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ABSTRACT 

Amyotrophic lateral sclerosis (ALS) is an idiopathic motor neuron disease characterized 

by progressive degeneration of upper and lower motor neurons, resulting in muscle 

atrophy, limb paralysis, and finally respiratory failure. About 5–10% of ALS is familial 

and among them the 20% show mutations in superoxide dismutase 1 (SOD1), which have 

been characterized to induce a toxic gain of function of enzyme. The pathophysiology of 

ALS seems multifactorial, involving excitotoxicity, mitochondrial dysfunction and 

dysregulation, impaired axonal transport, intracellular protein aggregates, and genetic 

mutations but remain largely unknown. Riluzole, an inhibitor of glutamate release, and 

edaravone, a free-radical scavenger, are the only two drugs approved for ALS. 

Symptomatic treatments remain the cornerstone of management for patients with ALS. 

There is a strong need to characterize new treatments not only alleviate symptoms, but also 

improve survival and quality of life.  

In this research we focused on the potential therapeutic effects of three drugs belonging to 

the family of the growth hormone secretagogues (GHSs). The GHSs are endowed with 

several endocrine and extraendocrine effects that are at least in part mediated by binding 

to GHS-R1a, the receptor of ghrelin. In particular, we have selected three well-

characterized compounds: (i) hexarelin, an agonist of GHS-R1a, which exerts cyto-

protective effects at the mitochondrial level in cardiac and skeletal muscles, and could have 

neuroprotective effects; (ii) JMV2894, an agonist of GHS-R1a, which stimulates Ca2+ 

mobilization in vitro and growth hormone release in vivo, and modulates mitochondria 

functioning and ROS production; (iii) EP80317, an antagonist of GHS-R1a and agonist of 

CD36, which modulate the production of inflammatory cytokines, exerts anticonvulsant 

activities and has cardio-protective effects.  

The first objective of this study was to determine the cyto-protective capacity of hexarelin, 

JMV2894 and EP80317 in Neuro-2A cells subjected to oxidative stress. Neuro-2A cells 

were incubated for 24 h with H2O2 or with the combination of H2O2 and GHSs to monitor 

their effects through the quantification of (i) cell viability, (ii) NO2
- release, (iii) changes 

in cellular morphology, (iv) apoptotic response and (v) MAPK and Akt pathways. In a 

second group of experiments, the same treatments were used on SH-SY5Y human 

neuroblastoma cells overexpressing the wild type (WT) SOD1 enzyme, or the SOD1G93A 

mutated protein. In both Neuro-2A and SH-SY5Y cell lines H2O2 induced in a dose-

dependent manner (i) a reduction of cell viability, (ii) the activation of caspase-3, caspase-
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7 and Bax, and (iii) a down-regulation of the anti-apoptotic Bcl-2. Moreover, H2O2 induced 

an increased production of NO2
- and drastic changes in cellular morphology (loss of 

cell/field, de-ramification and reduction of process length, loss of cellular complexity and 

shape, as well as reduction of cell size). In Neuro-2A and SH-SY5Y cells, both hexarelin 

and JMV2894 were effective in antagonizing the effects of H2O2 by (i) increasing cell 

viability, (ii) reducing NO2
- release and (iii) restoring cell morphology. Hexarelin and 

JMV2894 reduced mRNA levels of caspase-3 and caspase-7, and modulated mRNA levels 

of the BCL-2 family. Hexarelin and JMV2894 also modulated the expression of mitogen-

activated protein kinase (MAPK) ERK 1/2 and p38, and phosphoinositide-3-kinase 

(PI3K)/Akt, two pathways primarily involved in the regulation of cell growth, 

differentiation, and response to cellular stress, whose activation contribute to neuronal 

dysfunction. The specificity of GHS effects is demonstrated by the absence of significant 

effects of EP80317 treatments on all the previous parameters in the previous three cellular 

models. In SH-SY5Y WT cells, hexarelin was more effective than JMV2894 in 

antagonizing the effects of H2O2. Interestingly, In SH-SY5Y SOD1G93A cells, the effects 

of hexarelin and JMV2894 were blunted compared to those measured in SH-SY5Y WT 

cells. It is possible that in these cells the levels of oxidative stress induced by the 

combination of H2O2 treatment and SOD1G93A mutation was too high to be counteracted 

by hexarelin and JMV2894 treatments.  

In the next series of experiments, we have studied the role of cellular communication 

between neurons and glial cells in modulating the onset and progression of 

neurodegeneration. In fact, the involvement of microglia in ALS exacerbation and 

propagation is still under debate. To this aim, we have treated N9 microglial cells with 

hexarelin or JMV2894 for 48 h and then isolated extracellular vescicles (EVs) from the 

conditioned culture media. Both GHSs treatment induced a higher release of EVs from N9 

cells. EVs were subsequently incubated for 24 h with SH-SY5Y WT and SOD1G93A in 

presence of H2O2. In SH-SY5Y WT cells, EVs-derived from hexarelin-treatment 

significantly inhibited the increase of levels of caspase-7 and Bax induced by H2O2, 

whereas for caspase-3 there was a trend toward a reduction. EVs-derived from JMV2894-

treated N9 cells significantly inhibited the increase of caspase-3 and caspase-7 induced by 

H2O2, and a trend toward a reduction for Bax levels. In SH-SY5Y SOD1G93A, EVs derived 

from hexarelin and JMV2894 treatments significantly reduced the mRNA of Bax compared 

to H2O2-treated cells, but did not exert any beneficial effects to other apoptosis marker. 

These preliminary results suggest that EVs released from cells stimulated with specific 
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GHSs may have potential beneficial effects for neuronal survival and could be a promising 

strategy for the modulation of oxidative stress. 

In conclusion, our results demonstrate neuroprotective and anti-apoptotic effects of 

hexarelin and JMV2894, suggesting that new GHS analogues could be developed for their 

neuroprotective effects. Further studies are needed to better investigate the anti-

inflammatory and neuroprotective effects of EVs-derived from conditioned media of 

microglial cells stimulated with selected GHSs. 
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INTRODUCTION 

1. Amyotrophic Lateral Sclerosis 

Amyotrophic Lateral Sclerosis (ALS) was first identified in 1874 by the French neurologist 

Jean-Martin Charcot, who described it as a severe adult pathology due to progressive 

degeneration of motor neurons in the primary cortex, corticospinal tract and spinal cord (1). 

ALS has heterogeneity at the clinical, genetic and neuropathological levels, and results in 

severe muscle atrophy, paralysis, and eventual respiratory insufficiency, which typically 

leads to death within 3-5 years from the onset (2,3). 

To date, ALS is recognized as a fatal multisystem neurodegenerative disorder that belongs 

to Motor Neuron Disease (MND), and characterized by rapid deterioration of both upper and 

lower motor neurons. Upper motor neurons (UMN) originate from the cerebral cortex, 

extend towards the periphery and reach the spinal cord, establishing contact with lower 

motor neurons. Lower motor neurons (LMN), starting from the anterior horns of the spinal 

cord, extend and reach the muscles, with which make contact in the neuromuscular plate 

(Figure 1). Being responsible for the voluntary muscles’ contraction primarily involved in 

movement, swallowing, speaking and breathing, motor neurons degeneration in ALS spared 

only sensory, sexual, sphincter and, in most cases, cognitive functions. 

Therefore, the term “amyotrophic” referred to (i) muscle atrophy, (ii) loss of strength, and 

(iii) appearance of fasciculation, which are typical manifestations of LMN pathologies. 

Indeed, “lateral sclerosis” is attributed to (i) hardness of the lateral portion of the spinal cord 

on palpation of autopsy specimens, (ii) hyperactive tendon reflexes, and (iii) Hoffman and 

Babinski signs, characteristic of the UMN diseases (1).
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Figure 1. The role of upper and lower motor neurons in ALS.  

ALS patients present signs of both upper motor neurons (UMN) and lower motor neurons (LMN) 

degeneration, which leads to progressive muscles weakness and atrophy. Created with 

BioRender.com.  

 

1.1 Epidemiology 

ALS worldwide incidence is estimated at 1.6 cases per 100.000 persons annually but with 

significant geographical, ethnical and gender differences (3–5). For example, in Europe the 

estimated prevalence is 10-12 per 100.000 persons per year, where established risk factors 

are age, family history, higher latitudes, cigarette smoking, and accumulation of heavy 

metals (4,6,7). In Japan, Guam and South West New Guinea, ALS prevalence is 50-100 

times higher, probably due to environmental factors, such as the consumption of neurotoxic 

non-protein amino acid β-methylamino-L-alanine (BMAA) contained in the seeds of cycad 

Cycas micronesica (8).  

The average age of onset varies between 60 and 75 years of age, and typically peaks at 64 

years old in Caucasian adults. Only 5% of cases are under the age of 30 (4,8,9). Moreover, 

the lifetime risk of ALS is higher for men than for women (1.5:1), probably due to protective 

hormonal factors in women (10–12). 

Finally, some evidences have demonstrated that athletes appear to have a higher risk of 

developing the disease than the general population, probably due to the greater likelihood of 

trauma, and as a result of exogenous factors that could alter some genes related to physical 
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activity, like ciliary neurotrophic factor, leukaemia inhibitory factor and vascular 

endothelial growth factor (13,14). 

1.2 Aetiology 

ALS is categorized in two different forms: the most common sporadic (sALS, 90-95%), 

which has no obvious genetically inherited component and the familial-type (fALS, 5-10%), 

associated mainly to genetic autosomal dominant inheritance and rarely to recessive and X-

linked ones (15). Even though sALS and fALS are clinically indistinguishable and both 

exhibit the same pathogenetic mechanisms, among which oxidative stress, glutamate 

excitotoxicity, mitochondrial dysfunction, protein aggregation, altered axonal transport and 

inflammation (16), fALS occurs due to mutations in specific genetic loci (8) (Figure 2).  

 

 

 

 

 

 

 

 

 

Figure 2. Pathogenetic mechanisms mediating neurodegeneration in ALS.  

The underlying mechanisms of neurodegeneration in ALS are multifactorial and include (i) 

glutamate excitotoxicity, (ii) oxidative stress and mitochondria dysfunction, (iii) aggregates of 

mutant misfolding proteins, (iv) impaired axonal transport, and (v) release of pro-inflammatory 

cytokines by activated astrocytes and microglia cells. Created with BioRender.com. 
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1.2.1 Molecular mechanisms 

The pathophysiological mechanisms underlying the development of ALS are multiple and 

multifactorial, with the involvement of a complex interaction of genetic, molecular and 

environmental factors. 

The main hypotheses for molecular pathogenesis of ALS include damage linked to glutamate 

excitotoxicity, structural and functional abnormalities of mitochondria, free radical-

mediated oxidative stress, cytoplasmic aggregates of misfolded proteins, impaired axonal 

structure and transport defects (8,16,17). 

1.2.1.1 Glutamate excitotoxicity 

Glutamate excitotoxicity was one of the first hypotheses proposed as a pathogenic 

mechanism of ALS (18,19). Glutamate is the predominant excitatory neurotransmitter of 

CNS, synthesized in the presynaptic terminals and stored in synaptic vesicles.  

By presynaptic neuron depolarization, vesicles release glutamate in the synaptic cleft. Here, 

this neurotransmitter acts on different receptors on postsynaptic neurons, such as α-amino-

3-hydroxyl-5- methyl-4-isoxazole-propionate (AMPA) and N-methyl-D-aspartate (NMDA) 

receptors. The depolarization of membrane after activation of neuronal glutamate receptors 

activates voltage-dependent calcium channels, allowing calcium (Ca2+) entry and generation 

of free radicals (20). The signal is interrupted by glutamate removal from synaptic cleft by 

excitatory amino acid transporters (EAATs) on glial and neuronal cells (21). This procedure 

is finely regulated to avoid excitotoxicity that occurs when glutamate receptors are 

excessively stimulated, which could result in degeneration and death of the involved neurons 

(22). Glutamate receptors and transporters could have a key role in the excitotoxic 

mechanism of ALS. In fact, the level of EAATs is found to be largely reduced in the motor 

cortex and in the spinal cord of ALS patients (23). In particular, aberrant mRNA of the 

isoform 2 of the astroglial glutamate transporter (EAAT2) was subsequently detected in ALS 

patients, explaining the reduction in EAAT2 protein levels (24). Low EAAT2 expression 

leads to an increase of extracellular concentration of glutamate, with a consequent 

overstimulation of glutamate receptors and neuronal degeneration (8). 

In vitro studies have demonstrated that administration of glutamate uptake blockers, i.e. 

threohydroxyaspartate (THA), mimics the chronic excitotoxicity mediated by defective glial 

and/or neuronal glutamate transport, as in ALS (25,26). To ascertain whether the loss of 

functional EAAT2 in ALS was a primary cause of motor neuron degeneration, Guo and 

colleagues generated a transgenic mutant SOD1 mice overexpressing EAAT2 
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(EAAT2/G93A double transgenic mice). In this study, mice with an increased EAAT2 

expression showed a delay in motor neuron degeneration and disease progression, but there 

was no increase in survival, compared to SOD1G93A mice (27). Moreover, the vulnerability 

of motor neurons to glutamate excitotoxicity in ALS may be due to higher membrane 

permeability for Ca2+, caused by a continue activation of AMPA receptors (28). Different 

studies have demonstrated that the mRNA of the subunit 2 of glutamate AMPA receptors 

(GluR2) could have an abnormal editing, contributing to neuronal death in ALS patients 

(29). To demonstrate this, the use of AMPA receptor selective blockers lead to a reduction 

of neuronal death (28). 

Given the major role of glutamate in the pathogenesis of the disease, the Food and Drug 

Administration (FDA) has approved riluzole, a drug that inhibits the release of glutamate 

through the activation of voltage-gated sodium (Na2+) channels on glutamate nerve 

terminals. 

1.2.1.2 Mitochondrial defects 

The key role of mitochondria in cell survival, metabolism, intracellular energy production, 

Ca2+ homeostasis and control of apoptosis is widely recognized (30,31). 

Increasing observations suggest that mitochondria morphological and biochemical 

abnormalities could correlate with ALS pathogenesis. This mitochondrial hypothesis has 

gained more relevance from 2014 after the identification, both in in vitro and in vivo models 

of early pathology, of mutations in proteins encoded mitochondrial DNA (mtDNA), such as 

the protein CHCHD10, which determines the loss of crests of the inner membrane and 

consequent alteration of mitochondrial functionality (32,33).  

In fact, histopathological observations have disclosed that mitochondria dysfunction could 

correlate with abnormalities in their morphology: fragmented network, swelling, augmented 

cristae in soma and proximal axons, and vacuolization were found in mitochondria from 

ALS patients and transgenic mouse models (8,34,35). 

Interestingly, morphological alterations and defective role of mitochondria were not 

confined only to CNS, but also in skeletal muscles and in spinal motor neurons of ALS 

patients (36,37). In fact, in both skeletal muscle biopsies and in spinal cord of ALS patients 

have been reported ATP production deficits due to the alteration in the complex I, II, III and 

IV of the electron transport chain (38).  
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These defects cause damage to endoplasmic reticulum, determining alteration in intracellular 

Ca2+ homeostasis: higher Ca2+ concentrations lead to lowering of ATP production and to an 

increase in reactive oxygen species (ROS). 

Finally, chronic mitochondrial alterations induce apoptosis, by the cytochrome C release and 

the pro-apoptotic gain-of-function of B-cell lymphoma 2 (Bcl-2) family proteins, which 

directly contribute to neuromuscular degeneration and neuronal dysfunction (39) (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Mitochondrial involvement in apoptosis pathway.  

In response to apoptotic stimuli, pro-apoptotic proteins, such as Bax, induce the permeabilization of 

the outer mitochondrial membrane, leading to release of cytochrome c from the mitochondrial 

intramembranous space. Cytochrome c is then bound to Apaf-1, resulting in the formation of a 

multimeric Apaf-1/cytochrome c complex that recruits procaspase-9 forming the apoptosome. 

Consequently, procaspase-9 is activated through proteolysis, and subsequently dissociated from this 

complex. Once activated, caspase-9 activates executioner caspases-3 and/or -7, which eventually 

lead to apoptosis. Created with BioRender.com 

1.2.1.3 Free radical-mediated oxidative stress 

A direct consequence of mitochondrial dysfunction is oxidative stress (OS), determined by 

the imbalanced ratio of reactive oxygen species (ROS) and free radicals produced by the 

normal metabolism of oxygen (O2), and the antioxidant cellular mechanisms (30,40). All 

different species of ROS [hydrogen peroxide (H2O2), superoxide anion (O2
-), highly reactive 

hydroxyl radical (HO•)], and the reactive nitrogen species (RNS) [nitric oxide (NO), nitric 

monoxide (NO•)], contribute to the deterioration of cell DNA, RNA, lipids and proteins (41). 
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Oxidative stress is largely involved in aging and neurodegenerative disorders (42) and could 

promote the formation of unfolded protein aggregates, increase the oxidation of proteins and 

lipids, and became a cause-consequence of mitochondria abnormalities (43). Indeed, 

elevation of free radicals and oxidative damage were found in post mortem-tissues (44), 

CSF, serum and urine of ALS patients (8). In addition, in vitro culture of ALS patient’s 

fibroblast shows increased sensitivity to oxidative damage controls (45). However, from 

current knowledge, oxidative stress cannot be the only pathogenetic determinant of ALS, but 

it likely participates in a vicious circle that involves several molecular pathways. 

Given the role of mitochondrial dysfunction and oxidative stress in the pathogenesis of the 

disease, edaravone has been proposed as a potential drug for the treatment of ALS, even 

though actually has been proven the lack of its effectiveness: benefits are not superior to its 

risks. 

1.2.1.4 Cytoplasmic aggregates of misfolded proteins 

Another cause involved in ALS onset is deposits of protein aggregates. The formation of 

cytoplasmic aggregates occurs as (i) a primary consequence of mutations at gene level, or 

(ii) following post-translational modifications of protein. There is a direct correlation 

between the degree of conformational instability of the protein induced by the mutations and 

the rate of clinical progression of the disease; in fact, at the late stages of the disease, dense 

aggregates of ubiquitinated proteins are visible, often associated with eosinophilic 

aggregates described as Bunina bodies (46,47).  

The main proteins involved in the formation of inclusion bodies are (i) superoxide dismutase 

1 (SOD1), (ii) trans-active response (TAR) DNA-binding protein 43 (TDP43) and (iii) fused 

in sarcoma/translocated in liposarcoma (FUS/TLS). Normally localized in the nucleus, 

altered proteins translocate to cytoplasm of motor neuron, neuron, glial cells and spinal cord 

of ALS patients, where clustered in inclusion bodies (48–50). 

1.2.1.5 Impaired axonal transport 

Motor neurons are highly polarized cells, endowed of long axons that transmit nervous 

impulses and transport organelles, RNAs, proteins and lipids. Defects in anterograde and 

retrograde (51) axonal transport are one of early pathophysiological events in ALS. Starting 

from the observation of specimens from post-mortem ALS patients, different studies have 

demonstrated an abnormal accumulation of neurofilaments, mitochondria, lysosomes and 

axonal spheroids in both proximal and distal axons of motor neurons (51,52). Subsequent in 

vitro and in vivo studies, using models of ALS, revealed a reduction in slow and fast axonal 
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transport and, consequently, significant spinal motor neurons loss, lower myelinated fibre 

densities and muscle pathology (16,53). 

An efficient axonal transport for the trafficking and docking of mitochondria is particularly 

relevancy in areas with high demand of ATP and Ca2+ homeostasis. In fact, different studies 

have demonstrated that mitochondrial damage combined with reduced axonal transport are 

an important feature in ALS pathology (54). 

1.2.2 Environmental factors 

Different epidemiologic studies have suggested that environmental toxins, like chemicals, 

heavy metals and electrical magnetic fields could be a potential contributing cause of ALS 

(8). 

The exposure to pesticides (i.e., insecticides, fungicides, herbicides and rodenticides), 

fertilizers and formaldehyde, principally in professional farmers, through oral, dermal and 

inhalation routes, can cause neurological damage, through the inducement of oxidative 

stress, mitochondrial dysfunction and neuronal loss (55).  

The role of heavy metals, such as lead, selenium and mercury in motor neuron degeneration 

has been widely explored (55). High concentration of lead, especially in welders, determines 

an increase in ALS risks, because of lead’s ability to substitute intracellular calcium and to 

led mitochondrial damage, oxidative stress, and strengthen glutamate’s excitotoxicity (56). 

The potential role of selenium in developing ALS is demonstrated by the presence of 

seleniferous drinking water in South Dakota and in Northern Italy and the increase in ALS 

cases in these areas (57). Finally, evidence that mercury is involved in ALS pathogenesis is 

based only on animal and cell cultures studies, in fact there is no evidence of it in 

epidemiological case-control studies (55,57). 

The most consistent non-genetic risk factor for ALS and link between chemicals and heavy 

metals is cigarette smoking: cigarettes contained heavy metals and formaldehyde and has 

been found to increase the probability of developing ALS through inflammation, oxidative 

stress, and neurotoxicity. Moreover, ALS risk is highest with start smoking younger age (8).  

Lastly, in vitro and in vivo studies have demonstrated that radiation and extremely low-

frequency electromagnetic fields (ranging from 3 Hz to 3,000 Hz) produce oxidative stress 

and disables cellular antioxidant properties, but further studies are needed, since only low 

level of association has been found (58). 

 



Introduction 

 

12 

 

1.2.3 Genetics of ALS 

As mentioned above, sALS and fALS have similar clinical and pathological presentation, 

even though fALS mainly occurs due to mutations in specific genetic loci and inheritance, 

which follows Mendelian pattern, is primarily autosomal dominant (8).  

Therefore, besides molecular and environmental factors' role in ALS onset, genome-wide 

association studies (GWAS), next-generation sequencing (NGS) and other classical 

genetically analysis have allowed to map the genes whose alterations are involved in ALS 

(59). Indeed, the current diagnosis of ALS includes the gene analysis of the four most robust 

and common genes: C9orf72, SOD1, TARDBP and FUS. Moreover, some studies have 

reported also the identification of susceptibility variants that further increased the risk of 

ALS and disease progression (including ATXN2, UNC13A, ANG, SMN1 and SMN2 genes) 

(60).  

1.2.3.1 ALS1: SOD1 mutations 

The superoxide dismutases (SOD) are ubiquitous antioxidant enzymes that defend cells 

against oxidative stress (OS), reactive oxygen species (ROS) and superoxide anion radicals 

through the dismutation of superoxide anions.  

At present, in mammals have been identified three distinct and highly compartmentalize 

SOD isoforms: (i) SOD1, or Cu/Zn-SOD, (ii) SOD2, or Mn-SOD, and (iii) SOD3, or EC-

SOD.  

SOD2 is a mitochondrial enzyme, existing in a tetramer form, which requires manganese to 

catalyze reactions, while SOD3 is the extracellular enzyme most recently characterized, 

constitute of a copper and zinc-containing homodimer (61). 

SOD1 was the first enzyme to be characterized and is found almost exclusively in 

intracellular cytoplasmic spaces. The human SOD1 gene consists of 5 exons and 4 introns, 

is localized in 21q22.1 chromosome and encodes for the superoxide dismutase Cu/Zn, a 

protein of 153aa (16kDa).  

The evidence of mutations in chromosome 21 in ALS pathogenesis arose in 1991, and was 

confirmed by Rosen in 1993 (62). Nowadays, it is known that SOD1-related ALS (ALS1) 

determines the 20% of fALS and the 5% of sALS, and more than 170 mutations in this gene 

have been identified (63). All mutations are autosomal dominant, with the exception of the 

D90A, which can occur in both dominant and recessive forms.  

Mutations of SOD1 cause oxidative stress and mitochondria alterations, modifications of 

gene expression and abnormal protein interactions, formation of intracellular aggregates of 
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misfolded SOD1 peptide, neurofilaments disorganization and cytoskeletal abnormalities, 

glutamate excitotoxicity, activation of caspases and apoptosis (64). 

Moreover, different mutations in SOD1 cause different syndromes which differ in 

penetrance, age of disease onset, survival and clinical manifestation (65). 

The A4V mutation is the most common in North America (50% of patients), and is 

associated with patient death within 12 to 18 months after symptom onset (66). D90A is the 

most frequent in Europe, especially in northern Sweden and Finland; it shows both 

autosomal dominant and recessive patterns of inheritance in different populations, has 

slowly progressive course, and may cause ataxia (38). I113T is the mutation most common 

in United Kingdom, characterized by late onset, long survival and reduced penetrance (67). 

G93A is a relative rare mutation, but it has been studied very thoroughly by in vitro models 

of fALS, obtained by transfecting, for example, human neuroblastoma cell line SH-SY5Y 

with plasmids directing constitutive expression of either wild-type SOD1 or the mutant 

SOD1G93A (68), and by the transgenic mouse model SOD1G93A (69). In vitro models 

expressing SOD1G93A show a significant decrease in mitochondrial membrane potential, a 

major cellular source of H2O2 and net increase of cytosolic Ca2+, which results in 

mitochondrial swelling, uncoupling of oxidative phosphorylation, lipoperoxidation, nitric 

oxide (NO)-derived radicals and apoptosis (68). 

At first, the impair antioxidant enzyme activity, which in turn led to accumulation of toxic 

superoxide anions, was supposed to be the mechanism underlying motor neuron damage 

caused by SOD1G93A. This theory was dismissed experimentally by the use of “knock-out” 

mice for SOD1G93A, which does not cause any motor neuron abnormalities. 

Therefore, rather than a loss-of-function, SOD1 mutations would seems to cause a gain-of-

function: in fact, mutations in the SOD1 gene change the affinity of enzyme to the natural 

and abnormal substrates, impair ability of enzyme to bind zinc or increase the enzyme 

aggregation in neurons (61). Despite this, the mechanism by which mutated SOD1 causes 

toxicity has not yet been fully understood. 
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Table 1. Genetic aetiology of ALS  
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Table created based on OMIM data and http://alsod.iop.kcl.ac.uk/. 
  

http://alsod.iop.kcl.ac.uk/
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1.3 Symptoms 

ALS manifests silently, with nonspecific symptoms over several years, until when the 

progressive loss of motor neurons exceeds their survival compensatory capacity. As 

mentioned, the main clinical characteristic of ALS is the combination of both upper and 

lower motor neuron damage, which involves brain stem and spinal cord. Specifically, the 

involvement of upper motor neurons impairs limb function, leading to spasticity, weakness 

and deep tendon reflexes; on the other hand, lower motor neurons degeneration causes 

fasciculation, atrophy and weakness. Moreover, as the disease progresses and the 

degeneration involves motor neurons in brainstem, ALS patients’ manifest difficulties in 

swallowing and speech. 

ALS onset could be distinguished in (i) spinal and (ii) bulbar. Spinal manifestation affects 

70% of patients, who show principally muscle weakness and focal atrophy given the 

compromise of motor neurons in spinal cord (70). In bulbar onset (25% of patients), the main 

signs of ALS are dysarthria, dysphagia, swallowing difficulties and facial weakness, which 

determines the impossibility in closing lips, due to upper motor neurons damage (45). 

Despite this clinical distinction, the two beginnings often overlap and about 5% of patients 

present an onset with respiratory weakness (nocturnal hypoventilation, dyspnoea and 

orthopnoea), sleep disturbances, headaches, anorexia, decreased ability to concentrate and 

irritability (71). 

Clinical progression is extremely heterogeneous and varies from patient to patient depending 

on the speed of worsening, the extent of paralysis and the muscles affected: for example, the 

earliest manifestations of muscle atrophy could involve muscles of the hands, forearms and 

shoulders in the upper limbs, or of the feet and thighs of the lower ones (72). 

Regardless the type of onset, with disease progression ALS patients manifest weakness and 

fasciculation, spasticity, spastic or flaccid dysarthria (8), Hoffman and Babinski’s signs with 

muscle cramps and fatigue, and involuntary muscle contractions (73–75). In the most cases, 

ALS spares neurological functions (76,77), but some ALS patients manifest frontotemporal 

cognitive dementia (FTD), supranuclear gaze palsy, weight loss, bladder dysfunction and 

multisystem involvement (45,74). Pain, distinguished in acute or chronic, exacerbates in 

about 70% of patients and it is mostly associated with musculoskeletal conditions (cramps, 

spasticity and atrophy), and because of bones, tendons, ligaments and nerves’ damages 

(78,79). 

Eventually, ALS patients undergo assisted ventilation (80) and could develop a state of 

paralysis known as “totally locked-in state”, which involves paralysis of all voluntary 
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muscles and oculomotor impairment. Life expectancy in patients with late diagnosis does 

not exceed 30 months from symptoms onset, while only 20% of patients survive in a time 

interval ranging from 5 to 10 years (81). The leading cause of death in ALS is respiratory 

failure, as a result of pulmonary complications. 

1.4 Diagnosis 

ALS diagnosis is still difficult because of the lack of biological markers, the high variability 

of symptoms, and its overlap with other neurodegenerative diseases, which led to have a 

delay of 13-18 months from the appearance of the first symptoms to the diagnosis 

confirmation (82,83). 

Diagnosis of ALS occurs by excluding other motor neurons pathologies, starting from 

patient’s history, through laboratory, electrodiagnostic, neuroimaging and genetic 

investigations (8,84). In fact, ALS diagnosis requires (i) the presence of signs of second 

motor neuron degeneration, including electromyography (EMG) signs in clinically 

unaffected muscles, (ii) signs of degeneration of the first motor neuron on clinical 

examination and (iii) progressive spread of signs or symptoms to one region or other regions. 

At the same time, is necessary an absence of (i) electrophysiological or pathological evidence 

that could explain the signs of degeneration of the second and/or first motor neuron, and of 

(ii) neuroradiological evidence of other diseases (82,84). 

Therefore, there is no single or absolute test for ALS, but an extensive workup that 

encompasses blood tests (erythrocyte sedimentation rate, C-reactive protein, haematological 

screen, liver function tests, electrolytes, thyroid function tests, vitamins, serum protein 

electrophoresis and immunoelectrophoresis), cerebrospinal fluid tests (cell count, protein, 

glucose, oligoclonal bands), neurophysiology investigations (electroencephalography 

(EEG), nerve conduction studies (NCS) with electromyography (EMG), and evoked 

potentials (EP)) and imaging studies (magnetic resonance imaging (MRI), computed 

tomography (CT), and positron emission tomography (PET)) (8,17). 

Definitive diagnosis of ALS requires evidence of upper and lower motor neuron 

degeneration, progression or increase in neurological symptoms, and manifestation of 

Hoffman and Babinski signs (85); moreover, electrophysiological, laboratory, and 

neuroimaging results should not highlight other pathologies that could justify the clinical 

picture and rule out ALS as a cause (84). For instance, EMG and nerve conduction studies 

of ALS patients must show fasciculation potentials, indicative of spontaneous denervation 

discharges and subsequent re-innervation. 
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Finally, the application of (i) El Escorial, first published in 1994 by the World Federation of 

Neurology for inclusion standards for patients entering research studies and clinical trials 

(86),  (ii) Airlie House Criteria, defined in 1998 to underlie the importance of laboratory 

exams as diagnostic tools (84), and (iii) Awaji algorithm, incorporated in 2000 which 

successfully increase the ability to detects ALS patients without increasing the number of 

false-positives (87), makes possible to distinguish (82,84,88,89): 

1. Definite ALS, presence of upper motor neuron and lower motor neuron signs in the 

bulbar region and at two of the other spinal regions; 

2. Probable ALS, presence of upper motor neuron and lower motor neuron signs in at 

least two regions with upper motor neuron signs rostral to lower motor neuron signs; 

3. Probable ALS (laboratory results supported), presence of upper motor neuron and 

lower motor neuron signs in one region with evidence by EMG of lower motor neuron 

involvement in another region; 

4. Possible ALS, presence of upper motor neuron and lower motor neuron signs in one 

region or upper motor neuron signs in two or three regions, such as monomelic ALS, 

progressive bulbar palsy, and primary lateral sclerosis. 

As result, patients can benefit from treatment and the corresponding results of clinical trials. 
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1.5 Therapies 

Despite the growing knowledge of ALS aetiology, the complexity of this disease has 

compromised identification of resolutive modifying or neuroprotective agents. The current 

standard of care involves only the drugs, riluzole and edaravone. Other interventions aim to 

improve the quality of life of patients and their caregivers, but they are only symptomatic 

and palliative treatments (15). 

1.5.1 Disease modifying drug treatments 

1.5.1.1 Riluzole 

In 1995, FDA approved riluzole as the standard treatment for ALS patients. Approval was 

based on the results of two independent trials that demonstrated a prolonged survival, or, a 

two-to-three-month delay in the need of tracheostomy in the riluzole-treated group compared 

to controls (90,91). These benefits were mainly reported in patients with moderate functional 

impairment (17,92). 

Riluzole is a neuroprotective drug that inhibits presynaptic release of glutamate, inactivates 

NMDA receptors, and triggers extracellular glutamate uptake (92,93). The drug is generally 

well tolerated at the dose of 50 mg twice daily, but racial, gender and individual metabolic 

variations may lead to absorption variability and enhanced toxicity (Rilutek, prescribing 

information, 2018). The most common side effects are hepatotoxicity, asthenia, nausea, 

gastrointestinal upset and decreased lung function, that leads in some patients to interstitial 

lung disease (Rilutek, prescribing information, 2018) (94,95). 

1.5.1.2 Edaravone 

Edaravone is an antioxidant, and scavenger of free radicals, first approved in Japan in 2001 

for the treatment of cerebral embolism and acute ischemic stroke (92,95,96). Given the 

presence of excessive oxidative stress and the involvement of SOD1 gene in pathogenesis 

of ALS, edaravone was initially tested in SOD1G93A mice, an experimental model in which 

it slowed motor decline and SOD1 protein aggregations, promoting cell survival and 

inhibiting apoptosis (97,98). 

Edaravone was approved by the FDA in 2017, although its exact mechanism of action is still 

unknown, and its clinically positive effects are still a matter of debate. In fact, it was tested 

in a highly selected cohort of patients, characterized by an early onset and rapidly 

progressive disease (99,100). 
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Edaravone is an expensive treatment with a complex dosage: 60 mg IV administration for 

14 days followed by 14 days without drugs (95). Nevertheless, this drug is well tolerated, in 

fact the primary adverse events are contusion, headache and dermatitis (101). 

1.5.2 Treatment of specific symptoms 

1.5.2.1 Dietary supplementation 

Dysphagia and hypermetabolism are two key conditions of ALS prognosis that lead patients 

to dehydration, worsening of weakness and fatigue, and to weight loss. Therefore, the 

presence of a nutritionist is essential from onset of the disease. The first approach to 

nutritional management is the modification of food consistency, with the use of thickeners 

or creamy ready meals, accompanied by the use of appropriate adaptive eating utensils to 

promote independence as long as possible, and the pharmacological reduction of sialorrhea 

(102). When the patient becomes unable to eat independently, the same measures are carried 

out by assisted feeding until nutrition status is compromised by loss of 5-10% of usual body 

weight. In this case, and when the body mass index is lower than 20 kg/m 2 and/or forced 

vital capacity is <50%, percutaneous endoscopic gastrostomy (PEG) is indicated (103,104). 

1.5.2.2 Emotional lability and psychological support 

Emotional lability, also known as pseudobulbar affect (PBA), is the tendency of 20-50% of 

patients to laugh or cry inappropriately. PBA is an involuntary emotional expression, 

probably determined by corticobulbar involvement, and not associated with mood disorders 

or depression (102,105). Normally, especially in patients without cognitive impairment, 

emotional lability is a transient phenomenon, which resolves over several months, but it 

could be treated with tricyclic antidepressant or the combination of dextromethorphan and 

quinidine (95). 

Starting from the communication of the diagnosis, and for the entire duration of the disease, 

psychological support is crucial; a good relationship patient-psychologist mitigates a 

patient’s sense of abandonment that may arise at the beginning, and allows establishing the 

“timing”. Timing process is characterized by setting a support relationship, also with the 

caregiver and the family, managing emotions and supporting the patient’s decision 

processes. 

As a consequence of the patient’s awareness of their progressive, disabling and terminal 

illness, it is common for the patient to experience depression and anxiety. Although 

supportive counselling is important, the use of drug therapy is essential, even if it has to take 

into account other symptoms and side effects (105). Drugs mainly used are tricyclic 
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antidepressants and inhibitors of serotonin reuptake (amitriptyline, escitalopram and 

mirtazapine), bupropion and benzodiazepines (17). 

1.5.2.3 Exercise 

Muscle cramps, fatigue and spasticity are some of the symptoms that progressively worsen 

in ALS patients. These symptoms, that are in part caused by the pathology and are side 

effects of riluzole treatment, could be controlled by levetiracetam, baclofen, tizanidine, and 

botulinum toxin (102,105,106). 

Although the role of physical activity is controversial, involvement of a physiotherapist and 

a physiatrist are essential in the multidisciplinary team. The use of rehabilitative and 

physiotherapeutic personalized projects, with modulated exercises for the different stages of 

pathology, retard the progressive loss of strength and mobility, prolong patient autonomy, 

and provide instruction on special postural changes and techniques that ameliorate feeding, 

articulation and reduce panic attacks (45,105). 

1.5.2.4 Respiratory symptoms 

Respiratory failure is the outcome of ALS, with or without pneumonia. The atrophy of 

respiratory muscles is determined by combined degeneration of central and peripheral 

respiratory centres, and by motor neurons degeneration. 

The appearance of respiratory problems could emerge at the beginning of the disease or by 

its progression, with manifestation of dyspnoea, orthopnoea, daytime somnolence, morning 

headache, lack of restorative sleep and frequent nocturnal waking (105). 

Clinical and instrumental assessment of respiratory functionality must be done every 2-4 

months by spirometry, arterial blood gas analysis and nocturnal saturation. Using these 

diagnostic exams, the pulmonologist evaluates the forced vital capacity (FVC), vital capacity 

(VC) and the sniff nasal inspiratory pressure (SNIFF), and determines the correct 

management of respiratory function (8). 

Starting from physical techniques, such as breath stacking and assisted cough, and the use 

of bronchodilators and anti-cholinergic agents (107), the worsening of respiratory conditions 

lead to more aggressive management. When desaturation on overnight oximetry increases 

while FVC is <80%, or SNIFF is <40cmH2O (17), current guidelines suggest the use of non-

invasive ventilation (NIV). NIV improves survival, slows the decline of FVC, and improves 

the quality of life in ALS patients, but with bulbar impairment is no longer sufficient. 
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Invasive mechanical ventilation through tracheostomy is the last method that could prolong 

survival, but at the same time contributes to severe loss of quality life (“locked-in” condition) 

(17,105,108). 

1.5.3 Cellular therapies 

Given the central role of neuroinflammation and astrogliosis in ALS, different ongoing or 

completed clinical trials are focused on microglia/macrophages molecules and on new 

therapies aimed at modulating astrocyte biology (109,110). 

For instance, it has been observed that the progression of the disease could be slowed down 

by transplanting astrocyte precursors into the cervical spinal cord of SOD1G93A mice 

(109,111). Moreover, cell therapy is arousing significant interest among clinicians and 

researchers due to extensive progress in both preclinical and early phase clinical trials, since 

stem cells may intervene on several mechanisms simultaneously. In fact, stem cell therapy 

could sustain neuroprotection, both by replacing damaged cells and by providing trophic 

support to the injured environment and also by actively participating in the regulation of 

neuroinflammatory processes (112,113). 

  



Introduction 

 

23 

 

2. Microglia 

Microglia are the immune cells permanently resident in the central nervous system (CNS) 

that represent ~10-15% of the total population of cells within the brain and ~5-20% of total 

glial cells, and are critical for proper brain development and maintenance health in the 

mature brain, rapidly adapting their function to physiological or pathophysiological needs 

(114,115). 

Microglia was first identified in the 19th century by neuroscientists Rudolf Virchow, 

Santiago Ramón y Cajal and Pío del Río-Hortega, who described the basic morphological 

features of microglia using a silver staining technique, and hypothesized their phagocytic 

function.  

Owing to phenotypic similarities to peripheral monocytes/macrophages and dendritic cells 

(DCs), microglia were proposed to be of myeloid in origin and derived from the 

hematopoietic system (114). However, unlike meningeal, choroid plexus, and perivascular 

macrophages, microglia originate from embryonic yolk sac (YS) and populate the CNS prior 

to its vasculogenesis. The concept of microglial derivation from the YS was first suggested 

in the early 1990s by Cuadros et al., (116) and further supported by Alliot et al., (117): 

through the use of chimera between chick embryos and quail YS, was found that primitive 

myeloid cells invade the brain rudiment independently of the blood supply during 

development. Moreover, in the YS there is the presence of microglia precursors and later the 

brain rudiment of the developing embryo by embryonic day 8 (E8).  

Recently has been identify linfo-erythromyeloid precursors as the genuine microglia 

progenitors on a stem cell level: these cells continue their physiological and morphological 

development from the YS to the developing brain, where the mature cells finally reside and 

build the ultimate pool of microglia (118). Therefore, during neonatal development, myeloid 

precursors differentiate into microglia drive by transcription factors, growth factors, 

chemokines, matrix metalloproteinases (MMPs), and microRNAs, while in the adult CNS, 

microglia are maintained under steady-state conditions via a balance between mitosis and 

apoptosis (114,119). 

As mentioned above, microglial cells are key players in both degeneration and regeneration 

of the brain. In adult healthy brain, microglia are in “resting” state, a highly dynamic 

population, with a small cell body and highly ramification morphology, which actively 

screen their microenvironment with motile processes, exerting a crucial role in maintaining 

homeostasis, and participating to physiological functions, like synaptic pruning, adult 

neurogenesis and modulation of neuronal networks (120–123). Upon detection of specific 
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factors generated by parenchymal injury, degeneration, or infection, microglia undergo 

morphological transformations and respond rapidly through induction of genetic programs 

designed to overcome and repair CNS insults.  

2.1 M1/M2 phenotype  

In face of loss brain homeostasis, resting microglia activate and rapidly change morphology: 

cellular processes complexity is reduced, with less and thinner ramification, and size soma 

increases, reverting microglial to amoeboid form. Moreover, “activated” microglia become 

more motile and move to the injured site, where proliferate, eliminate the brain homeostasis-

disrupting agent and provide to tissue regeneration. 

In this sense, “activated” microglia is not a unidirectional way to identify microglial activity, 

but represents a highly regulated process by which microglia pass from a “resting” to the 

“executive” form, assuming specific morphological, molecular and functional features.  

In fact, the term “activation” has been associated with at least two distinct phenotypes: (i) 

M1, toxic and pro-inflammatory, and (ii) M2, protective and anti-inflammatory (124).  

M1-phenotype represent the “classically activated” microglia and is characterized by (i) the 

release of pro-inflammatory molecules such as interleukin-1α (IL-1α), IL-1β, IL-6, tumor 

necrosis factor-α (TNF-α) and interferon-γ (INF-γ), (ii) specific markers, as inducible nitric 

oxide (NO) synthase (iNOS) and major histocompatibility complex class II (MHC-II), and 

(iii) reactive oxygen species (ROS) release (125–127).  

M2-phenotype is the “alternatively activated” microglia, which is induced by anti-

inflammatory cytokines, such as IL-4 and IL-10, and exert protective role, suppressing 

inflammation, phagocyting cellular debris and supporting neuronal survival through the 

release of trophic factors (124,128). 

However, this type of classification represents only the extremes of a wide spectrum of 

possible forms of activation (129) and has now turned out to be somewhat reductive, 

although is consistent with what has been described for macrophages (130,131). In fact, M2-

phenotype includes (i) M2a associated with the production of anti-inflammatory cytokines 

and trophic factors (125), (ii) M2b considered to be a combined M1/M2a subtypes (132), 

and (iii) M2c associated with phagocytosis and suppression of the innate immune system 

(132,133). Furthermore, “acquired deactivation” represents another M2 anti-inflammatory 

phenotype and it is mainly induced by the uptake of apoptotic cells or exposure to anti-

inflammatory cytokines, such as IL-10 and transforming growth factor-β (128,134). 
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2.2 Neuroinflammation and microglial activation in ALS 

Neuroinflammation in ALS has been reported both in animal models and in patients in the 

very early stages of the disease (109) and it is characterized by activated microglia, 

astrogliosis and infiltration by immune system cells into the sites of neuronal injury.  

Despite recent evidence suggesting the involvement of a complex crosstalk between the CNS 

and peripheral immune cells, the specific influence of the peripheral immune system in ALS 

pathogenesis is still under investigation (135). A deregulation of the communications 

between motor neurons and glial cells seem be implicated in the damage of motor neurons 

(20) and alterations of brain homeostasis may result from both central (microglia and 

astroglia actions) and peripheral activation (peripheral lymphocyte and macrophage 

activities) of immune system elements (136,137). Monocytes and macrophages may induce 

CNS inflammation mainly by regulating the status of T cells, dendritic cells, or natural killer 

cells in lymph nodes, spleen, or peripheral circulation (138); microglia may be principally 

involved in CNS neuroinflammation. This hypothesis, however, has been undermined as 

peripheral monocytes have been shown to actually migrate into the CNS (135). 

Neuroinflammation in ALS consists of two phases. The initial neuroprotective phase is 

characterized by an anti-inflammatory compensatory response by adjacent glial and/or 

peripheral immune cells; by contrast, the cytotoxic phase is linked to neurodegeneration 

(130). In particular, in vitro exogenous SOD1G93A mutation induced microglial 

morphological and functional activation, increasing the release of pro-inflammatory 

cytokines and ROS (139). Similarly, during the early stages of disease in the SOD1G93A 

mouse, microglia become neuroprotective (M2), with attenuated toll-like receptor 2 (TLR2) 

response to controlled immune challenge and an overexpression of anti-inflammatory IL-10 

(140). Only in the late phase microglia convert to the cytotoxic phenotype (M1) (136,141). 

In patients with ALS, microgliosis occurs specifically with motor neuron injury in the motor 

cortex, along the corticospinal tract, and in the ventral horn of the spinal cord (130). These 

stages may account for the two phases of ALS mentioned above (Figure 4).  
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Figure 4. Microglial polarization during ALS.  

During ALS progression, activated microglia represent a continuum between the toxic M1-

phenotype, which produces cytokines and increase inflammation, and M2-phenotype, which 

promotes tissue repair. Created with BioRender.com. 

 

Monocytes, macrophages and T lymphocytes are also similarly neuroprotective in the early 

phases of ALS but transform into their neurotoxic phenotypes in the later phases (130). In 

peripheral blood of ALS patients, alterations in T lymphocytes, monocytes, complement 

activation and cytokines have all been documented (135). Activated macrophages, as well, 

have been shown to increase in number in the ventral root and sciatic nerve of ALS mice 

(142); these findings suggest that inflammation may also participate in neuromuscular 

junction (NMJ) dissociation during ALS progression. It is of some significance that in the 

sciatic nerve, macrophage activation and the inflammatory response occur as early events, 

which precede the onset of symptoms or clinical signs of motor weakness; thereafter, 

macrophage activation and inflammation progressively increase through to end stage (143). 

These findings are reinforced by a recent demonstration of activated inflammation and 

abnormal glial cell responses in the limb muscle of a fALS rat model, specifically near 

denervated NMJs (144). Indeed, in vitro co-culturing of different-aged SOD1G93A microglia 

with wild-type (WT) motor neurons has shown that SOD1G93A early-activated microglia 
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exhibit neuroprotective features, enhancing neuronal survival, while end-stage SOD1G93A 

microglia show toxic properties and increase motor neuron death (134,145). 

Despite this, the microglial phenotype is not so strictly and uniquely correlated with the 

progression of the disease: recently, different studies have highlighted the co-existence of 

M1/M2 during ALS progression. For instance, SOD1G93A-expressing microglia do not 

display a significant prevalence of M1 or M2 phenotypes at any time point during disease 

progression (146). In fact, Lewis and colleagues have demonstrated an increased expression 

of both iNOS (M1 marker) and arginase 1 (Arg1; M2 marker) in activated microglia of 

SOD1G93A mice (147). Moreover, transcriptome analysis of SOD1G93A microglia confirmed 

that the activation of genes involved in anti-inflammatory pathways, including insulin 

growth factor-1 (IGF-1) gene, coexists with the upregulation of genes related to potentially 

neurotoxic factors, among which proinflammatory cytokines (146). 

For instance, IGF-1, which is a beneficial component of inflammation, is over expressed by 

SOD1G93A microglia not only in pre-symptomatic stage, as usually with M2 protective 

environment, but also in end-stage (134,148). 

On this basis, the possibility to modulate microglial phenotypes could be a promising 

therapeutic strategy for ALS, i.e. shifting the balance towards M2 phenotype through the use 

of trophic factors. In fact, several findings have suggested that the delivery of IGF-1 to CNS 

could extends lifespan and slows the progression of disease in ALS animal models, even 

when delivered at the time of overt disease symptoms (134,149,150).   
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3. Extracellular vesicles 

Extracellular vesicles (EVs) are a wide family of cell-derived spherical particles enclosed by 

a phospholipid layer implicated in cell communication. Despite the initial hypothesis which 

described EVs secretion as a cellular mechanism for discarding useless materials from the 

cells (151), EVs are involved in many physiological and pathological processes, such as 

homeostasis maintenance, immune response, inflammation, cancer progression and 

neurodegenerative diseases (132,152–154).  

EVs are present in most of bodily fluids, including blood, urine, saliva, breast milk, amniotic 

and cerebrospinal fluids, and in culture medium of cell cultures (132,155), and are deputed 

to transfer membrane and cytoplasmic proteins, lipids and nucleic acids between cells, 

becoming an integral part of the intercellular microenvironment.  

According to their biogenesis, morphology, protein and lipid composition and size (ranging 

from 30 nm to 1000 nm in diameter), EVs can be broadly classified in three subclasses: (i) 

apoptotic bodies, (ii) microvesicles, and (iii) exosomes (152,156). 

Apoptotic bodies (ABs) are formed only during programmed cell death, by budding, 

blebbing, or fragmentation of the plasma membrane. ABs range from 1000 to 5000 nm and 

are characterized by the presence of organelles within the vesicles (157), besides DNA 

fragments and histones, cytosol and degraded proteins (158). The principal role of ABs is a 

more efficient clearance of apoptotic cells and a fine control of immune responses. 

Microvesicles (MVs) are released by budding from the plasma membrane, through a Ca2+-

mediated process (159). MVs vary in size from 150 to 1000 nm in diameter (160) and are 

surrounded by a phospholipid bilayer, usually associated with lipid rafts and cholesterol, 

sphingomyelin, ceramide and phosphatidylserine, containing proteins, lipids, and nuclei 

acids depending on the cell of origin (19,159). 

Exosomes (EXOs) are the smallest EVs, with a diameter from 30 to 150 nm, and have the 

characteristic “cup shaped” morphology, visualizable by transmission electron microscopy 

(TEM) (19,152,154). EXOs are surrounded by a phospholipid bilayer, that provide a rich 

source of biomarkers and antigens, and contain proteins, lipids, DNAs, mRNAs, 

microRNAs, long non-coding RNAs, viral and prion genetic materials, depending on cellular 

origin and target function (154) (Figure 5).  
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Figure 5. Biogenesis and biological composition of various forms of EVs.  

(i) Apoptotic bodies range from 1000 and 5000 nm, originate from apoptosis pathway and carry 

proteins, lipids, nucleic acids and organelles. (ii) Microvesicles generate through blebbing of plasma 

membrane, range between 150 and 1000 nm and contain proteins, lipids and nucleic acids. (iii) 

Exosomes are generated through multivesicular bodies (MVB) and intraluminal vesicles (ILV) 

formation, range 30-150 nm, and carry nucleic acids, small proteins and lipids. Created with 

BioRender.com. 
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3.1 Biogenesis  

Despite their similar functions, MVs and EXOs have different biogenesis, all involving 

membrane-trafficking processes: MVs are released by budding from plasma membrane 

through a process dependent on intracellular Ca2+ concentration, EXOs originate from 

invagination and endocytosis of the plasma membrane, and undergo a series of 

transformations independent from cell Ca2+ influx (19). 

Even though the biogenesis of MVs is far less defined as compared to exosomes, different 

mechanisms are found to be responsible for the shedding of MVs, including the repositioning 

of phosphatidylserine to the outer leaflet, the contraction of the actin-myosin machinery and 

Ca2+ influx (19,157,161). 

The canonical mechanism hypothesized sees ADP-rybosylation factor 6 (ARF6) as the 

initiator for the activation of phospholipase D (PLD). PLD recruits the extracellular signal-

regulated kinase (ERK) to the plasma membrane where, once phosphorylated, activates the 

myosin light chain kinase (MLCK). In turn, MLCK phosphorylates and activates the myosin 

light chain allowing MVs release (157,161). Furthermore, external factors can induce MVs 

release, i.e., the influx of Ca2+ induces the redistribution of phospholipids in the plasma 

membrane, resulting in increased release of MVs (159,162).  

On the contrary, EXOs’ generation is based on an endosomal system, which could be (i) 

endosomal sorting complex required for transport (ESCRT)-dependent or (ii) ESCRT-

independent (158). 

In both cases, the process initiates with the invagination and endocytosis of the plasma 

membrane, mediated or not by clathrin, and results in the formation of early endosome (EEs) 

(163–165). By the interaction with Golgi complex, and the participation of ESCRT (ESCRT-

dependent pathway), or lipids and tetraspains (ESCRT-independent mechanism), EEs 

mature in late endosomes (LEs) also known as multivesicular bodies (MVBs). Therefore, 

EXOs can present typical endosome-associated proteins (as GTPase and Alix) or membrane 

proteins (as tetraspain, CD36 and Hsp70), depending on the mechanism involved in their 

biogenesis, transport and fusion (163). 

MVBs and their EXOs content can be (i) degraded in lysosomes (degradative exosomes) or 

(ii) fused with the plasma membrane, releasing EXOs in the extracellular environment 

(exocytic exosomes) which can act in a paracrine or endocrine manner, through endocytosis, 

fusion or binding with specific receptors (19,163). 
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3.2 Biological content 

Even though different studies have tried to characterize the biochemical composition of EVs, 

the actual composition of each subtype of EVs is unknown. 

Nevertheless, the biologically active molecules of EVs comprise (i) proteins, (ii) lipids, and 

(iii) nucleic acids, all reflecting the status of the parental cells. 

Initial proteomic studies showed that EVs contain a specific subset of cellular proteins, some 

of which depend on the cell type that secretes them, others are found in most EVs regardless 

of cell type. The latter include proteins from endosomes, plasma membrane and cytosol, 

depending on the mechanism of EVs origin (166).  

Endolysosomal EVs tend to be more enriched in major histocompatibility complex class II 

(MHC II) and tetraspanins (CD9, CD37, CD63, CD81 and CD82) (167); ESCRT-dependent 

EVs present also Alix and chaperones (Hsp70 and Hsp90), irrespective of the cell type (155).  

Noteworthy, all these proteins, especially tetraspanins, ESCRT proteins, Alix and HSPs, are 

commonly used as general EV markers (155). 

Fewer studies have analysed the lipid composition of exosomes (168–171), but have found 

an enrichment of sphingomyelin, phosphatidylserine, cholesterol, and generally of saturated 

fatty acids, in addition to the presence in EVs of lipid raft–associated proteins, GPI-anchored 

proteins and flotillins (168,172). 

The presence of nucleic acids, in particular of mRNA and microRNA, in EVs was first 

identified in 2007. This finding led to think that exosomes could be ideal vectors for gene 

therapy, especially for their resistance to RNAse digestion (173). 

Most studies have described small RNA (200 nucleotides less than the average of cellular 

fraction) in EVs  , including mRNA, miRNA, and low levels of ribosomal 18S and 28S 

RNA, specifically in apoptotic cell-derived materials (156,166), mainly coding for 

transcription factors and genes involved in angiogenesis and adipogenesis. 
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3.3 Functions of EVs in intercellular communication 

The main role of EVs is to deliver their cargo, protecting it against degradation, until the 

interaction with adjacent or distant recipient cells. As mentioned above, the uptake can occur 

(i) directly, by fusion with the target cell or by endocytosis, or (ii) indirectly, mediated by 

receptor binding. 

For example, integrins and other lipidic molecules on EVs surface interact with intercellular 

adhesion molecules (ICAMs) of the recipient cells (174), leading to the fusion of EVs with 

the cellular plasma membrane and the consequent release of EVs cargo in the cytoplasm. 

Moreover, among different mechanisms for the uptake by endocytosis, clathrin-, caveolin-, 

lipid raft-mediated endocytosis, macropinocytosis and phagocytosis are mainly involved in 

CNS: clathrin-dependent endocytosis or phagocytosis has been described in neurons, 

macropinocytosis in microglia, and phagocytosis or receptor-mediated endocytosis in 

dendritic cells (161). 

The cargo, as the EVs composition, depends on the cell of origin, but proteins and functional 

RNAs contained in the EVs are implicated in many biochemical and cellular processes, such 

as communication, inflammation, tissue repair, regeneration, cell differentiation and 

metabolism (19,175).  

In CNS, neurons, microglia, astrocytes, and oligodendrocytes secrete EVs into the 

extracellular environment, playing a vital role in the regulation of synaptic communication 

and strength, and nerve regeneration (176,177), but also in the occurrence and progression 

of neurodegenerative diseases (154).  

Since EVs can transfer biological information over long distance and EXOs are capable to 

cross the BBB, increasing attention has been paid to the use of EVs as a potential therapeutic 

tool in neurodegenerative diseases. 

3.4 Exosomes in ALS and therapeutic perspectives 

Different in vitro and in vivo studies have demonstrated that EVs could be considered as a 

potential biomarker of neuroinflammation and neurodegeneration, but also more easily a 

novel and efficient therapeutic tool (153). 

Referring to ALS, given its complex pathogenesis and since EVs can act at the same time 

via multiple mechanisms, in the last years an increasing interest has been addressed to them 

as targets to modulate ALS disease (50,178). 

Starting from the observation of Gomes and colleagues, which in 2007 have demonstrated 

the presence of WT and mutated SOD1 in the EXOs derived from the supernatant medium 
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of mouse motor neuron-like NSC-34 cells (179), different studies now suggest EXOs as 

targets to modulate ALS disease. In fact, EXOs derived from NSC-34 overexpressing 

SOD1G93A is a mechanism of cell-to cell transfer of mutant SOD1 toxicity.  

Basso and colleagues have supported this in vitro study, demonstrating that in mice 

expressing SOD1G93A, astrocytes have an up-regulation of SOD1G93A and are characterized 

by a bigger release of EXOs, which transfer mutant SOD1 to spinal neurons, inducing 

selective motor neuron death (178). The same ability to transfer mutant and misfolded SOD1 

found both in in vitro and in vivo models, is also detected in the EXOs derived by spinal cord 

of ALS patients (50). 

Starting from these evidences, Pinto and colleagues have investigated the influence of motor 

neuron-derived EXOs in the activation and polarization of the recipient microglia, in an in 

vitro co-culture model of NSC-34/N9 cells. The results of this study showed that EXOs cause 

M1 polarization, which turns after 24 hours in a switch to mixed M1 and M2 subpopulations 

(180). 

At the same time, increasing evidence suggests that EXOs also display anti-inflammatory 

properties, reducing the number of activated inflammatory microglial cells, supporting 

oligodendrocytes and protecting neurons (181,182).  

Some studies have demonstrated that EXOs of different origins could be a novel non-cell 

therapeutic approach for ALS treatment. In 2016, both Bonafede and Lee have shown that 

EXOs isolated from adipose derived stromal cells (ASCs) exert neuroprotective effects in 

an in vitro model of ALS and using H2O2 as pathological insult. The presence of EXOs 

increased cellular survival, probably counteracting apoptosis pathway, reducing mutant 

SOD1 and restoring mitochondrial protein function (19). Currently, by performing in vitro 

and in vivo studies, different authors have found a promising therapy for the treatment of 

spinal cord injury with M2-type microglia-derived EXOs, which reduce inflammation and 

apoptosis mainly through the downregulation of phosphatidylinositol-3-kinase 

(PI3K)/Akt/mTOR pathway (183,184). 
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4. Ghrelin and Growth Hormone Secretagogues (GHSs) 

4.1 The history of ghrelin and GHSs 

The discovery of ghrelin was obtained by reverse pharmacology, starting from met-

enkephalin and its properties. In 1976 Bowers and colleagues identified a peptide derived 

from met-enkephalin, which devoid of opiate activity, and capable of stimulating growth 

hormone (GH) secretion from pituitary glands (185). Following this discovery, were 

developed new peptidyl and non-peptide molecules, among this (i) growth hormone-

releasing peptide-6 (GHRP-6) (186), that selectively stimulated the release of GH, (ii) 

hexarelin, with marked lipophilicity and greater resistance to enzymatic degradation 

compared to GHRP6, and (iii) MK-0677, which allowed for the identification and cloning 

of the gene for GH secretagogues receptor (GHS-R) (187) and, a few years later, the 

identification of ghrelin as the endogenous ligand of GHS-R. 

Ghrelin is an octanoylated 28-amino acid peptide produced by the oxyntic glands of the 

stomach, which stimulates growth hormone (GH) secretion and appetite, resulting in body 

weight gain. The human ghrelin gene sequence is located on chromosome 3p25-26 and the 

mature mRNA encodes a protein of 117 amino acids, called pre-pro-ghrelin. Through 

enzymatic processing and post-translational modifications (an esterification with an octanoic 

acid on the third serine residue) ghrelin is activated and acquire greater lipophilicity (188). 

Plasma ghrelin is expressed in two different forms, acylated or unacylated. Acyl ghrelin is 

the active form of ghrelin, able to (i) bind GHS-R, (ii) to reach and cross the blood brain 

barrier (BBB), and (iii) is capable of increasing the secretion of growth hormone (GH) and 

glucagon, reducing the secretion of insulin, and contributing to the maintenance of plasma 

glucose levels. Furthermore, acyl ghrelin stimulates appetite, regulates gastrointestinal 

motility, cardiac function, osteoblast proliferation and myoblast outgrowth, and exerts a 

broad range of neuroprotective effects (189). Desacyl ghrelin, also called unacylated ghrelin, 

is an isoform of ghrelin lacking the acyl moiety and is unable to bind the GHS-R receptor. 

Although desacyl ghrelin was generally considered an inactive product of ghrelin 

degradation, it has emerged to be an active peptide, which in some cases presents ghrelin-

like and extra-ghrelin like bioactivities.  

Ghrelin is endowed with several endocrine and extra-endocrine effects, and a large number 

of synthetic analogues have been developed, called growth hormone secretagogues (GHS). 

GHS are a large family of synthetic compounds with a heterogeneous chemical structure, 

which includes peptidyl, peptidomimetic, and nonpeptidic moieties, originally developed in 

the late 1970s for their capability to stimulate GH secretion, both in vitro and in vivo (190).  
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Although the importance of GH effects in the CNS were first reported 60 years ago, only 

more recently has been hypothesized the role of GH as a neuroprotective factor (191). In 

fact, GH is involved in brain growth and development, and in contrasting aging; moreover, 

it has been observed a decrease of GH level related to neuronal death (192,193). Despite 

these evidences, neuroprotective GH mechanism of action is not fully understood. On the 

one hand it seems to act directly, for example reducing the production of ROS, on the other 

by stimulating the production of insulin-like growth factor 1 (IGF-1) (194,195). 

Ghrelin and GHS not only stimulate GH secretion, but also improve cellular and systemic 

metabolism, exert neuroprotective, anticonvulsant and anti-inflammatory effects, and 

modulate cardiovascular function (185). Moreover, they increase food intake, body weight 

and influence regulation of skeletal muscle mass in animals and humans by stimulation of 

insulin-like growth factor 1 (IGF-1) production (196–198). The involvement of IGF-1 as a 

neuroprotective factor has been demonstrated by different in vitro studies that have shown 

how the addition of IGF-1 to the culture medium promotes neurotics formation and increases 

neuronal survival (199). Moreover, in vivo subcutaneous injection of IGF-1 in 

neurodegenerative disease models leads to regeneration of motor nerves and sciatic nerve, 

reduction of atrophy and loss of muscle strength (149). 

Interestingly, in the cerebrospinal fluid of ALS patients, the levels of GH and IGF-1 are 

significantly reduced compared to controls (200), suggesting that a therapy capable of 

bringing the levels back to normal may have positive effects. 
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4.2 Ghrelin and GHSs receptor 

GHS-R is encoded by a single gene located on human chromosome 3q26.2, but two distinct 

cDNAs have been isolated: (i) GHS-R1a, of 366 aa and a molecular weight of 41 kDa, that 

belongs to the superfamily of G protein-coupled receptors and has the classic seven-domain 

transmembrane structure with three intracellular and three extracellular loops; (ii) GHS-R1b, 

produced by an alternative splicing mechanism, which encodes a protein of 289 aa and 5 

transmembrane domains. Given its "truncated" structure, GHS-R1b is not able to be bind by 

GHS or to activate the mechanisms of intracellular transduction, but it would seem that has 

a modulatory action on the signal transduction capacity of GHS-R1a (201).  

GHS-R1a is expressed in the central nervous system (CNS), in the hypothalamus, pituitary, 

hippocampus and substance nigra, as well as in various peripheral tissues, such as the 

thyroid, lung, liver, spleen, adipose tissue, gonads, and myocardium (202,203). 

The binding of ghrelin and GHSs to GHS-R1a activates Gαq/11 protein, which leads to the 

formation of inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 induces a release of 

calcium (Ca2+) from intracellular deposits, while DAG activates protein kinase C (PKC). 

Increased intracellular Ca2+ inhibits voltage-gated potassium channels, allowing Ca2+ to enter 

even from the extracellular environment. Activation of GHS-R1a also leads to 

transactivation of the β and γ subunits of the tyrosine kinase pathway, leading to the 

activation of mitogen-activated protein kinases (MAPKs) and phosphoinositide 3-kinase 

(PI3K)/protein kinase B (Akt), both of which involved in cell survival (60,204–207) (Figure 

6). 
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Figure 6. Schematic representation of the major signaling pathways regulated by ghrelin 

and GHSs. The activation of GHS-R1a receptor, by the binding with ghrelin or GHS, results 

in the generation of phosphatidylinositol phosphate PIP2, that induces (i) the protein inositol 

3 kinase (PI3K)/Akt pathway, (ii) the release of intracellular calcium, (iii) the activation of 

protein kinase C (PKC). This last, leads to the stimulation of mitogen-activated protein 

kinases (MAPKs) pathway. Created with BioRender.com. 
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4.3 Effects of GHSs 

4.3.1 Ghrelin and GHS: neuroprotection, modulation of neuronal pathology and 

neuroinflammation  

The presence of GHS-R1a in the CNS suggests that ghrelin and GHS may exert 

neuroprotective effects in the central nervous system (CNS) (185).  

Recently, it has been shown that ghrelin and hexarelin are endowed with anti-oxidant, anti-

inflammatory, and anti-apoptotic effects (207) in different in vivo and in vitro disease 

models, including stroke (208,209), Parkinson’s disease (210,211), Alzheimer’s disease 

(212), multiple sclerosis (213) and ALS (214–216). Different studies performed on 

hypothalamic neuronal and on human neuroblastoma SH-SY5Y cells have demonstrated the 

neuroprotective and anti-apoptotic effects of the hormone and its derivatives, even though 

the mechanisms are not yet fully understood and do not seem to be exclusively due to the 

link with GHSR-1a (210,217). Moreover, the presence of a ghrelin-specific receptor in the 

spinal cord suggests that ghrelin could have direct effects on spinal cord function. The spinal 

cord IGF-1 system may be involved in the neuroprotective effect of ghrelin which prevents 

apoptotic death of motoneurons (218). Ghrelin and GHS, such as hexarelin, modulate the 

PI3K/Akt and extracellular signal regulated kinase 1/2 (ERK1/2) pathways, both of which 

are involved in cell survival (60,209,219). Collectively, these findings suggest that ghrelin 

and GHS have the potential to become novel pharmacophores for the treatment of ALS 

(215).  

In neurodegenerative diseases, neuroinflammation is frequently associated with reactive 

microglial and astroglial cells, infiltrating lymphocytes and macrophages, and activation of 

the complement system (220,221). Some evidence suggests that in ALS the immune system 

may dynamically balance between neuroprotection and neurotoxicity. Specifically, during 

periods of slow disease progression, the immune system exerts a protective effect by 

secreting anti-inflammatory factors that rescue and repair damaged tissue; by contrast, 

during accelerated disease progression the immune system exerts a strong proinflammatory 

and neurotoxic effect (130). Interestingly, astrocytes express the GHSR1a-receptor and are 

responsive to ghrelin. Ghrelin act as survival and anti-inflammatory factor through 

stimulation of ERK1/2, PI3K/Akt, and the anti-apoptotic protein B-cell lymphoma 2 (Bcl-

2), as well as by inhibiting caspase-3 (222). In addition, ghrelin markedly attenuates 

inflammation and inhibits inflammatory factors, and microglial activation (216). 
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4.3.2 Ghrelin and GHS: role in skeletal muscle  

Some studies have documented depressed IGF-1 levels in muscle from ALS patients [185]; 

by comparison, elevated levels of muscle IGF1 in mutant SOD1G93A mice was linked to 

improved muscle function and increased motor neuron survival (223–226). Promising results 

from preclinical studies with IGF-1 may open new perspectives in ALS management. IGF-

1 is a key anabolic growth factor for regulating muscle hypertrophy, sharing some growth 

and development stimulatory properties with ghrelin and GHS. The myotrophic effects of 

ghrelin and GHS have been described in different pathological conditions. Muscle wasting 

is a co-morbidity associated with a wide range of disorders that severely increases morbidity 

and affects patient prognosis and quality of life. The loss of skeletal muscle, often 

accompanied by a reduction in appetite, increased catabolism, and loss in body weight, is a 

key adverse factor in cancer cachexia. Muscle wasting is a predisposing factor in the clinical 

decline of patients, is directly associated with increased mortality, and represents a negative 

predictor of treatment outcome (227). Ghrelin, hexarelin and JMV2894 in preclinical models 

of cisplatin-based chemotherapy improved not only anorexia and weight loss, but also 

strength and mass muscle, as well as increased patient survival (101,228,229). Ghrelin and 

GHS reduce muscle wasting through multiple mechanisms of action (228). Ghrelin, 

hexarelin and JMV2894 prevent muscle atrophy by mitigating inflammation and increasing 

Akt phosphorylation (230). Ghrelin and GHS have also been shown to prevent muscle 

atrophy induced by dexamethasone and angiotensin II (231–233). 

4.4 Hexarelin, JMV2894 and EP80317 

In this thesis has been used three different GHSs whose molecular mechanisms have not yet 

been fully characterized. In fact, it is possible that they act like ghrelin, binding to the GHS-

R1a receptor, or to other receptors (like CD36), or even without any bond. 

Hexarelin is a synthetic hexapeptide that binds not only to the GHS-R1a but also the CD36 

receptor and manifests varied beneficial effects in diseases associated with muscle wasting 

(230,234,235), chronic heart failure (236), excitotoxicity, neurological disorders, epilepsy 

and diabetes (237). Despite the emerging biological importance of hexarelin, its signalling 

mechanisms have been only partially elucidated. Some studies have demonstrated that 

hexarelin modulates activation of different intracellular pathways, such as mitogen-activated 

protein kinases (MAPKs) and phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) 

(204,205), and, thereby, could indirectly influence intracellular calcium (Ca2+) 

concentrations (238). Furthermore, hexarelin protects cells in vitro from apoptosis by 
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inhibiting NO synthesis and reactive oxygen species (ROS) release, modulating caspases 

activity as well as the expression of proteins belonging to the BCL-2 family (229,234,238–

241). 

Starting with hexarelin, with a series of modifications involving trisubstitutions of 1,2,4-

triazole, new ligands of GHS-R1a were then obtained, including JMV2894 and EP80317 

(242). 

JMV2894 is a new peptidomimetic derivative of ghrelin, a complete agonist of GHS-R1a. 

JMV2894 stimulates GH secretion in vivo and in vitro (242,243). In vivo studies, in cachexia 

models, have shown that JMV2894 is able to partially counteract weight loss and increase 

in muscle damage, blocking atrophy. On the other hand, in vitro, it has been shown to be 

able to completely counteract the increase in intracellular Ca2+ concentration caused by the 

effects induced by cisplatin (230,234,244). 

EP80317 is a hexapeptide, which differs from hexarelin in the loss of GH-releasing 

properties caused by the presence of substitutions to the first and third amino acid residues. 

EP80317 is pharmacologically active on macrophages and its activity is dependent on the 

activation of the peroxisome proliferator-activated receptor-γ (PPAR-γ). The activity of this 

GHS is mediated by the activation of the CD36 receptor (245–247), a target also of desacyl-

ghrelin, involved in the internalization of low-density oxidized lipoproteins, which 

determine the initiation of the glial recruitment signal cascade (248).
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AIM 

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by 

the rapid loss of both upper and lower motor neurons in brainstem, motor cortex and spinal 

cord, which led ALS patients to manifest severe muscle atrophy and progressive paralysis 

of all skeletal muscles. Despite the growing knowledge about its aetiology, the pathogenetic 

mechanisms are still unclear even though (i) mutations of superoxide dismutase 1 (SOD1) 

and (ii) increased oxidative stress have been linked with several variants of familial ALS. 

SOD1 is a powerful antioxidant enzyme that protects cells from the damaging effects of 

superoxide radicals, whose mutations (in about 20% of familial and 5% of sporadic ALS) 

lead to gain/loss of function and enhance the accumulation of highly toxic hydroxyl radicals. 

Among SOD1 mutations, the substitution of glycine 93 to alanine (SOD1G93A) is a mutation 

frequently studied, both in cellular and animal models. As a consequence of the pathological 

mechanisms, motor neurons are subjected to several cellular changes, including alterations 

of gene expression, abnormal protein interactions, activation of caspases, dysfunctions of 

mitochondria and cytoskeletal abnormalities.  

The current standard of care involves only two drugs (riluzole and edaravone) that may be 

effective in slowing the progression of the disease but do not cure ALS, while all the other 

interventions aim to improve the quality of patients’ life, but are only symptomatic and 

palliative. Therefore, a more effective drug therapy targeting the disease progression is still 

strongly needed. 

Emerging evidences have suggested that ghrelin and growth hormone secretagogues (GHSs) 

exert different biological actions, as well as neuroprotection. Therefore, we have studied the 

potential neuroprotective effects of growth hormone secretagogues (GHSs) as possible 

candidates for the treatment of ALS. 

GHSs are a large family of synthetic compounds, including short peptides, peptoid, and non-

peptidic moieties, which have shown endocrine functions, through the stimulation of growth 

hormone release, and extra-endocrine properties, including stimulation of food intake and 

lean mass, at least in part by the binding to GHS-R1a, the receptor of ghrelin.  

Among GHSs, we have selected three well-characterized compounds: (i) hexarelin, a 

hexapeptide that exerts cyto-protective effects at the mitochondrial level in cardiac and 

skeletal muscles, both in vitro and in vivo, and may also have important neuroprotective 

activities; (ii) JMV2894, an agonist of GHS-R1a, which stimulates Ca2+ mobilization in vitro 

and growth hormone release in vivo, and modulates mitochondria functioning and ROS 
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production; (iii) EP80317, an antagonist of GHSR-1a, which can bind to the CD36 receptor 

and modulate the production of inflammatory cytokines, exert anticonvulsant activities and 

cardioprotective functions. 

In the first series of experiments, we will evaluate the cyto-protective effects of these 

selected GHSs in Neuro-2A cells, a mouse neuroblastoma cell lines widely used to study the 

oxidative stress mechanism in neurodegenerative diseases. Neuro-2A cells will be treated 

with various concentrations of H2O2, to identify the lowest concentration that reproducibly 

and significantly inhibits cell growth, or with the combination of H2O2 and GHSs, to 

investigate the protective effect of GHSs on H2O2-induced reduction of cell viability and 

increased oxidative stress.  

Given that oxidative stress may directly induce morphological alterations and apoptosis 

pathways, we will characterize the capability of GHSs to antagonize H2O2 effects through 

the quantification of (i) cytoskeletal changes using Image J skeleton and fractal analysis 

procedures, and (ii) mRNA levels of caspase-3, caspase-7, Bax, and Bcl-2 by Real-Time 

PCR.  

We will also investigate GHSs capability to modulate in Neuro-2A cells the mitogen-

activated protein kinase (MAPK) ERK 1/2 and p38, and phosphoinositide-3-kinase 

(PI3K)/Akt, two pathways primarily involved in the regulation of cell growth, 

differentiation, and response to cellular stress, whose activation contribute to neuronal 

dysfunction. 

In the second series of experiments, we will apply the same protocols and analyses to SH-

SY5Y cells, a human neuroblastoma cell line transformed for (i) overexpressing the WT 

SOD1 enzyme or (iii) expressing SOD1G93A protein, two well-established simplified in vitro 

models of ALS.  We have specifically chosen to use these cell models because SH-SY5Y 

SOD1G93A cells display remarkable biochemical abnormalities compared to the SH-SY5Y 

WT cells, including the increase of cytosolic Ca2+ concentrations, decrease ATP levels, and 

an increased cytosolic and mitochondrial ROS production. 

The results will allow the evaluation of the neuroprotective, anti-oxidant and anti-apoptotic 

effects of GHSs, and identifying the most effective GHS among the three used. 

Another aspect of the onset and progression of ALS is the neuroinflammatory response, 

characterized by activated microglia, astrogliosis and infiltrating immune cells in the sites 

of neuronal injury.  
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To better understand the complex communication between neurons and microglia, murine 

microglia N9 cells will be treated with the three GHSs, and their conditioned media will be 

used to isolate EVs.  

EVs are involved in many physiological and pathological processes, and have the role to 

deliver their cargo, protecting it against degradation, until the interaction with adjacent or 

distant recipient cells. Different in vitro and in vivo studies have demonstrated that EVs 

could be considered as a novel and efficient therapeutic tool. 

Therefore, isolated EVs will be (i) characterized in terms of size and concentration by 

NanoSight NS300, (ii) disaggregated with RIPA buffer to quantify protein by Micro BCA 

Protein Assay, or (ii) incubated with SH-SY5Y WT and SOD1G93A cells.  

In particular, SH-SY5Y WT and SOD1G93A cells will be treated with the combination of 

H2O2 and EVs, and we will evaluate the apoptotic responses. The results will clarify if GHSs 

are capable to induce the release of potential neuroprotective EVs from microglial N9 cells. 

Taken together these results will be useful to better understand whether GHSs could be 

developed to become a therapeutic strategy for the treatment of ALS and other 

neurodegenerative diseases. 
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MATERIALS AND METHODS 

1. Chemicals 

Hexarelin, Dulbecco’s Modified Eagle’s Medium (DMEM)-high glucose, Dulbecco’s 

Modified Eagle’s Medium/Nutrient Mixture F-12 Ham (DME/F-12), Iscove's Modified 

Dulbecco’s Medium (IMDM), G418 disulfate salt solution, hydrogen peroxide (H2O2), 3 

(4,5 dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide (MTT), Griess reagent, poly-

D-lysine hydrobromide, 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI), 

fluoromount aqueous mounting medium, PKH26 (MINI26) and bovine serum albumin 

(BSA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Penicillin, 

streptomycin, L-glutamine, trypsin-EDTA, phosphate-buffer saline (PBS) and fetal bovine 

serum (FBS) were obtained from Euroclone (Pero, Milan, Italy). Alexa Fluor 488 

Phalloidin was purchased from ThermoFisher Scientific (Waltham, MA, USA).  

JMV2894 and EP80317 were synthetized by conventional solid phase from the laboratory 

of Prof. Jean-Alain Fehrentz, Institut des Biolécules Max Mousseron, University of 

Montpellier (France). Compounds were purified by high performance liquid 

chromatography (HPLC) (purity ≥ 98%). 

Prior to assay, GHS were freshly dissolved in ultrapure water. Both GHS and H2O2 were 

diluted in culture media to final working concentrations for the experiments. 

2. Cell cultures 

2.1 Neuro-2A 

Immortalized Neuro-2A murine neuroblastoma cells were obtained from Interlab Cell Line 

Collection (ICLC) and cultured in DMEM-high glucose (Sigma-Aldrich) supplemented 

with 10% heat-inactivated FBS, 100 IU/mL penicillin, 100 μg/mL streptomycin and 2 mM 

L-glutamine (Euroclone) and Mycozap Prophylactic (Lonza, Basel, Swiss) under standard 

cell culture conditions (37 °C, 5% CO2 humidified incubator) (249,250). 

2.2 SH-SY5Y 

Human SH-SY5Y human neuroblastoma cells, either parental or constitutively expressing 

the G93A mutated SOD1, were a kind gift of Prof. Lucio Tremolizzo of the University of 

Milano-Bicocca. Briefly, monoclonal cell lines were obtained by transfection with 

plasmids directing constitutive expression of either wild-type SOD1 (WT) or mutant G93A 

(SOD1G93A), as described by (68). SH-SY5Y cells were grown in DME-F12 (Sigma-

Aldrich) supplemented with 10% heat-inactivated FBS, 100 IU/mL penicillin, 100 µg/mL
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streptomycin (Euroclone) and Mycozap Prophylactic (Lonza), under standard cell culture 

conditions. WT and SOD1G93A cells were grown in presence of 200 µg/mL G418, which 

was removed 2 days before performing the experiments. 

After reaching confluence, Neuro-2A and SH-SY5Y cells were washed with PBS, detached 

with trypsin-EDTA solution (Euroclone), and seeded for experiments. 

In each experiment, Neuro-2A cells were incubated with H2O2 alone or the combination of 

100 µM H2O2 and 1 μM GHSs (hexarelin, JMV2894 or EP80317) for 24 h. Similarly, SH-

SY5Y WT and SOD1G93A cells were incubated for 24 h with H2O2 alone or the combination 

of 150 µM H2O2 and 1 μM GHSs. 

2.3 N9 

N9 immortalized murine microglia cells were grown in IMDM (Sigma-Aldrich) 

supplemented with 5% FBS, 2 mM L-glutamine, 100 IU/ml penicillin, 100 μg/ml 

streptomycin (Euroclone) and Mycozap Prophylactic (Lonza) at 37°C, under standard cell 

culture conditions (251). 

N9 cells were incubated for 48 h with hexarelin or JMV2894 1 µM, and the conditioned 

culture media were collected and processed to isolate extracellular vesicles (EVs) as 

described below.  

3. Cell viability 

Neuro-2A and SH-SY5Y (WT and SOD1G93A) cells were seeded in 96-well culture plates 

at the density of 4 × 104 cells/well and cultured for 24 h at 37 °C. The day after seeding, 

the cells were incubated with increasing concentrations (50–200 µM) of H2O2 or GHSs (10 

nM–10 µM), or with a selected concentration of H2O2 (100 µM for Neuro-2A and 150 µM 

for SH-SY5Y) and a GHSs (1 µM). After 24 h of incubation, a 10 µL aliquot of 5 mg/mL 

MTT (Sigma-Aldrich) was added to each well and incubated at 37 °C for 3 h. Then, the 

culture medium was removed and a 200 µL aliquot of acidified isopropanol was added in 

order to dissolve the formazan crystals. Absorbance was read at 570 nm using the 

multilabel spectrophotometer VICTOR3 (Perkin Elmer). Cell viability of control groups 

was set to 100% and the absorbances of experimental groups were converted to relative 

percentages (absorbance of experimental group/ absorbance of relative control) × 100 = % 

of viable cells.
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4. Griess assay 

NO production was evaluated in terms of the nitrite (NO2
-) content of culture media 

measured with the Griess reaction. Briefly, Neuro-2A and SH-SY5Y (WT and SOD1G93A) 

cells were seeded in 96-well culture plates and treated with H2O2 (100 µM for Neuro-2A, 

150 µM for SH-SY5Y) and 1 µM GHSs for 24 h. At the end of the treatment, 100 µL 

aliquots of medium were transferred to a new 96-well plate and were mixed with 100 µL 

of Griess reagent 1X (Sigma-Aldrich), incubated 15 minutes in the dark at room 

temperature, and absorbance was measured at 540 nm with the 

VICTOR3 spectrophotometer (Perkin Elmer). A standard curve with increasing 

concentrations of sodium nitrite (Sigma-Aldrich) was used for quantification. NO2
- content 

of control groups were set to 100% and the absorbance of experimental groups were 

converted to relative percentages (absorbance of experimental group/ absorbance of 

relative control) × 100 = % of NO2
-. The final nitrite concentration is proportional to the 

NO metabolite in the sample. 

5. Actin staining assay 

Neuro-2A and SH-SY5Y cells (2 × 105 cells/well) were seeded on coverslips coated with 

poly-D-lysine (Sigma-Aldrich) and incubated for 24 h. Cells were treated with H2O2 (100 

µM for Neuro-2A, 150 µM for SH-SY5Y) for 24 h, with or without 1 µM GHSs (hexarelin, 

JMV2894 or EP80317), then washed with PBS and fixed with 4% paraformaldehyde 

(Titolchimica, Rome, Italy) for 10 min at room temperature. Cells were subsequently 

washed with PBS, incubated with cold acetone for 5 min at −20 °C, and blocked in PBS 

with 1% BSA for 30 min at room temperature. In order to stain actin, Neuro-2A and SH-

SY5Y cells were incubated with 2 U/mL Alexa Fluor 488 Phalloidin diluted in PBS with 

1% BSA at room temperature for 20 min, and then washed with PBS. Counterstaining of 

nuclei was made with 1 µg/mL DAPI for 10 min at room temperature. After washing with 

PBS, fluoromount aqueous mounting medium was added, and the cells were observed 

under a confocal laser scanning microscope (LSM 710, ZEISS, Jena, Germany); images 

were captured at 40x and 63x magnification by ZEN software (ZEISS). 
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6. Morphological analysis 

Photomicrographs obtained at 40x magnification were used to evaluate the number of cells 

in the same area using a specifically designed macro with ImageJ software (National 

Institutes of Health, Bethesda, MD, USA) (252). The same photomicrographs were used 

for skeleton analysis (253). Skeleton analysis was applied to quantify the number of process 

endpoints and length normalized by the number of cells in the same area. Briefly, the 

photomicrographs were filtered to soften the background, enhance the contrast and remove 

noise, by using the application Fiji free software (https://imagej.net/fiji, accessed on 8 

March 2021). All the images were then binarized, subsequently skeletonized and analysed 

with Analyze Skeleton (2D/3D) plugin (http://imagej.net/AnalyzeSkeleton, accessed on 8 

March 2021). The overlay of skeleton to original image is reported to demonstrate that 

skeletons are representative of the original image; all the modification steps are illustrated 

in Figure 7.

https://imagej.net/fiji
http://imagej.net/AnalyzeSkeleton
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8150489/figure/pharmaceuticals-14-00444-f012/
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Figure 7. Skeleton Analysis application to quantify cells morphology.  

(A) Representative photomicrograph (40x magnification) and the series of ImageJ plugin protocols 

of Neuro-2A cells, which were applied to each photomicrograph for skeleton analysis. Original 

photomicrograph was modified enhancing the background, removing noise and using with FFT 

filter prior to be converted to binary images. Binary image was skeletonized. The overlay of 

skeletonized and original images is reported; cropped photomicrographs show the image details. 

Scale bar: 20 μm. (B) The workflow used to Analyze Skeleton plugin: skeletonized process in 

orange, endpoint in blue, and junction in purple.
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Moreover, we applied fractal analysis using FracLac plugin for ImageJ 

(https://imagej.nih.gov/ij/plugins/fraclac/fraclac.html, accessed on 8 March 2021), in order 

to evaluate the cellular shape and morphology by different parameters (fractal dimension, 

lacunarity, maximum span across the hull, perimeter and area) (254). Photomicrographs 

obtained with 63x oil immersion objective were modified similarly to skeleton analysis. 

Photomicrographs of cells were cropped and transformed to 8-bit grayscale images. Then, 

cell images were binarized and manually edited to obtain a single cell made of continuous 

set of pixels. To avoid bias, this modification was done taking into account the original 

image. Binary images were outlined and analyzed with Fractal Analysis plugin. All the 

modification steps and representative images of FracLac box counting analysis are shown 

in Figure 8.

https://imagej.nih.gov/ij/plugins/fraclac/fraclac.html
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Figure 8. FracLac Analysis application to quantify cellular morphology.  

(A) Representative process applied to obtain an outlined single cell for FracLac plugin. After 

selecting a cell in the photomicrograph (63x magnification), the image was cropped and modified 

to remove noise and enhance the background. The image was then processed to obtain an 8-bit 

grayscale microphotograph, and binarized. Binary image was manually edited to clear the 

background and to join all branches, and finally outlined. FracLac quantifies cell complexity and 

shape with a box counting method which permits to quantify fractal dimension (B), lacunarity (C), 

perimeter (D), and the maximum span across the convex hull (E) by drawing a convex hull (pink) 

and a bounding circle (green).
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7. Isolation of EVs 

N9 cells were plated in petri dishes and treated with 1 µM GHSs in a culture media without 

FBS for 48 h. To obtain EVs, conditioned medium was collected and subjected to the 

following series of centrifugations at 4 °C:  

- 1000 ×g for 10 minutes, to remove dead cells; 

- 1000 ×g for 20 minutes, to discard cell debris; 

- 110.000 ×g for 70 minutes, to obtain EVs. 

EVs were resuspended in 900 µL of PBS (Euroclone), splitted in 3 equal aliquot (300 µL) 

and centrifuged at 4 °C, at 110.000 ×g, for 70 minutes (255). 

Finally, EVs were resuspended in 50 µL of (i) PBS (Euroclone) for the characterization 

and quantification with NanoSight NS300 (Malvern Panalytical), (ii) DME-F12 for in vitro 

experiments, and (iii) RIPA buffer (Cell Signaling Technology città nazione) for protein 

quantification, respectively. 

8. Characterization and quantification of EVs 

In order to treat SH-SY5Y WT and SOD1G93A with equal amount of N9-derived EVs, EVs 

were both characterized and quantified by NanoSight NS 300 (Malvern Panalytical), and 

by Micro BCA Protein Assay (Thermo Fisher Scientific) for the determination of protein 

contents. 

Using the light scattering system, the NanoSight NS300 characterize (presence, size 

distribution and concentration) nanoparticles suspended in liquid, loaded into the laser 

module sample chamber and viewed in close proximity to the optical element.  

Briefly, this instrument works basing on (i) the Brownian motion, which is the random 

motion of particles in a liquid suspension, and according to it the diffusion of different 

particles in a fluid is inversely proportional to their size; and on (ii) light scattering, the 

phenomenon by which photons change their direction after incidence on an object. 

Moreover, since the temperature of the sample and viscosity of the diluent can influence 

the motion of the particles, the laser module contains thermoelectric Peltier elements, 

allowing the sample temperature to be controlled, and permits to choose the type of diluent 

(aqueous), allowing the normalization of the results. Scattered light is visualized by a 20x 

magnification microscope onto which is mounted a video camera.  

This is fully programmed using the nanoparticle-tracking analysis (NTA) Software Suite, 

which tracks EVs and generates digital images, and calculates dimension, concentration 

and distribution by using Stokes-Einstein equation.
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EVs were tracked using the flow mode with syringe pump, which yields more EVs 

analyzed per video length, improved reproducibility due to better statistics, and allows 

fresh sample to be continuously introduced to sample chamber, with the following 

parameters: 

- camera type: sCMOS; 

- camera level: 15; FPS: 25.0; 

- detect threshold: 5; 

- temperature: 20 °C; 

- dilution factor: 1:20; 

- viscosity (water): 0.999-1.000 cP (centipoise); 

- 3 videos for each analyzed sample. 

Moreover, after isolation by ultracentrifugation, EVs were lysed in 50 µL of RIPA buffer 

(Cell Signaling Technology) and total protein concentrations were determined using the 

Micro BCA Protein Assay Kit (Thermo Fisher Scientific). This kit is a detergent-

compatible bicinchoninic acid formulation for the colorimetric detection and quantitation 

of total protein, optimized for use with dilute protein samples. In our study, we have used 

a diluted albumin standard curve, ranging 0-200 µg/mL, with a test tube procedure mixed 

to the microplate ones.  

SH-SY5Y WT and SOD1G93A cells were treated for 24 h with i) 150 µM H2O2; ii) 1.5*109 

EVs/mL (corresponding to 1 µg of total protein); or iii) the combination of H2O2 and EVs.  

9. EVs labelling and assessment of preferential EVs cellular distribution 

To assess the uptake and distribution of EVs by SH-SY5Y WT and SOD1G93A cells, EVs 

derived from N9 cells treated for 48 h with GHSs were labelled with PKH26 red fluorescent 

cell linker kit (MINI26, Sigma) according to the procedures for general cell membrane 

labeling, with some modifications. Briefly, EVs resuspended in 50 µL PBS were mixed 

with 50 µL of PKH26 dye in diluent C (1:1 v/v) for 5 min at room temperature. This mixture 

was further diluted with 2.5 mL of PBS and centrifuged at 110.000 ×g for 70 min to 

precipitate the PKH26 labeled EVs. The EVs pellet was further washed twice with PBS by 

ultracentrifugation at 110.000 ×g for 70 min, to remove any free dye, and finally the EVs 

pellet was resuspended in 50 µL PBS. Then, labelled EVs were added either to SH-SY5Y 

WT and to SH-SY5Y SOD1G93A on coverslips for 24 h. Cells were fixed with 4% (w/v) 

paraformaldehyde in PBS and stained with phalloidin and DAPI, as mentioned above.
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 Fluorescence images were obtained by confocal laser scanning microscope (LSM 710, 

ZEISS), and captured at 40x and 63x magnification by ZEN software (ZEISS).  

10. Real-time PCR analysis 

In order to monitor the apoptosis pathway, Neuro-2A and SH-SY5Y cells were plated in 

24-well culture plates at a density of 2 × 105 cells/well, and treated for 24 h according to 

previously described protocols. Following treatment, cells were washed with PBS and total 

RNA was extracted using EuroGOLD Trifast reagent (Euroclone), according to the 

manufacturer’s instructions and quantified using a Nanodrop ND-1000 spectrophotometer 

(Thermo Fisher Scientific). Reverse transcription was performed using iScript cDNA 

Synthesis Kit (Bio-Rad) using140 ng of RNA for each sample. Amplification of cDNA (21 

ng) was performed in a total volume of 20 μL of iTaq Universal Probes Supermix (Bio-

Rad), using Real-Time QuantStudio7 Flex (Thermo Fisher Scientific). After 2 min at 50 

°C and 10 min at 94.5 °C, 40 PCR cycles were performed using the following conditions: 

15 s at 95 °C and 1 min at 60 °C. Relative mRNA concentrations of the target genes were 

normalized to the corresponding β-actin internal control and calculated using the 2-ΔΔCt 

method. 

11. Western blot analysis 

Neuro-2A and SH-SY5Y cells were plated in 6-well culture plates at a density of 8 × 105 

cells/well, incubated at 37 °C for 24 h and then treated as previously described. Following 

treatment, cells were rinsed with ice-cold PBS and lysed in RIPA buffer (Cell Signaling 

Technology), supplemented with a protease-inhibitor cocktail (Sigma-Aldrich), according 

to the manufacturer's protocol. Total protein concentrations were determined using the 

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Equal amounts of protein (20 

μg) were heated at 95 °C for 10 min, loaded on precast 4–12% gradient gels (Invitrogen, 

Waltham, USA), separated by electrophoresis, and transferred to a polyvinylidene 

difluoride (PVDF) membrane (Thermo Fisher Scientific). Non-specific binding was 

blocked with 5% dried fat-free milk dissolved in phosphate-buffered saline (PBS) 

supplemented with 0.1% Tween-20 (PBS-T) for 1 h at room temperature. After 3 washes 

in PBS-T, membranes were incubated with the primary antibody overnight at 4 °C (Anti-

cleaved caspase-3 (Asp175) (5A1E) rabbit antibody, #9664, Cell Signaling Technology, 

1:1000; anti-cleaved caspase-7 (Asp198) rabbit antibody, #9491, Cell Signaling 

Technology, 1:1000; anti-Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) rabbit 

antibody, #9101, Cell Signaling Technology, 1:1000; anti-p44/42 MAPK (Erk1/2) rabbit 
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antibody, #4695, Cell Signaling Technology, 1:1000; anti-Phospho-p38 MAPK 

(Thr180/Tyr182) rabbit antibody, #4511, Cell Signaling Technology, 1:1000; anti-p38 

MAPK rabbit antibody, #9212, Cell Signaling Technology, 1:1000; anti-Phospho-Akt 

rabbit antibody, #4060, Cell Signaling Technology, 1:2000; anti-Akt rabbit antibody, 

#4685, Cell Signaling Technology, 1:1000; anti-actin rabbit antibody, #A2066, Sigma 

Aldrich, 1:2500), and then with a peroxidase-coupled goat anti-rabbit IgG (#31460, 

Thermo Scientific, 1:5000) for 1 h at room temperature. Signals were developed with the 

extra sensitive chemiluminescent substrate LiteAblot TURBO (Euroclone) and detected 

with Amersham ImageQuant 800 (GE Healthcare, Buckinghamshire, UK). Image J 

software was used to quantify protein bands. 

12. Statistical analysis 

Statistical analysis was performed using the program GraphPad Prism (GraphPad 

Software, San Diego, California). Values are expressed as the mean ± standard error of the 

mean (SEM). Experiments were independently replicated at least three times. One-way 

ANOVA followed by Tukey’s t-test was used for multiple comparisons. A p-value of less 

than 0.05 was considered significant.
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RESULTS 

1.  Effects of H2O2 on cell viability 

Neuro-2A and SH-SY5Y (WT and SOD1G93A) cells were treated with increasing 

concentrations of H2O2 (50–200 µM) for 24 h in order to assess its effects on cell replication 

and to identify the lowest concentration that reproducibly and significantly inhibited cell 

growth. As shown in Figure 9, H2O2 reduced cell replication in a concentration-dependent 

manner in all the different cell lines tested.  

Figure 9A shows the effect of H2O2 treatment on cell viability in Neuro-2A cells: even 

though the concentration of 80 µM already determined a significant decrease of cell viability 

(p < 0.001), 100 µM H2O2 induced a significant and reproducible reduction of cell survival 

(20.41 ± 3.12%, p < 0.001) compared with control. 

H2O2 caused a significant inhibition of cell growth also in SH-SY5Y WT and SOD1G93A 

(Figures 9B,C). In particular, 150 µM was the lowest concentration of H2O2 that induced a 

significant decrease of cell viability compared to the control group (WT: 23.67 ± 2.49%, p 

< 0.01; SOD1: 26.21 ± 3.88%; p < 0.01). 

As H2O2 at 100 µM and 150 µM significantly and reproducibly decreased cell replication 

compared with control, they were used in subsequent experiments for Neuro-2A and SH-

SY5Y (WT and SOD1G93A) cell lines, respectively. 
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Figure 9. Effects of increasing concentration of H2O2 on Neuro-2A, SH-SY5Y WT and SH-SY5Y 

SOD1G93A cell viabilities.  

(A) Neuro-2A, (B) SH-SY5Y WT and (C) SH-SY5Y SOD1G93A cells were treated for 24 h with 

different concentrations of H2O2 (0, 50, 80, 100, 150, 200 µM) and cell viability was assessed by 

MTT assay. Results were obtained in at least three independent experiments (n = 21). Statistical 

significance: ** p < 0.01, and *** p < 0.001 vs. Ctrl. 
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2. Effects of GHSs on cell viability 

Several cell viability assays were performed to verify the cytotoxicity of GHSs and to 

identify the concentrations to be used in subsequent experiments. To these aims, we have 

treated Neuro-2A and SH-SY5Y (WT and SOD1G93A) cells with increasing concentrations 

of GHSs (10 nM–10 µM) for 24 h (Figure 10, 11, 12). 

As shown in Figure 10, exposure of Neuro-2A cells to increasing concentrations of 

hexarelin, JMV2894 and EP80317 for 24 h did not reduce cell viability. 

Also in SH-SY5Y WT cells, incubation with hexarelin and JMV2894 for 24 h did not reduce 

cell viability, while 10 µM EP80317 significantly decreased cell survival (p < 0.05; Figure 

11). Treatment of SH-SY5Y SOD1G93A with increasing concentrations of EP80317 and 

JMV2894 for 24 h did not affect cell replication, but 10 µM hexarelin induce a significant 

reduction of cell viability (p < 0.05; Figure 12).  

Given the results obtained and previous experimental data, 1 µM was the concentration of 

GHSs selected for the subsequent experiments.  
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Figure 10. Effects of increasing concentrations of GHSs on viability of Neuro-2A cells.  

Neuro-2A, cells were treated for 24 h with increasing concentrations of GHSs (0, 10 nM, 

100 nM, 1 µM and 10 µM) and viability was assessed with MTT assay. Results were 

obtained in at least three independent experiments (n = 21).   
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Figure 11. Effects of increasing concentrations of GHSs on viability of SH-SY5Y WT cells.  

SH-SY5Y WT cells were treated for 24 h with increasing concentrations of GHSs (0, 10 nM, 

100 nM, 1 µM and 10 µM) and cell viability was assessed with MTT assay. Results were 

obtained in at least three independent experiments (n = 21). Statistical significance: * p < 

0.05 vs. Ctrl. 
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Figure 12. Effects of increasing concentrations of GHSs on viability of SH-SY5Y SOD1G93A 

cells. SH-SY5Y SOD1G93A cells were treated for 24 h with increasing concentrations of 

GHSs (0, 10 nM, 100 nM, 1 µM and 10 µM) and cell viability was assessed with MTT assay. 

Results were obtained in at least three independent experiments (n = 21).). Statistical 

significance: * p < 0.05 vs. Ctrl.  
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3. Effects of GHSs on H2O2-induced toxicity  

To investigate the protective effect of GHSs on H2O2-induced damage, cultured Neuro-2A 

and SH-SY5Y (WT and SOD1G93A) cells were incubated for 24 h with 100 and 150 µM 

H2O2 (respectively for Neuro-2A and SH-SY5Y), 1 µM GHSs or the combination of H2O2 

and GHSs (Figure 13).  

As expected, in Neuro-2A cells 100 µM H2O2 induced a significant growth reduction 

compared with control cells (p < 0.001), whereas GHSs alone did not induce any effect. In 

Neuro-2A cells hexarelin and JMV2894 significantly antagonized the reduction in cell 

viability caused by H2O2 (22.05 ± 3.28%, p < 0.05 and 12.60 ± 2.25%, p < 0.05, respectively) 

(Figure 13A). 

The viability of SH-SY5Y (WT and SOD1G93A) was significantly decreased following 

incubation with 150 µM H2O2 (p < 0.001) for 24 h. In SH-SY5Y WT, only 1 µM hexarelin 

significantly protected the cells from H2O2 reduction of cell viability (14.30 ± 2.40%, p < 

0.05) (Figure 13B). As shown in Figure 13C, in SH-SY5Y SOD1G93A cells, the three GHSs 

failed to antagonize the reduction of cell viability induced by H2O2. 
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Figure 13. Protective effects of GHSs in Neuro-2A, SH-SY5Y WT and SH-SY5Y SOD1G93A 

cells. (A) Neuro-2A, (B) SH-SY5Y WT and (C) SH-SY5Y SOD1G93A cells were treated for 

24 h with or without GHSs (1 µM) and H2O2 (100 μM for Neuro-2A, 150 µM for SH-SY5Y 

WT and SOD1G93A) and cell viability was assessed with MTT assay. Results were obtained 

in at least three independent experiments (n = 21). Statistical significance: ** p < 0.01, *** 

p < 0.001 vs. Ctrl; ° p < 0.05 vs. H2O2.  
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4. Effects of GHSs on NO2
- production in Neuro-2A and SH-SY5Y cells treated with 

H2O2 

Nitric oxide (NO) is a highly reactive cytotoxic free radical, whose synthesis can be induced 

by oxidative stress. Extracellular nitrite (NO2
-) concentrations, proportional to NO formation 

induced by H2O2, were measured in the culture medium by the Griess assay.  

The NO2
- levels in Neuro-2A media are shown in Figure 14A. The amount of NO2

- released 

by Neuro-2A cells increased significantly when exposed to 100 µM H2O2 (increase: 33.86 ± 

10.90%, p < 0.05), and the treatment with GHSs significantly decreased the H2O2-induced 

NO2
- production. Briefly, treatment with 1 µM hexarelin significantly reduced the release of 

NO2
- induced by 100 µM H2O2 (reduction: 85.60 ± 7.99%, p < 0.001 vs H2O2). Similarly, 1 

µM JMV2894 effectively antagonized H2O2, whereas 1 µM EP80317 did not reduce the 

increase of NO2
- concentrations caused by H2O2. 

In the same way, to assess the potential of GHSs to modulate NO release in SH-SY5Y (WT 

and SOD1G93A) cells, NO2
- levels were measured in the culture supernatants of H2O2-treated 

cells, in absence or presence of GHSs. The results shown in Figure 14B and C demonstrated 

that 150 µM H2O2 significantly stimulated (p < 0.001) NO2
-production by SH-SY5Y WT 

and SOD1G93A cells. Similarly to Neuro-2A cells, hexarelin and JMV2894 significantly 

inhibited NO2
- increase stimulated by H2O2 (p < 0.05) in SH-SY5Y WT, while in SH-SY5Y 

SOD1G93A GHSs-treatments induced only a trend toward a reduction of NO2
- levels. 

These results suggest that the anti-apoptotic effects of GHSs, in particular those of hexarelin 

and JMV2894, could be mediated by an antioxidant mechanism. 
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Figure 14. GHSs effects on the extracellular NO2
- release induced by H2O2.  

(A) Neuro-2A, (B) SH-SY5Y WT and (C) SH-SY5Y SOD1G93A cells were treated for 24 h 

with or without GHSs and the selected concentration of H2O2 (100 µM for Neuro-2A, 150 

µM for SH-SY5Y WT and SOD1G93A). Culture media were used for Griess reaction to 

measure NO2
- extracellular release. Data are expressed as mean ± SEM (n = 24). Statistical 

significance: *** p < 0.001 vs. Ctrl; ° p < 0.05, °° p < 0.01, and °°° p < 0.001 vs. H2O2.  
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5. Effects of GHSs on morphological changes induced by H2O2-treatment 

Cells were stained as described in Materials and Methods and observed with a confocal laser-

scanning microscope (LSM 710, ZEISS) in order to characterize morphological changes 

induced by treatments. Representative photomicrographs for each treatment of all cellular 

line are shown in Figure 15A, 16A and 17A (Neuro-2A, SH-SY5Y WT and SH-SY5Y 

SOD1G93A cells respectively). First, we quantified the number of Neuro-2A and SH-SY5Y 

(WT and SOD1G93A) cells in a fixed area by the use of a specific macro for ImageJ software 

(252). The number of cells in each field was used for normalizing data of skeleton analysis, 

which in turn was used to quantify endpoints and process length (253,256), since the loss of 

ramifications is a typical characteristic of morphological cytoskeletal changes in apoptosis. 

Briefly, Analyze Skeleton Plugin was applied to skeleton images obtained after a series of 

ImageJ plugin protocols of original photomicrographs, as described in Material and 

Methods, and shown in Figure 7. Process length (Figure 7B, orange) indicate the measure of 

processes elongation, while endpoints (Figure 7B, blue) are the termination of cellular 

ramifications. 

As shown in Figure 15B, 100 µM H2O2 induced a significant reduction (p < 0.001) in the 

number of Neuro-2A cells per field compared with control; interestingly, cell numbers were 

significantly greater only in group treated with the combination of H2O2 and 1 µM hexarelin 

(p < 0.01). Figure 15C and D show that H2O2 treatment alone caused a reduction of both 

cellular process endpoints and summed process length per cell, compared with controls (p < 

0.001 and p < 0.001, respectively); the effects of H2O2 alone were significantly inhibited by 

co-incubation with hexarelin (p < 0.001) or JMV2894 (p < 0.001). 

In SH-SY5Y WT cells, the reduction in the number of cells per field and that of cellular 

process endpoints caused by H2O2 (p < 0.01 and p < 0.001, respectively) were significantly 

counteracted by the treatments with hexarelin or JMV2894 (p < 0.05 and p < 0.001, 

respectively). In contrast, EP80317 enhanced the effects of H2O2 (Figure 16B,C). H2O2 

treatment induced also the reduction of summed process length per cell compared with 

control (p < 0.001); in this case the co-incubation with GHSs significantly antagonized this 

effect of H2O2 (p < 0.001, Figure 16D).  

As expected, the morphological analysis of SH-SY5Y SOD1G93A revealed that H2O2 

significantly reduced the (i) number of cells per field (p < 0.001, Figure 17B), (ii) cellular 

process endpoints (p < 0.001, Figure 17C), and (iii) summed process length per cell (p < 

0.01, Figure 17D) compared with control. These morphological changes were counteracted 

by the treatment with GHSs; in fact, hexarelin similarly to JMV2894 restored the number of 
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cells, elongations and end-point of SH-SY5Y SOD1G93A cells to control levels (Figure 17B, 

C and D), while EP80317 increased only the number of cellular endpoints (Figure 17D).  

We used FracLac for ImageJ to investigate and quantify morphological changes of cells as 

a consequence of treatments. Examples of cropped photomicrographs, binary and outline 

transformations of Neuro-2A, SH-SY5Y WT and SOD1G93A cells are shown in Figures 18A, 

B and C, respectively. We have quantified by fractal analysis the following parameters: 

1- Fractal dimension (D), an index of cell complexity pattern, which is used to identify cellular 

forms ranging from simple rounded to complex branched (Figure 8B) (254,256).  

2- Lacunarity, a property of the soma based on the heterogeneity or translational and rotational 

invariance in a shape (Figure 8C); lower lacunarity values indicate a loss of shape 

heterogeneity (254,256). 

3- Maximum Span Across the Convex Hull (MSACH), which is the maximum distance 

between two points across the convex hull (Figure 8E). 

4- Perimeter, calculated as the number of pixels on the outline cell shape (Figure 8D). 

5- Area, quantified as the total number of pixels present in the filled shape of cell image (Figure 

8A “Binary”). 

As shown in Figure 19A, in Neuro-2A cells H2O2 induced a significant reduction (p < 0.001) 

of D compared with the controls, indicating a reduced branch complexity, according to 

skeleton analysis. Conversely, Neuro-2A cells treated with the combination of H2O2 and 1 

µM GHSs exhibited a significantly greater D value (p < 0.001 for hexarelin and JMV2894 

groups, p < 0.01 for EP80317) compared with cells treated with H2O2 alone, with values 

similar to the D value of controls. 

The lacunarity values of cells treated with 100 µM H2O2 alone were significantly smaller 

than those of the control group. Hexarelin and JMV2894 antagonized the effects of H2O2, 

since cells treated with hexarelin or JMV2894 and H2O2, showed values significantly greater 

(p < 0.001) compared to those of cells treated with H2O2 alone (Figure 19B). Finally, H2O2 

treatment alone significantly reduced MSACH, perimeter and area (p < 0.001 for all); this 

reduction was blunted by co-incubations with GHSs (Figures 19C, D and E).  

In SH-SY5Y WT and SOD1G93A cells, H2O2 did not induce any significant modification of 

D values (Figures 20A and 21A) but, similarly to Neuro-2A cells, 150 µM H2O2 significantly 

decreased lacunarity (p < 0.01) compared to controls (Figures 20B and 21B). GHSs 

antagonized this effect in both SH-SY5Y WT and SOD1G93A cells: Figures 20B and 21B 

show that lacunarity values are greater in cells treated with GHSs+H2O2 than those in cells 

treated with H2O2 alone; however, differences reached statistical significance only in SH-
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SY5Y WT cells (p < 0.001 for hexarelin and JMV2894; p < 0.05 for EP80317). MSACH, 

perimeter and area values of SH-SY5Y WT and SOD1G93A cells treated with H2O2 alone 

were significantly smaller than control group. As shown in Figures 20C, D, E and Figures 

21C, D, E, this reduction was attenuated by co-incubation with GHSs. 

The morphological results obtained with skeleton and fractal analysis are summarized in a 

3D scatter plot (Figure 22A,B and C). We have chosen to represent endpoints/cell, fractal 

dimension and lacunarity because they are independent variables and allow better 

appreciation of apoptosis-induced cytoskeletal changes. 
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Figure 15. GHSs inhibit Neuro-2A cells de-ramification induced by H2O2.  

(A) Neuro-2A cells were seeded on poly-D-lysine pre-treated coverslips and incubated for 

24 h with or without GHSs and 100 µM H2O2. At the end of the treatment, cells were fixed 

and stained for phalloidin and DAPI. Images were captured with confocal laser scan 

microscope. Scale bar: 20 µm. Graphical representation of the number of: (B) cells in the 

same areas for each treatment; (C) process endpoints/cells; and (D) process length/cells. Data 

are expressed as mean ± SEM of replicates obtained in 3 independent experiments (total 

number of cells analyzed = 160). Statistical significance: *** p < 0.001 vs. Ctrl; °° p < 0.01, 

and °°° p < 0.001 vs. H2O2. 
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Figure 16. GHSs modulate SH-SY5Y WT cells de-ramification induced by H2O2.  

(A) SH-SY5Y WT cells were seeded on poly-D-lysine pre-treated coverslips and incubated 

for 24 h with or without GHSs and 150 µM H2O2. At the end of the treatment, cells were 

fixed and stained for phalloidin and DAPI. Images were captured with confocal laser scan 

microscope. Scale bar: 20 µm. Graphical representation of: (B) the number of cells in the 

same areas per each treatment; (C) process endpoints/cells; and (D) process length/cells. 

Data are expressed as mean ± SEM of replicates obtained in 3 independent experiments (total 

number of cells analyzed = 100). Statistical significance: * p < 0.05, ** p < 0.01, and *** p 

< 0.001 vs. Ctrl; ° p < 0.05, and °°° p < 0.001 vs. H2O2.  



Results 

72 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results 

73 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. GHSs modulate SH-SY5Y SOD1G93A cells de-ramification induced by H2O2.  

(A) SH-SY5Y SOD1G93A cells were seeded on poly-D-lysine pre-treated coverslips and incubated 

for 24 h with or without GHSs and 150 µM H2O2. At the end of the treatment, cells were fixed and 

stained for phalloidin and DAPI. Images were captured with confocal laser scan microscope. Scale 

bar: 20 µm. Graphical representation of: (B) the number of cells in the same areas per each treatment; 

(C) the process endpoints/cells; and (D) process length/cells. Data are expressed as mean ± SEM 

replicates obtained in 3 independent experiments (total number of cells analyzed = 100). Statistical 

significance: * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. Ctrl; ° p < 0.05, and °°° p < 0.001 vs. 

H2O2.  
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Figure 18. Effects of GHSs on morphology of Neuro-2A, SH-SY5Y WT and SH-SY5Y SOD1G93A cells 

stimulated with H2O2.  

Representative photomicrographs of (A) Neuro-2A, (B) SH-SY5Y WT and (C) SH-SY5Y SOD1G93A 

cells incubated for 24 h with or without GHSs and the selected concentration of H2O2, and examples 

of cell binarized and outlined. Cells were seeded on poly-D-lysine pre-treated coverslips and, at the 

end of the treatments, were fixed and stained with phalloidin and DAPI. Images were captured with 

a confocal laser scan microscope. Scale bar: 20 µm.  

 

 

 

Figure 19. GHSs modulate morphological changes of Neuro-2A cells induced by H2O2 treatment. 

Numeric representation of: (A) Fractal dimension, (B) lacunarity, (C) maximum span across the 

convex hull, (D) area, and (E) perimeter of Neuro-2A cells treated for 24 h with 100 µM H2O2 alone 

or in combination with GHSs. Total number of cells analyzed for each condition = 10. Data are 

expressed as mean ± SEM. Statistical significance: * p < 0.05, and *** p < 0.001 vs. Ctrl; °° p < 

0.01, and °°° p < 0.001 vs. H2O2. 
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Figure 20. GHSs modulation of morphological changes in SH-SY5Y WT cells induced by H2O2 

treatment.  

Numeric representation of: (A) Fractal dimension, (B) lacunarity, (C) maximum span across the 

convex hull, (D) area, and (E) perimeter in SH-SY5Y WT cells treated for 24 h with 150 µM H2O2 

alone or in combination with GHSs. Total number of cells analyzed for each condition = 10. Data 

are expressed as mean ± SEM. Statistical significance: * p < 0.05, and ** p < 0.01 vs. Ctrl; ° p < 

0.05, and °°° p < 0.001 vs. H2O2. 
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Figure 21. GHSs modulation of morphological changes in SH-SY5Y SOD1G93A cells induced by H2O2 

treatment.  

Numeric representation of: (A) Fractal dimension, (B) lacunarity, (C) maximum span across the 

convex hull, (D) area, and (E) perimeter in SH-SY5Y SOD1G93A cells treated for 24 h with 150 µM 

H2O2 alone or in combination with GHSs. Total number of cells analyzed for each condition = 10. 

Data are expressed as mean ± SEM. Statistical significance: * p < 0.05, ** p < 0.01, *** p < 0.001 

vs. Ctrl; ° p < 0.05, °°° p < 0.001 vs. H2O2.  
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Figure 22. Summary representation of Skeleton and FracLac analysis by 3D scatter plot.  

Figures summarize the relationship between ramifications (endpoints/cell), shape changing 

(lacunarity) and complexity (fractal dimension) in (A) Neuro-2A, (B) SH-SY5Y WT and (C) SH-

SY5Y SOD1G93A.  

C 
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6. Effects of GHSs on caspases-3 and -7 mRNA expressions and protein levels 

Caspase-3 and caspase-7 activations after damage induced by H2O2 occur at an early stage 

of apoptotic cell death; therefore, we hypothesized that GHSs could inhibit caspase-3 and 

caspase-7 mRNA levels. First, our results demonstrated that mRNA levels of both caspases 

were increased by H2O2 in a dose-dependent manner and that the selected concentration 

induced a significant increase in caspase-3 and caspase-7 mRNA levels in our experimental 

models (Figure 23, 24 and 25, panels A and B). 

Figure 23C and D shows that in Neuro-2A cells 100 µM H2O2 increased caspase-3 (p < 

0.001) and caspase-7 (p < 0.001) mRNA levels, while GHSs alone did not affect mRNA 

levels of both caspases. Notably, 1 µM hexarelin and JMV2894 antagonized the increase in 

caspase-3 mRNA levels induced by 100 µM H2O2 (hexarelin: 25.63 ± 0.09%, p < 0.01; 

JMV2894: 33.21 ± 0.06%, p < 0.01), whereas GHSs did not inhibit the effects of 100 µM 

H2O2 on caspase-7 mRNA levels. 

H2O2 stimulated a significant increase of mRNA levels for caspase-3 and caspase-7 (p < 

0.001) in SH-SY5Y WT cells. The co-incubation with GHSs 1 µM antagonized H2O2 

stimulation of caspases mRNA levels: hexarelin and JMV2894 blunted H2O2 effects (36.56 

± 0.12% and 39.88 ± 0.17% respectively (p < 0.01)), while EP80317 induced only a trend 

toward to the reduction of caspase-3 (Figure 24C). Interestingly, all GHSs significantly 

antagonized the increase in the expression of caspase-7 induced by H2O2 (p < 0.001 for 

hexarelin and JMV2894, p < 0.01 for EP80317) (Figure 24D). 

As shown in Figure 25C, in SH-SY5Y SOD1G93A cells H2O2 induced an over expression of 

caspase-3 mRNA level (p < 0.001) which was significantly antagonized only by hexarelin 

(26.06 ± 0.14%, p < 0.05), while JMV2894 and EP80317 induced a trend toward its 

reduction. Additionally, GHSs did not reduce the effects of 150 µM H2O2 on caspase-7 

mRNA levels (Figure 25D). 

We also quantified the cellular content of activated caspase-3 and -7 proteins; both species 

are effector caspases, which are activated through proteolytic processing by upstream 

caspases to produce the mature subunit.  

In Neuro-2A cells, western blot analysis showed that H2O2 treatment significantly increased 

the levels of cleaved caspase-3 and cleaved caspase-7 (p < 0.001) (Figure 26A,B). Hexarelin 

and JMV2894 blunted only caspase-3 activation (p < 0.05), while 1 µM EP80317 did not 

antagonize H2O2 effects (Figure 26A). GHSs induced also a trend toward a reduction of 

cleaved caspase-7 protein levels (Figure 26B). 



Results 

83 

 

Interestingly, in SH-SY5Y WT cells the significant increase (p < 0.001) of caspase-3 and 

caspase-7 protein levels caused by H2O2 were blunted by the treatment with GHSs (Figure 

27A,B). In detail, hexarelin reduced protein level of caspase-3 by 32.94 ± 0.07% (p < 0.01), 

and that of caspase-7 by 27.44 ± 0.08% (p < 0.05); JMV2894 decreased levels of both 

proteins by 43.57 ± 0.20% (p < 0.01) and 29.28 ± 0.04 (p < 0.05); EP80317 reduced only 

the activation of caspase-7 (28.60 ± 0.06%, p < 0.05) compared to H2O2-treated cells. 

Also in SH-SY5Y SOD1G93A the protein levels of caspase-3 and caspase-7 measured by 

western blot were consistent with their mRNA levels: in this cellular model, hexarelin was 

the only GHS that antagonized the apoptotic mechanism induced by H2O2 reducing the 

protein expression of both cleaved caspases (p < 0.001, Figure 28A,B). 
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Figure 23. Caspase-3 and caspase-7 mRNA levels following incubation with H2O2 and GHSs. Neuro-

2A cells were incubated with different concentrations of H2O2 (0, 80, 100, 150 μM) or co-incubated 

with 1 µM GHSs and 100 µM H2O2 for 24 h. (A,C) Caspase-3  and (B,D) caspase-7 mRNA levels 

were measured by RT-PCR and normalized for the respective β-actin mRNA levels. Data are 

expressed as mean ± SEM of replicates obtained in 3 independent experiments (n = 18). ** p < 0.01, 

and *** p < 0.001 vs. Ctrl; °° p < 0.01 vs. H2O2. 
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Figure 24. Caspase-3 and caspase-7 mRNA levels following incubation with H2O2 and GHSs.  

SH-SY5Y WT cells were incubated with different concentrations of H2O2 (0, 100, 150, 200 μM) or 

co-incubated with 1 µM GHSs and 150 µM H2O2 for 24 h. (A,C) Caspase-3  and (B,D) caspase-7 

mRNA levels were measured by RT-PCR and normalized for the respective β-actin mRNA levels. 

Data are expressed as mean ± SEM of replicates obtained in 3 independent experiments (n = 18). ** 

p < 0.01, *** p < 0.001 vs. Ctrl; °° p < 0.01, °°° p < 0.001 vs. H2O2.  
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Figure 25. Caspase-3 and caspase-7 mRNA levels following incubation with H2O2 and GHSs.  

SH-SY5Y SOD1G93A cells were incubated with different concentrations of H2O2 alone (0, 100, 150, 

200 μM) or co-incubated with 1 µM GHSs and 150 µM H2O2 for 24 h. (A,C) Caspase-3 and (B,D) 

caspase-7 mRNA levels were measured by RT-PCR and normalized for the respective β-actin mRNA 

levels. Data are expressed as mean ± SEM of replicates obtained in 3 independent experiments (n = 

18). * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. Ctrl; ° p < 0.05 vs. H2O2.  
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Figure 26. GHSs inhibits apoptotic pathway through caspase-3 inactivation.  

Neuro-2A cells were incubated with H2O2 alone, GHSs alone, or with a combination of GHSs and 

H2O2 for 24 h. Western blot assays were used to measure levels of (A) cleaved caspase-3/β-actin, 

and (B) cleaved caspase-7/β-actin. All assays were performed in at least 3 independent experiments 

(n = 3). Statistical significance: * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. Ctrl; ° p < 0.05 vs. 

H2O2.  
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Figure 27. GHSs inhibits apoptotic pathway through caspases inactivation.  

SH-SY5Y WT cells were treated with H2O2 alone, GHSs alone, or with a combination of GHSs and 

H2O2 for 24 h. Western blot assays were used to measure levels of (A) cleaved caspase-3/β-actin, 

and (B) cleaved caspase-7/β-actin. All assays were performed in at least 3 independent experiments 

(n = 3). Statistical significance: ** p < 0.01, and *** p < 0.001 vs. Ctrl; ° p < 0.05, and °° p < 0.01 

vs. H2O2.  
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Figure 28. GHSs inhibits apoptotic pathway through caspases inactivation.  

SH-SY5Y SOD1G93A cells were treated with H2O2 alone, GHSs alone, or with a combination of GHSs 

and H2O2 for 24 h. Western blot assays were used to measure levels of (A) cleaved caspase-3/β-actin, 

and (B) cleaved caspase-7/β-actin. All assays were performed in at least 3 independent experiments 

(n = 3). Statistical significance: * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. Ctrl; °°° p < 0.001 vs. 

H2O2.  
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7. Effects of GHSs on BCL-2 family mRNA levels 

Mitochondria play a crucial role in the process of cell apoptosis with the activation of the 

BCL-2 protein family.  

Figure 29A shows that in Neuro-2A cells H2O2 stimulated in a concentration-dependent 

manner a significant increase of the pro-apoptotic Bax mRNA levels and trend toward an 

increase of the anti-apoptotic Bcl-2 mRNA levels (Figure 29B). Co-incubation for 24 h with 

100 µM H2O2 and 1 µM GHSs revealed the anti-apoptotic effects of GHSs, especially of 

hexarelin. The mRNA levels of Bax, increased by H2O2 (p<0.001) were significantly (p < 

0.05) reduced by hexarelin or JMV2894, but not by EP80317; moreover, only hexarelin 

significantly (p < 0.05) increased Bcl-2 mRNA levels (Figure 29C,D). 

In SH-SY5Y WT cells, H2O2 treatment induced a significant and dose-dependent increase 

in Bax mRNA levels (Figure 30A), whereas the expression of Bcl-2 mRNA did not undergo 

any variation compared to control group (Figure 30B). As shown in Figure 30C, both 

hexarelin and JMV2894 co-incubation with H2O2 induced a significant reduction in Bax 

expression (hexarelin: 34.60 ± 0.15%, p < 0.001; JMV2894: 26.80 ± 0.14%, p < 0.05), 

whereas there was any variation to Bcl-2 mRNA levels (Figure 30D).  

In SH-SY5Y SOD1G93A cells, H2O2 induced overran increase in the expression of pro-

apoptotic Bax mRNA levels, and a trend toward an increase of the anti-apoptotic Bcl-2 

mRNA levels in a concentration dependent-manner (Figure 31A and B). In this cell line only 

hexarelin exerted protective effects against 150 µM H2O2, blunting Bax expression (30.04 ± 

0.25%, p < 0.01) and with a significant stimulation of Bcl-2 mRNA levels (34.50 ± 0.13, p 

< 0.01) (Figure 31C,D). 

Altogether, these results demonstrate that among the three GHSs tested, hexarelin is the most 

promising due to its capability to disrupt the apoptotic process, followed by JMV2894.  
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Figure 29. Quantification of mRNA levels of apoptosis markers following H2O2 exposure and their 

modulation induced by GHSs.  

Panels A and B: Neuro-2A cells were treated with different concentrations (0, 80, 100, 150 μM) of 

H2O2 alone. Panels C and D: Neuro-2A cells were treated with H2O2, GHSs alone, or co-incubated 

with GHSs 1 µM and H2O2 100 µM for 24 h. (A,C) Bax and (B,D) Bcl-2 mRNA levels were 

normalized for the respective β-actin mRNA levels. Data are expressed as mean ± SEM of of 

replicates obtained in 3 independent experiments (n = 18). * p < 0.05, ** p < 0.01, and *** p < 0.001 

vs. Ctrl; ° p < 0.05 vs. H2O2.  
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Figure 30. Quantification of mRNA levels of apoptosis markers following H2O2 exposure and their 

modulation induced by GHSs.  

Panels A and B: SH-SY5Y WT cells were treated with different concentrations (0, 80, 100, 150 μM) 

of H2O2 alone. Panels C and D: SH-SY5Y WT cells were treated with H2O2, GHSs alone, or co-

incubated with GHSs 1 µM and H2O2 100 µM for 24 h. Bax (A,C) and Bcl-2 (B,D) mRNA levels 

were normalized for the respective β-actin mRNA levels. Data are expressed as mean ± SEM of of 

replicates obtained in 3 independent experiments (n = 18). * p < 0.05, ** p < 0.01, and *** p < 0.001 

vs. Ctrl; ° p < 0.05, and °°° p < 0.001 vs. H2O2.  
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Figure 31. Quantification of mRNA levels of apoptosis markers following H2O2 exposure and their 

modulation induced by GHSs.  

Panels A and B: SH-SY5Y SOD1G93A cells were treated with different concentrations (0, 80, 100, 

150 μM) of H2O2 alone. Panels C and D: SH-SY5Y SOD1G93A cells were treated with H2O2, GHSs 

alone, or co-incubated with GHSs 1 µM and H2O2 100 µM for 24 h. Bax (A,C) and Bcl-2 (B,D) 

mRNA levels were normalized for the respective β-actin mRNA levels. Data are expressed as mean 

± SEM of of replicates obtained in 3 independent experiments (n = 18). ** p < 0.01, and *** p < 

0.001 vs. Ctrl; ° p < 0.05 vs. H2O2.   
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8. Effects of GHSs on ERK 1/2, p38 and Akt protein levels in H2O2-treated cells 

We hypothesized that GHSs could modulate also MAPK signalling. Among members of the 

MAPK family, ERK and p38 are known to be associated with cell death or survival, 

respectively (204). 

Compared to the control group, exposure to 100 µM H2O2 alone significantly increased the 

p-ERK/t-ERK ratio (p < 0.05), whereas 1 µM GHSs alone did not affect ERK protein levels 

in Neuro-2A cells. Notably, co-incubation with hexarelin, JMV2894, or EP80317 and H2O2 

induced a trend toward a reduction of p-ERK protein levels compared to the H2O2 alone 

group (Figure 32A). 

As shown in the second panel of Figure 32B, incubation with 100 µM H2O2 alone 

significantly increased the p-p38/t-p38 ratio compared to controls, and this effect was 

significantly antagonized by co-incubation with GHSs (p < 0.001). Furthermore, levels of p-

Akt, associated with cell survival after oxidative stress (257), were significantly reduced by 

H2O2 treatment (p < 0.05). Notably, p-Akt levels in cells co-incubated with GHSs and H2O2 

were significantly (p < 0.05) higher than those in cells treated with H2O2 alone (Figure 32C). 

In SH-SY5Y WT cells, the treatment with 150 µM H2O2 alone significantly increased the 

phosphorylation of ERK, p38 and Akt to 49.27 ± 0.05%, 73.40 ± 0.04% and 54.43 ± 0.06% 

of the control values, respectively (p < 0.001, Figure 33). Among the GHSs, only hexarelin 

significantly antagonized the activation of all these proteins compared to the H2O2 alone 

group; in fact, p-ERK/t-ERK ratio was reduced to 27.93 ± 0.03% (p < 0.05, Figure 33A), p-

p38/t-p38 ratio to 36.02 ± 0.01% (p < 0.001, Figure 33B) and p-Akt/t-Akt ratio to 32.60 ± 

0.01% (p < 0.05, Figure 33C). Moreover, p-38 levels were also significantly lower than those 

in cells treated with H2O2 alone when co-incubated with JMV2894 (p < 0.01, Figure 33B). 

Notably, also in SH-SY5Y SOD1G93A cells H2O2 induced an increase in p-ERK/t-ERK, p-

p38/t-p38 and p-Akt/t-Akt ratios (p < 0.001), whereas 1 µM GHSs alone did not affect any 

protein compared to control groups (Figure 34). The co-incubation with GHSs and H2O2 

induced a non-significant trend toward a reduction for ERK and Akt phosphorylation 

compared to the H2O2 alone group (Figure 34A,C), while p-p38 levels in cells co-incubated 

with hexarelin or JMV2894 and H2O2 were significantly (p < 0.01) lower than those in cells 

treated with H2O2 alone (Figure 34B). 
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Figure 32. GHSs modulate ERK, p38 and Akt activation.  

Neuro-2A cells were treated with or without GHSs and H2O2 for 24 h and Western blot assay was 

used to measure (A) p-ERK/t-ERK, (B) p-p38/t-p38, and (C) p-Akt/t-Akt levels. All assays were 

performed for at least 3 independent experiments. Statistical significance: * p < 0.05, and *** p < 

0.001 vs. Ctrl; ° p > 0.05, °° p < 0.01, and °°° p < 0.001 vs. H2O2.  
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Figure 33. GHSs modulates ERK, p38 and Akt activation.  

SH-SY5Y WT cells were treated with or without GHSs and H2O2 for 24 h and Western blot was used 

to measure (A) p-ERK/t-ERK, p-(B) p38/t-p38, and (C) p-Akt/t-Akt  ratios. All assays were 

performed for at least 3 independent experiments. Statistical significance: ** p < 0.01, and *** p < 

0.001 vs. Ctrl; ° p > 0.05, °° p < 0.01, and °°° p < 0.001 vs. H2O2.  
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Figure 34. GHSs modulates ERK, p38 and Akt activation.  

SH-SY5Y SOD1G93A cells were treated with or without GHSs and H2O2 for 24 h and Western blot 

assay was used to measure (A) p-ERK/t-ERK, (B) p-p38/t-p38, and (C) p-Akt/t-Akt ratios. All assays 

were performed for at least 3 independent experiments. Statistical significance: ** p < 0.01, and *** 

p < 0.001 vs. Ctrl; °° p < 0.01 vs. H2O2.  
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9. Isolation and characterization of N9-derived EVs 

The involvement of microglia in ALS exacerbation and propagation is still under debate. In 

fact, there were conflicting observations suggesting that activated microglia may be a 

double-edged sword with the abilities to promote either neuronal protection or injury.  

Moreover, increasing evidences have demonstrated an interplay between glial cells and the 

extracellular environment mediated by the secretion of EVs, which are involved in many 

physiological and pathological processes, and have the role to deliver their cargo to adjacent 

or distant recipient cells. 

Starting from these observations, we have treated N9 microglia cells with 1 µM GHSs 

(hexarelin or JMV2894) for 48 h, and EVs were isolated from conditioned media, as 

previously described. 

Figure 35 shown the characterization of EVs in terms of (i) size distribution, (ii) particle and 

(iii) protein concentrations.  

Nanoparticle tracking analysis (NTA) allowed to demonstrate that in GHSs treated groups 

there were differences in terms of both size distribution and particles concentration 

compared to control: although the mean size of isolated EVs was 152.01 ± 103.4 nm for the 

control group, 158.2 ± 52.1 and 155.8 ± 50.8 for hexarelin and JMV2894, respectively 

(values expressed as mean ± SD), the EVs derived from the control N9 cells showed a greater 

heterogeneity in size distribution (Figure 35A,B and C). Moreover, significant variations (p 

< 0.001; Figure 35D) were found in particles concentration of GHSs-derived EVs compared 

to control. These data suggested (i) the presence of a complex population of EVs derived 

from control N9 cells, and (ii) the capability of GHSs treatment to induce a higher release of 

EVs, which are mainly EXOs without contaminants of different nature. 

It is important to note that similar total protein concentrations were found also in EVs derived 

from N9 cells treated with GHSs, which ranged between 30 and 50 µg/mL.  

Finally, we labelled EVs with the fluorescent PKH-26 lipophilic dye to monitor their 

internalization by SH-SY5Y WT and SOD1G93A cells. As shown in Figure 36, no differences 

were found in EVs distribution. Moreover, the incubation of labelled-EVs for 24 h with SH-

SY5Y WT and SOD1G93A cells showed a preferential localization of EVs proximally to the 

nucleus, as shown in Figure 37. 
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Figure 35. Characterization of EVs derived from N9 cells treated with hexarelin and JMV2894. 

N9 cells were treated with hexarelin or JMV2894 for 48 h and conditioned media were used to isolate 

EVs. NTA size/concentration curve of N9 cells in: (A) control group; (B) cells treated with hexarelin; 

and (C) cells treated with JMV2894. Data were obtained by mean of three tracking video files. (D) 

Quantification of EVs density comparing treatments. Statistical significance: *** p < 0.001 vs. Ctrl.  
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Figure 36. Distribution of EVs from N9 cells treated with hexarelin and JMV2894 in SH-SY5Y WT 

and SOD1G93A cell lines. 

Representative photomicrographs of (A) SH-SY5Y WT and (B) SH-SY5Y SOD1G93A cells incubated 

for 24 h with or without N9-derived EVs. EVs were isolated from conditioned media of N9 microglial 

cells treated with hexarelin or JMV2894 for 48 h, stained with PKH-26 fluorescent cell linker kit (in 

red) and incubated with SH-SY5Y WT and SOD1G93A cells for 24 h.  
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Figure 37. Localization of EVs from N9 cells treated with hexarelin and JMV2894 in SH-SY5Y WT 

and SOD1G93A cell lines. 

Representative photomicrographs of (A) SH-SY5Y WT and (B) SH-SY5Y SOD1G93A cells incubated 

for 24 h with or without N9-derived EVs. EVs were isolated from conditioned media of N9 microglial 

cells treated with hexarelin or JMV2894 for 48 h, stained with PKH-26 fluorescent cell linker kit (in 

red) and incubated with SH-SY5Y WT and SOD1G93A cells for 24 h. As shown in photomicrographs, 

EVs preferentially localized proximal to the nucleus. 
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10. Effects of EVs derived from GHSs-conditioned N9 media on apoptotic markers 

mRNA expressions  

To evaluate whether EVs derived from the conditioned media of N9 cells treated with the 

two most promising GHSs were capable to antagonize the apoptotic effect of H2O2 in human 

neuroblastoma cell lines, we have treated SH-SY5Y WT and SOD1G93A with 150 µM H2O2, 

1.5*109 particles/mL (corresponding to 1 µg of total protein) EVs or the combination of 

H2O2 and EVs for 24 h. 

The significant increase observed in SH-SY5Y WT of caspase-3, caspase-7 and Bax mRNA 

levels induced by H2O2 (p < 0.001 for caspase-3; p < 0.01 for caspase-7 and Bax) were 

antagonized by EVs. In particular, EVs-derived from hexarelin-treatment significantly 

decreased the level of caspase-7 and Bax (p < 0.05), while for caspase-3 the reduction was 

not significant. EVs-derived from JMV2894-treated N9 cells significantly counteracted 

caspase-3 (p < 0.001) and caspase-7 (p < 0.01), and induced a tendency toward a reduction 

of Bax (Figure 38).  

As shown in Figure 39, in SH-SY5Y SOD1G93A cells, EVs derived from hexarelin- and 

JMV2894-treatments significantly reduced the mRNA levels of pro-apoptotic Bax compared 

to H2O2 treated cells (p < 0.01 and p < 0.001, respectively), but did not exert any beneficial 

effects on other apoptosis markers.  

In both SH-SY5Y WT and SOD1G93A cells, EVs did not modulate the mRNA levels of the 

anti-apoptotic molecule Bcl2 (Figure 38D and 39D). 
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Figure 38. Analysis of mRNA levels of apoptosis markers following H2O2 exposure and their 

modulation induced by EVs. 

SH-SY5Y WT cells were treated with 150 µM H2O2, EVs or their co-incubation for 24 h. (A) 

Caspase-3, (B) caspase-7, (C) Bax and (D) Bcl-2 mRNA levels were normalized for the respective 

β-actin mRNA levels. ** p < 0.01, and *** p < 0.001 vs. Ctrl; ° p < 0.05, °° p < 0.01, and °°° p < 

0.001 vs. H2O2.  
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Figure 39. Analysis of mRNA levels of apoptosis markers following H2O2 exposure and their 

modulation induced by EVs. 

SH-SY5Y SOD1G93A cells were treated with 150 µM H2O2, EVs or their co-incubation for 24 h. (A) 

Caspase-3, (B) caspase-7, (C) Bax and (D) Bcl-2 mRNA levels were normalized for the respective 

β-actin mRNA levels. * p < 0.05, and *** p < 0.001 vs. Ctrl; °° p < 0.01, and °°° p < 0.001 vs. H2O2. 
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DISCUSSION 

Reactive oxygen and nitrogen species (ROS/RNS) are chemically active molecules arising 

as by-products of aerobic metabolism, mostly due to leakage of electrons from the 

mitochondrial respiratory chain. This results in incomplete reduction of molecular oxygen 

and nitrogen during oxidative phosphorylation, to produce superoxide radical anion (O2
-), 

hydrogen peroxide (H2O2), nitric oxide (NO), and peroxynitrite anions (ONOO-) (44). In 

physiological conditions, ROS/RNS are short-lived and can act as signalling molecules in 

different cellular pathways, but when the balance between oxidants and antioxidants is 

disrupted in favour of the former, biochemical defences are overwhelmed and oxidative 

stress (OS) prevails (258,259). 

Mitochondria are important generators of OS, as they use oxygen for energy production via 

oxidative phosphorylation. They often become the target of elevated ROS exposure, 

resulting in depletion of ATP, inhibition of enzymes of the electron transport chain, impaired 

calcium buffering capacity, defective mitochondrial dynamics and mutations in 

mitochondrial DNA (mtDNA).  

As well, mitochondrial dysfunction and OS are implicated in cellular damage to DNA, 

proteins and lipids, which results in inflammation, excitotoxicity, protein aggregation, and 

ultimately to neuronal death, playing a major role in the development of many disorders, 

including aging and neurodegenerative diseases (260).  

Although each neurodegenerative disease (NDD) has its own specific aetiology and 

differentially affects brain regions, NDDs share several elements in common, such as OS, 

free radical generation and mitochondrial changes, all contributing to apoptosis (261). 

Among NDDs, amyotrophic lateral sclerosis (ALS) is an adult-onset, progressive 

neurodegenerative disease caused by the deterioration of motor neurons within motor cortex, 

brain stem, and spinal cord, in which OS appears intimately linked to several cellular events 

in motor neurons that contribute to neuronal degeneration and death (262). Biopsies samples 

from spinal cord, nerves and muscles, from ALS patients show abnormalities in 

mitochondrial structure, number and localization, and alterations in activities of respiratory-

chain complexes (263). The identification of mutations in genes implicated in mitochondrial 

functions revealed a clear association between OS and ALS onset, even if they are not the 

only cause of the pathology.
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Superoxide dismutase 1 (SOD1) is an enzyme involved in the scavenging of O2
- to H2O2 and 

O2, and in the modulation of cellular respiration, energy metabolism, and post-translational 

modifications (263,264). It is known that SOD1-related ALS accounts for about 20% of 

fALS and 5% of sALS, and more than 170 mutations in this gene have been identified (63). 

Among all, G93A (glycine 93 substituted for alanine) mutation is the best studied, and it is 

characterized by the loss of antioxidant capability due to a gain-of-function, which 

determined (i) enzyme’s change in affinity to the natural and abnormal substrates, and (ii) 

the increase of enzyme’s aggregation in neurons (61).  

Therefore, the coexistence of OS, defective mitochondrial function, and SOD1G93A mutation 

seem to be determinants of neuronal degeneration in ALS, and are strictly linked to apoptosis 

mechanisms (265,266).  

Apoptosis is known to be one of the most sensitive biological markers for evaluating 

oxidative stress caused by imbalance between ROS generation and efficient activity of 

antioxidant systems (267,268). Apoptotic cell death is an active process initiated by genetic 

programs and culminating in DNA fragmentation, characterized by morphological changes, 

including cell shrinkage, formation of membrane-packaged inclusions called apoptotic 

bodies (269), activation of caspases, nucleases, inactivation of nuclear repair polymerases 

(270), and finally condensation of nuclei (271). 

There are several inducers of OS that are capable of causing cytotoxicity and apoptosis, and 

which permits to obtain a simplified in vitro model of NDDs. To this aim, we have chosen 

the murine neuroblastoma Neuro-2A cell line, which can be used to study OS in 

neurodegeneration (209,272). We have also used and two different lines of human 

neuroblastoma SH-SY5Y cells, which constitutively express (i) wild-type SOD1 or (ii) the 

mutant SOD1G93A, that are a well-established and representative in vitro model of ALS 

(68,273).  

The three cell lines were treated with H2O2 as OS inducer, because it is (i) an established 

method to study putative neuroprotective agents and (ii) the natural by-products of SOD1 

activity (274,275). 

H2O2 induced neuronal cytotoxicity in both Neuro-2A and SH-SY5Y (WT and SOD1G93A) 

cells in a dose-dependent manner, as demonstrated by MTT assays, while increasing 

concentrations of GHSs (hexarelin, JMV2894 and EP80317) did not affect cell viability. In 

order to determine the protective effects of GHSs against H2O2-induced cytotoxicity, all cell 

lines were treated with 1 µM hexarelin, JMV2894 or EP80317. As expected, cell viabilities 

of the GHSs treated group were superimposable to those of control cells. Interestingly, 
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hexarelin and JMV2894 blunted H2O2-induced cell death in Neuro-2A cells. In SH-SY5Y 

WT only hexarelin increased cell survival, confirming its ability to exert protective effects 

against H2O2. However, in SH-SY5Y SOD1G93A all GHS treatments failed to protect cell 

viability, probably due to the excessive ROS production induced by both SOD1 mutation 

and H2O2 treatment. EP80317 did not antagonize the reduction of cell viability caused by 

H2O2-treatment in any cellular line. 

The protective effects of GHSs, in particular hexarelin and JMV2894, were further 

confirmed by Griess assay. Excessive levels of NO, an important mediator of cellular 

communication implicated in the pathogenesis of NDDs (276) and in caspase-dependent 

cellular death (277), could be quantified by the measurement of extracellular NO2
-, a primary 

stable product of NO breakdown. Previous studies reported that H2O2incubation resulted in 

increased production of NO in neuronal and glial cells (278,279), through the stimulation of 

inducible nitric oxide synthase. In this study, we demonstrated that in Neuro-2A and SH-

SY5Y (WT and SOD1G93A) cells H2O2 increased extracellular NO2
- release, an effect that 

was blunted by the coincubation with hexarelin and JMV2894. In fact, although hexarelin is 

apparently more effective than JMV2894, both GHS significantly inhibited NO2
- synthesis 

in Neuro-2A and SH-SY5Y WT cells, and induced a trend toward reduction in SH-SY5Y 

SOD1G93A. Also in this case, EP80317 did not exert any significant effect against OS induced 

by H2O2 in both Neuro-2A and SH-SY5Y cells.  The ability of these GHSs to reduce NO2
- 

release suggests that their protective effects against H2O2 oxidative stress could be mediated 

through the modulation of apoptosis and downstream pathways. 

Moreover, H2O2-stimulation induced cellular morphological changes that are characteristic 

of an apoptotic phenotype, including a drastic loss of cell/field, de-ramification and 

reduction of process length, loss of cellular complexity and shape, as well as reduction of 

cell size. In Neuro-2A cells, both skeleton and fractal analysis suggested that hexarelin and 

JMV2894 maintained the cellular complexity, ramification, dimension, heterogeneity and 

shape comparable to values observed in the control group; on the contrary, EP80317 exert 

such a protective effect only for cellular dimension, but not restoring cellular morphology to 

the complexity of control cells. These observations led to the hypothesis that EP80317 could 

maintain cellular morphology but did not exert an effective protective effect against H2O2-

induced cellular loss. 

SH-SY5Y WT cells, both hexarelin and JMV2894 restored cellular morphological 

characteristics, maintaining cellular ramification and process length, even though only 
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hexarelin maintained normal cellular complexity and shape, demonstrating again to be the 

most effective GHS. 

Among GHSs, we have selected hexarelin, JMV2894 and EP80317 for their potential 

neuroprotective activities demonstrated in our previous studies 

(229,234,242,247,248,280,281). 

Hexarelin is a synthetic hexapeptide ligand of the GHS-R1a, which has been shown to 

stimulate cell proliferation of adult hippocampal progenitors (AHP) and to protect against 

growth factor deprivation-induced apoptosis and necrosis (282), principally through the 

activation of PI3K/Akt pathway (283,284). Interestingly, hexarelin also blunts the 

inflammatory processes activated by neurodegenerative diseases, stroke, and tumor invasion 

(285), by modulating the release of pro-inflammatory mediators such as cytokines, reactive 

oxygen species, free radical species and nitric oxide, which could contribute to both neuronal 

dysfunction and cell death (280,286). Hexarelin also exert cardioprotective effects, 

attenuating cardiomyocyte hypertrophy and apoptosis (287), and attenuating mitochondrial 

abnormalities reported in cancer cachexia (234,288), stimulating biogenesis, mitochondrial 

mass and dynamics restoration, reducing expression of autophagy-related genes and ROS 

production.  

JMV2894 is a synthetic agonist of GHS-R1a, as demonstrated by its ability to stimulate (i) 

Ca2+ mobilization in vitro and (ii) growth hormone release in neonatal rats (229). Similar to 

hexarelin, JMV2894 antagonizes cisplatin induced weight loss in rats, restoring body weight 

to levels similar to controls, without stimulating perirenal and epididymal fat accumulation, 

but directly acting on skeletal muscle (234,288). Interestingly, JMV2894 acts through the 

modulation of mitochondria (i) biogenesis, (ii) mass, and (iii) fusion index, in addition to 

changes in the expression of autophagy-related genes (Akt/FoxO pathway) and reduction of 

ROS production (234). 

EP80317 is a hexapeptide agonist of CD36, a secondary receptor of GHS, without GH-

releasing properties. Interestingly, EP80317 did not exert anti-apoptotic effects like 

hexarelin and JMV2894. EP80317 is mainly involved in the modulation of the production 

of inflammatory cytokines (289) in (i) in vitro model of Alzheimer’s disease and epilepsy, 

and (ii) in vivo model of atherosclerosis and vascular inflammation (248,280,290).  

Different studies reported that EP80317 effectively counteracted the production of 

inflammatory cytokines stimulated by β-amyloid fibrils in mouse microglia cells (280), 

primarily through the activation of peroxisome proliferator-activated receptor-γ (PPAR-γ) 

and changes in levels of phosphorylated MAPK (247). Moreover, EP80317 is also endowed 
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with anti-atherosclerotic and hypocholesterolemic effects through reverse cholesterol 

transport activity, and consequent cardioprotective function (291).  

This study demonstrates that have GHSs anti-apoptotic effects via the inhibition of caspases 

activation. Neuro-2A and SH-SY5Y cells treated for 24 h with increasing concentrations of 

H2O2 showed a significant activation of caspase-3 and -7. In Neuro-2A cells, treatment with 

1 µM hexarelin and JMV2894 attenuated the activation of caspase-3, both in terms of mRNA 

levels and protein activation. In SH-SY5Y WT cells, hexarelin, JMV2894, and also EP80317 

significantly reduced both caspase-3 and caspase-7 mRNA and protein levels, while in SH-

SY5Y SOD1G93A only hexarelin exerted anti-apoptotic effects. Our hypothesis was that the 

modulation of caspase mRNA levels induced by GHSs, in particular by hexarelin and 

JMV2894, was dependent on the intracellular pro-apoptotic signalling molecules belonging 

to the BCL-2 family. 

The BCL-2 family consist of two groups of mediators including (i) the anti-apoptotic group, 

mainly represented by Bcl-2, and (ii) a pro-apoptotic group, represented primarily by Bax. 

Both groups play important roles in mitochondrial related apoptosis pathways (292). 

Therefore, we quantified by RT-PCR, the effects of GHSs on Bcl-2 and Bax mRNA levels 

in our experimental in vitro models. As expected, H2O2 treatment induced a concentration-

dependent activation of pro-apoptotic Bax, and the inhibition of anti-apoptotic Bcl-2, in both 

Neuro-2A and SH-SY5Y cells. GHSs treatment alone did not affect mRNA levels of 

apoptotic signalling molecules compared to the control group, demonstrating that these 

compounds do not stimulate the apoptosis pathway. At the same time, the reduction in Bax 

mRNA levels, and the increase in Bcl-2 mRNA levels in the group incubated with the 

combination of hexarelin or JMV2894 and H2O2 confirmed the anti-apoptotic effect of 

GHSs. Taken together, these results demonstrated the potential anti-oxidant, anti-apoptotic 

and neuroprotective effect of hexarelin in in vitro models of neurodegeneration and ALS. 

To investigate the molecular pathways involved in GHSs neuroprotection, we quantified the 

expression of MAPKs (ERK and p38) and PI3K/Akt. MAPKs activation contribute to 

neuronal dysfunction and are involved in NDDs (293,294). Furthermore, ERK has been 

shown to participate in the regulation of cell growth and differentiation, and responses to 

cellular stress (295). 

In this study, treatment of Neuro-2A cells with H2O2 led to cell death by up-regulating p-

ERK and p-p38 protein expression. The up-regulation of MAPKs induced by H2O2 

stimulation were blunted by GHSs treatment. In addition, GHSs alone did not affect the 

MAPKs proteins compared to control. 
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In SH-SY5Y WT, hexarelin stimulated the down-regulation of MAPKs protein level induced 

by H2O2-treatment, while JMV2894 blunted only the activation of p38. Also in SH-SY5Y 

SOD1G93A cells, both hexarelin and JMV2894 significantly down-regulated p38 

phosphorylation compared to H2O2-stimulated cells. 

PI3K/Akt is a key apoptotic modulator in the growth factor signalling pathway (296). In 

particular, the phosphorylation of Thr-308 and Ser-473 of Akt serves a key role in 

modulating the actions of growth factors on cells, and plays an important role in neuronal 

protection (297,298). In this study, H2O2 significantly increased the de-phosphorylation of 

Akt in Neuro-2A cells. GHSs treatment did not alter the p-Akt/t-Akt ratio compared to 

controls, but in cells treated for 24 h with both GHSs and H2O2, Akt protein levels were 

significantly increased compared with cells treated with H2O2 alone. 

In SH-SY5Y cells only hexarelin treatment suppressed Akt signalling pathway: the level of 

p-Akt was significantly increased by H2O2, and the treatment with hexarelin decreased the 

levels of activated Akt. In SH-SY5Y SOD1G93A, GHSs induced a trend toward reduction of 

phosphorylated Akt protein levels. 

Our findings demonstrate that H2O2 caused the activation of early and late apoptotic 

pathways in Neuro-2A and SH-SY5Y cells. Results obtained in the first part of this research 

suggested that hexarelin and JMV2894 are promising compounds, since they inhibit 

apoptotic mechanisms induced by H2O2-treatment in different cell lines, throught the 

inhibition of apoptosis and potentiation of MAPKs and PI3K/Akt survival pathways. 

ALS neurodegeneration is usually accompanied by neuroinflammation, and a key role is 

played by the complex interplay between motor neurons and glial cells (19,180). In fact, in 

the last decades, many studies have demonstrated that ALS could be also considered a non-

cell autonomous disease, in which glial cells participate in both disease onset and 

progression by a complex interaction with motor neurons (152). Moreover, the bidirectional 

neuron-glial cross-talk through EVs provide a new type of inter-cellular communication, 

which permits to preserve brain homeostasis or contributes to neurodegeneration and 

diseases spread, depending on their cargo (19).  

Given the results described above, we have treated N9 microglia cells with hexarelin and 

JMV2894 and isolated EVs from conditioned culture media to test the potential 

neuroprotective effect of EVs in SH-SY5Y WT and SOD1G93A cells. 

EVs derived from N9 cells treated for 48 h with hexarelin or JMV2894 were significantly 

more concentrated and homogeneous in size distribution compared to those of controls, 

suggesting that GHSs treatment enhanced the release of EVs, in particular of exosomes, from 
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N9 cells. Moreover, images of EVs-internalization showed a preferential localization of EVs 

proximally to the nucleus. 

Since EVs can transfer biological information and are capable to cross the BBB, increasing 

attention has been paid to EVs as promoter of suppressors of pathological processes. For 

example, recent studies have demonstrated that EVs exert neuroprotective effect in an in 

vitro model of ALS (19), probably counteracting the apoptosis pathway, reducing mutant 

SOD1 aggregation and restoring mitochondrial protein functions. 

Starting from the knowledge that EVs could inhibit apoptosis (299), we have demonstrated 

that the incubation of SH-SY5Y WT and SOD1G93A cells with EVs derived from N9 cells 

treated with hexarelin or JMV2894 significantly reduced the apoptotic mechanism through 

the reduction of Bax mRNA level. Moreover, in SH-SY5Y WT cells, EVs exert an inhibitory 

effect on caspases activation. Therefore, treatment with EVs stimulated by GHSs may 

become a promising strategy for the modulation of OS. 

In conclusion, this study demonstrated that, among GHS, hexarelin and JMV2894 are 

capable of protecting cells from H2O2-caused cytotoxicity, suggesting the possibility of 

developing new anti-oxidant and neuroprotective drugs with improved therapeutic potential. 

However, further investigations are required to (i) clarify GHSs molecular mechanisms of 

action, and (ii) whether their effects are mediated by the ghrelin receptor (GHS-R1a).  

Future steps will be to (i) investigate EVs-derived from SH-SY5Y SOD1G93A cells effects in 

terms of microglial activation and polarization, and (ii) evaluate the effects of GHSs in the 

modulation of inflammation.
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