), in 1× PBS, 0.1% Tween-20, 5% w/v no fat dried milk 

(PMT) at 4°C, overnight. Membranes were incubated with peroxidase-conjugated bovine anti-

mouse IgG secondary antibody or peroxidase-conjugated goat anti-rabbit IgG (1:2000, Jackson 

ImmunoResearch, West Grove, PA) for 1 h at room temperature. Blots were also incubated 

with primary antibody against β-actin protein (1:10,000; Sigma-Aldrich Corp.) or laminin 

(1:10,000; Sigma-Aldrich Corp), used as internal standards. The relative expressions of the 

protein bands of IkB-α (37 kDa), NF-kB p65 (65 kDa), Bax (23 kDa), Bcl-2 (29 kDa), GFAP 

(50 kDa) and Iba-1 (17 kDa)  were detected and quantified by densitometry as previously 

explained by Cordaro et al [238]. In the experiments including western blot, a representative 

blot is displayed and densitometric analysis is related in each figure. 

 

7.1.6 Malondialdehyde Content, Superoxide Dismutase, and Glutathione Peroxidase Activity  
Levels of malondialdehyde (MDA) content (nmoL/mg), superoxide dismutase (SOD) and 

glutathione peroxidase (GPx) activity (U/mg protein) were measured using a spectrophotometer 

(Nanjing Jiancheng Biochemistry Co, China). 
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7.1.7 Cytokines measurement 
Tumor Necrosis Factor-(TNF-α) and interleukin 1b (IL-1b) levels were evaluated using a 

colorimetric commercial ELISA kit (Calbiochem-Novabiochem Corporation, Milan, Italy).  

 

7.1.8 Materials 
All composites were gotten from Sigma-Aldrich. All other substances were of the uppermost 

profitable grade available. All stock solutions were prepared in non-pyrogenic saline (0.9% 

NaCl; Baxter, Milan, Italy). 

 

7.1.9 Statistical evaluation 
All values in the images and text are expressed as mean ± standard error of the mean (SEM) of 

N observations. For in vivo studies, N represents the number of animals. In experiments 

involving histology the illustrations represent the outcomes of at least three independent 

experiments. A p-value of less than 0.05 was considered significant. The results were analyzed 

by one- or two-way ANOVA, followed by a Bonferroni post-hoc test for multiple comparisons. 

* p>0,05 vs Sham; *** p>0,001 vs Sham; # p<0,05 vs vehicle; ## p< 0,01 vs vehicle; ### p< 

0,001 vs vehicle. 

 

7.2 Results 
7.2.1 Effect of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa 
oleifera, treatment on behavioral alterations TBI-induced.  
Using EBST test we estimate motor function deficiency in mice 24 h after TBI. Sham group 

did not display any issue in swing behavior (Fig. 1A) whereas Moringa oleifera and the 

association between Hericium erinaceus and Moringa oleifera treatment appreciably 

ameliorated influence on the swing bias (Fig. 1A) compared to the vehicle group. Analysis of 

the OFT during the days showed a significantly rise in the total distance traveled in vehicle 

treated animals compared to sham group (Fig. 1B). On the other hands only Moringa oleifera 

treatment was able to ameliorated anxiety status. Additionally, to have further confirmation of 
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the anxious state, a decisive component of behavioral change after brain injury, CCI injured 

animals were subjected to the EPMT at 1, 2, 3, 6, and 10 days; also, mice were treated with 

Moringa oleifera, every day, observing an improved latency compared to vehicle group. No 

significantly amelioration were found in animals treated with Hericium erinaceus or Hericium 

erinaceus plus Moringa oleifera (Fig. 2).  

 

Figure 1: Effect of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa 
oleifera treatment on motor functions alterations TBI-induced. Elevated Biased Swing Test (A) and 
Open Field Test (B).  
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Figure 2: Effect of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa 
oleifera on anxious state alterations TBI-induced. Elevated Plus Maze Test at different time point: 
(A) 24h, (B) 48h, (C) 72h, (D) 6 days and (E) 10 days.  
 
7.2.2 Effect of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa 
oleifera, treatment on histological injury TBI-induced. 
Histological examination of the brain collected by TBI animals, at 24 h post-impact, showed 

significant tissue disorganization and white matter alteration (Fig. 3 B, see histological score 

3F) compared to sham mice (Fig. 3 A, see histological score 3F). We showed that the treatment 

with Moringa oleifera (150 mg/kg) or Hericium erinaceus plus Moringa oleifera (300 

mg/kg+150 mg/kg) notably reduced the degree of brain injury (Fig. 3D and 3F, see histological 

score 3F). No significant improvements were found after Hericium erinaceus treatments (Fig. 

3C see histological score 3F). 
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Figure 3: Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa oleifera 
treatment on histological injury TBI-induced. H/E of brain sections: (A) Sham; (B) TBI; (C); 
Hericium erinaceus; (D) Moringa oleifera; (E) Hericium erinaceus plus Moringa oleifera; (F) 
histological score. 
 

7.2.3 Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa oleifera, 
decreased TBI-induced IκB-α degradation, NF-κB p65 nuclear translocation and pro-
inflammatory cytokines expression. 
To enhanced our information on the molecular mechanism underlying the anti-inflammatory 

effects of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa oleifera 

actions IκB-α cytosolic expression and NF-κB p65 nuclear expression were evaluated by 

Western blot analysis. The expression of IκB-α significantly diminished in brain tissue from 

vehicle group, compared to sham group (Fig. 4A see densitometric analysis C); oral treatment 

with Moringa oleifera, or Hericium erinaceus plus Moringa oleifera significantly limited TBI-

induced IκB-α expression. Viceversa, nuclear translocation of the NF-κB subunit p65 increased 

in brain tissue from vehicle administered mice, when compared to sham (Fig. 4B see 

densitometric analysis D), while only orally treatment with Moringa oleifera significantly 

decreasing p65 nuclear expression.  Additionally, in this study, we evaluated whether pro-
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inflammatory cytokines are associated with TBI. High levels of TNF-α (Fig. 4E) and IL-1b 

(Fig. 4F) were found in vehicle-group compared to sham. Moringa oleifera or Hericium 

erinaceus plus Moringa oleifera orally administration substantially reduce these 

proinflammatory cytokines levels (Fig. 4E and 4F). 

 

 

Figure 4: Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa oleifera 
decreased TBI-induced IκB-α degradation, NF-κB p65 nuclear translocation and pro-
inflammatory cytokines expression. Representative Western blots of brain tissues showed the effects 
of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa oleifera treatment on: 
(A) IκB-α degradation, (B) NF-κB p65 translocation after TBI, densitometric analysis (C) and (D) 
respectively. Additionally, IL-1b (E) and TNF-α (F) levels were detected. 
 

7.2.4 Effect of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa 
oleifera treatment on oxidative stress.  
Oxidative stress was evaluated by malondialdehyde (MDA) (Fig. 5A), superoxide dismutase 

(SOD) (Figure 5B) and glutathione peroxidase (GPx) (Fig. 5C) levels. MDA levels were found 

increased in vehicle-treated group compared to the sham mice, while SOD and GPx were down-

regulated. Moringa oleifera or Hericium erinaceus plus Moringa oleifera administrations 
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reduced MDA levels and increased SOD and GPx. In addition, we wanted to evaluate the effect 

of these three natural compounds on Nrf2. We observed no significantly modifications in the 

brain of vehicle group compared to sham group (Fig. 5D see densitometric analysis E); while a 

considerable activation of Nrf-2 was found after Hericium erinaceus or Hericium erinaceus plus 

Moringa oleifera treatment and in particular after the administration of Moringa oleifera. 

 

  
Figure 5: Effect of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa 
oleifera treatment on oxidative stress. (A)MDA, malondialdehyde; (B) SOD, superoxide dismutase; 
(C) GPx, glutathione peroxidase; (D) Nrf-2 and densitometric analysis (D1). 
 
 

7.2.5 Effect of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa 
oleifera treatment on astrocytes and microglial activation. 
To analyze the activation of astrocytes and microglia TBI-induced, GFAP and Iba-1 were 

evaluated by Western blot analysis. Brain from vehicle-treated group showed a significantly 

increased astrogliosis (Fig. 6A see densitometric analysis 6B) as well as microgliosis (Fig. 6C 
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see densitometric analysis 6D). Orally treatment with Moringa was able to significantly 

decrease astrogliosis as well as microgliosis (Fig. 6A,C see densitometric analysis B,D).  

 

 

Figure 6: Effect of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa 
oleifera treatment on astrocytes and microglial activation. Representative Western blots of brain 
tissues showed the effects of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus 
Moringa oleifera, treatment on: (A) GFAP and (C) Iba-1 after TBI, densitometric analysis (B) and (D) 
respectively.  
 

7.2.7 Effect of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa 
oleifera treatment on apoptosis pathway. 
To evaluate the effects of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus 

Moringa oleifera actions on apoptosis pathway, Bax and Bcl-2 were evaluated by Western blot 

analysis. The expression of Bax significantly increase after TBI, compared to sham group (Fig. 

7A see densitometric analysis B); oral treatment with Moringa oleifera, or Hericium erinaceus 

plus Moringa oleifera significantly limited Bax expression TBI-induced. Viceversa, Bcl-2 

diminished in brain tissue from vehicle treated mice, when compared to sham (Fig. 7C see 
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densitometric analysis D), while only orally treatment with increasing Bcl-2 expression. No 

significant amelioration was found in the apoptosis pathway after Hericium erinaceus treatment 

alone. 

 

 
Figure 7: Effect of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa 
oleifera treatment on apoptosis pathway. Representative Western blots of brain tissues showed the 
effects of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa oleifera, 
treatment on: (A) Bax and (C) Bcl-2 after TBI, densitometric analysis (B) and (D) respectively.   
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Chapter 8: EXPERIMENTAL MODEL OF ALZHEIMER’S DISEASE 
8.1 Materials and Methods 
8.1.1 Animals 
Male Wistar rats (250 - 280 g) were sited in an ordered location (room 22 ± 1 °C 12-h dark/light 

cycles) with standard rodent chow and water. Body weight (BW) was recorded weekly during 

the experimental period. The animals were adapted to these conditions for one week. Messina 

University Review Board for the carefulness of animals permitted the research. All animal 

experiments agree with the new regulations in Italy (D.Lgs 2014/26), EU regulations (EU 

Directive 2010/63).  

 

Experimental design  

Respectively, rats were randomly assigned in different groups of 10 animals as described 

below: 

 

- Sham: rats were injected intraperitoneally with saline. 

- Vehicle: rats were administered orally with AlCl3 (100 mg/kg b.w.) and intra-

peritoneally with D- galactose (60 mg/kg b.w.) daily for 60 days; 

- Hericium erinaceus: rats received AlCl3 plus D-galactose as described above and were 

treated orally for 60 days with Hericium erinaceus (300 mg/kg b.w.) dissolved in water. 

- Moringa oleifera: rats received AlCl3 plus D-galactose as described above and were 

treated orally for 60 days with Moringa oleifera (150 mg/kg b.w.) dissolved in water. 

- Hericium erinaceus+Moringa oleifera: rats received AlCl3 plus D-galactose as 

described above and were treated orally for 60 days with an association of Hericium 

erinaceus and Moringa oleifera (300 mg/kg + 150 mg/kg b.w.) dissolved in water. 
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8.1.2 Behavioral assessment  
Morris Water Maze (MWM): MWM was selected as a method of evaluation of spatial learning 

and memory and was made as previously described by Mahmoodzadeh et al [239]. Briefly, a 

circular blank water tank (152 cm in diameter and 60 cm in height) was filled with water (23°C) 

to a depth of 30 cm. An escape platform (10 cm in diameter) was placed inside the tank, with 

the top sinking 2 cm below the water surface. The platform was in the middle of the target 

quadrant and its position remained fixed during the experiment. Above the tank, a white floor-

to-ceiling cloth curtain was drawn around the pool and four types of black cardboard (circular, 

triangular, rhombus, and square) were hung equidistantly on the interior of the curtain to serve 

as spatial cues. Each rat had daily sessions of four trials for four consecutive days. For each 

trial, a rat was placed into the water facing the wall at one of the four standard start locations 

selected at random (N, S, W, and E) and then released. When the rat succeeded, it was allowed 

to stay on the platform for 20 seconds. When the rat failed to find the platform within 60 

seconds, it was assisted by the experimenter and allowed to stay there for the same time.  

 

Novel Object Recognition (NOR): NOR investigation was used to evaluate various aspects of 

learning and memory [240]. Briefly, animals are presented with two identical objects to explore 

for a period of time. After a delay following the removal of the objects, the rats are again 

presented with two objects, one of which is from the initial exposure and one of which is novel. 

Depending in part on the length of the delay between the two presentations, the rats will either 

explore the novel object differentially from the familiar object, a measure of short-term working 

memory in recognizing the initial presentation of identical objects, or for the same amount of 

time, which indicates no recollection of the encounter with the initial object presented and now 

presented again [241]. 
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8.1.3 Histopathological examination  
At the end of experiment, brains were processed and embedded in paraffin wax. Sections of 7 

µm thickness were cut into longitudinal sections and stained and with hematoxylin and eosin 

(H&E) for routine histopathological examination, and Congo red for the demonstration of 

amyloid plaques. Five sections per group were examined using a Leica DM6 microscope. 

Representative images were shown.   

 

8.1.4 Western Blot Analysis for  IkB-α, NF-kB, Cox-2, iNOS and Nrf-2. 
Western Blots was made as previously described [237]. Filters were blocked with 1× PBS, 5% 

(w/v) nonfat dried milk (PM) for 40 min at room temperature and then probed with one of the 

next primary antibodies: anti-IkB-α (1:500, Santa Cruz Biotechnology), or anti- NF-kB (1:500, 

Santa Cruz Biotechnology), or anti-Cox-2 (1:500, Santa Cruz Biotechnology), or anti-iNOS 

(1:500, Santa Cruz Biotechnology), or anti-Nrf-2 (1:500, Santa Cruz Biotechnology),  in 1× 

PBS, 0.1% Tween-20, 5% w/v no fat dried milk (PMT) at 4°C, overnight. Membranes were 

incubated with peroxidase-conjugated bovine anti-mouse IgG secondary antibody or 

peroxidase-conjugated goat anti-rabbit IgG (1:2000, Jackson ImmunoResearch, West Grove, 

PA) for 1 h at room temperature. Blots were also incubated with primary antibody against β-

actin protein (1:10,000; Sigma-Aldrich Corp.) or laminin (1:10,000; Sigma-Aldrich Corp), used 

as internal standards. The relative expressions of the protein bands of IkB-α (37 kDa), NF-kB 

p65 (65 kDa), Cox-2 (72 kDa), iNOS (130 kDa) and Nrf-2 (57 kDa) were detected and 

quantified by densitometry as previously explained by Cordaro et al [238]. In the experiments 

including western blot, a representative blot is displayed and densitometric analysis is related 

in each figure. 
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8.1.5 Immunohistochemical localization of Nitrotyrosine. 
The immunohistochemical techniques used have been previously described [242]. Brain tissue 

slices were incubated overnight with anti-nitrotyrosine rabbit polyclonal antibody (1:200 in 

PBS, v/v, Millipore). Sections were cleaned with PBS and incubated with peroxidase-

conjugated bovine anti-mouse immunoglobulin G (IgG) secondary antibody or peroxidase-

conjugated goat anti-rabbit IgG (Jackson Immuno Research, West Grove, PA, USA, 1:2,000). 

Specific labeling was detected with a biotin-conjugated goat anti-rabbit IgG or biotin-

conjugated goat anti-mouse IgG and avidin-biotin peroxidase complex (Vector Laboratories, 

Burlingame, CA, USA). The counter-stain was developed with diaminobenzidine (DAB; brown 

color) and nuclear fast red (red background). To verify antibody-binding specificity, control 

slices were incubated with only the primary antibody or the secondary antibody, neither of 

which gave positive staining. Images were collected using a Leica DM6 microscope and Leica 

DM software.  

The digital images were opened in ImageJ, followed by deconvolution using the color 

deconvolution plug-in. When the IHC profiler plug-in is select, it mechanically plots a 

histogram profile of the deconvoluted DAB image, and a corresponding scoring log is exhibited 

[243].  The histogram profile relates to the positive pixel intensity value gotten from a computer 

program [244]. All immunohistochemical analyses were carried out by two observers masked 

to the treatment.  

 
8.1.6 Malondialdehyde (MDA) levels 
Thiobarbituric acid-reactant substances evaluation, a suitable indicator of lipid peroxidation, 

was determined on brain tissues [245]. The absorbance of the supernatant was detected at 650 

nm by spectrophotometry and indicated as nmol/g of tissue. 
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8.1.7 Cytokines measurement 
Tumor Necrosis Factor-(TNF-α) and interleukin 6 (IL-6) levels were evaluated using a 

colorimetric commercial ELISA kit (Calbiochem-Novabiochem Corporation, Milan, Italy).  

 

8.1.8 Materials 
All composites were gotten from Sigma-Aldrich. All other substances were of the uppermost 

profitable grade available. All stock solutions were prepared in non-pyrogenic saline (0.9% 

NaCl; Baxter, Milan, Italy). 

 

8.1.9 Statistical evaluation 
All values in the images and text are expressed as mean ± standard error of the mean (SEM) of 

N observations. For in vivo studies, N represents the number of animals. In experiments 

involving histology and immunohistochemistry, the illustrations represent the outcomes of at 

least three independent experiments. A p-value of less than 0.05 was considered significant. 

The results were analyzed by one- or two-way ANOVA, followed by a Bonferroni post-hoc 

test for multiple comparisons. 

 

8.2 Results 
8.2.1 Effects of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa 
oleifera, treatment on body weight loss and behavioral alterations  
Daily administration of AlCl3 significantly increase body weight loss compared to sham group 

(Fig. 1A). that was recovered after daily orally administration Hericium erinaceus or Moringa 

oleifera or the association of both. 

Using the NOR test (Fig. 1B) we evaluated changes in cognitive function. After AlCl3 

administration animals showed significantly reduced preference for the novel and familiar 

object, indicating compromise of cognitive function; while in mice treated with Hericium 

erinaceus or Moringa oleifera or the association of both the function within the novel object 

recognition test returned to normal values.  
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The MWM test was performed to evaluate the effect of Hericium erinaceus or Moringa oleifera 

or the association of both on memory impairments. The time taken to find the platform during 

training was increased in AlCl3 administered animals compared to the controls (Fig. 1C). The 

treatment Hericium erinaceus or Moringa oleifera or the association of both reduced this escape 

latency (Fig. 1C). In addition, time spent in target quadrant of the platform during probe trials 

was reduced in AlCl3 administered animals (Fig. 1D). Hericium erinaceus or Moringa oleifera 

or the association of both treatments increased the frequency time, ameliorating the cognitive 

deficits (Fig. 1D). 

 

 

Figure 1. Effects of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa 
oleifera, treatment on body weight loss and behavioral alterations. (A) Body weight gain; (B) Object 
Recognition test; (C) Training of Morris Water Maze test; (D) Probe trial of Morris Water Maze Test; 
*** p>0,001 vs Sham; ### p< 0,001 vs vehicle. 
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8.2.2 Daily treatment with Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus 
Moringa oleifera, reduced histopathological modifications and b-amyloid depositions AlCl3-
induced 
Sham group showed a normal histological structure with normal CA1 hippocampal region and 

cerebral cortex (Figs. 2A and 3A, see respectively count 2F and 3F). However, the brain of 

AlCl3-injured group showed severe histopathological alterations in the hippocampal CA1 as 

well as in the cerebral cortex, which revealed extensive neuronal degeneration wherein the 

degenerated neurons looked shrunken (Figs. 2B and 3B, see respectively count 2F and 3F).  

Daily treatment with Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus 

Moringa oleifera demonstrated a significantly ability to counteract neuronal degeneration 

AlCl3-induced (Figs. 2C,2D, 2E and 3C, 3D and 3E, see respectively count 2F and 3F). 

 

 

Figure 2. Effect of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa 
oleifera, treatment on hippocampal histological alteration. H/E of CA1 hippocampal sections: (A) 
Sham; (B) Vehicle; (C); Hericium erinaceus; (D) Moringa oleifera; (E) Hericium erinaceus plus 
Moringa oleifera; (F) cell number count of hippocampal damage; *** p>0,001 vs Sham; ### p< 0,001 
vs vehicle. 
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Figure 3. Effect of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa 
oleifera, treatment on cerebral cortex histological alteration. H/E of cerebral cortex sections: (A) 
Sham; (B) Vehicle; (C); Hericium erinaceus; (D) Moringa oleifera; (E) Hericium erinaceus plus 
Moringa oleifera; (F) cell number count of cerebral cortex injury; *** p>0,001 vs Sham; ### p< 0,001 
vs vehicle. 
 

Additionally, sham group, was negative for Congo Red staining both in the hippocampus and 

in the cortex (Figs. 4A and 5A, see respectively count 4F and 5F). On the other hand, 

significantly depositions of b-amyloid were founded in the hippocampus and in the cortex of 

AlCl3-group (Figs. 4B and 5B, see respectively count 4F and 5F). Daily orally administration 

of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa oleifera, 

showed a considerably capability to counteract b-amyloid depositions AlCl3-induced (Figs. 

4C,4D, 4E and 5C, 5D and 5E, see respectively count 4F and 5F). In particular we found that 

treatment with Moringa oleifera alone was able to counteract neuronal loss and the 

accumulation b-amyloid in a better way than Hericium erinaceus alone or the association 

Hericium erinaceus plus Moringa oleifera. 
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Figure 4. Effect of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa 
oleifera, treatment on hippocampal b-amyloid depositions. Congo Red of CA1 hippocampal 
sections: (A) Sham; (B) Vehicle; (C); Hericium erinaceus; (D) Moringa oleifera; (E) Hericium erinaceus 
plus Moringa oleifera; (F) Congo Red positive stained cell number counted; *** p>0,001 vs Sham; ### 
p< 0,001 vs vehicle. 
 

 

Figure 5. Effect of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa 
oleifera, treatment on b-amyloid depositions in cerebral cortex. Congo Red of cerebral cortex 
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sections: (A) Sham; (B) Vehicle; (C); Hericium erinaceus; (D) Moringa oleifera; (E) Hericium erinaceus 
plus Moringa oleifera; (F). Congo Red positive stained cell number counted; *** p>0,001 vs Sham; ### 
p< 0,001 vs vehicle. 
 

8.2.3 Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa oleifera, 
decreased AlCl3-induced IκB-α degradation, NF-κB p65 nuclear translocation, COX-2 and iNOS 
expressions in rat brain tissue  
To improved our knowledge on the molecular mechanism underlying the anti-inflammatory 

effects of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa oleifera 

actions IκB-α degradation and NF-κB p65 nuclear translocation were evaluated by Western blot 

analysis.  The expression of IκB-α significantly diminished in rat brain tissue from AlCl3-

administred rats, as compared to sham group (Fig. 6A; A1, densitometric analysis), and oral 

treatment with Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa 

oleifera significantly limited AlCl3-induced IκB-α degradation. Viceversa, nuclear 

translocation of the NF-κB subunit p65 increased in rat brain tissue from AlCl3-administred 

rats, when compared to sham rats (Fig. 6B; B1, densitometric analysis), while only daily orally 

treatment with Moringa oleifera, or Hericium erinaceus plus Moringa oleifera significantly 

decreasing p65 nuclear translocation (Fig. 6B; B1, densitometric analysis).  Assumed the COX-

2 role in lipid degradation and subsequent production of leukotrienes and prostaglandins, we 

investigated its expression by Western blot analysis. COX-2 significantly increased in rat brain 

tissue from AlCl3-injured rats as compared to the sham group (Fig. 6C; C1 densitometric 

analysis), and was significantly decreased after orally treatment with Hericium erinaceus or 

Moringa oleifera, or Hericium erinaceus plus Moringa oleifera (Fig. 6C; C1 densitometric 

analysis). Furthermore, to establish the role of ⋅NO produced after AlCl3 administration, iNOS 

expression was studied using Western blot analysis. A substantial intensification in iNOS 

expression was identified in brain from rats exposed to AlCl3 administration; while a significant 

reduction in iNOS expression was detected after Hericium erinaceus or Moringa oleifera, or 

Hericium erinaceus plus Moringa oleifera treatment (Fig. 6D, D1 densitometric analysis). 
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Also, in this evaluation we found that treatment with Moringa oleifera alone was more able to 

counteract AlCl3-induced IκB-α degradation, NF-κB p65 nuclear translocation, COX-2 and 

iNOS expressions in rat brain tissue in a better way than Hericium erinaceus alone or the 

association Hericium erinaceus plus Moringa oleifera. 

 

 

Figure 6. Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa oleifera, 
treatment decreases AlCl3-induced IκB-α degradation, NF-κB p65 nuclear translocation, COX-2 
and iNOS expressions in rat brain tissue. Representative western blots of brain tissues showed the 
effects of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa oleifera, 
treatment on: (A) IκB-α degradation, (B) NF-κB p65 translocation, (C) Cox-2 expression, (D) iNOS 
expression after AlCl3 administration. *** p>0,001 vs Sham; ## p< 0,01 vs vehicle; ### p< 0,001 vs 
vehicle. 
 

8.2.4 Effects of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa 
oleifera, treatment on Nrf-2 expression, MDA levels and TNF-a and IL-6 release. 
Additionally, in this study, we evaluated whether pro-inflammatory cytokines are associated 

with AlCl3 administration. Elevated levels of TNF-α (Fig. 7 A) and IL-6 (Fig. 7 B) were found 

in AlCl3-group compared to sham. Hericium erinaceus or Moringa oleifera, or Hericium 

erinaceus plus Moringa oleifera daily orally administration substantially reduce these 
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proinflammatory cytokines levels (Fig. 7A, B). Furthermore, we also assessed MDA level as 

indicator of lipid peroxidation. AlCl3-group exhibited amplified levels of MDA that was 

significantly reduced after Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus 

Moringa oleifera treatment (Fig. 7 C). 

Moreover, to investigate if Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus 

Moringa oleifera, possess neuroprotective effects dependent on Nrf-2 pathway we explored 

Nrf-2 expression by Western blot analysis. No appreciably modifications was found in the brain 

of vehicle group compared to sham rats (Figure 7D,D1 see densitometric analysis); viceversa a 

considerable intensification in Nrf-2 expression was found after Hericium erinaceus or Moringa 

oleifera, or Hericium erinaceus plus Moringa oleifera,  treatment (Figure 7D,D1 see 

densitometric analysis).  

Moringa oleifera administered alone at the doses of 150mg/kg was more competent to 

neutralize AlCl3-induced pro-inflammatory cytokines release and MDA augmentations and was 

in grade to better stimulate the activation of Nrf-2 pathways in rat brain tissue in a better way 

than Hericium erinaceus administered alone at the dose of 300 mg/kg or the association 

Hericium erinaceus plus Moringa oleifera at the doses of 300 mg/kg plus 150 mg/kg. 
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Figure 7. Effects of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa 
oleifera, treatment treatment on Nrf-2 expression, MDA levels and TNF-a and IL-6 release. TNF-
α (A), IL-6 (B) proinflammatory cytokines levels were detected. Brain MDA levels (C); Representative 
western blots of brain tissues showed the effects of Hericium erinaceus or Moringa oleifera, or Hericium 
erinaceus plus Moringa oleifera, treatment on Nrf-2 expression. *** p>0,001 vs Sham; # p< 0,05 vs 
vehicle; ## p< 0,01 vs vehicle; ### p< 0,001 vs vehicle. 
 

8.2.5 Effects of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa 
oleifera, treatment on nitrotyrosine expression 
At the end of experiment, nitrotyrosine, a detailed marker of nitrosative stress, was examined 

by immunohistochemical staining in the brain slices. No positive staining for nitrotyrosine was 

identified in hippocampal CA1 region obtained from Sham rats (Figures 8A, and relative 

quantification 8F); however, brain sections obtained from rats, received only AlCl3, displayed 

a significantly positive staining for nitrotyrosine (Figures 8B and relative quantification 8D). 

Treatment with Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa 

oleifera, significantly reduced the positive nitrotyrosine staining in hippocampal CA1 region 

(Figures 8C, 8D and 8E and relative quantification 8F). Moringa oleifera treatment was in grade 

to better neutralize the expression of nitrotyrosine in the CA1 hippocampal region in a better 
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way than Hericium erinaceus administered alone or the association Hericium erinaceus plus 

Moringa oleifera. 

 

Figure 8. Effects of Hericium erinaceus or Moringa oleifera, or Hericium erinaceus plus Moringa 
oleifera, treatment treatment on nitrotyrosine expression. Immunohistochemical localization on 
hippocampal nitrotyrosine expression: (A) Sham; (B) Vehicle; (C); Hericium erinaceus; (D) Moringa 
oleifera; (E) Hericium erinaceus plus Moringa oleifera; (F) The results are expressed as % of positive 
pixels; *** p>0,001 vs Sham; # p< 0,05 vs vehicle; ### p< 0,001 vs vehicle. 
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Chapter 9: EXPERIMENTAL MODEL OF PARKINSON’S DISEASE 
9.1 Materials and Methods 
9.1.1 Animals 
For the study we used CD1 male mice of about 25-30g (Harlan Nossan, Milan, Italy). They 

were first adapted to the habitat for a week and then were kept in a controlled environment (22 

± 1 ° C with a 12-h dark, 12-h light cycle) and had water and food for rodents available. Before 

the execution of the study, we received the approval of the Review Board of the University of 

Messina for the care of animals. In addition, the experiments on mice complied with U.S. 

regulations (Animal Welfare Insurance No. A5594-01, Department of Health and Human 

Services, United States), Europe (OJ of EC L 358/1 12/18/1986) and Italy (DM 116192). 

 

9.1.2 Rotenone-induced PD and treatment 
8 weeks old male CD1 mice were treated with rotenone or saline. For rotenone intoxication, 

mice received daily oral gavage (o.s.) of rotenone (5 mg/kg in 4 % carboxymethylcellulose, 

CMC; Sigma, St. Louis, MO) in saline. For polyphenol treatment (10 mg/kg) mice received by 

intraperitoneal injections (i.p.) “Hidrox®”, daily till the end of the experiment.  HD which was 

kindly provided by Oliphenol LLC., (Hayward, CA USA) is a freeze-dried powder prepared 

from the aqueous portion of olives extracted from the defatted olive pulps, a derivative during 

the processing of Olea europaea L. for olive oil extraction [246]. 12% of the HD extract is made 

up of polyphenols. 12% of the HD extract is made up of polyphenols. Among these, the most 

abundant in HD is Hydroxytyrosol with 40–50%, while with 5-10% there is oleuropein, with 

0.3% tyrosol and with about 20% oleuropein aglycone and gallic acid [247] (Fig. S1). 

On the 28th day the mice were anesthetized with ketamine (2.6 mg / kg) and xylazine (0.16 mg 

/ kg) and subsequently beheaded. The brains were taken for various analyzes. The doses of 

rotenone (5 mg / kg) and HD (10 mg / kg) were chosen based on studies in the literature [248, 

249]. 
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Figure S1. Gas chromatography mass spectrometry (GC-MS) analysis and phenolic compound 
identification, by spectrum matching and library searching in the NIST/EPS/NIH Mass Spectral Library 
Database, of HD. Peaks: 1, tyrosol; 2, Vanilic acid; 3, Hydroxytyrosol; 4, 3,4-dihydroxybenzoic acid; 
5, citric acid (hydrolysis acid to obtain HD from OVW, olive acqueous vegetation water); 6, syringic 
acid; 7, gallic acid; 8, caffeic acid (trace); 9, 3-hydroxy,4-methoxyphenylacetic acid; 10, gentisic acid 
(trace). 
 

Experimental group:  

Animals were casually distributed into the following groups:  

Group 1: Sham = vehicle solution (saline) was administrated daily, as rotenone protocol, o.s. 

(N=10) 

Group 2: Sham + HD = HD solution was administrated by i.p. for 28 days (data not shown). 

(N=10) 

Group 3: Rotenone + vehicle = rotenone solution was administrated daily o.s. and vehicle 

solution (saline) was administrated i.p. daily. (N=10) 

Group 4: Rotenone + HD = rotenone solution was administrated daily o.s. and HD solution was 

administrated by i.p. daily for 28 days and 1 hour after rotenone administration. (N=10) 

 



 92 

9.1.3 Behavioral testing 
Behavioural evaluations on all animals (N= 10 mice for each group) were made 1 day prior and 

28 days after to rotenone injection: 

Pole test: PT was performed to detect motor alteration such as bradykinesia as previously 

described [250, 251]. 

Rotarod test: Motor activity was assessed with a rotary rod apparatus using a protocol 

previously described [252, 253]. 

Catalepsy test: Catalepsy, demarcated as a reduced capability to start movement and a failure 

to correct posture, was measured as previously described [254, 255]. 

 

9.1.4 Histology 
The brains of 5 mice for each group were fixed, cut and colored with Hematoxylin and Eosin 

(H&E, Bio-Optica) and subsequently the sections were analyzed using an optical microscope 

connected to an imaging system (AxioVision, Zeiss, Milan, Italy) as previously described [30, 

35]. Histopathological evaluation was performed blindly using a semi-quantitative five point 

rating: 0=normal, no death neuron observed; 1=insignificant pathology, SN contained one to 

five death neurons; 2=modest pathology, SN contained five to 10 death neurons; 3=severe 

pathology, SN contained more than 10 death neurons; 4=more severe pathology, SN contained 

only death neurons [235]. The scores from all slides were averaged to give a final score for each 

individual mouse. Images are representative of all animals in every group. 

 

9.1.5 Stereological analysis  
Impartial counting of TH-positive DA neurons within the SN was carried out as previously 

described [256]. For use, the polyclonal rabbit anti-TH antibody (1: 400, Merck-Millipore, 

AB152) was used which was incubated at 4 ° C O / N. Describes the sections are treated state 

with the ABC (Vector Labs) method. The images were taken blind and for each sample 5 
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representative sections of the SN were analyzed using the StereoInvestigator software 

(Microbrightfield, Williston, VT). 

 

9.1.6 Immunohistochemical localization of tyrosine hydroxylase (TH), dopamine transporter 
(DAT) and α-synuclein (α-syn). 
The immunohistochemical techniques used have been previously described [257, 258]. The 

antibodies that have been incubated O/N on the brain sections are: anti-TH (Millipore, 1: 500 

in PBS, v/v, AB152), anti-DAT (Santa Cruz Biotechnology, 1: 300 in PBS, v/v, 65G10 sc-

32258), anti-α-syn (Santa Cruz Biotechnology, 1:50 in PBS, v/v, LB509 sc-58480). To verify 

the specificity of the antibodies, the brain sections of 5 mice for each group were treated either 

with primary or only with secondary antibody. The images were taken using a Zeiss microscope 

and Axio Vision software. The ImageJ IHC profiler plug-in was used for densitometric analysis. 

When this is selected, it automatically traces a histogram profile of the deconstructed DAB 

image and a corresponding score log is shown[243]. The histogram profile corresponds to the 

positive pixel intensity value obtained from the computer program [244]. 

Immunohistochemical analyzes were performed by experienced people who did not know the 

treatment. 

 

9.1.7 Immunofluorescence co-localization of TH/α-syn  
Immunofluorescence analysis was performed with the protocol that we previously described 

[257, 258]. The antibodies that have been incubated in a humidified chamber at 37°C O/N on 

the brain sections of 5 mice for each group are: anti-TH (1:250; Merck-Millipore, AB152), anti-

α-syn (1:50; Santa Cruz Biotechnology, LB509 sc-58480). The sections were analyzed using a 

fluorescence microscope (Leica DM2000). Each photograph taken was digitized with an 8-bit 

resolution in an array of 2560 × 1920 pixels. The images obtained were subsequently cut out 

and prepared for the assembly of the figures using Adobe Photoshop 7.0 (Adobe Systems, Palo 

Alto, CA). 
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9.1.8 Western blot analysis for IkB-α, NF-kB, Bax, Bcl-2, iNOS, NRLP3, ASC, Caspase-1, IL-18, IL-
1β, Hsp70, Sirt-1 and HO1  
Western blot analysis was performed on brains of 5 mice for each group with the protocol that 

we previously described [259, 260]. The levels of IkB-α, Bax, Bcl-2, iNOS, NRLP3, ASC, 

Caspase-1, IL-18 and IL-1β were quantified in cytosolic, while NF-kB p65 levels were 

quantified in nuclear fraction. The specific primary antibodies that have been incubated at 4° C 

O/N are: anti-IkB-α (1:500; Santa Cruz Biotechnology, C-21: sc-371), anti-NF-kB p65 (1:500; 

Santa Cruz Biotechnology, F-6: sc-8008), anti-Bax (1:500; Santa Cruz Biotechnology, P-19: 

sc-526), anti-Bcl-2 (1:500; Santa Cruz Biotechnology, N-19: sc-492), anti-iNOS (1:1000; 

Transduction Laboratories, 610432), anti-NRLP3 (1:500; Santa Cruz Biotechnology, sc-

66846), anti-ASC (1:500; Santa Cruz Biotechnology, N-15: sc-22514-R) anti-Caspase-1 p20 

(1:1000; Santa Cruz Biotechnology, G-19: sc-1597), anti-IL-18 (1:500; Santa Cruz 

Biotechnology, H-173: sc-7954), anti-IL-1β (1:500; Santa Cruz Biotechnology, H-153: sc-

7884), anti-Hsp70 (1:500; Santa Cruz Biotechnology, 3A3 sc-32239), anti-Sirt1 (1:500; Santa 

Cruz Biotechnology, B7 sc-74465), anti-HO-1 (1:500; Santa Cruz Biotechnology, A3 sc-

136960), anti-γGCs (1:500; Santa Cruz Biotechnology, H5 sc-390811). Protein lysates were 

also incubated with β-actin antibody or laminin antibody (1: 5000; Santa Cruz Biotechnology, 

C4 sc-47778, E1 sc-376248) in order to verify that all samples had been loaded in equal 

quantities. The signals were captured with BIORAD ChemiDocTM XRS + software thanks to 

the use of a reagent that emits chemiluminescence (Super Signal West Pico, Pierce 

chemiluminescent substrate). The relative expression of the bands was subsequently 

normalized to β-actin levels. Image analysis was performed using Image Quant TL software, 

v2003. 
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9.1.9 Protein Carbonyl Assay 
Oxidized proteins were analyzed on tissues of 5 mice for each group by means of the 

OxyBlotTM Protein Oxidation (Merck Millipore, Darmstadt, Germany) conceding to the 

manufacturer’s instructions. Briefly, 15 µg protein of each sample were denatured by adding 5 

µl of 12% SDS (Sigma-Aldrich). Samples were derivatized by adding 10 µl of 1x of 2,4 

dinitrophenolhydrazine (DNPH, Sigma-Aldrich) solution and incubated for 15 minutes at RT. 

Subsequently, samples were neutralized with 7.5 µl of neutralization solution and the proteins 

were separated by SDS/PAGE. The primary antibody used was against DNPH and revealed by 

luminescence (SuperSignal detection system kit: Pierce Chemical, Dallas, TX, USA). The 

bands were quantified normalizing pixels in each lane to the loading control band (Gel-Logic 

2200-PRO Bioscience, London, UK) and analyzed (Molecular Imaging software).  

 

9.1.10 Statistical Evaluation  
In the figures and in the text the values have been expressed as an average ± SEM and are 

representative of at least 3 experiments carried out at different times. 10 mice per group were 

used in each experiment unless otherwise noted. Data review was performed by one-way 

analysis of variance followed by a Bonferroni post-hoc test for multiple comparisons. A p value 

of less than 0.05 was considered significant. *p < 0.05; **p < 0.01; ***p < 0.001.   

 

9.2 Results 
9.2.1 Effect of HD treatment on behavioral impairments and on the neuronal degeneration of 
dopaminergic tract induced by rotenone administration 
To investigate the relationship between the degeneration of dopaminergic neurons rotenone-

induced and recovery processes we analyzed the motor activity 1 day prior and 28 days after 

the rotenone induction. The data at time point 0 are not shown as no significant differences 

between different groups have been observed. The pole test was used to assess whether the 

rotenone-induced mouse model efficaciously induced bradykinesia [261]. “Time to turn” and 
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“Total time” notably increased following injection of rotenone compared with the Sham group 

(Fig. 1 A and A1). HD treatment significantly reduced “Total time” (45%) and “Time to turn” 

(61%) (Fig. 1 A and A1), suggesting a substantial reduction of bradykinesia. In addition, 

through the Rotarod test we evaluated the motor function. 28 days after the induction of PD, 

the mice showed significant motor changes evidenced by the reduction in the time spent on the 

Rotarod and by the greater number of falls. In contrast, HD-treated mice had a significant 

reduction in motor deficits (Fig. 1 B). Moreover, the rotenone produced an important cataleptic 

effect in mice. In fact, at 28 days after rotenone injection, mice exhibited a significant increase 

of cataleptic symptoms. Otherwise, the daily HD administration significantly reduced the 

catalepsy duration induced by rotenone (Fig. 1 C).  

To evaluate the histopathological alteration induced by the administration of rotenone, H&E 

staining was performed on the brain sections. The mice treated with saline or only with HD for 

28 days showed normal brain architecture and a normal number of neurons in the SN (Fig. 1 D 

and E, graph H). Instead, mice treated with rotenone showed evident alterations such as 

cytoplasmic vacuolization, vascular degeneration and nigrostriatal neuronal cell loss. The 

architecture of brain in rotenone mice was altered compared with control mice (Fig. 1 F, graph 

H). In contrast, mice treated with rotenone and HD showed a marked reduction in vascular 

degeneration and cytoplasmic vacuolization. It also reduced the cell with pyknotic nuclei in the 

SN (Fig. 1 G, graph H). 
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Figure 1. Effect of HD on behavioral impairments and on histological parameters induced by 
rotenone intoxication. A, A1) Motor function was assessed using a Pole test. At 28 days, mice exhibited 
a significant motor dysfunction as indicated by an increase in “Time to turn” and “Total time” spent to 
descend to the floor following injection of rotenone compared with the Sham group. HD administration 
notably reduced “Total time” and “Time to turn”. A) *** p<0.001 vs Sham; ** p<0.01 vs rotenone; A1) 
*** p<0.001 vs Sham; ** p<0.01 vs rotenone. B) At 28 days, using a Rotarod apparatus, mice exhibited 
a significant motor dysfunction as indicated by a decrease in time spent on the Rotarod. HD treatment 
blunted the motor dysfunction in mice. B) ** p<0.01 vs Sham; # p<0.05 vs rotenone. C) Catalepsy was 
evaluated according to the standard bar hanging procedure; this motor test showed that HD treatment 
reduced behavioral impairment induced by rotenone. C) *** p<0.001 vs Sham; *** p<0.001 vs rotenone. 
Values are mean ± SEM of 10 mice for each group. Sham+HD and Sham+vehicle groups showed no 
evidence of degenerating cells in the SN (D, E), whereas degeneration of neuromelanin-pigmented cells 
was evident in the SN of the rotenone-treated animals (F). HD treatment restored the architecture 
comparable to control mice (G). The data are representative of at least three independent experiments 
and are expressed as mean ± SEM of 5 mice for each group. H) * p<0.05 vs Sham; * p<0.05 vs rotenone. 
Scale bar 50 µm. 
 

9.2.2 HD treatment reduced loss of TH, DAT and α-synuclein expression in the SN induced by 
rotenone administration 
The expression of TH and DAT was evaluated to prove the effect of HD treatment on the DA 

pathway. The group of animals treated only with rotenone showed a significant loss of TH-

positive cells in the SN (Fig. 2 B and graph D) compared to the control group (Fig. 2 A and 

graph D). Instead, HD administration has been shown to significantly reduce the loss of TH-
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positive neurons in SN (Fig. 2 C and graph D). Stereology analysis of nigral TH-positive 

neurons displayed important neuroprotection by HD treatment. We observed a considerably 

decline in the number of TH-positive neurons in mice after rotenone injection (Fig. S2 B and 

graph D), compared to Sham group (Fig. S2 A and graph D). This loss decreased following HD 

treatment (Fig. 2S C and graph D). Similarly, Nissl stained neurons were depleted significantly 

by rotenone lesioning but not in mice that had been treated with HD (Fig. 2S A-B and graph 

E).  

Furthermore, we showed a critical loss of DAT in rotenone-injected mice at the level of the 

midbrain (Fig. 2 F and graph F) comparable to Sham group (Fig. 2 E and graph H); while HD 

treatment considerably restored the levels of DAT (Fig. 2 G and graph H).  

a-syn is the highest constituent of the intraneuronal protein aggregates known as Lewy bodies. 

Since the accumulation of α-syn is a characteristic of PD, we wanted to evaluate the expression 

of this protein in order to determine the ability of HD to counteract the neurodegenerative 

process. We observed an important immuno-reactivity in rotenone-injured mice (Fig. 2 J and 

graph L) compared to Sham group (Fig. 2 I and graph L). Instead, the treatment with HD 

reduced notably α-synuclein expression in the SN after rotenone-intoxication (Fig. 2 K and 

graph L). 

Furthermore, to prove that the accumulation of α-synuclein occurred in dopaminergic neurons, 

we carried out by immunofluorescence analysis a double coloring between TH (green) and α-

syn (red). In the Sham group we did not find α-syn in TH-positive dopaminergic neurons (Fig. 

3 G), while after rotenone intoxication there was an increase in the accumulation of α-syn in 

TH-positive neurons (Fig. 3 H). HD treatment prevented α-syn aggregation in dopaminergic 

neurons. (Fig. 3 I). 
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Figure 2. Effects of HD on TH, DAT and a-synuclein expression in SN of rotenone-treated mice. 
Immunohistochemical analysis shown, compared with Sham mice (A), a noticeable loss of TH-positive 
cells (B). Animals treated with HD revealed an increase of TH expression (C). *** p < 0.001 vs Sham; 
*** p < 0.001 vs rotenone (D). Immunohistochemical analysis revealed, compared with Sham group 
(E), an evident loss of DAT-positive cells (F). Animals subjected to treatment with HD revealed a 
positive stain for DAT (G) compared with rotenone group. *** p < 0.001 vs Sham; ** p < 0.01 vs 
rotenone (H). Midbrain was marked with antibodies against α–synuclein aggregation (I-K). 
Immunohistochemical analysis revealed, compared with Sham animals (I), a positive staining for α-
synuclein (J). HD treatment appreciably reduced a positive staining for α-synuclein in the SN (K). *** 
p < 0.001 vs Sham; *** p < 0.001 vs rotenone (L). Data are expressed as % of TH+ positive pixel and 
are means ± SEM of 5 mice/group. Scale bar 20 µm. 



 100 

 
Figure S2. Stereological analysis in SN of rotenone-treated mice. Sham (A), rotenone-mice (B), and 
HD-treated mice (C), respectively, stained for stereological counting of TH-positive and cresyl violet 
positive neurons in sections of the SN from one hemisphere (D, E). Each data is expressed as a number 
of TH+ and Nissl+ neurons and are mean ± SEM from 5 mice/group. *** p < 0.001 vs Sham; *** p < 
0.001 vs rotenone (D, E). Scale bar 100 µm. 
 

 

Figure 3. Effects of HD on a-synuclein expression and co-localization of TH/ α–synuclein after 
rotenone-intoxication. Results are shown for Sham (A-C), mice after rotenone-intoxication (D-F), mice 
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treated with HD (G-I). Midbrain sections were double stained with antibodies against TH (B, E, H 
green)/α-syn (A, D, G red). Midbrain sections revealed an important co-localization of TH with α-syn 
in rotenone group (F), compared with Sham group (C). TH/α-syn co-localization was increased after 
HD (I). The photographs are illustrative of at least three experiments performed on different days, and 
are representative of all animals in every group (N = 5 mice/group). Images were digitalized at a 
resolution of 8 bits into an array of 2048 x 2048 pixels. Scale bar 100 µm. 
 

9.2.3 Effect of HD on cellular stress response after rotenone administration  
Oxidative stress in the brain is accompanied by augmented expression of genes contributing to 

free radicals’ detoxification, rescue of mitochondrial function and cell survival stress 

responsive genes called vitagenes. Vitagenes encode for Hsps, HO-1, and sirtuin protein 

systems whose activation is most likely dependent on Nrf2. In agreement with previously 

reported data from our laboratory demonstrating beneficial effects by HD against PD [102], we 

wanted to evaluate the effect of HD treatment on the activation of Nrf2 and consecutively on 

HO-1, Hsp-70 and Sirt-1 expression. Western blot analysis revealed a significant increase of 

Nrf2 in rotenone-treated mice. Treatment with HD furtherly increased the levels of this protein 

(Fig 4 A and graph A1). In addition, we demonstrated that HO-1, Hsp-70 and Sirt-1 expression 

also began to increase in mice treated with rotenone but we observed more significant levels of 

this protein in HD-treated mice (Fig. 4 C, D, E and graphs C1, D1 and E1)   

In addition, we investigated rotenone effect in absence or in presence of HD in different areas 

of the brain. Levels of Hsp70, measured by Western blot analysis in the cortex (CX), substantia 

nigra (SN), striatum (ST) and hippocampus (HP) in rotenone treated animal in absence and 

presence of HD administration and compared to untreated control animals are shown in Figure 

5.  Treatment of rotenone injected animals with HD resulted in a significant increase in the 

synthesis of Hsp70 in all brain regions examined, whereas this effect was not observed in the 

group of mice receiving rotenone alone, as compared to controls, in all brain regions examined, 

except for SN, where rotenone-induced increase in Hsp70 was significant vs both control and 

rotenone plus HD treatment group. A representative Western blot, obtained probing the 

different brain regions for Hsp70 proteins, is shown in the same figure (Fig. 5 A, A1; B, B1; C, 
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C1 and D, D1).  We also examined regional expression of γ-GGCS in the same experimental 

conditions. Rotenone administration, given alone, significantly increased γ-GCS expression in 

the brain regions of SN and striatum, but not in the cortex or hippocampus, as compared to 

control group of animals. In response to HD administration the animals with the damage 

showed increased synthesis of γ-GCS protein, as compared to controls, and this increase was 

higher than the levels found in the group of mice receiving only rotenone, in all brain regions 

examined. A representative Western blot, obtained probing brain homogenate obtained from a 

specific region with an antibody specific for γ-GCS protein is also shown (Fig. 6 A, A1; B, B1; 

C, C1 and D, D1).  

 

 
Figure 4. Effects of HD on Nrf2, HO-1, Hsp-70 and Sirt-1 proteins after rotenone intoxication. 
Western blot analysis demonstrated Nrf2 expression Sirt-1 expression to be significantly increased in 
the rotenone group, whereas treatment with HD significantly increased further Nrf2 expression (A). HO-
1 expression was increased after rotenone intoxication; treatment with HD decreased levels of this 
protein (C). Hsp-70 expression was increased after rotenone intoxication; treatment with HD maintained 
high levels of this protein (D). Sirt-1 expression was increased after rotenone intoxication; treatment 
with HD decreased levels of this protein (E). The data are expressed as mean ± SEM from N = 5 
mice/group. A) *** p<0.001 vs Sham; ** p<0.01 vs rotenone; C) ** p<0.01 vs Sham; * p<0.05 vs 
rotenone; D) ** p<0.01 vs rotenone; E) * p<0.05 vs Sham; *** p<0.001 vs rotenone. 
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Figure 5. Effects of HD on Hsp-70 protein after rotenone intoxication. Western blot analysis showed 
that the expression of Hsp-70 increased insignificantly in the rotenone group in CX (A and A1), ST (C 
and C1), HP (D and D1) regions, while there was a significant increase in SN (B and B1) area. HD 
treatment further significantly increased the expression of Hsp-70 (A, A1; B, B1; C, C1; D, D1). The 
data are expressed as mean ± SEM from N = 5 mice/group. A1) * p<0.05 vs rotenone; B1) * p<0.05 vs 
rotenone; *** p<0.001 vs Sham; C1) * p<0.05 vs rotenone; D1) * p<0.05 vs rotenone. 
 
 

 
 

Figure 6. Effects of HD on γ-GCS protein after rotenone intoxication. Western blot analysis showed 
that the expression of γ-GCS increased insignificantly in the rotenone group in CX (A and A1), HP (D 
and D1) areas, while there was a significant increase in ST (C and C1), SN (B and B1) regions. HD 
treatment further significantly increased the expression of Hsp-70 (A, A1; B, B1; C, C1; D, D1). The 
data are expressed as mean ± SEM from N = 5 mice/group. A1) * p<0.05 vs rotenone; B1) * p<0.05 vs 
rotenone; *** p<0.001 vs Sham; C1) * p<0.05 vs rotenone; *** p<0.001 vs Sham; D1) * p<0.05 vs 
rotenone. 
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9.2.4 Modulation of protein carbonyls in mice brain after rotenone treatment and HD 
supplementation 
Following oxidative stress, the accumulation of oxidation products of proteins and lipids 

occurs, which are measured respectively by the protein carbonyl and the 4-hydroxynonenal 

(HNE) [262, 263]. The formation of carbonyl groups in the residues of amino acids and HNE 

from arachidonic acid or other unsaturated fatty acids following the oxidation of proteins and 

lipids, represents a clear sign of oxidative attack of free radicals and damage to proteins and 

lipids [262]. Protein carbonylation and HNE exerts negative effects on cell function and 

viability, being generally unrepairable and leading to production of potentially dangerous 

protein aggregates and to cellular dysfunction [262]. Examination of brain protein carbonyls 

revealed in the group of rotenone-treated mice a significant elevation in all brain regions 

examined respect to the control group; while in rotenone-treated animals supplemented with 

HD we observed a significant reduction of protein carbonyl (Fig. 7 A, B and graph C).  

 

 
Figure 7. Brain protein carbonyls analysis after rotenone intoxication. (A, B) The examination of 
the carbonyls of brain proteins showed a significant increase of these in all brain regions examined after 
induction of rotenone (R), compared to the control (S) and animals treated with HD (H). The data are 
expressed as mean ± SEM from N = 5 mice/group. C) *** p<0.001 vs Sham; ### p<0.001 vs rotenone. 
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9.2.5 Effect of HD treatment on NF-κB, IκB-α, iNOS expression and on apoptosis induced by 
rotenone administration 
In order to evaluate the anti-neuroinflammatory effect by which HD treatment may attenuate 

the development of PD, we investigated the expression of NF-κB and IκB-α by Western blot 

analysis in the midbrain samples. NF-κB nuclear translocation was significantly increased in 

rotenone group.; while HD treatment attenuated NF-κB expression (Fig. 8 A). IκB-α 

degradation was lowered in rotenone-injured mice vis-a-vis to the Sham mice, while HD 

treatment increased IκB-α cytosolic activity (Fig. 8 C). In addition, to determine the role of 

nitric oxide (NO), iNOS expression was assessed 28 days after rotenone administration. 

Analysis evidenced a significant increase in iNOS levels in the SN of the rotenone group, which 

was considerably reduced by HD treatment (Fig. 8 D). In order to evaluate the effect of the HD 

treatment on the rotenone-induced apoptosis we analyzed the expression of Bax and Bcl-2. 

Tissues collected from rotenone-treated animals showed an increased Bax expression, 

compared to the control mice. HD treatment reduced this expression (Fig. 8 E). Samples taken 

from Sham mice showed basal levels of Bcl-2, rotenone administration reduced this expression. 

HD treatment restored Bcl-2 expression to basal levels (Fig. 8 F). 
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Figure 8. Effects of HD on expression of IκB-α and nuclear translocation of NF-κB p65 and on 
iNOS after rotenone intoxication. NF-kB levels were significantly increased in the nuclear fraction 
compared to the Sham animals (A). HD treatment significantly reduced NF-kB translocation (A). Basal 
levels of IkB-α were found tissues from Sham group, they were notably reduced in samples from 
rotenone-treated mice (C). HD administration significantly reduced IkB-α degradation (C). Western blot 
analysis of tissue lysates from rotenone-treated mice shows significant increases in iNOS expression 
after 28 days. HD significantly lowered the expression of iNOS in the SN after rotenone intoxication 
(D). Western blot analysis demonstrated Bad expression to be significantly increased in the rotenone 
group, whereas treatment with HD significantly limited the rise in Bad expression (E). Finally, Bcl-2 
expression was reduced after rotenone intoxication; however, treatment with HD restored basal levels 
(F). The data are expressed as mean ± SEM from N = 5 mice/group. A) *** p<0.001 vs Sham; ** p<0.01 
vs rotenone; C) *** p<0.001 vs Sham; ** p<0.01 vs rotenone; D) *** p<0.001 vs Sham; ** p<0.01 vs 
rotenone; E) ** p<0.01 vs Sham; ** p<0.01 vs rotenone; F) *** p<0.001 vs Sham; *** p<0.01 vs 
rotenone. 
 
 
9.2.6 Effect of HD treatment on inflammasome pathway and Caspase-1, IL-1β, IL18 expression 
induced by rotenone administration 
To evaluate the effect of the HD treatment on the activation of the inflammasome pathway we 

investigated by Western blot analysis the levels of expression of NRLP3 and ASC. We showed 

an increased NRLP3 expression in the rotenone-treated group, compared to the Sham mice and 

a down-regulation of this expression in samples collected from HD treated mice (Fig. 9 A). 

Western blot analysis revealed an up-regulation of the ASC levels in samples collected from 
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rotenone-treated mice, compared to the control group.  HD-treated mice showed an inhibition 

of the ASC expression (Fig. 9 B). Brain tissues from rotenone-treated mice showed an increased 

expression of the Caspase-1, compared to the control mice. HD treatment reduced this 

expression (Fig. 9 C). Western Blot analysis displayed an up-regulation of IL-1β levels, 

compared to the Sham animals. HD administration down-regulated IL-1β expression (Fig. 9 

D). HD treatment also reduced IL-18 expression induced by rotenone-administration. Samples 

collected from sham mice showed s basal expression of IL-18 (Fig. 9 E). 

 

 

Figure 9. Effects of HD on Inflammasome pathway after rotenone administration. Brain tissues 
collected from rotenone treated-animals displayed increased levels of NRLP3 expression, compared to 
the Sham mice (A). HD treatment reduced NRLP3 expression (A). Western blot analysis also showed 
an increased expression of ASC levels in rotenone treated-mice, compared to the control mice (B). HD 
treatment decreased ASC expression (B). Western blot analysis showed significant expression levels of 
Caspase-1 in SN of rotenone-treated mice which were reduced significantly by HD (C). The increase of 
IL-1β expression observed in the rotenone group was likewise limited to a significant extent with HD 
(D). Furthermore, Western blot analysis displayed an up-regulation of IL-18 expression compared to 
the Sham mice. HD administrations notably reduced this expression (E). The data are expressed as mean 
± SEM from N = 5 mice/group. A) ** p<0.01 vs Sham; * p<0.05 vs rotenone; B) * p<0.05 vs Sham; * 
p<0.05 vs rotenone; C) ** p<0.01 vs Sham; ** p<0.01 vs rotenone; D) ** p<0.01 vs Sham; * p<0.05 vs 
rotenone; E) * p<0.05 vs Sham; * p<0.05 vs rotenone. 
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Chapter 10: DISCUSSIONS AND CONCLUSIONS 
The successes of research, technology and social development have led to a lengthening of the 

life duration, leading researchers to address the many problems related to the management of 

an ever-increasing number of people suffering from complex diseases, and in most cases, 

disabling. Particular attention is now paid to TBI and neurodegenerative diseases, which are 

disorders in strong growth in the most developed countries and of great impact for its economic 

and social repercussions. Neuroinflammation has a critical role in the pathophysiology of 

neurodegenerative diseases, pain, neuropsychiatric disorders, brain stroke and brain trauma. 

Tissue injury and associated inflammatory mediators release may trigger heterogeneous events, 

including cognitive decline and neurodegeneration [264]. Furthermore, numerous studies have 

shown that oxidative stress is a mediator of the damage associated with TBI and 

neurodegenerative process [265-268]. In recent years, many studies have focused on the 

analysis of natural phyto-components present in food as important bioactive molecules against 

chronic age-related diseases such as neurodegenerative diseases or against inflammatory 

disorders [269-274]. This therapeutic approach appears to be advantageous for several aspects 

including the reduction of side effects and greater tolerability by patients. Mushrooms are 

nutraceutical foods with important nutritional values and are sources of novel therapeutic 

compounds [275, 276]. Hericium erinaceus is a culinary-medicinal mushroom commonly found 

in East Asian countries [277]. It is widely used in medicine [277] for its ability to promote brain 

health. In particular it has been described that it contains neurotrophic substances that are able 

to pass the blood-brain barrier [278, 279]. Bioactive compounds obtained by its mycelium of 

fruiting body have antidiabetic [280], antioxidant [281], anticancer [282, 283], antimicrobial 

[283], anti-inflammatory [284], hypolipidemic [285] and antihyperglycemic properties [64]. 

Moreover, its efficacy has been described in cognitive impairments [284], presbycusis [287] 

and ischemic stroke [288]. Recently, Moringa oleifera has been extensively studied for its 

important potential as a source of healthy diet of medicinal value.  Moringa oleifera contains 
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high nutraceutical compounds in the leaves [289]. Minerals, protein and b-carotene present in 

the leaves can be stored for long time as dried powder. Several international relief organizations 

are proposing the leaves of Moringa oleifera as nutritional supplement for Africa countries 

[290]. Moreover, it has been used as treatment in numerous diseases, such as obesity, diabetes, 

scurvy, hysteria and tumors [73, 74]. Moringa oleifera has anti-cancer [75], anti-inflammatory 

[76], anti-oxidant [77], hepatoprotective [78], anti-bacterial [79], cardioprotective [80], 

hypolipidemic [81], hypoglycemic [82] and anti-hypertensive [83] activities.  Based on the 

results reported in the literature on the beneficial effects of Hericium erinaceus and Moringa, 

we wanted to evaluate these properties in two experimental models of TBI and AD. Regarding 

TBI model, animals receiving Hericium erinaceus administration showed no significant 

differences with vehicle-treated mice with respect to histological analysis and behaviors. 

Treatment with Moringa oleifera and Hericium erinaceus plus Moringa oleifera significantly 

improved not only histological alterations, but also led to improved trauma-induced motor 

function and behavioral changes. 

In the AD model, daily treatment with these compounds and in particular with Moringa 

demonstrated a significant ability to counteract neuronal degeneration and AlCl3-induced 

b-amyloid depositions. Furthermore, treatment with Hericium erinaceus or Moringa oleifera 

or the combination of both also improved the cognitive deficits observed after AlCl3 

administration. 

Inflammation, as mentioned above, is implicated in both brain injury and AD [206, 291]. 

Consequently, the search for compounds capable of preventing or countering the inflammatory 

response that is activated in both pathologies is important. 

The most studied inflammatory pathway is that of NFkB. It can be activated by various stimuli 

such as oxidative stress, hypoxia, extracellular signals, infections and inflammation. These 

events cause IκB phosphorylation by IκB kinase, which in turn leads to the release of the NFκB 
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dimer and translocation to the nucleus. In particular, the phosphorylation of the p65 subunits in 

Ser536 and its translocation into the nucleus is required for the transcriptional activity of NFκB 

[292]. 

In the TBI study we found an upregulation of IκB-α expression in the cytoplasm and an increase 

in NFkB expression in the nucleus in vehicle treated animals and also in Hericium erinaceus 

treated animals. Conversely, treatment with Moringa oleifera and Hericium erinaceus plus 

Moringa oleifera were able to reduce the activation of the NFkB pathway. The inflammatory 

pathway triggered by traumatic injury also induces the release of the of proinflammatory 

cytokines and recruitment of peripheral immune cells [293]. TNF-α and IL-1β expressions in 

the brain were reduced in Moringa oleifera and Hericium erinaceus plus Moringa oleifera 

treated animals compared to the vehicle treated mice. Hericium erinaceus administered by itself 

did not show any significant difference compared to the animals only administered with vehicle. 

Molecular changes induced by TBI also includes the increase of the oxidative stress [10, 294]. 

These reactive oxygen species elicits the damage of DNA and protein, and rises membrane 

permeability. Our results indicate that Moringa oleifera and Hericium erinaceus plus Moringa 

oleifera administrations reduced oxidative stress activation as demonstrated via decrease of 

MDA, increase of SOD and glutathione peroxidase, and activation of Nrf2. The axonal injury 

produced by TBI induce secondary injury cascades, which in turn produce glial activation [295, 

296]. Our experiments confirm the increased expression of GFAP, used as marker of reactive 

astrocytes [297], and Iba-1, used as marker of  microglia activation [298], in vehicle treated 

animals and  Hericium erinaceus administered mice as well. In groups treated with Moringa 

oleifera and Hericium erinaceus plus Moringa oleifera there was a reduced glia activation. One 

of the major factors of brain damage induced by TBI is the neuronal cell death. It is well 

described that apoptosis is a molecular characteristic of damage induced by TBI [299]. Vehicle 

and Hericium erinaceus treated animals showed up-regulation of Bax and reduction of Bcl-2 
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expression. In this study Moringa oleifera and Hericium erinaceus plus Moringa oleifera 

administration as well displays protective role against TBI improving neuronal survival.  

Regarding the anti-inflammatory effect of Hericium erinaceus or Moringa oleifera, or Hericium 

erinaceus plus Moringa oleifera in the AD study, we have shown that these treatments, 

especially the one with Moringa, were capable of significantly reducing the degradation of IκB-

α and consequently to inhibit AlCl3-induced NF-kB p65 nuclear translocation. Furthermore, 

Hericium erinaceus, Hericium erinaceus plus Moringa oleifera and in particular Moringa have 

been shown to act on COX-1 and iNOS by significantly reducing their expression. To 

consolidate the effect of treatments on the inflammatory process induced by AlCl3, we 

evaluated the levels of proinflammatory cytokines such as TNF-α and IL-6. Our AD study 

found that all three treatments were able to significantly reduce pro-inflammatory cytokine 

production. Furthermore, we have shown that treatment with Hericium erinaceus or Moringa 

oleifera or the combination of both can also reduce the levels of MDA, an important indicator 

of lipid peroxidation, and stimulate the activation of the Nrf2 pathway. Also, in these analyzes 

a greater effect of Moringa was shown compared to the other treatments.  

For the study on Parkinson's disease we thought of a preventive approach linked to the potential 

beneficial properties of the Mediterranean diet (MD). Numerous studies support the beneficial 

effects of the MD in the prevention of neurodegeneration. MD expects a high consumption of 

grains, vegetables, fruits, olive oil, legumes, a low consumption of meat and a moderate amount 

of fish, seafood and alcohol. This results in a reduction in the consumption of saturated fats and 

in an increase in the intake of foods containing high concentrations of bioactive compounds 

such as polyphenols and flavonoids [92, 93]. In particular, many recent data highlight the 

importance of phenols contained in extra virgin olive oil (EVOO) to counteract the misfolding 

and toxicity of proteins, with particular attention to the mechanisms that lead to the onset and 

progression of PD [300, 301]. The main component of EVOO and olive is hydroxytyrosol 
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which is an important protective factor. HT has been shown to have the highest antioxidant 

activity ever measured compared to any other known natural antioxidant [302, 303]. HT in 

addition to reducing oxidative stress by inhibiting free radicals and eliminating reactive oxygen 

and nitrogen, has been shown to have anti-inflammatory and antimicrobial effects on humans 

and animals and to stimulate the immune system [304-306]. The properties of HD were 

evaluated in an in vitro study on neuroinflammation which highlighted the ability of this 

compound to reduce the production of pro inflammatory cytokines such as TNF-a, IL-1b and 

IL-6 [307]. Fascinating is also the in vivo study with olive polyphenols which showed that 

oleuropein and its derivatives, in particular HD, exert neuroprotective effects, a general 

improvement in the duration of health and longevity, as well as resistance to stress in the model 

of PD in C. elegans stressed by rotenone [308]. 

Based on this evidence, the aim of our study was to evaluate whether the aqueous extract of 

olive pulp containing 40-50% of HT, known as Hidrox® (HD), prevents the neurodegenerative 

process in an animal model of rotenone induced PD. In particular, we hypothesize that HD is 

able to act not only on the oxidative stress through the Nrf2 pathway but also on the 

neuroinflammation and other important mechanisms involved in the pathogenesis of PD. 

Here, thanks to our PD model induced by rotenone on male mice, we have shown that 

administration of HD during the entire period of the PD induction by rotenone rises the redox 

potential correlated with induction of vitagenes and helps susceptible neurons to resist to 

proteotoxic insults and therefore to neurodegeneration. Restoration of normal proteostasis 

seems to be crucial for neuronal survival. Therefore, our study does not aim to evaluate a 

treatment for the cure of PD but to demonstrate that the use of natural compounds such as HD 

could prevent the neurodegenerative process typical of this pathology. Several statistical studies 

have shown that more men than women are diagnosed with PD [309]. The differences between 

gender of symptoms, course and cognitive aspect have not yet been extensively examined. A 
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source of cognitive differences could be the effect of estrogen on dopaminergic neurons and 

pathways in the brain. For this reason, we decided to carry out our research on male mice, but 

the study on females would also be interesting. Our results have shown that HD is able to act 

not only on oxidative stress but also on the inflammatory response, apoptosis and 

inflammasome, thus containing the accumulation of a-synuclein, the loss of dopaminergic 

neurons and the behavioral deficits.  

Nrf2, one of the most important transcription factors that activates several genes with 

cytoprotective function, participates in antioxidant and anti-inflammatory reactions [310-315]. 

These cytoprotective genes encode a wide variety of phase II detoxification enzymes such as 

NAD (P) H: quinone oxidoreductase 1 (NQO1), HO-1, γ-GCS, glutathione S-transferase (GST) 

and glutamate-cysteine ligase, thioredoxin, thioredoxin reductase, thermal shock proteins and 

many others [106, 316-319]. 

Cell culture studies have shown that HT was the only olive oil phenol capable of increasing the 

transactivation of Nrf2, which suggests that this polyphenol could be responsible for the 

induction of Nrf2 dependent gene expression [320]. 

Therefore, our hypothesis is that HD carries out its neuroprotective action through the activation 

of the Nrf2 / HO-1 axis. As an effect of oxidative stress in tissues and organs, protein and lipid 

oxidation occur. Introduction of carbonyl groups into amino acid residues is a hallmark for 

oxidative injury to proteins by ROS. Protein carbonylation can have harmful effects on cell 

function and viability, since it is generally unrepairable by cells and can lead to protein 

dysfunction and to the production of potentially harmful protein aggregates [262]. Analysis of 

the carbonyls in the brain proteins revealed significantly higher levels in the rotenone group 

compared to that treated with HD. Moreover, our results showed the ability of HD to 

significantly increase the levels of Nrf2, HO-1, Hsp-70, Sirt-1 and γ-GCS compared to the 

group treated only with rotenone. As observed in several studies [321, 322] and confirmed by 



 114 

our results, we can indicate a relationship between Nrf2 and NF-kB, a transcription factor 

responsible for the inflammatory response that activates many genes coding for pro-

inflammatory cytokines and immunoregulatory mediators. 

In our study we have shown that HD is capable of preventing the nuclear translocation of NF-

κB and the degradation of IkB-α. In addition, iNOS levels have also been significantly reduced 

by HD. This suggests that regulation of redox homeostasis by Nrf2 probably leads to 

modulation of NF-kB activity and the inflammatory response characteristic of PD. Another 

complex that could be modulated by Nrf2 is the NLRP3 inflammasome whose activation is 

linked to various stressors. Therefore, in our study we evaluated the Caspase-1, IL-1b, IL-18, 

ASC and NLRP3 levels by demonstrating that HD was actually able to significantly reduce the 

expression of these proteins which was instead increased by rotenone. Our study also showed 

that HD protects neuronal cells from rotenone-induced apoptosis. The levels of the Bax pro-

apoptosis marker were significantly reduced by HD, conversely the anti-apoptotic protein Bcl-

2 was significantly increased. Overall, the modulation of the processes just described allowed 

a reduction in the death of dopaminergic neurons evidenced by the restoration of the levels of 

two specific markers, TH and DAT, in the brains of HD treated mice. In addition, HD prevented 

the a-synuclein from aggregating and forming accumulations in in dopaminergic neurons 

which is also reflected in a reduction in the motor deficits induced by rotenone. 

In conclusion, our results demonstrated that natural compounds such as Hericium erinaceus, 

Moringa and Hydroxytyrosol are powerful anti-inflammatories and antioxidants. Therefore, 

Hericium erinaceus and Moringa represent a nutritional product that could be used as therapies 

against TBI and AD, while Hidrox® could be used as a preventive agent in the 

neurodegenerative process characteristic of PD. 
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