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Abstract 
 

 

Life expectancy has greatly increased in recent decades, and this is associated with increased 

incidence of age-related chronic diseases. Among several factors, oxidative stress plays a 

central role in the onset and progression of these pathologies. During aging, loss in 

antioxidant defenses can cause a pathological imbalance between scavenger systems and 

reactive oxygen species (ROS), which finally leads to cell damage. Indeed, among the age-

related conditions, oxidative stress increases in neurodegenerative disease, immune system 

diseases, musculoskeletal disorders, frailty, and sarcopenia. 

In recent years, mesenchymal stromal/stem cells (MSCs), such as amniotic fluid stem cells 

(AFSCs), have been proposed as a potential therapy for different pathologies, thanks to their 

regenerative and tissue repairing capabilities. To explain their mechanisms of action 

different hypotheses have been proposed, including the paracrine implication of bioactive 

molecules carried by extracellular vesicles (EVs), such as exosomes. 

This thesis work demonstrated the beneficial effects of EVs secreted by AFSCs (AFSC-EVs) 

on in vitro models of different degenerative disorders which affect osteoblasts, skeletal 

muscles, neurons, microglia, and their functional communication. 

Dexamethasone (Dexa) is a synthetic glucocorticoid widely used in therapy. Despite its 

beneficial effects, their abuse can lead to negative consequences, including muscle loss and 

bone fragility. In light of this, Dexa was used to set up in vitro models of osteoporosis and 

muscle atrophy. First, AFSC-EVs reduced the oxidative stress observed in human osteoblast 

exposed to Dexa, as well as all the osteoporosis signs occurring in bone aging. Moreover, 

EVs ameliorated not only the differentiation capability affected in Dexa-treated bone cells, 

but also the pre-osteoblasts maturation potential. 

Despite the high plasticity of skeletal muscle tissue, during aging its regenerative potential 

is hampered. During muscle atrophy, neuromuscular junctions (NMJs) become vulnerable, 

and the impairment in this crucial region of communication between muscle cells and motor 

neurons (MNs) results in muscle weakness, fueling a vicious circle. In this dramatic context, 

how skeletal muscle sends retrograde signals to MNs through NMJs, as well as the role and 

source of oxidative stress, represents an intriguing field of research. To study NMJ 

perturbations during muscle atrophy, a MN/myotube co-culture system by microfluidic 

devices was set up, and the crosstalk alterations occurring during Dexa-induced muscle 
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atrophy were investigated. AFSC-EVs presence counteracted morphological and functional 

defects, as well as the oxidative stress occurring in atrophic myotubes and thus affecting 

neurites through NMJs. 

Neurodegeneration characterizes several age-related disorders such as Alzheimer’s disease 

(AD) which presents abnormal protein aggregation, β-amyloid (Aβ) deposition, besides an 

increase in oxidative stress. In an in vitro model of AD, we observed a positive effect of 

AFSC-EV treatment on AD primary neuron morphology, viability, and levels of AD markers 

(i.e., Aβ and p-Tau). These effects could be due, at least in part, to the apoptotic and 

autophagic pathway modulation derived from the reduction in redox imbalance exerted by 

EVs. Since in AD microglia plays a pivotal role in regulating the brain Aβ levels, AFSC-EV 

immunomodulatory properties were explored in co-cultures of AD neurons and microglia. 

Interestingly, EV administration mitigated the inflammatory injury caused by microglia in 

neurons, and significantly recovered the neurotoxicity. 

In conclusion, this work demonstrated that AFSC-EVs may be a potential therapeutic cell-

free agent for the treatment of age-related degenerative pathologies. 
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1. Preface 

 

1.1 Stem cells and mesenchymal stromal/stem cells: potential for regenerative medicine 

Regenerative medicine is an increasingly emerging field of research focused on repair, 

replacement or regeneration of cells, tissues, and whole organs 1. Several studies have 

already reported encouraging results on the application of stem cell-based therapy, and for 

this reason, the research of potential novel stem cell sources is increasing. 

Stem cells (SCs) are undifferentiated cells present in the embryonic, fetal, and adult life 

stages which can differentiate to build tissues and organs 2. Even if the properties of these 

cells could differ according to the different cell types, all are characterized by self-renewal 

ability (extensive proliferation), clonality (usually deriving from a single cell), and potency 

(capability to differentiate into different cell types).  

There are different ways for classifying stem cells. For example, according to their 

differentiation potential they can be divided in (1) totipotent or omnipotent, (2) pluripotent, 

(3) multipotent, (4) oligopotent, and (5) unipotent 3. Another accepted way to categorize 

these cells, and more suitable for our purpose, is through their origin. Indeed, stem cells can 

be grouped as embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), fetal 

stem cells (FSCs), perinatal stem cells (PSCs), and adult stem cells (ASCs) 4.  

ESCs are pluripotent SCs, derived from the inner cell mass of the blastocyst before embryo 

implantation 5–7. Their main advantages are the greater ability of self-renewal as well as their 

high differentiation potential into all the 3 primary germ layers. On the other hand, they can 

easily form in vivo teratomas. An additional critical point is related to their human embryo 

derivation that raises ethical concern 8. The undifferentiated state and self-renewal capability 

are maintained thanks to the expression of specific transcription factors, namely Nanog and 

octamer-binding transcription factor 4 (Oct4) 9–11. Interestingly, the recent progress in 

epigenetic reprogramming of adult somatic cells allow to obtain ESC-like cells named 

induced pluripotent stem cells (iPSCs), with comparable advantages and concerns, but 

avoiding the ethical problems, and it opened the way to a personalized cell therapy 12. iPSCs 

were similar to human ESCs in terms of morphology, proliferation, differentiation, surface 

markers, and expression of pluripotent cell-specific genes as Oct3/4, SRY-related high 

mobility group box protein-2 (Sox2), the oncoprotein c-Myc, and Hruppel-like factor 4 

(Klf4) 13. However, the retroviral vectors and the reprogramming oncogenes (like c-Myc) 
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used can cause cancers, and for this reason researchers are exploring new methods to 

generate iPSCs without genomic manipulations. 

Fetal stem cells (FSCs) can be isolated from fetal tissue at the beginning of the second 

gestation trimester, such as amniotic fluid; even if these cells display lower stemness 

properties compared to ESCs 14, they are classified as broadly multipotent 15. The main 

advantage of fetal, but also perinatal stem cells (PSCs), is that they can be easily isolated 

from left over samples from prenatal screening performed during the second trimester (i.e., 

amniotic fluid from amniocentesis analysis) or as clinical discarded material after birth (i.e., 

umbilical cord, or terminal amniotic fluid). Interestingly, FSCs show common 

characteristics with both embryonic and adult stem cells, maintaining high self-renewal 

potential, without tumorigenic and ethical issues 16.   

Lastly, adult stem cells (ASCs), derived from different adult tissues, are multipotent stem 

cells. They are of advantage since, in addition to the allogenic source, also the autologous 

one is possible, and transplantation of own ASCs does not cause rejection problems 17. 

Tissue-resident stem cells are considered ASCs that reside in a “stem cell niche”, a 

microenvironment that controls their self-renewal and differentiation capability 18,19. Niche 

stimuli are fundamental for supporting resident stem cell maturation for the physiological 

cell turnover or for the cell replacement after injury 20–22. Similarly, mesenchymal stem cells 

(MSCs) are noteworthy for their elevated differentiation plasticity (pluripotency) without 

forming teratomas 23, and relative ease of isolation and expansion 24. MSCs can be obtained 

not only from adult tissues (such as adipose tissue, peripheral blood, bone marrow, and 

dental pulp), but also from fetal (such as umbilical cord, placenta, and amniotic fluid) or 

other tissues. Notably, MSC biological characteristics, including proteome, transcriptome, 

and surfactome profiles, can differ according to the different cell-sources 25–29. To better 

understand the MSC therapeutic potential and to obtain reliable stem cell products for 

medicine application, the research is directed through the study of different approaches to 

improve homogeneity of MSC populations, as the antibody-selection for specific cell surface 

markers. Fetal or perinatal-MSCs can be considered a preferable alternative to adult MSCs, 

thanks to their early gestational derivation that leads to a reduction in carried environmental 

induced mutations. Ninety-five percent of MSC population expresses CD105, CD73, CD105 

30, while the ninety-eight percent does not express CD34 (hematopoietic progenitors and 

endothelial cells), CD45 (pan-leucocytes), CD14 or CD11b (monocyte/macrophages), and 

CD19 or CD79a (lymphocyte B). Additionally, the ninety-nine percent of MSCs is negative 
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for HLA-DR (human leucocyte antigen-DR isotype), a MHC (major histocompatibility 

complex) class II cell surface receptor, if not stimulated by interferon-gamma (IFN-g). What 

is more, the expression of chemokine receptors allows them to migrate towards 

inflammatory areas and then exert their beneficial effects 31. Indeed, MSCs can respond to 

injured tissue by releasing various mediators that can alter the damaged environment 

protecting the cells and promoting tissue regeneration. The secretome of these cells includes 

a wide range of factors, including growth factors, cytokines, and extracellular vesicles (EVs) 

(i.e., exosomes), and this characteristic allows them to operate via more than one mechanism, 

i.e., modulating the inflammation, reducing the apoptosis and oxidative stress, and 

increasing the angiogenesis 32.  

Concluding, MSC characteristics make these cells promising candidates for a wide range of 

biological and medical application 33, including the treatment of degenerative disorders. 

 

1.2 Amniotic Fluid Stem Cells and their secretome 

The significant advance in regenerative medicine has increased the interest in novel sources 

of stem cells with potential application in medicine 1. Recently, amniotic fluid (AF) has been 

proposed as a potential source of stem cells since its interesting content in stem cells, ease 

of obtaining, reduced ethical features, and various possible applications. AF is mainly 

composed of water and electrolytes, chemical substances (such as lipids, proteins, and 

hormones), suspended materials, and cells. Thus, depending to the different gestation phases 

and fetal development, this composition and volume change: during the first half of 

gestation, the volume depend on the osmotic gradient created by sodium chloride, and AF 

principally contains fetal skin cells, while, during the last half, we can also find fetal 

respiratory secretions, urine, and excrements. The AF-contained cells consist in a 

heterogeneous population, principally derived from the embryo, namely the amniotic 

membrane, but also from respiratory, urinary, and intestinal tracts. The first hypothesis that 

AF could contain undifferentiated cells came from a study of Streubel et al., where they 

demonstrated that AF-derived cells, cultured with supernatants derived from a 

rhabdomyosarcoma cell line, expressed skeletal muscle proteins 34. Moreover, subsequent 

research showed the capability of these cells to differentiate into osteocytes, adipocytes, and 

fibroblasts, as well as the presence of cell markers similar to those of MSCs 35. Furthermore, 

the detection of Oct-4 expression, characteristic of ESCs and iPSCs, confirmed the presence 
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of a subpopulation of cells (around 0.5-1%) with stemness potential 36. This encouraging 

finding led to the necessity to separate these undifferentiated cells from total AF cells. To do 

that De Coppi et al., proposed CD117 (a type III tyrosine kinase receptor for stem cell factor) 

as discriminating marker, and performed both magnetic or fluorescent-cell sorting (MACS 

and FACS techniques) 37. The CD117-positive cells, also identified as AF stem cells 

(AFSCs), are around the 1% of total AF cells and they can differentiate into all the three 

germ layers, as demonstrated by in vitro experiments 15. Indeed, AFSCs were successfully 

differentiated into hepatocytes expressing albumin (endodermal potential), neural stem cells 

expressing Nestin and dopaminergic neurons (ectodermal potential), and myotubes, 

adipocytes, endothelial cells, and chondrocytes (mesodermal potential) 38. Furthermore, in 

addition to Oct-4, AFSCs also express stage-specific embryonic antigen 4 (SSEA-4) 

pluripotency marker, while they lack in hematopoietic lineage (CD45) and hematopoietic 

stem cell (CD133, CD34) markers, confirming the absence of umbilical cord and fetal blood 

cell contamination 35. 

In recent years, AFSCs have generated great interest for the development of novel therapies, 

thanks to their ease of isolation and maintenance in vitro, differentiation capability, and lack 

of tumorigenic risk and ethical concerns. In addition, these cells could be used not only for 

heterologous transplantation, but also as autologous stem cell source for pre- or postnatal 

regenerative treatments. Several evidence suggested that these cells can act beneficial effects 

on injured tissues via two possible ways: (1) differentiating into mature cells 15 and (2) 

releasing trophic paracrine factors which can stimulate endogenous pathways and promote 

tissue repair 39,40.  

In view of these concerns, AFSC-secretome, which includes soluble molecules as well as 

released vesicles, has gained great curiosity for the possible development of a cell-free 

therapy 41,42.  

 

1.3 Aging, oxidative stress, and age-related cellular features 

Aging is a progressive physiological process characterized by degeneration in cellular and 

molecular structures, that leads to tissues and organs loss of function or efficiency 43,44. 

During aging, physical and mental abilities decline gradually 45. The mechanism of aging is 

not yet completely understood, however age-related conditions show chronic/persistent 

inflammation, increased reactive oxygen and nitrogen species (ROS/NOS - RONS) leading 
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to oxidative stress (OS), and mitochondrial dysfunctions 46. Indeed, OS increase has been 

observed in different age-related conditions, such as cardiovascular, neurodegenerative, and 

chronic kidney diseases, as well as sarcopenia and bone fragility 47–49. Moreover, the “OS 

aging theory” links the progressive age-associated dysfunctions to RONS accumulation, 

which leads to a subsequent loss of homeostasis and damage of several macromolecules 

(lipids, DNA, and proteins) and tissues 50,51. RONS are a group of unstable free radicals, 

which comprise hydroxyl (OH•), superoxide anion (O2
•‾), nitric oxide (NO•) radicals, and 

non-free radicals, namely peroxynitrite (ONOO‾) and hydrogen peroxide (H2O2) 
52. RONS 

are normally produced during different amphibolic metabolic pathway processes and the two 

principal systems implicated in ROS generation include the mitochondrial oxidative 

phosphorylation (OXPHOS) and the nicotinamide adenine dinucleotide phosphate- 

(NADPH‾) oxidase (Nox) system. Importantly, mitochondria are the primary endogenous 

source because of their role in ATP production via the OXPHOS (during mitochondrial 

electron transport chain – ETC). Other physiological RONS sources are immune cells, that 

produce ROS through the Nox2 isoform for combating exogenous invaders, but also 

peroxisomes and microsomes, which mainly produce H2O2 
53. Therefore, at low 

concentration RONS are fundamental messengers for the regulation of physiological cellular 

processes, such as cellular survival and defense, activation of transcriptional factors, and 

protein phosphorylation 54. In healthy conditions, different enzymatic and non-enzymatic 

antioxidant defense systems protect cells and mitochondria from RONS damage. Among the 

enzymatic ones the most significant are glutathione peroxidases (GPXs), thioredoxins 

(TRXs), superoxide dismutases (SODs), peroxiredoxines (PRDXs), catalase (CAT), while 

among the non-enzymatic we can find for example glutathione (GSH), cytochrome C 

oxidase (complex IV), coenzyme Q, ascorbic acid, and vitamin E to cite a few 55–57. 

Nevertheless, during aging the imbalance between ROS production and antioxidant defenses 

may lead to a pro-oxidant status which causes abnormal mitochondrial signaling and loss of 

homeostasis, increasing the ROS production and decreasing scavenging defenses in a vicious 

cycle44.  

Interesting hypotheses on the connection among oxidative stress, cellular senescence/aging, 

and inflammation have been proposed. Indeed, increased ROS levels can stimulate the 

p16/mitogen-activated protein kinases p38 (p38MAPK) and p53/p21 pathways leading to 

cell senescence, and thus to the progression of chronic degenerative diseases and aging 58,59. 

Senescent cells acquire an irreversible senescence-associated secretory phenotype (SASP) 
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that can stimulate a chronic inflammation state by secreting different soluble factors (i.e., 

cytokines, interleukins, chemokines, and growth factors), creating a low-grade chronic 

inflammation characteristic of aging called “inflammaging”.  Moreover, SASP are 

responsible of the downregulation of forkhead box (FOXO)-derived antioxidant proteins 59 

(such as CAT, MnSOD, and TRX), mainly via sirtuin activity inhibition, that leads to the 

ROS increase. Sirtuins are a NAD+-dependent deacetylase protein family implicated in 

several cellular processes, including DNA repair, apoptosis, mitochondrial biogenesis, and 

oxidative stress responses 60. The main Sirtuins targets are the FOXO family transcription 

factors, fundamental for the cell adaptation to a various stressor stimuli, namely oxidative 

stress and growth factor deprivation. Interestingly, SIRT1 deacetylation of FOXO factors 

stimulates antioxidant expression, but also the SIRT1 strengthening via an auto-feedback 

loop. Additionally, SIRT1 has a role in controlling the inflammatory response inhibiting the 

tumor necrosis factor alpha (TNFα) and nuclear factor kappa-B (NFκB) 61. Moreover, NFκB 

signaling is a potent inducer of NADPH oxidase components, such as gp91phox and 

p22phox, and it can also transactivate the iNOS expression, increasing the RNS production 

62. So, the loss of inhibition of these factors, due to Sirtuin down-regulation by SASP, 

promotes a proinflammatory state and, thus a further increase in the redox unbalance 63. 

Furthermore, the crosstalk between SIRT1 and ROS promotes in a context-dependent 

manner the loss of efficiency in autophagy, a common aging hallmark together with 

inflammation and oxidative stress. Growing evidence reveals that the prevalence of an 

inflammatory phenotype in aged tissues could be also promoted by the age-related 

impairment in autophagy 64. Indeed, Sirt1 is a potent autophagy inducer that can directly 

regulate the autophagosome formation, but it can also indirectly regulate autophagy via 

FOXO signaling. In fact, FOXOs can up-regulate the expression of different autophagy-

related genes in muscle cells, neurons, cardiomyocytes and bone cells (Figure 1). 
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Figure 1: Schematic overview of oxidant unbalance and Sirtuin/FOXO implications in age-related 

diseases. Image Created with BioRender.com. 

 

. 

Concluding, mitochondrial dysfunctions, accumulation of damaged cellular components, 

genomic instability, loss of proteostasis, cellular senescence, and stem cell exhaustion are 

the main consequences of redox unbalance that occurs during aging 65. The research of 

innovative compounds that can counteract human aging and related biological consequences 

is ongoing, and among the treatments proposed there is also the stem cell application, thanks 

to their immunomodulatory, antioxidant, and regenerative potential. 

 

1.4 Application of mesenchymal stem cell therapy in aging 

The increase in life expectancy leads to the aging of the global population, increasing the 

prevalence of aging frailty 66. Due to its complex pathophysiology, effective treatments for 

the prevention of this syndrome are still not approved 67. Since, MSCs can exert regenerative 
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and anti-inflammatory effects, their application represents a promising therapeutic strategy 

for several degenerative diseases. Indeed, current evidence has demonstrated that MSCs 

could improve the frailty status by supporting the correct function of different organs, like 

heart, muscle, brain, and endocrine system 67. Actually, in vivo and in vitro studies 

demonstrated the efficacy of MSCs in promoting neurogenesis and improving the 

neurological state in models of age-related neurodegeneration 68,69. Interestingly, it has been 

documented that intravenous injected MSCs can cross the blood brain barrier (BBB), a 

fundamental requisite for neural efficiency 70–72. Furthermore, pre-clinical studies 

demonstrated the cardioprotective effects of MSCs and their ability to promote cardiac 

functions through different mechanism, including endothelial cells and cardiomyocyte 

differentiation ability and promotion, angiogenesis stimulation via paracrine stimuli, and 

fibrosis and heart damage reduction 73–75. Imbalance between anabolic and catabolic 

hormones and the decline in their total amounts are recognized as promoters of frailty 

pathogenesis and disease progression 76. Notably, it has been demonstrated that MSC 

transplantation could recover several hormone levels back to normal, such as testosterone 

and insuline-like growth factor 1 (IGF-1) 77,78. 

To date, MSC transplantation has undergone the phase I and II trials in humans, which have 

given positive results about their safety and efficacy for aging frailty 67. For instance, Aging 

FRailTy via IntravenoUS Delivery (CRATUS) went through phase I and II steps, that 

reported beneficial effects of BM-derived MSC transplantation in patients with aging frailty 

79. The treatment group had increased 6-minute walk performance at 3 and 6 months after 

transplantation and decreased inflammatory cytokine TNF-α levels (6 months). Among the 

dose-divided group, the 108 cell-dose-group showed the best performance improvement in 

6-minute walk distance, cognitive status and physical function, and no adverse reactions 

have been registered within 1-month post injection. Despite the positive results, these two 

trials required additional studies to obtain a more convincing conclusion. 

In the recent years, different failure in MSC clinical applications were however encountered, 

probably due to the methodological variability of culture, poor survival rate after in vivo 

transplantation, and changeable ability to migrate, adhere, and engraft to the injured site 80–

82. The application of different MSC derivates, such as EVs, may be more effective and 

preferable than the direct MSC use. The way to go before considering MSCs as an ideal 

clinical treatment for age-related disease is still long, but the positive results obtained to date 

gives encouraging perspective.  
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2. Aim of the project 

Aging is a progressive physiological process characterized by physical and cognitive gradual 

decline, due to the degeneration of cellular and molecular structures, and consequent tissue 

and organ loss of efficiency 43,44. All the age-related diseases share a low-grade of chronic 

inflammation as well as increased oxidative stress state due to ROS overproduction and 

mitochondrial dysfunctions 46. The complex pathophysiology of aging makes bankruptcy the 

development of effective treatments 67. In recent years, it has widely demonstrated the 

regenerative, anti-inflammatory, and antioxidant potential of different types of stem cells, 

and MSCs as well 67,83. The main limits of stem cell clinical application are represented by 

the poor survival rate after in vivo transplantation, and variable ability to migrate, adhere, 

and engraft to the target damaged site 80–82. For these reasons, the research has been recently 

directed through the study of cell-free SC derivatives, namely extracellular vesicles and 

exosomes. Among the different MSC sources, the amniotic fluid has aroused great interest 

given its easy obtainability from pre-natal screening waste samples, low ethical issues, and 

its content in stem cells. Indeed, AFSCs are defined as broadly multipotent, since their 

capability to differentiate into the three embryonic cell lineages, and expression of Oct-4 and 

SSEA-4 pluripotency markers 38.  

Based on these considerations, the principal aim of this study was to investigate the 

therapeutic potential of extracellular vesicle-derived from AFSCs in counteracting the 

detrimental consequences of aging in the most aging-affected areas of the human body: 

skeletal bone tissue, muscle and NMJs, and brain.  

For this purpose we set up in vitro models of osteoporosis, muscle atrophy and Alzheimer’s 

disease. For a greater ease of reading of this thesis works, it was decided to divide it into 4 

main chapters.  

In the first one, it was discussed about EV studies as well as the scientific debate on their 

definition and isolation. Indeed, the title of my PhD project contemplates the use of 

“exosomes” term, which however has been cautiously replaced over the years, as in this 

thesis work, with the more generic term of extracellular vesicles. Moreover, our recent 

change in the isolation method applied, from a commercially available kit to the 

ultracentrifugation one, made necessary the evaluation of possible differences between the 

obtained EVs.  
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In Chapter II, the AFSC-EV therapeutic potential was investigated in an in vitro model of 

osteoporosis obtained by the treatment of human pre-osteoblast cell line (HOB) with a 

synthetic glucocorticoid, the Dexamethasone (Dexa).  

Then, Chapter III summarized the work carried out, at least in part, during my mobility PhD 

period in 2021. Indeed, thanks to the collaboration with the Professor Maurilio Sampaolesi, 

PI at the Stem Cell Institute of Leuven (Belgium), we set up an in vitro model of muscle 

atrophy between human mesangioblast-derived myotubes and iPSC-derived motor neurons, 

using microfluidic devices. This allowed us to investigate the NMJ and neuron perturbation 

transmitted by atrophic myotube, and then the restorative potential of AFSC-EVs. 

Lastly, in Chapter IV the AFSC-EV effect was evaluated on the most widespread age-related 

brain disease: Alzheimer’s disease. Primary neurons from transgenic 5xFAD newborn mice 

were used to investigate the direct effect of these vesicles in counteracting the 

neurodegenerative features. After that, the indirect effect of EVs on neurodegeneration via 

the reduction of neuroinflammation was also evaluated. To do that, SH-SY5Y 

neuroblastoma cells treated with amyloid-β, as a more applicable AD model, were indirectly 

exposed to activated BV2 microglial cells (namely to their conditioned medium exposure), 

or but also directly using transwell co-culture systems. 

Particular attention was directed through the AFSC-EVs modulation of oxidative stress and 

autophagy balance, principally acting on SIRT/FOXO signaling pathway, as well as their 

pro-differentiative, and regenerative potential on injured tissues. 

Collectively, all the results obtained during these three years could help to improve the 

knowledge on the potential mechanisms of action of AFSC-EVs as a cell free therapy in the 

treatment of different age-related diseases. 
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Chapter I – Extracellular Vesicles derived from human AFSCs: 

comparison between two isolation methods 

 

3.1 Introduction 

3.1.1 Extracellular Vesicles: microvesicles, exosomes and others – Origin, composition, and 

purpose  

Intercellular communication is a fundamental process for multicellular organisms, and it 

could be acted by direct cell-to-cell contact or by factor secretion. Extracellular vesicles 

(EVs) represent an important vehicle for carrying into the extracellular space different 

messengers and biomarkers 84,85. 

Extracellular vesicles include microvesicles (MVs), exosomes (Exo), and apoptotic bodies, 

that are lipid bound vesicles which differentiate for their biogenesis, releasing pathway, 

content, size, and function 86–88. The cargo of these vesicles is strictly dependent on the 

originating cells, but in general it could include lipids, nucleic acid (such as DNA, small 

RNA, and microRNA), and proteins. It is important to underlie that in literature the generic 

term of EVs is mainly used to indicate small EVs, namely Exo and MVs, excluding apoptotic 

bodies.  

A brief description of characteristics, origin, and function of these vesicles, focusing on Exo 

and MVs, those of main interest for this thesis work, is reported below. 

Exosomes are single layer lipid membrane vesicles, secreted by all cell types and contained 

in several biological fluids, such as plasma, serum, urine, saliva, cerebral spinal fluid (CSF), 

and amniotic fluid 84. Exo have endosomal origin and its size is typically comprised between 

30-150 nm, even if there are still many controversies since some plasma membrane-derived 

vesicles with similar size are also called exosomes 85–90. Exo vesicles are formed from inward 

budding of early endosomes membrane, and initially take the name of multivesicular bodies 

(MVBs) (Figure 2). MVBs are involved in protein metabolisms (i.e., sorting, recycling, 

storage, transport, and release) 86, and after their formation they could be sent to lysosomes 

to be degraded together with their content, or released into the extracellular spaces, such as 

Exo, by fusing with the plasmatic cellular membrane 91–93. The driving factors of MVB 

specific fate are not yet clear 85. Exo formation and transport are regulated by Endosomal 

sorting complex required for transport (ESCRT) proteins, which, together with their 
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accessory proteins (Alix, tumor susceptibility gene 101-TSG101, heat shock cognate 

protein-HSC70, and heat shock protein 90 beta-HSP90β) are considered exosomal protein 

markers 94–98. Moreover, the transmembrane tetraspanin family proteins, CD63, CD9, and 

CD81, are also commonly found on Exo membrane, as well as on MVs surface, and for this 

reason they appeared enriched in vesicles samples compared to the total cell lysate 99,100. On 

the contrary, Exo and MVs should be negative for intracellular proteins associated with 

different compartment than plasma membrane or endosomes, such as endoplasmic reticulum 

(HSP90β1, calnexin), Golgi (Golgi marker 130-GM130), mitochondrial (cytochrome c), 

nucleus (histones), and argonaute/RISC complex proteins 101. Moreover, compared to the 

vesicles derived from cellular plasma membrane, Exo are enriched in cholesterol, 

shyngomyelin, hexosylceramides, and saturated or monounsaturated fatty acid 85. 

Importantly, the Exo cargo also include mRNA and miRNA, that could be transfer to the 

recevitory cell and here translated into proteins. Different studies linked the Exo-contained 

RNAs to the originating cell, index of a selective loading of RNA into these vesicles 102–104.  

 

 

Figure 2: Schematic overview of MV and exosome origins. Image Created with BioRender.com. 
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Despite the absence of specific markers to perfectly distinguish Exo from MVs, their 

derivation source is completely different: indeed, MVs originate by direct outward budding, 

or pinching, of the cell plasma membrane. Moreover, their size is higher, from 100 nm to 1 

µm 85–88,90. Even if the exact mechanism is not well understood, cytoskeleton components, 

like actin and microtubules, as well as dynamic proteins (kinesins and myosins) and fusion 

proteins (SNAREs and tethering factors) seem to be fundamental for MVs formation 84. As 

a result of their origin, MVs are enriched in cytosolic and plasma membrane associated 

proteins (including tetraspanins) 105,106, but also cytoskeletal proteins, heat shock proteins, 

integrins and post translational modified proteins (glycosylated and phosphorylated 

proteins) 107–109. The presence of cytosolic and plasma membrane proteins is a characteristic 

point related to their origin, and the absence of organelle-associated proteins could be an 

easy way to distinguish them from total lysate and apoptotic bodies 100,110. However, these 

proteins cannot be used to discern MVs from Exo 111. 

As anticipated, MVs and Exo are involved in the cell-to-cell communication, cell 

maintenance, and tumor progression. The EV uniqueness is their ability to package, protect, 

and specifically target active molecules to neighboring or distant cells 88. This ability made 

them of particular interest as a carrier of biomarkers for different pathologies, including 

Parkinson’s disease 112,113, glioblastoma 114, kidney injury 115, just to name a few. 

Furthermore, the numerous advantages of Exo, including a long circulating half-life, great 

tolerability by the human body, capability to cross cellular membranes as well as the blood 

brain barrier, and the possibility of engineering for specific targeting, make them a promising 

candidate for the development of drug delivery systems 116,117. Lastly, several recent studies 

highlighted the beneficial effect of MSC derived-exosomes against tissue damage and 

degenerative disease progression 118. Indeed, recent studies on MSC-derived secretome, and 

in particular EVs, highlighted their capability to mimic all the therapeutic effects produced 

by the originating cells, including tissue repair, immune system and oxidative stress 

regulation. MSC-EV specific cargo contains mRNAs, miRNAs, and proteins that can be 

transferred to the recipient cells, and this ability makes these vesicles more advantageous 

than MSCs. Furthermore, MSC-EV storage, transfer, and production are easier, and their 

administration is also safer than MSC therapy 119. 

Even if the potential medical and clinical applications of these vesicles are numerous, more 

standardized methods to isolate and characterize EVs are needed in order to obtain more 

reproducible therapies.  
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3.1.2 Isolation methods and analysis 

The wide range of potential clinical applications of EVs, in particular Exo, are however 

accompanied by the absence of standardization in the isolation methods. The original method 

of Exo isolation is the ultracentrifugation, still considered as the gold standard today, 

nevertheless cheaper, faster, and more applicable methods have been developed. Despite 

these alternative methods (listed in Table 1) have been developed to separate Exo from total 

EVs by size, immunoaffinity, or precipitation capability characteristics, they often fail and 

result in complex EVs mixtures together with other extracellular space components 87,88. 

This drawback is mainly due to the complex composition of biological fluids or culture 

medium (which are often enriched in fetal bovine serum, FBS), to the similar physical, 

chemical and biological characteristic of Exo and EVs, as well as to the heterogeneity inside 

Exo subpopulations 120,121. 

 

Table 1: Summary of the principal EV isolation techniques 84. 

ISOLATION TECHNIQUES SEPARATION 

PRINCIPLES 
TYPES REF. 

ULTRACENTRIFUGATION 

TECHNIQUES 

Density 

Shape  

Size 

Differential 

ultracentrifugation 

98 

Density gradient 

centrifugation 

122 

Rate-zonal centrifugation 123 

Isopycnic centrifugation 123 

SIZE BASED TECHNIQUES Size Ultrafiltration 124 

Exosome isolation kit (based 

on membranes) 

125 

Sequential filtration 126 

Size exclusion 

chromatography (SEC) 

127 

Flow field-flow fractionation 

(FFFF) 

128 

Hydrostatic filtration 

dialysis (HFD) 

129 
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IMMUNOAFFINITY CAPTURE-BASED 

TECHNIQUES 

Antigen surface 

expression 

Enzyme-linked 

immunosorbent assay 

(ELISA) 

124,130 

Magneto-

immunoprecipitation 

124 

EXOSOME PRECIPITATION Precipitation using 

water excluding 

polymer  

Polyethylene glycol (PEG) 

precipitation 

124,131 

Lectin induced agglutination 132 

MICROFLUIDIC BASED ISOLATION 

TECHNIQUES 

Physical and 

biochemical 

properties 

Acoustic nanofilter 133 

Immuno-based microfluidic 

isolation 

134 

 

Below, only the two methods used in this work will be discussed: differential 

ultracentrifugation and Polyethylene Glycol (PEG) precipitation methods. 

The first method used by researchers for Exo isolation, from biological fluid but also cellular 

medium, was the differential ultracentrifugation 135–137. First, cellular debris and larger 

particles are pelleted out from the matrix with a 500× g centrifugation. Then, thanks to a 

0.22 µm filtration and a 10000× g step, larger EVs and apoptotic bodies are removed. Finally, 

two 100000× g ultracentrifugations permit to pellet out and wash exosomes. The 

ultracentrifugation time is directly linked to the isolation yield but also to the exosome 

damage (high damage for time > 4 hours), and as a consequence to soluble protein 

contamination 138. However, less than 4 hours 100000× g step results in an exosome 

enrichment and not in a complete isolation 88. Principal disadvantages of this technique are 

the need for technical expertise, high time consuming, and larger starting sample volume 

requirement (several mL), that make the simultaneous process of several biological samples 

difficult. Based on this, commercially available kits are being developed as “easy isolation 

procedures” and, among these, we can find the PEG precipitation techniques. The PEG 

polymer excludes water molecules favoring exosomes, and other particles, pelletization. The 

related advantages are numerous, such as shorter time and little technical expertise, 

simplicity, absence of expensive equipment necessity, and large variety of applicable starting 

volumes (from 100 µL to several mL) 124. Despite the numerous advantages, the main limit 

of these products is their frequent inability to separate differently sized EVs 85. To reduce 

contaminations, sample pretreatment such as filtration and/or ultracentrifugation, are 

recommended 124.  
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Due to the difficulties to obtain exosome pure final products, post-isolation content analyses 

are fundamental. Protein quantification is an easy and quick method to characterize isolated 

EVs, even if the concentration is typically overestimated due to contamination, and it does 

not consider the quality of protein cargo 88. Thus, the most common analyses evaluate the 

physical and chemical/biochemical/compositional characteristics. Physical analyses give 

information on particle size and/or concentration, and they include nanoparticle tracking 

analysis (NTA), dynamic light scattering (DLS), and electron microscopy 84. NTA, for 

example, allows the determination of concentration and size distribution of isolated EVs, 

analyzing the Brownian motion of vesicles in suspension 139. The 

chemical/biochemical/compositional analysis gives information on isolated vesicles content, 

and it could be performed through staining, immunoblotting, or proteomic analysis. 

Interestingly, different proteomic profiles are obtained from EV samples isolated from the 

same cell line but by using different isolation methods 87. This intriguing finding highlights 

the necessity of standardized and reproducible (new) isolation methods.     

 

3.1.3 MISEV: guidelines and practical controversies  

As already discussed, the major on-going challenge in the EV field is to improve and 

standardize EV isolation, analysis, and characterization. To do that, the International Society 

for Extracellular Vesicles (ISEV) has grouped the main experts in the EV area in order to 

provide a series of minimal standard criteria for EV isolation/purification, characterization, 

and functional investigation. This editorial work took the name of “minimal experimental 

requirements for definition of extracellular vesicles (EVs)” or “minimal information for 

studies EVs (MISEV)”, and it was published in the Journal of Extracellular vesicles in 2014 

101.  

The first critical point discussed was about the term “exosomes”, that is commonly used to 

indicate any type of EVs. However, several publications specify the endosomal derivation 

of Exo, unlike that of EVs originating via cell membrane budding. Unfortunately, a list of 

specific markers has not yet been drawn up to distinguish among different EV subtypes and, 

for this reason, MISEV2014 recommended a prudent use of the term “exosome”. Since the 

actual meaning of “exosome” is not universally accepted, the general term “extracellular 

vesicles” will be used in this work.  
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In October 2016 a 14-question MISEV survey was released to the ISEV membership, and 

the outcomes highlighted the necessity of regular updates, together with the strong 

commitment of the ISEV community to advance the field by standardization efforts 140. In 

fact, in 2018 the previously drawn up guidelines have been updated with MISEV2018 141. 

The numerous points discussed in MISEV2018, and briefly summarized below in Table 2, 

are intended to provide the basis to discriminate between EVs and non-EVs, and, above all, 

to build the bridge direct through the reproducibility 140. 

 

Table 2: Summary of MISEV2018 guidelines 141. 

NOMENCLATURE Since consensus has not yet emerged on specific markers 
of EV subtypes, “Extracellular vesicle” is the preferred 
generic term for the subject of our investigations, and 
subtypes should be defined by physical and biochemical 
characteristics and/or conditions/ sources. When other 
terms are used, careful definition is required. 
 

SOURCE Possible sources are: 
- Cell culture conditioned medium 
- Biological fluids 
- Tissue 

 
EV SEPARATION AND CONCENTRATION - There is no single optimal separation method, so 

choose based on the downstream applications 
and scientific question. Separation of non-
vesicular entities from EVs is not fully achieved 
by common EV isolation protocols, including 
centrifugation protocols or commercial kits that 
claim EV or “‘exosome’” purification. 

- Report all details of the method(s) for 
reproducibility. 

 
EV CHARACTERIZATION 
 

Quantification of EVs: 
Both the source of EVs and the EV preparation must be 
described quantitatively. 
For the EV preparation, there is no single perfect 
quantification method. The most used are total protein 
amount and total particle number. Total lipid 
quantification could be also considered. 
 
Characterization of EVs by their protein composition: 
At least one protein of each category 1 to 3 must be 
evaluated in any EV preparations. Analysis of proteins of 
category 4 is required when claiming specific analysis of 
small EVs, and of category 5 to document functional 
activities. 
Cat. 1: transmembrane or GPI-anchored proteins 
associated to plasma membrane and/or endosomes 
Cat. 2: cytosolic proteins recovered in EVs 
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Cat. 3: Major components of non-EV co-isolated 
structures 
Cat. 4: transmembrane, lipid-bound and soluble proteins 
associated to other intracellular compartments than 
PM/endosomes 
Cat. 5: secreted proteins recovered with EVs 
 
EV protein content analytic approaches: 

- Western blot 
- ELISA 
- Flow cytometry (FACS) 
- Mass spectrometry  

 
Single vesicle analysis: 
Characterization of single vesicles: use two different but 
complementary techniques, for example: 

1. electron or atomic force microscopy (and show 
both close-up and wide-field) 

2. single particle analyzers (not electron 
microscope-based) 

 
FUNCTIONAL STUDIES - Determine the specific versus common functions 

of different types of EVs 
- Demonstrate that the activity is observed in the 

absence of direct cell-cell contact 
- Demonstrate that the activity is predominantly 

associated with EVs rather than with soluble 
mediators 

- Demonstrate the specific association of the 
activity with EVs rather than with co-isolated 
components 

- Determine whether a function is specific to 
exosomes, as compared with other small EVs 

- How to attribute particular effects mediated by 
EVs to specific EV components 

- Consider whether an EV-dependent function is 
specific to a given EV source 

 
GENERAL CONSIDERATIONS Reporting requirements 

Exceptions to compliance with MISEV guidelines: 
Finally, there are exceptions to every rule. 
MISEV2018 is meant to guide and improve the 
field, not stifle it. If MISEV recommendations 
and requirements cannot be met, authors will 
then need to explain their unique situation and 
describe their attempts to meet the guidelines 
and the reason for failure. These guidelines will 
also continue to evolve. 
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3.2 Materials and Methods 

3.2.1 Amniotic fluid collection 

Amniotic fluids were collected from 3 healthy pregnant women (age: 27-43) between the 

16th and 17th week of gestation during amniocentesis procedure performed at the Unit of 

Obstetrics and Gynaecology at the Policlinico Hospital of Modena, Italy. Amniocentesis 

were performed under continuous ultrasound guidance, in a sterile field, with 23-

Gauceneedles. The related risks of the procedure and the aim of the study were explained to 

all patients before the procedure and the ob-gyn specialist collected a signed consent form 

before starting the exam (protocol 360/2017, dated 15 December 2017 and approved by Area 

Vasta Emilia Nord). Amniotic fluids were centrifuged, supernatants were discarded, and the 

cellular pellets were re-suspended. Amniotic fluid cells (AFCs) were seeded in culture to be 

expanded and used for diagnostic procedures. AFCs were maintained in AmniochromeTM -

II complete medium (Lonza Bioscience, Rome, Italy). Supernumerary (unused) T25 flasks 

of amniotic fluid cells, cultured in the Laboratory of Genetics – TEST Lab in Modena (Italy) 

for 2 weeks, were used for subsequent manipulation. 

 

3.2.2 Amniotic fluid stem cell isolation and culture 

To obtain c-kit (CD117) positive cells, also known as human amniotic fluid stem cells 

(hAFSCs), which represent a subpopulation of AFCs with high stemness properties 37, cells 

were expanded in αMEM culture medium supplemented with 15% fetal bovine serum (FBS) 

(Gibco, Waltham, MA, USA), 2 mM L-glutamine, 100 U/mL penicillin, and 100 µg/mL 

streptomycin (all from EuroClone Spa, Milano, Italy) to reach at least 5 million of cells 

before isolation. C-kit positive cells were isolated using the immunogenic method MACS 

technology (Miltenyi Biotec, Germany). According to protocol, cells were trypsinized, 

resuspended in 10 ml of Buffer I (composed by PBS containing 20% FBS and 2 mM EDTA), 

and filtered through 100 µm cell strainer. After, cell suspension was centrifuged (300 x g, 5 

min at RT), and cellular pellet was resuspended in Buffer II (composed by PBS containing 

2 mM EDTA, 0,5%m/v BSA) with microbeads antibody dil. 1:50 and incubated at 4°C for 15 

min under agitation. The ratio Buffer II/cells is approximately 500 µL/5 million cells. After 

incubation, cells were washed with Buffer II and resuspended in 500 µL of Buffer II. Then, 

a magnetic column from kit was conditioned by Buffer II and located on the magnetic hold. 
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After that, cell suspension was loaded into the column and eluted c-kit negative cells were 

collected. To collect all these cells, three consecutive washings with 500 µL of Buffer II 

were performed. Then, the column was removed from magnetic support and put into a 15 

mL falcon tube. C-kit positive cells were collected washing 3 times with αMEM medium 

(Corning, MA, USA). hAFSC obtained are around 1-5% of total AFCs. hAFSCs were 

subcultured at 1:3 dil. once reached 70% confluence. Cells were grown in complete αMEM 

culture medium as previously described.  

 

3.2.3 Conditioned medium collection 

hAFSCs were grown in 175 cm2 flasks until subconfluence (around 4×106 cells). Then, cells 

were washed once with PBS and maintained for 4 days in 20 mL culture medium without 

FBS, to exclude extracellular vesicles contamination from FBS solution. Conditioned 

medium (CM) was collected and centrifuged at 300 x g for 10 min at RT to eliminate cellular 

debris. Supernatant was concentrated up to 2 mL by using Centrifugal Filter Units with 3K 

cutoff (Merk Millipore, MA, USA) 41. 

 

3.2.4 Extracellular vesicles isolation by InvitrogenTM Total Exosome Isolation kit from CM 

Total Exosome Isolation solution from cell culture media (Invitrogen, Life Technologies, 

CA, USA) is a commercially available kit proposed for the separation of exosomes from 

cellular conditioned mediums (CMs). It is a water excluding precipitation method. 

According to the manufacturer’s protocol, concentrated CM was incubated with Total 

Exosome Isolation solution from cell culture media (ratio 1:1) (Invitrogen, Life 

Technologies, CA, USA) overnight at 4°C under agitation. The day after, the mixture was 

then centrifuged at 10 000 x g for 1 h at 4°C. The pellet, enriched in extracellular vesicles 

(EVs) and including exosomes (exo), was collected. 

 

3.2.5 Extracellular vesicle isolation by ultracentrifugation 

Concentrated CM was again centrifuged at 10 000 x g for 30 min at 4°C to exclude small 

cellular debris and, then, the supernatant was transferred into polypropylene ultracentrifuge 

tubes (13.5 mL, Beckman Coulter) and ultracentrifuged at 100 000 x g for 90 minutes at 4°C 
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in a Beckman Coulter Optima L-90 K centrifuge (SW-41 rotor); the supernatants were 

discarded and the pellets were resuspended in 13 mL D-PBS (Corning, VA, USA) and 

ultracentrifuged again at 100 000 x g, 90 minutes at 4°C) 142. The pellet was collected and 

stored at -20°C until use. 

 

3.2.6 Nanoparticle tracking analysis (NTA) 

EV pellets were resuspended in 100 µL D-PBS. After appropriate dilution, size distribution 

and concentration were evaluated by the ZetaView particle tracker from ParticleMetrix 

(Inning am Ammersee, Germany). 

 

3.2.7 Transmission electron microscopy (TEM) analysis  

EV pellets were resuspended in a fixative solution composed by 0.1 M phosphate buffer (pH 

7.4) with 4% paraformaldehyde and 4% glutaraldehyde for 15 minutes at room temperature 

and kept at 4°C until the analysis. For the analysis, a drop of each sample was placed on a 

carbon-coated copper grid and let dry. Then the supports were immersed in 2% 

phoshotungstic acid solution (pH 7.0) for 30 seconds. The preparations were examined under 

TEM (JEM-1200EX, JEOL Ltd., Japan) at an acceleration voltage of 80 kV. 

 

3.2.8 Extracellular vesicle extract preparation and protein quantification 

Extracellular vesicle pellets were treated with lysis buffer (820 mM Tris-Cl pH 7.0, 1% 

Nonidet P-40, 150 mM NaCl, 10% glycerol, 10 mM EDTA, 20 mM NaF, 5 mM sodium 

pyrophosphate, and 1 mM Na3VO4) added with a protease inhibitor cocktail and para-

nitrophenylphosphate (all from Sigma Aldrich, Milan, Italy) at a ratio of 3:2 (vEVs/vLB) at 

4°C for 20 minutes. Lysates were sonicated, cleared by centrifugation (12 000 rpm for 15 

minutes, 4°C) and protein quantification was performed using Bradford method. Into a 96 

multi well plate, to 160 µL of MilliQ water were added 1 µL of each sample lysate and 40 

µL of Bradford reagent (Bio-Rad, CA, USA). Absorbance was immediately read at 595 nm 

using a multi well reader (Appliskan, Thermo Fisher Scientific, Vantaa, Finland). After 

protein quantification, lysates were boiled in SDS sample buffer (Tris-Cl 1 M pH 6.8, SDS 
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10%, glycerol 30%, bromephenol blue 0.012%, dithiothreitol 0.6 M) for 5 minutes and 

stored at 4°C until use. 

 

3.2.9 SDS PAGE and Western Blot (WB) 

EV processed lysates were loaded in SDS gels 1.55 mm thick with 12% polyacrylamide 

running part and 4% polyacrylamide stacking part. For all the analyses at least 20 µg of 

proteins were loaded and 6 µL of Precision Plus ProteinTM Standards Dual Color (Bio-Rad, 

CA, USA) was used as molecular weight indicator. Protein separation was carried out at 160 

V for around 90 minutes at 4°C in the presence of electrolytic Tris Glycine SDS (TGS) 

Buffer (Bio-Rad, CA, USA). After separation, proteins were transferred from the gel to a 

polyvinylidenedifluoride (PVDF) membrane previously treated with methanol. Protein 

transfer was performed using a semi-dry method (12 V for 90 minutes) in Transfer Buffer 

containing 25 mM Tris, 190 mM glycine, and 20% methanol. To verify the correct protein 

transfer, the PVDF membrane was stained 1 minute with Ponceau Red, and after that it was 

washed with Tris Buffered Saline solution (TBS) (Tris 25 mM, KCl 3 mM, NaCl 140 mM 

pH 7.8) added with 0.1% tween (TBS-T) until disappearance of the coloration. Blocking 

solution, composed by TBS-T solution with 3% BSA (TBS-T+BSA), was incubated for 1 

hour to block nonspecific binding sites, while primary antibodies diluted in TBS-T+BSA 

were incubated overnight at 4°C. The day after, the membranes were washed 3 times with 

TBS-T, and incubated with secondary antibodies in TBS-T+BSA (1:3000) for 1 hour at RT. 

Then, they were washed again before luminescence signal detection by a ChemiDocTM 

Imager system (Bio-Rad, CA, USA) using Immobilon® Forte (Millipore, MA, USA. 

Relatively protein bands quantification was performed using ImageJ software. Primary 

antibodies used are against the following molecules: Rab5 (Lonza, SC, USA), CD9 (Life 

Technologies, CA, USA), CD81 (Thermo Fisher Scientific, MA, USA), SOD1 (Santa Cruz 

Biotechnology, CA, USA). Secondary antibodies were all from Thermo Fisher Scientific 

(MA, USA).  

 

3.2.10 ELISA Assays 

EVs were lysed by treating PBS-EV suspension with lysis buffer (previously described in 

Section 3.2.8) at a ratio of 1:3 (v/v) and performing 3 freeze-and-thaw cycles. 1 µg of total 
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protein extract was quantified by TGFβ1, HGF, and IDO ELISA kits (all from Cusabio 

Technology, TX, USA) according to the manufacturer’s protocol. 

 

3.2.11 Statistical analysis  

Experiments were performed in triplicate. For quantitative comparison, values were reported 

as mean ± SD based on triplicate analysis for each sample. One-way ANOVA with 

Bonferroni post hoc test was applied to evaluate the observed difference significance among 

the study groups. A p value < 0.05 was considered statistically significant. GraphPad Prism® 

release 6.0 software was used to obtain statistical analysis and plot layout. 
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3.3 Results 

3.3.1 Size distribution and yield comparison between hAFSC-EVs isolated by InvitrogenTM 

Total Exosome isolation kit and ultracentrifugation methods 

First, we compared the morphological characteristics of EVs obtained by the commercial kit 

and ultracentrifugation. Transmission electron microscopy (TEM) showed that the average 

dimension of particles is around 100 nm (Figure I.1A) for both samples.  

 

 

Figure I.1. Transmission electron microscopy and nanotracking analysis comparison between 

hAFSC-EV obtained from isolation kit and ultracentrifugation 

(A) Representative TEM images of EVs obtained from isolation kit (top) and 

ultracentrifugation (bottom). Arrows indicate EVs. Scale bars: 200 nm.  

(B) Representative nanoparticle tracking analysis (NTA) performed by Zeta view on EVs 

obtained from isolation kit (top) and ultracentrifugation (bottom) – left. On the right, 

graphs comparing median size – top – and concentration – bottom – of isolation kit and 

ultracentrifugation derived EV. Data shown are the mean ± SD (n=3). p values>0.05 (not 

significant). 

 

Moreover, similar results were obtained by Nano tracking analysis (NTA): 163.1 ± 1.84 nm 

for kit-EV while 161.5 ± 4.24 nm for ultra-EV (indicated as average of median values) 

(Figure I.1B). Moreover, the number of EVs obtained using isolation kit and 

ultracentrifugation methods was similar, around 1×109 particles from 106 hAFSCs. Graphs 

in Figure I.1B showed no significant alterations in vesicles’ size and concentration obtained 

by the two methods.  
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3.3.2 Protein content comparison between hAFSC-EVs isolated by InvitrogenTM Total 

Exosome isolation kit and ultracentrifugation methods 

Then, the protein content of EVs obtained by the two different isolation methods was 

investigated.  Western blot analysis demonstrated a comparable quantity of typical EV 

surface markers, namely CD81, CD9, and Rab5, and the antioxidant protein SOD1 into both 

samples (Figure I.2A). Similarly, ELISA assay showed a similar content of anti-

inflammatory and pro-regenerative molecules TGFβ1, HGF, and IDO (Figure I.2B). 

. 

Figure I.2. Western blot and ELISA analyses on AFSC-EVs obtained from isolation kit and 

ultracentrifugation 

(A) Representative images of WB analysis of kit-EV and ultra-EV total lysates revealing 

SOD1, CD81, CD9, and Rab5 protein levels. 

(B) Graph representing ELISA analysis of TGFβ1, HGF, and IDO on the lysates of isolated 

EVs by the two different techniques. Data shown are the mean ± SD (n=3). p values>0.05 

(not significant). 

 

3.3.3 AFSC-EV sample collection 

During my PhD, in our laboratory we collected 18 samples of AFCs, 14 of them were 

processed as previously described in order to obtain the EVs used in this project. The Table 

3 below summarizes the characteristics and the isolation method of AFSC-EVs used for each 

Chapter.  
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Table 3. Summary of AFSC-EV characteristics. 

Chapter AF samples 
AFSC-EV isolation method 

Exosomes Isolation kit Ultracentrifugation 

I- Extracellular Vesicles derived from 
Amniotic Fluid Stem Cells: comparison 
between two isolation methods 

3 ✓  ✓  

II- Human AFSC-EVs counteract 
steroid-induced osteoporosis in vitro 

3 ✓   

III- Human neuromuscular junction on 
a chip: impact of AFSC-EVs on muscle 
atrophy and nerve health 

3  ✓  

IV- Neurons and microglia in 
Alzheimer’s disease: human AFSC-EVs 
protective effect against Aβ 

5 ✓  ✓  

 

  



Chapter I – Extracellular vesicles derived from human AFSCs: comparison between two isolation methods 

_______________________________________________________________________________________ 

 

27 

 

3.4 Discussion 

In recent years, the interest in the study of extracellular vesicles has grown enormously given 

to their physio/pathological role in cell-to-cell communication and, their feasible use as 

disease biomarkers, but above all as a therapeutic strategy. Indeed, since their long 

circulation half-life, great tolerability by the human body, ability of not only penetrating 

cellular membrane but also potentially targeting specific cell types, EVs are considered 

promising candidates for the development of drug delivery systems 116,117. In addition, it has 

been recently demonstrated that their content often reflects the characteristics of their 

parental cells, and it makes EVs interesting for cell-free therapy in stem cell and regenerative 

medicine 143–146. Even if there is a wide range of potential applications of EVs, their use is 

widely debated from the scientific community since the lack in a unique definition and 

standardized methods for their isolation and characterization. For these reasons, we have 

encountered different obstacles in our research on hAFSC-derived EVs. Our first isolation 

approach, also used in some studies of this work, was by employing a commercially 

available kit based on the water exclusion principle (InvitrogenTM Total Exosomes Isolation 

- from cell conditioned medium). Despite the numerous advantages of this method, its 

inability to separate differently sized EVs and membrane-free macromolecular aggregates 

makes it hotly contested. Some reviewers’ criticisms led us to improve our isolation 

technique and opt for the ultracentrifugation method, considered the “gold standard” 84. This 

methodological change has led to the necessity to evaluate the ultracentrifugation-derived 

EVs (ultra-EVs) and to compare them with those obtained from Invitrogen kit (kit-EVs). 

Thus, kit-EVs and ultra-EVs were examined in parallel basing on the official MISEV2018 

criteria, in order to confirm the physical and biological similarity between the two types of 

EVs 141. First, TEM analysis demonstrated the presence of round-shaped vesicles with a 

similar diameter in both samples, approximately 100 nm, comparable with that of exosomes 

and suggesting an enrichment in this type of vesicles. Notably, it also excluded the presence 

of vesicle aggregates as well as damaged vesicles, a possible inconvenience in the use of 

ultracentrifuge, given the high working speed and timing 138. Consistently, NTA confirmed 

that most vesicles are around 160 nm in diameter and, at the same time, showed a similar 

size distribution for both suspensions, despite the different isolation approaches. This 

analysis also provided indications regarding the sample concentration, fundamental to 

determine the treatment volume. Interestingly, the similar number of starting cells/obtained 

particles ratio between kit- and ultra-samples suggested a comparable isolation yield from 
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the two different techniques. Importantly, the treatment concentration is strictly connected 

to the experimental model (in vitro or in vivo), method of disease induction and cell type 

used, and for this reason no unique value could be established.  

After confirming the similitude from the morphological point of view, we moved towards 

the EV content analysis. As recommended by the MISEV guidelines, the presence of typical 

EV markers, namely CD81, CD9, and Rab5, was detected in both samples in similar 

amounts. A recent study showed that different proteomic profiles could be obtained from 

EV samples isolated from the same cell line but using different isolation methods 87. 

Considering that, the bioactive cargo of kit-EVs and ultra-EVs was compared. Interestingly, 

both our samples display similar amounts in antioxidant (SOD1) and anti-inflammatory 

proteins (TGFβ, HGF, and IDO), that we consider, at least partially, responsible for their in 

vitro positive effect in different degenerative diseases.  

Finally, it is important to underline that slight variability among samples could occur since 

the complexity of EV-cell source, in particular the individual donor variability. 

Collectively our results indicated that despite the different isolation methods, obtained EVs 

exhibit similar morphological and biological profiles, so they can be used in the same way 

for the in vitro study of human AFSC-derived EVs potential in counteracting age-related 

dysfunctions. 
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Chapter II – Human AFSC-EVs counteract steroid-induced 

osteoporosis in vitro 

 

4.1 Introduction 

4.1.1 Osteoporosis: bone and skeletal aging – From classification to cellular pathways 

Osteoporosis is characterized by qualitative and quantitative defects of bone segments, and 

consequent strength loss that could lead to a reduction in fracture resistance 147. From the 

clinical point of view, this complex skeletal condition could be classified in primary and 

secondary osteoporosis. The first is a systemic disease strictly related to aging, and it can 

occur in both men and women with age. Secondary osteoporosis includes a set of different 

alterations caused by different conditions or treatments; indeed, a common example is 

glucocorticoid-induced osteoporosis 148. Moreover, age-related skeletal alterations increase 

the necessity of pharmacological treatments, including glucocorticoids (GC), aggravating 

the bone instability.  

The bone loss occurring during age-related skeletal disorders is thought to be, at least in part, 

due to an imbalance in bone turnover 149. Resident bone marrow-derived mesenchymal stem 

cells (BMSCs) have a key role in maintaining the correct balance in bone turnover, and, for 

this reason, several studies linked their alteration to osteoporosis occurrence 150. Recently, 

Liang and colleagues 151 demonstrated that aging negatively affects BMSC proliferation and 

their osteoblastic differentiation potential, which can finally lead to osteoporosis. In light of 

these considerations, different studies recently demonstrated the positive effect of MSC 

secretome in recovering bone precursor cell ability to overcome senescence and apoptosis 

and reduce bone loss (as will be detailed in the following paragraph). 

Another well-established cause of bone homeostasis imbalance is the increase in osteocyte 

death occurring during aging. Osteocytes are the most numerous long-lived bone cells 

trapped within the bone matrix and they are centrally involved in the regulation of bone 

erosion and deposition 152,153. Apoptotic osteocytes are surrounded by osteoclasts that support 

dying bone cells and in parallel call other osteoclasts 154. Among the main causes of osteocyte 

apoptosis during aging, we can find lack of hormones, disruption of blood flow as well as 

the oxidative stress increase 155. Indeed, the ROS rise can trigger cell death principally by 

the activation of the mitochondria-dependent apoptotic pathway, which finally leads to the 
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release of cytochrome c, and activated caspase3 and 9 156. The main mediators of this 

pathway are represented by the Bcl-2 family, which includes both pro-apoptotic (i.e., Bax, 

Bad, and Bak) and anti-apoptotic (i.e., Bcl-2, Bcl-X, and Bcl-w) members 156. Moreover, 

recent evidence showed that oxidative stress and ROS can activate pre-osteoclast maturation 

and osteoblast apoptosis 152.  

Recently, a strong court of studies claims that autophagy, as a cell survival pathway, plays a 

central role in maintaining bone homeostasis 157. Cellular degradation and recycling of 

cytoplasmic proteins and organelles is mainly mediated by autophagic pathways. This 

process is fundamental for protein aggregate degradation and thus, in preventing cell 

toxicity. The decrease in autophagy efficiency and the impairment in protein homeostasis 

(proteostasis) have been associated with several age-related diseases, including osteoporosis 

158. Indeed, in aged rats’ osteocytes it has been observed an age-dependent decrease of 

autophagy, associated with a reduction in related genes LC3β-II, BECLIN, and ULK-1 

expression and a parallel rise of p62 expression and apoptosis (Pierrefite-Carle et al., 2015). 

To mimic skeletal aging, in vitro inhibition of autophagy in osteoblasts and osteocytes of 

young mice showed an increase in bone mass loss 160. Nevertheless, different studies 

correlated the oxidative stress rise to autophagic pathway activation in osteocytes and 

osteoblasts, hypothesizing a possible defense mechanism against ROS-induced cell death 

(Pierrefite-Carle et al., 2015; X. Yang et al., 2019). 

Among the different autophagy regulators, FOXOs and Sirtuins are the most interesting 

since their additional role in counteracting oxidative stress. Their physiological action is 

fundamental for skeletal development and bone homeostasis, while their alteration may 

contribute to bone diseases. Indeed, the inhibition of FOXO3, occurring during 

corticosteroid-induced osteoporosis, results in autophagy reduction and increases ROS 

levels 60 (Figure 3). 

As already seen, the main target of sirtuins is the FOXO family. In bone tissue, FOXO 

deacetylation by SIRT1 prevents its association with β-catenin and improves Wnt signaling, 

increasing osteoblast proliferation. Moreover, the osteoblastogenesis stimulation by Sirtuins 

could be also mediated by direct action on β-catenin and RUNX2 162,163. On the contrary, 

FOXO loss of function promotes osteoclastogenesis and bone erosion leading to reduced 

trabecular and cortical bone mass. In osteoblast, FOXO attenuates ROS production and 
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simulates cell survival, leading to bone formation, thanks to FOXO-induced antioxidant 

proteins and paracrine mechanisms, including osteoprotegerin (OPG) stimulation 164–168.  

Concluding, similarly to different other age-related diseases, also in bone aging SIRT/FOXO 

axis plays a pivotal role in maintaining cellular homeostasis, thus it could be a potential 

therapeutic target for the treatment of bone loss.  

 

 

Figure 3: Schematic overview of SIRT1 and FOXO roles in aged osteoblast and osteoclast. Image 

Created with BioRender.com. 

 

 

4.1.2 GIOP-induced osteoporosis: an experimental model to study bone aging 

Glucocorticoids, such as Dexamethasone (Dexa), depending on concentration 169, can induce 

negative effects on skeletal bone tissue by increasing intracellular ROS that could lead to 

bone cell death, impairment in cell differentiation, and uncontrolled autophagy 170,171. These 



Chapter II – Human AFSC-EVs counteract steroid-induced osteoporosis in vitro 

_______________________________________________________________________________________ 

 

32 

 

side effects make them excellent candidates to set up in vitro and in vivo models to 

investigate the molecular mechanisms underpinned to skeletal aging and several bone-

diseases, and to develop potential therapies.  

Indeed, a study of Deng et al. 170 demonstrated the apoptotic effect of Dexa on osteoblasts 

via the ROS-PI3K/AKT/GSK3β signaling pathway. In primary osteoblasts from calvarial 

bones of newborn rats and murine pre-osteoblast cell line (MC3T3-E1), Dexa increased the 

ROS levels. This event produced inhibition of proliferation and caspase mediated apoptotic 

pathway promotion of both cell types, pre-osteoblasts and osteoblasts, while impaired the 

osteoblast differentiation decreasing ALP activity. The effect of ROS rise is probably due to 

the up regulation of GSK3β expression, a critical downstream substrate and effector of 

PI3K/AKT, resulting in proliferation and differentiation decrease 170,172,173. Moreover, the 

Dexa-inhibitory effect on osteogenesis was also supported by the osteoblast diminution of 

the osteogenesis-related proteins, including the early marker ALP and the late differentiation 

marker OCN, fundamental for bone matrix formation 172,174,175. Bone-ALP is a membrane 

protein of osteoblast, released into the serum once activated. It contributes to skeleton 

calcification enhancing the local concentration of inorganic phosphate or working as a 

calcium-binding protein Ca2+-ATPase 176. On the other hand, OCN is the most abundant non-

collagenous protein in bone, which regulates bone quality, fundamental for bone strength 

and for regulating the growth of the long bone. Clinically, serum OCN is a marker for bone 

formation.   

Additionally, Dexa caused negative effects on bone metabolism balance working on two key 

cytokines expressed in osteoblast: RANKL and OPG. As anticipated, RANKL binding to its 

receptor RANK on osteoclast surface stimulates bone resorption, while the OPG binding to 

RANKL inhibits its erosive activity. Dexa was found able to up-regulate RANKL and 

downregulate OPG expression, in both in vitro and in vivo models. Furthermore, among the 

regulators of osteoblast differentiation and bone formation, there are the bone morphogenic 

proteins (BMPs), members of transforming growth factor beta (TGFβ) superfamily. 

Interestingly, Dexa-treated rats and primary osteoblasts showed a significant down-

regulation of BMP-2 and its receptor (BMPR), together with the BMP-target gene RUNX2, 

a transcriptional regulator of osteoblast differentiation 177. Finally, a study carried out by 

Zhang S. et al. (S. Zhang et al., 2018b) on human fetal osteoblast cell line (hFOB) correlated 

the dose of Dexa with the induction of autophagy via intracellular ROS. Indeed, low and 
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short doses of Dexa induced an increase in ROS and parallel up-regulation of autophagy-

associated proteins (beclin-1 and LC3β). To respond to oxidative stress, autophagy was 

successfully activated to protect osteoblasts from cell death; however, if the oxidative stimuli 

persist, the antioxidant capacity of autophagy will be overwhelmed, and the protective 

response fails, potentially leading to osteoblast apoptosis 171. 

 

4.1.3 Application of MSCs and their secretome in bone aging 

Impaired capability of osteogenic differentiation, dysregulated bone resorption/deposition 

balance, senescence of resident stem cells, altered microenvironment, and disordered 

immunoregulation play a central role in osteoporosis pathogenesis 178. MSC-based therapies 

promise to increase osteoblast differentiation and inhibit osteoclast activation, rebalance the 

bone resorption/deposition axis, and enhance bone regeneration 179. Different approaches 

have been tested including the direct transplantation of mesenchymal cells or genetically 

modified ones, as well as the application of the derived paracrine 178,180,181. 

Preclinical investigations showed that MSC transplantation in osteoporotic in vivo models 

enhances osteoblast differentiation while inhibiting osteoclast activation and rebalancing the 

bone formation/resorption axis. Different studies, highlighted that the direct transplantation 

of human placenta-derived mesenchymal stem cells (PDSCs) and umbilical cord blood 

mesenchymal stem cells (UCMSECs) in ovariectomized rats or mice (OP model) increased 

the accumulation of collagen, the rod-like shaped trabecular bone, and the formation rate, 

improved the trabecular micro-architecture, while reduced the damage to the structure of 

bone trabeculae 182,183. 

Meanwhile, gene modification, targeted modification, and co-transplantation of MSCs are 

the latest techniques developed and promise to enhance MSC therapeutic effect and efficacy. 

To obtain improved osteogenic and angiogenic MSC capabilities, gene modifications have 

been performed, in example overexpressing osteogenic-related genes, silencing genes for 

bone resorption to inhibit osteoclast activation, overexpressing angiogenic genes, modifying 

homing-related genes to enhance MSC homing and migration, or reducing MSC senescence 

178. Moreover, to improve the bone-targeted efficacy of MSCs and their retention, targeted 

surface proteins could be added on MSC membranes. This approach can also be combined 

with gene modification.  
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The application of MSC-EV in in vitro and in vivo models of bone diseases showed similar 

effect to direct transplantation, but with the advantage of being a cell-free therapy. Indeed, 

it has been seen that MSC-EVs are able to promote angiogenesis and osteoblast proliferation, 

as well as to inhibit osteoclast activity, inflammation and oxidative stress, probably thanks 

to their endogenous cargo 151,152,184. Indeed, MSC-EVs can regulate key pathways for bone 

formation and resorption, including Wnt/β-catenin, PI3K/Akt, NF-κB, and RANKL. 

Furthermore, MSC-EVs effectively promoted angiogenesis via IncRNAH19-Angpt1-

Tie2/NO signaling and inhibited the expression of pro-inflammatory cytokines, including 

TNFα, IL18, and IL1β, as well as the induction of inflammasome activation, which in turn 

leads to the inhibition of bone resorption 180. 

Among the different MSC sources, BMSCs are the most commonly used in tissue 

engineering. Serval evidence suggested the BMSC-derived EV (BMSC-EVs) potential in 

promoting osteogenesis, angiogenesis, and bone mineralization in several bone defect 

models. Human umbilical cord mesenchymal stem cells (hUCMSCs) have also attracted 

much interest in bone defects. hUCMSC-EVs can stimulate osteogenic and chondrogenic 

differentiation, as well as angiogenesis, that indirectly promote bone regeneration. 

Compared to the previous, they display major pluripotency and pro-angiogenesis potential. 

Moreover, similarly to hAFSCs, hUCMSCs are obtained from perinatal waste tissue and, 

due to their derivation, they are free from ethical and moral controversies 31.  

Since osteoporosis and bone aging are systemic conditions, a systemic administration, rather 

than local one, can improve their efficacy in counteracting bone loss. Different studies 

showed a limited therapeutic efficiency of MSC-EVs administered systemically, while it 

significantly increases in modified bone-targeted MSC-EVs 180. 

Even if still many issues need to be addressed, such as EV standardization, modification, 

and administration to improve their beneficial potential, MSC-EVs show promising 

therapeutic effects in the treatment of osteoporosis.    

  



Chapter II – Human AFSC-EVs counteract steroid-induced osteoporosis in vitro 

_______________________________________________________________________________________ 

 

35 

 

4.2 Materials and Methods 

4.2.1 HOB culture and treatments 

Human pre-osteoblast cells (HOB) were grown in culture medium composed by αMEM 

medium (Corning, MA, USA) supplemented with 10% FBS (Gibco, Waltham, MA, USA), 

2 mM L-glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin (all from EuroClone 

Spa, Milano, Italy), in a humidified atmosphere, 5% CO2 at 37°C. Osteogenic differentiation 

was obtained replacing culture medium with differentiation medium (for 5 days) composed 

by αMEM medium (Corning, MA, USA) supplemented with 1% FBS (Gibco, Waltham, 

MA, USA), 2 mM L-glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin (all from 

EuroClone Spa, Milan, Italy), 100 µM 2P-ascorbic acid, and 5 mM β-glycerophosphate (all 

from Sigma-Aldrich, Milan, Italy). The day after the induction of differentiation, EVs were 

added for 4 days (40 µg/ml) while Dexamethasone (Sigma-Aldrich, Milan, Italy) treatment 

was added at the end of differentiation for 24 h at the concentrations of 0.5, 5, 20, and 50 

µM. The study of AFSC-EVs effect on HOB differentiation was performed by maintaining 

cells in culture medium supplemented by 1,3 x 108 particles/cm2 for 4 days. 

 

4.2.2 MTT assay 

HOB cells were seeded in a 96-well plate in 100 µL of culture medium at the density of 500 

cells/well, 4 replicates for each condition. The following day, differentiation was started and 

after 24 hours AFSC-EVs were added (for 4 days). Dexamethasone treatments were 

performed after 5 days of differentiation induction at the concentration of 0.5, 5, 20, and 50 

µM. At the end of the experiment, cells were incubated with 0.5 mg/mL MTT (Sigma-

Aldrich, Milan, Italy) for 4 hours at 37°C and 5% CO2. Then, the medium was removed, and 

the resulting formazan salts were solubilized by acidified isopropanol (isopropanol, 0.1 M 

HCl) (Carlo Erba, Milan, Italy) prior quantification. The absorbance was measured at 570 

nm using a microplate spectrophotometer (Appliskan, Thermo-Fisher Scientific, Vantaa, 

Finland).  
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4.2.3 ROS and glutathione detection 

To analyze intracellular reactive oxygen species (ROS), dichlorodihydrofluorescein 

diacetate (DCFH-DA) (Sigma-Aldrich, Milan, Italy) assay was applied. HOB cells were 

seeded in a 96-well black plate in 100 µL of culture medium at the density of 500 cells/well, 

4 replicates for each condition. After cell treatments (as previously described), culture 

medium was replaced with PBS/glucose (1 g/L) containing 5 µM DCFH-DA and incubated 

at 37°C, 5% CO2 for 30 minutes. Then, cells were washed with PBS, and oxidized 

dichlorofluorescein (DCF) product fluorescence was read at 485 nm (excitation) and 535 nm 

(emission) using multiwell reader Appliskan (Thermo-Fisher Scientific, Vantaa, Finland). 

The values of well not incubated with the probe were subtracted as cellular autofluorescence 

background. 

 Similarly, monochlorobimane (MCB) (Sigma-Aldrich, Milan, Italy) assay was 

performed to evaluate glutathione (GSH) levels. Cell culture medium was replaced with 50 

µM MCB in PBS/glucose and cells were incubated for 30 minutes (37°C, 5% CO2). Wells 

were washed once with PBS, and their fluorescence was measured at 355 nm (excitation) 

and 460 nm (emission).  

 

4.2.4 Cellular extracts preparation 

Total cellular pellets were processed and quantified as previously described in Section 3.2.8.  

HOB nuclei were purified adding to 5 × 106 cells 400 µL of nuclear isolation buffer (10 mM 

Tris-HCl, pH 7.8, 1% Nonidet P-40, 0.5 mM phenylmethylsulfonyl fluoride, 10 mM β-

mercaptoethanol, and 1 µg/mL aprotin and leupeptin) for 8 minutes on ice. 400 µL of MilliQ 

water were added to swell cells for 3 minutes. Passage through a 22-gauge needle was 

performed to shear cells and then, nuclei were recovered by centrifugation at 400 × g at 4°C 

for 6 minutes and wash in 400 µL of washing buffer (10 mM Tris-HCl, pH 7.4, and 2 mM 

MgCl2, plus inhibitors described above in this section). Supernatants (containing cytosolic 

fractions) were further centrifuged at 4000 × g for 30 minutes. Isolated cytoplasmic and 

nuclear extracts were finally lysed in a lysis buffer, sonicated, cleared by centrifugation and 

processed as described above for total lysates.   
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4.2.5 SDS-PAGE and protein digestion 

Total, nuclear and cytoplasmatic lysates were separated by 4-16% SDS-PAGE and then, gels 

were stained in the Coomassie brilliant blue G solution (0.1% Coomassie blue in 10% acetic 

acid, 45% methanol) (Sigma-Aldrich, MO, USA) and shaken at room temperature for 1 hour. 

The gels were destained by soaking for 2 hours in a destaining solution (10% acetic acid, 

30% methanol). In gel trypsin digestion was performed as described by Shevchenko et al. 

185. Briefly, stained gel bands were cut in small pieces and treated with solution A (1:1 

mixture of acetonitrile and 100 mM ammonium bicarbonate) for 30 minutes and then dried 

under vacuum. Proteins were subjected to reduction of disulfide bonds by 10 mM DTT at 

56°C for 1 h. Alkylation of cysteine residues was performed with 55 mM iodoacetamide for 

45 minutes at room temperature in the dark (all from Sigma-Aldrich, MO, USA). 

Ammonium bicarbonate and solution A were used to perform rehydration and dehydration 

and after that, samples were finally dried under vacuum. Trypsin digestion was performed 

by incubating the dry gel slice with 40 µL of sequencing grade modified trypsin (12.5 ng/µL 

in 50 mM NH4HCO3) (all from Sigma-Aldrich, MO, USA) overnight at 37°C. Following 

digestion step, the tryptic digested proteins were extracted from the gels with 100 µL of 

acetonitrile/0.1% formic acid and samples were dried under vacuum and stored at -20°C 

until LC-MS/MS analysis was performed. 

 

4.2.6 Mass Spectrometry and data analysis 

Samples were dissolved in 40 µL of water:acetonitrile:formic acid (95:3:2), sonicated, 

centrifuged, and 35 µL of this solution was injected into a UHPLC system coupled to a Q 

Executive mass spectrometer equipped with a HESI-II ion source. Peptides were loaded into 

a C18 Hypersil Gold (100 × 2.1 mm ID, 1.9 µm ps) column (all from Thermo Fisher 

Scientific, MA, USA) and separated by linear gradient of 0.1% formic acid in water (A) and 

acetonitrile (B) from 2% B to 28% B in 90 minutes. The mass spectrometer was operated 

with a Data Dependent Acquisition (DDA) method, performing a 250 <m/z <2000 Full MS 

scan at 70000 resolution (at m/z 200) followed by HCD fragmentation at 28 normalized 

collision energy of the Top 8 most intense precursor ions (charge state z ≥2, 17, 500 

resolution (at m/z 200)), with a dynamic exclusion of 8 seconds. Raw data files were 

converted to mascot generic format (.mgf) using MSConvert and protein identification was 

performed using Mascot Server (Version 2.7.0) search engine against the Human section of 
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the neXtProt database (54 paper osteo) and against a database of contaminants commonly 

found in proteomics experiments (cRAP). The search parameters were set as follows: 

Trypsin was selected as enzyme with one missed cleavage allowed; carbamidomethylation 

(C) was specified as fixed modification while oxidation (M) and deamidated (NQ) as 

variable modifications; peptide and MS/MS tolerances were 10 ppm and 0.02 Da, 

respectively. False discovery rate (FDR) evaluation was performed using DECOY search 

tool and results were filtered at 1% FDR for peptide-spectrum matches (PSMs) above 

homology. Only proteins identified with at least 2 independent peptides were considered as 

a significant hit. The parameter “Intensity” calculated by the software and normalized based 

on the total amount of emPAI (exponentially modified Protein Abundance Index) (55 paper 

osteo) was used to estimate the abundance of the proteins across the different samples. The 

protein ratio between the HOB+EVs and HOB samples was then calculated. Only ratio 

values ≥ 2.0 or ≤ 0.5 were considered. For the Galectin-3, whose ratio was not ≥ 2.0 or ≤ 

0.5, the two highest scoring peptides ion peak areas were used to evaluate protein fold-

change between HOB+EVs and HOB samples (56 paper osteo), to have a better 

quantification.  

 

4.2.7 SDS-PAGE and Western Blot 

HOB total, nuclear, and cytoplasmic lysates were processed as previously described (Section 

3.2.9). Primary antibodies used are against the following molecules: Actin (Sigma-Aldrich, 

St Louis, MO, USA), total-Akt, OCN, OPN, OSX, SOD1, SIRT1, TrxR1, HOx1, MAP 

LC3β, PARP, FKHRL1 FOXO3a, Lamin A/C (Santa Cruz Biotechnology, CA, USA), p70, 

p-p70, caspase7, Bcl-2 (Bio Source, CA, USA), Galectin-3, p21, pAkt Ser473 (Cell Signaling 

Technology, Lieden, Netherlands), Nrf2 (Abcam, Cambridge, UK). Secondary antibodies, 

all used at 1:3000 dilution, were all from Thermo Fisher Scientific (MA, USA).  

 

4.2.8 Immunofluorescence and confocal microscopy 

For immunofluorescence analyses, 5000 cells/cm2 were seeded in glass coverslip placed 

inside a multi-12 well (culture medium volume: 500 µL). After treatments, cells were fixed 

with 4% paraformaldehyde (PFA) (Sigma-Aldrich, Milan, Italy). For only intracellular 

markers, fixed cells were permeabilized with 0.1% Triton X-100 for 4 minutes (Sigma-

Aldrich, Milan, Italy). After washing twice with PBS, unspecific binding sites were blocked 
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with 3% BSA/PBS (Sigma-Aldrich, Milan, Italy) for 30 min at RT. After blocking, cells 

were incubated with primary antibodies diluted in 3% BSA/PBS in a wet chamber overnight 

at 4°C. The day after, 3 washing with 3% BSA/PBS were performed before secondary 

antibodies incubation (1 hour, at room temperature in the dark). Then, cells were washed 

again, twice with PBS and once with distilled water, and nuclei were stained with 4’,6-

diamidino-2-phenylindole (DAPI) for 5 minutes. After 2 PBS washing, coverslips were 

mounted on slides with anti-fading medium (0.21 M DABCO, 90% glycerol in 0.1 M Tris 

pH 8.0). Primary antibodies used are against the following molecules: osterix, OCN, 53BP1 

(Santa Cruz Biotechnology, CA, USA), p21 (Cell Signaling Technology, Lieden, 

Netherlands), and pH2A (Millipore, CA, USA). Alexa secondary antibodies (Thermo Fisher 

Scientific, MA, USA) were used at 1:200 dilution. Image acquisition was performed with a 

Nikon A1 confocal laser scanning microscope. 3D projections were obtained from confocal 

serial sections by ImageJ software, while image rendering was performed by Adobe 

Photoshop software.  

For apoptosis detection, after 3 washes with 50 µL of binding buffer (10 mM HEPES, pH 

7.5, containing 140 mM NaCl and 2.5 mM CaCl2), samples were incubated for 15 minutes 

with 50 µL of double staining solution composed by binding buffer containing 0.25 µL of 

annexin V-FITCH and 0.25 µL of propidium iodide (PI) (BD Pharmingen TM, 

Erembodegem, Belgium). Finally, samples were washed 5 times with 50 µL of binding 

buffer, mounted with 15 µL of binding buffer, and visualized under confocal microscopy. 

 

4.2.9 Alizarin Red S staining  

4% paraformaldehyde fixed monolayer cells were washed with distilled water and then 

incubated with 2% Alizarin Red S solution (Sigma-Aldrich, MO, USA) at pH 4.2 for 30 

minutes at room temperature. Histological sample images were obtained with a Zeiss 

Axiophot microscope (Zeiss AG, Jena, Germany), equipped with a Nikon DS-5Mc CCD 

color camera.  

 

4.2.10 ALP assay  

After collection, conditioned mediums (CM) derived from multi-12 wells (500 µL from each 

well) were centrifuged at 300 x g for 10 minutes at RT to remove cellular debris. Cell lysates 
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were washed twice with cold PBS and then, cells were resuspended in 100 µL of Assay 

Buffer. Samples were homogenized on ice and then insoluble materials were removed by 

centrifugation at 10 000 x g for 15 minutes at 4°C. Quantification by Bradford method was 

performed, lysates and CM were added in a black 96-well plate (4 replicates for each 

condition), and Alkaline Phosphatase assay was performed according to the manufacturer’s 

protocol of ALP assay kit (colorimetric) (Abcam, Cambridge, UK). 

 

4.2.11 Statistical analysis  

Experiments were performed in triplicate. For quantitative comparison, values were reported 

as mean ± SD based on triplicate analysis for each sample. One-way ANOVA with 

Bonferroni post hoc test was applied to evaluate the observed difference in significance 

among the study groups. A p value < 0.05 was considered statistically significant. GraphPad 

Prism® release 6.0 software was used to obtain statistical analysis and plot layout. 
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4.3 Results 

4.3.1 AFSC-EV effect on cell death 

MTT assay showed that the treatment with increasing Dexamethasone concentrations (from 

0,5 µM to 50 µM) causes significant decrease in HOB viability from the concentration of 20 

µM, that became more than 50% at the concentration of 50 µM (Figure II.1A). Based on 

that, we decided to perform all the following experiments with the Dexa concentration of 20 

µM. 

 

Figure II.1. Amniotic fluid stem cell-derived extracellular vesicle effects on viability and 

apoptotic pathway alterations caused by Dexamethasone treatment. 
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(A) Graph showing MTT assay of differentiated human osteoblast (HOB) treated with 0.5, 5, 

20, and 50 µM of Dexamethasone. Data shown are the mean ± SD (n=4). **p value < 0.01, 

****p value < 0.0001. 

(B) Representative images of differentiated HOB cells, treated or not with Dexamethasone and 

AFSC-EVs, stained with p53BP1 (red) – top – and pH2A (red) – bottom. Nuclei stained 

with DAPI. Scale bars: 25 µm. To the right, a graph showing the percentage of positive 

cells. Data shown are the mean ± SD of 5 fields visualized for each condition. **,°°p value 

< 0.01, °°°p value < 0.001. 

(C) Graph showing MTT assay of HOB cells treated with 20 µM Dexamethasone in presence 

or absence of AFSC-EVs. Data shown are the mean ± SD (n=4). *p value < 0.05, °°p value 

< 0.01. 

(D) Graph showing the percentage of annexin V and PI positive cells after AFSC-EVs and/or 

Dexa treatments. Data shown are the mean ± SD (n=3). *,°p value < 0.05, ***p value < 

0.001, °°°°p value < 0.0001. 

(E) Representative images of WB analysis of HOB total lysates treated or not with Dexa in 

presence or absence of AFSC-EVs, revealing Bcl-2, pro- and cleav-caspase7, total- and 

cleav-PARP, phosphorylated AktSer473, and total-Akt protein levels. The graphs represent 

the mean ± SD of densitometric analysis (n=3) normalized to actin values. *,°p value < 

0.05, **,°°p value < 0.01, °°°p value < 0.001. 

 

Since the exposure to Dexa 20 µM showed a viability decrease, we investigated the DNA 

damage, analyzing the binding protein of p53 (p53BP1), known as a DNA damage response 

(DDR), and the phosphorylation of the histone variant H2A.X, DDR pathway initiator. 

Interestingly, the DNA damage leads to the induction of p53 signal, however the final 

response to p53 activation can range from the induction of different irreversible 

consequences, such as cell death or senescence, to a reversible cell cycle arrest 186. In our 

model, Dexa treatment increased 53BP1 and pH2A labeling, while AFSC-EV pre-exposure 

reduced this negative rise, as shown by immunofluorescence analysis (Figure II.1B).  

Moreover, the apoptotic pathway involvement in Dexa-mediated viability decrease was 

investigated by annexin V and propidium iodide (PI) analysis. Interestingly, AFSC-EV pre-

treatment significantly restored the cell viability affected by Dexa (Figure II.1C) and 

reduced the augmented annexin V and PI staining (Figure II.1D). Similarly, western blot 

analysis showed an increase in the anti-apoptotic marker Bcl-2 in EV treated cells, and, at 

the same time a reduction in the cleavages of PARP and caspase7 increased by Dexa. In 

parallel, AFSC-EVs stimulated the activation of the key survival signaling molecule Akt, as 

shown by its higher phosphorylation on Ser 473, normalized to total-Akt. 

These results suggest that AFSC-EVs can reduce the decrease in cell viability linked to the 

activation of apoptotic pathways. 
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4.3.2 AFSC-EV role in autophagic pathway  

Recent evidence highlighted the central role of autophagy in bone homeostasis maintenance, 

and how alterations in this repairing pathway can be associated with osteoporosis 157. 

Interestingly, we observed that AFSC-EVs positively modulated the autophagic pathway 

probably increasing the levels of the autophagy promoter SIRT1 (Figure II.2A). Then, we 

investigated the phosphorylation of p70 and LC3β level, both autophagy markers even if in 

opposite manner. According to WB analysis, the active form of LC3β, LC3β-II, was 

increased by Dexa treatment (Figure II.2A), while immunofluorescence staining revealed 

its nuclear localization (Figure II.2B). Interestingly, AFSC-EV pre-exposure counteracted 

the phosphorylation of p70 (Figure II.2A), as well as increased the cytoplasmic localization 

of LC3β (Figure II.2B), translocation induced by the SIRT1-mediated deacetylation 187.  

 

 
 

Figure II.2. AFSC-EVs effect on autophagic pathway during Dexamethasone osteoporosis 

induction of HOB cells. 

(A) Representative images of WB analysis of HOB total lysates treated or not with Dexa in 

presence or absence of AFSC-EVs, revealing SIRT1, phosphorylated and not p70, and 

LC3β-II protein levels. The graphs represent the mean ± SD of densitometric analysis 

(n=3) normalized to actin values. **p value < 0.01, ***p value < 0.001, ****,°°°° value < 

0.0001. 

(B) Representative images of differentiated HOB cells, treated or not with Dexamethasone and 

AFSC-EVs, stained with LC3β (red). Nuclei stained with DAPI. Scale bar: 10 µm.  
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4.3.3 Modulation of Reactive Oxygen Species (ROS) by AFSC-EVs 

As expected, Dexa treatment induced a dose-dependent increase of ROS in differentiated 

HOB, as shown by Figure II.3A. In particular, ROS levels significantly increased from the 

treatment concentration of 20 µM. Moreover, the ROS rise caused by this concentration was 

reduced by EVs exposure, with a parallel increase in reduced glutathione (GSH) levels 

(Figure II.3B).  

 

Figure II.3. Effect of AFSC-EVs on oxidative stress unbalance during Dexamethasone-induced 

osteoporosis. 



Chapter II – Human AFSC-EVs counteract steroid-induced osteoporosis in vitro 

_______________________________________________________________________________________ 

 

45 

 

(A) Graph showing ROS assay of differentiated human osteoblast (HOB) treated with 0.5, 5, 

20, and 50 µM of Dexamethasone. Data shown are the mean ± SD (n=4). **p value < 0.01, 

***p value < 0.001.  

(B) Graph showing ROS – left – and GSH – right – content into undifferentiated HOB cells 

and differentiated ones treated with 20 µM Dexamethasone in presence or absence of 

AFSC-EVs. Data shown are the mean ± SD (n=4). *p value < 0.05, **p value < 0.01, ***p 

value < 0.001. 

(C) Representative images of WB analysis of HOB total lysates treated or not with Dexa in 

presence or absence of AFSC-EVs, revealing p21, Nrf2, HOx1, FOXO3, TrxR1, and 

SOD1 protein levels. The graphs represent the mean ± SD of densitometric analysis (n=3) 

normalized to actin values. *,°p value < 0.05, **,°°p value < 0.01, ***p value < 0.001. 

(D) Representative images of differentiated HOB cells, treated or not with Dexamethasone and 

AFSC-EVs, stained with p21 (green). Nuclei stained with DAPI. Scale bar: 10 µm.  

 

Then, we explored the alterations of antioxidant protein expression during osteoporosis 

induction, in presence or absence of AFSC-EVs. p21 can control oxidative stress unbalance 

by the positive regulation of Nrf2 transcriptional activity 188. Indeed, Dexa reduced p21 

levels, restored by EV exposure as shown by western blot (Figure II.3C) and 

immunofluorescence (Figure II.3D) analyses. Similar trend was observed for the redox 

sensitive transcriptional factors Nrf2 and FOXO3, which regulate the expression of several 

antioxidant enzymes, such as SOD1, HOx1, and TrxR1 that appeared significantly increased 

in AFSC-EVs pre-treated condition compared to the Dexa treated one (Figure II.3C). 

 

4.3.4 Effect of AFSC-EVs on osteogenic differentiation affected by Dexamethasone 

Even if at the end of the differentiation protocol, Dexa-treated HOB cells showed impaired 

osteogenic marker expression, namely osterix (OSX), osteocalcin (OCN), and osteopontin 

(OPN), as shown in Figures II.4A and II.4B.  

Accordingly, the analysis of intracellular and secreted alkaline phosphatase (ALP), together 

with the evaluation of calcium deposits performed by Alizarin Red staining, confirmed a 

reduction in bone matrix deposition after Dexa treatment (Figure II.4C and II.4D). 

Conversely, pre-exposure to AFSC-EVs counteracted these negative effects, significantly 

restoring the levels of all these markers. 
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Figure II.4. AFSC-EV effect osteogenic differentiation during Dexamethasone-induced 

osteoporosis. 

(A) Representative images of WB analysis of HOB total lysates treated or not with Dexa in 

presence or absence of AFSC-EVs, revealing OSX, OCN, and OPN protein levels. The 

graphs represent the mean ± SD of densitometric analysis (n=3) normalized to actin values. 

*,°p value < 0.05, **p value < 0.01, °°°p value < 0.001, ****p value < 0.0001. 

(B) Representative confocal images of differentiated HOB cells, treated or not with 

Dexamethasone and AFSC-EVs, stained with OCN (green). Nuclei stained with DAPI. 

Scale bar: 30 µm.  
(C) Graph showing ALP assay of total cell lysates and conditioned medium from 

undifferentiated HOB cells and differentiated HOB cells treated or not with 

Dexamethasone, in presence or absence of AFSC-EVs. The graphs represent the mean ± 

SD (n=4 of 3 biological samples). 

(D) Representative images of Alizarin Red staining of differentiated HOB cells, treated or not 

with Dexamethasone and AFSC-EVs. Scale bar: 50 µm.  
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4.3.5 Effect of AFSC-EVs on undifferentiated pre-osteoblast cells 

The interesting results regarding the positive consequences of AFSC-EVs treatment on 

differentiated HOB cells led us to explore in deep its effect on undifferentiated pre-

osteoblasts. Interestingly, the exposure to AFSC-EVs alone for 4 days promoted the 

differentiation process towards the osteoblast feature. 

Indeed, the levels of transcription factor osterix and the secreted protein osteocalcin, both 

osteoblast markers, increased after EVs treatment, as shown by immunofluorescence images 

(Figure II.5A). Furthermore, Alizarin Red staining demonstrated the increase in calcified 

extracellular matrix deposition, confirming the pro-differentiative effect of AFSC-EVs. 

To explore the mechanisms underpinned to the pro-osteogenic induction of AFSC-EVs, 

nuclear cell extracts of HOB were obtained for proteomic experiments. Mass spectrometry 

(MS) analysis showed an increase in osteogenic differentiation related protein, and a 

decrease in inhibiting proteins of bone differentiation, after 4 days of AFSC-EV exposure 

(Table in Figure II.5C). Among the different nuclear proteins identified by MS, particular 

attention was focused on proteins involved in osteogenic differentiation, as reported in 

literature 189,190. Previously, my research group found in AFSC-EV proteome the presence 

of Galectin-3 binding protein 41, and this observation led us to investigate the levels of the 

osteoblastogenesis promoting protein Galectin-3 in HOB cells after AFSC-EV exposure 191. 

Interestingly, Galectin-3 protein appeared dramatically increased in EV-treated HOB nuclei, 

as shown by IF and WB analysis and also suggested by proteomic analysis (Figures II.5C 

and II.5D). 
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Figure II.5. Pro-osteogenic effect of AFSC-EVs on undifferentiated HOB cells. 

(A) Representative confocal images of undifferentiated HOB cells, treated or not with AFSC-

EVs, stained with OCN (green), and OSX (red). Nuclei stained with DAPI. Scale bar: 30 

µm.  
(B) Representative images of Alizarin Red staining of undifferentiated HOB cells, treated or 

not with AFSC-EVs. Scale bar: 50 µm.  
(C) Top – representative images of WB analysis of undifferentiated HOB cytoplasmatic (cyt) 

and nuclear (nuc) lysates treated or not with AFSC-EVs, revealing Galectin-3 (GAL3), 

Lamin A/C (as nuclear marker), and actin (as a loading control) protein levels. Bottom – 

table showing MS semi-quantitative results of nuclear proteins identified in 

undifferentiated HOB treated or not with EV. The ratio between EV-treated HOB and 

untreated is shown for the proteins identified in both samples and involved in osteogenic 

differentiation process. 
(D) Representative images of undifferentiated HOB cells, treated or not with AFSC-EVs, 

stained with GAL3 (red). Nuclei stained with DAPI. Scale bar: 10 µm.  
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4.4 Discussion 

As in most age-related pathologies, oxidative stress plays a central role also in the 

osteoporosis process, affecting bone homeostasis and remodeling via apoptosis induction 

and autophagy balance interference 169. Glucocorticoids, as the synthetic one 

Dexamethasone (Dexa), can produce dose-dependent negative effects on bone redox 

homeostasis by generating an increase in intracellular reactive oxygen species (ROS), and 

consequent defects in cell differentiation and autophagic processes, that finally leads to cell 

death 169–171. In this osteoporosis in vitro model, Dexa treatment generated a ROS rise, 

accompanied by a reduction in antioxidant defenses, and collateral increase in DNA damage 

and apoptosis. Based on previous studies, even by our lab, that demonstrated the antioxidant 

cargo of gestational stem cell-derived extracellular vesicles, EVs from AFSCs were applied 

42,192. This study demonstrated a positive AFSC-EV influence on viability, autophagy 

efficiency, and differentiation that can be linked to the extracellular vesicle role in ROS 

balance modulation. Since the highly complex EV cargo, a multifactorial effect cannot be 

excluded and, for this reason, particular attention was paid to possible parallel mechanisms 

to avoid osteoporosis, such as the activation of osteogenic differentiation.  

Recent studies demonstrated that SIRT1 is an important player in skeletal bone maintenance, 

indeed its deletion in adult mice has been linked to bone mass reduction, demonstrating that 

SIRT1 is not only important during development and growth 60. Moreover, it has been 

reposted that SIRT1 is a potent intracellular inhibitor of inflammatory response, oxidative 

stress, but also inducer of autophagic process. Considering the AFSC-EV potential in the 

redox modulation, interestingly, we observed a huge increase in SIRT1 levels in AFSC-EV 

treated condition. As already discussed, SIRT-mediated deacetylation of FOXO factors, as 

FOXO1, FOXO3a or FOXO4, induced an overexpression of antioxidant genes, such as 

catalase, SOD, Trx, and SIRT1 as well, boosting an auto-feedback loop. Consistently, after 

AFSC-EV exposure, we observed an increase in FOXO3 levels, as well as in antioxidant 

SOD1, and TrxR1, previously affected by Dexa. Moreover, the level of phosphorylated p70 

S6 kinase (p-p70 S6 kinase), protein substrate of mTOR pathway, and the ratio p-p70 S6 

kinase/p70 S6 kinase were significantly reduced by AFSC-EVs exposure, suggesting their 

positive effect on autophagy 193. In parallel, we observed that, even if increased in Dexa 

treated condition, LC3β protein showed a translocated puncta labeling, autophagosome like, 

into the cytoplasm only in EV-exposed cells. Notably, only SIRT1-deacetylated LC3β can 
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return into the cytoplasm, thanks to the binding of nuclear protein DOR, and in this site, it 

is able to bind autophagy mediators 187. Together, these results suggest the pro-autophagic 

activity of AFSC-EVs in Dexa-exposed HOB cells, probably by the redox-dependent 

regulation of SIRT1. In parallel to the SIRT1/FOXO interaction, the redox 

sensitive/modulating transcription factor Nrf2 also has a pivotal role into the SIRT1 axis 

pathway. Indeed, the deacetylation of Nrf2 by SIRT1 promotes its stability and activity 194. 

In accordance, AFSC-EV exposure increased Nrf2 levels, together with its target genes, 

HOx1 and SOD1. Additionally, the indirect Nrf2 activation way is represented by p21, that 

suppresses cell transition from G1 to S phase and it is in turn activated by FOXO3a 195. The 

SIRT1/FOXO3a cell regulatory function linked to oxidative stress can be a fundamental self-

defense mechanism to counteract uncontrolled ROS accumulation 196. Moreover, recent 

evidence hypothesized a protective function of p21 by preventing apoptosis in some 

reversible damage circumstances. Furthermore, p53 is a gene regulator for p21 and, since 

p53 is strictly linked to apoptosis, the downregulation of p21 could affect the apoptosis 

pathway. On the other hand, p21 expression is necessary during DNA repairing processes, 

arresting the growth, and giving to the cell the time necessary to correct the damage 197. 

Furthermore, the tumor suppressor p53 and its homologues, p63 and p73, have a central role 

in the regulation of DNA damage response, cellular homeostasis, development, aging, and 

metabolism. The loss of both, p63 and p73, prevents the cell death after DNA damage, even 

the functional content of p53, confirming their implication in cellular apoptosis 198. 

Moreover, the role of all, p53, p63, and p73, in the autophagy process should not be 

overlooked 199.  

Since during the early phases of DNA damage response, the p53 binding protein 1 (p53BP1) 

action and the downstream of H2AX are fundamental 200, we investigated their levels by 

53BP1 and pH2A immunofluorescence staining. Notably, AFSC-EV pre-incubation 

prevented the increase of both these markers caused by Dexa, suggesting a protecting role 

from DNA damage. In parallel, all the apoptosis markers were beneficially modulated by 

AFSC-EVs. In addition, Galectin-3 is an anti-apoptotic protein that plays its role preventing 

p53-induced cells death, and in turn p53 phosphorylation at serine 46 has be linked to the 

repression of Galectin-3 201. Curiously, we previously found a high score for Galectin-3 

binding protein presence into AFSC-EVs 169. Recently, it has also been demonstrated the 

central role of Galectin-3 in osteoblast differentiation modulating splicing patterns of 

different genes 171,202,203. In fact, the proteomic analysis permitted us to explore the nuclear 
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protein pattern promoted by extracellular vesicles, showing an increase in Galectin-3 

expression in those nuclei of pre-osteoblast treated with EVs. Interestingly, different genes, 

normally over-expressed during osteogenic differentiation, were identified only in EV-

exposed conditions (data not shown), but, despite this, only proteins that are expressed in 

both samples will be discussed in this work. For example, AP-1 complex β1 was found more 

expressed in AFSC-EV treated cells: it can interact with c-Jun forming a transcription factor 

highly expressed in proliferating osteoprogenitors, that promotes bone formation targeting 

bone sialoproteins, osteocalcin, and alkaline phosphatase promoters 204. Conversely, we 

found in EV-treated samples, compared to untreated ones, a reduction in negative regulators 

of osteoblast differentiation expression. An example is TP53, whose pathway activation was 

linked to consequent cell apoptosis, and which could impair development and in particular 

also the ossification process 205.  

In conclusion, all these evaluations suggest the pro-osteogenic potential of AFSC-EVs 

observed in both, undifferentiated and under differentiation HOB cells, that could contribute, 

together with their anti-inflammatory and antioxidant effect, to slow the progression of the 

age-related bone loss. 
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Chapter III – Human neuromuscular junctions on a chip: 

impact of AFSC-EVs on muscle atrophy and nerve health 

 

5.1 Introduction 

5.1.1 Muscle atrophy: from the pathogenesis to the cellular mechanisms  

Skeletal muscle is a plastic tissue maintained by different pathways that regulate cell and 

protein turnover 206. During aging, its regenerative potential is hampered, and the consequent 

loss of muscle mass, strength, and function greatly affects the quality of life in elderly 

population. Similarly, to the other age-related conditions, also muscle atrophy is mainly 

characterized by a low-grade of chronic inflammation and oxidative stress, accompanied by 

the loss in resident stem cells, and consequent regenerative ability. 

Into the high complexity of muscle atrophy pathogenesis, unbalanced protein synthesis and 

degradation have been involved 207. The two most important cell proteolytic systems that 

control muscle protein turnover are the ubiquitin-proteasome and the autophagy-lysosome 

machinery 206. During muscle loss, the most strongly induced atrophy-related genes, also 

known as “atrogenes”, are those that encodes for two muscle-specific ubiquitin ligases, 

atrogin-1 (also called MAFbx) and MuRF1 208,209. Among many, the crucial regulators of 

atrogenes are JNK, AMPK, FOXO3, and NFκB. Despite the high complexity of the signaling 

pathway and transcriptional program networks involved in regulating muscle proteostasis, 

here we will mainly discuss the FOXO signal pathway.  

Indeed, FOXO3 is a central player in muscle wasting-related catabolic events, regulating 

both metabolism and oxidative stress defenses. In particular, FOXO3 promotes the ubiquitin-

proteasome system, via atrogin-1 and MuRF1 up-regulation, and the autophagy-lysosome 

system as well, via beclin-1, LC3β, and other autophagy-related genes 175,210,211. In 

physiological conditions, the up-regulation of all these genes by FOXO3 is blocked by Akt. 

Indeed, the phosphorylation of FOXO3 by Akt prevents its translocation into the nucleus 

and, thus, its transcriptional activity 210. So, when Akt is active the proteolysis is suppressed, 

while when FOXO3 is induced protein degradation is stimulated. This is not trivial, because 

FOXO activity is controlled by numerous post-translational modifications, such as 

phosphorylation, acetylation, and mono- or poly-ubiquitylation 212. 
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Likewise, oxidative stress and ROS unbalance, closely associated with muscle atrophy, are 

fundamental regulators of proteolysis. Indeed, a recent study of Young and colleagues 213 

showed that genetic depletion of SOD1 in mice leads to an increase in oxidative stress, 

muscle atrophy and weakness, but also accelerates the age-related muscle loss. Interestingly, 

they also observed a strong simultaneous activation of the two proteolytic systems.  

Furthermore, during aging numerous tissues, including skeletal muscle, exhibit 

mitochondrial dysfunction and ROS over-production 214. To date, it is still not clear if 

mitochondrial dysfunction is a cause or a consequence, but it is certain their role in overall 

muscle aging. Indeed, during muscle loss, mitochondria go through different detrimental 

modifications characterized by down-regulation of PGC-1α and antioxidant defense, 

increased ROS production, activated FOXO, NFκB, and inflammation, enhanced 

ubiquitination, and finally mitophagy and apoptotic cascades 215. The evidence highlighted 

the strong implication of mitochondria in age-dependent atrophy. 

The growing interest in the study of age-related wasting conditions leads to the necessity to 

develop new experimental models of muscle atrophy and, among many, we can find 

Dexamethasone (Dexa). As already seen, Dexa is a synthetic glucocorticoid widely used as 

treatment to control different pathological alterations linked to inflammation 216. Despite its 

beneficial effects, an abuse can lead to skeletal muscle atrophy, mainly via two pathways: 

glucocorticoid receptor (GR)-mediated catabolic processes and the oxidative stress-related 

pathway 217–219. Given their mechanism in muscle loss induction, similar to that of aging, 

GC treatment is largely used in research to set up age-related atrophy models. Indeed, GC 

administration induces atrogin-1 and MuRF1 expression and muscle loss in both in vitro and 

in vivo 209,210. Interestingly, it has been recently demonstrated that the muscle catabolic 

activity of GC is, lastly in part, mediated by the transcriptional regulation of FOXO1, and 

together they cooperate for MuRF1 upregulation. Moreover, Dexa also induces an increase 

in ROS accumulation, causing antioxidant and pro-oxidant imbalance, that finally leads to 

proteolysis promotion and proteins synthesis inhibition 218,220–222. 

 

5.1.2 Muscle-nerve cross talk during aging: the role of oxidative stress 

During aging, the musculoskeletal impairment is further worsened by the loss of alpha motor 

neurons (MNs) and negative alterations of neuromuscular junctions (NMJs) 223,224. NMJs are 

specialized regions where muscle and nerve can communicate, a fundamental connection to 
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govern vital processes, such as breathing and voluntary movements 225. Notably, not only 

MNs can communicate with muscle cells, but also skeletal muscle is a fundamental source 

of signals that influence neuron survival, axonal growth, and synaptic connection 

maintenance 225. 

In physiological conditions, after neuronal loss, denervated orphan muscle fibers release 

chemotactic signals which stimulate the growth of new neurites and consequentially, their 

re-innervation. During aging, these reparatory strategies start failing and the not re-

innervated fibers become apoptotic, leading to the decline of muscle functions 226,227. 

Additionally, the pathological proteolytic cleavage of agrin, a proteoglycan involved in NMJ 

formation and maturation, but also in acetylcholine receptors (AChRs) clustering, causes the 

early onset of muscle loss pathologies 225. 

Furthermore, exhaustion of adult satellite cells (SCs), the characteristic muscle stem cell 

compartment, aggravates this dramatic scenario 228. This muscle solidity loss leads to 

perturbations in NMJ morphology that becomes fragmented, and to functional alterations in 

neuromuscular transmission 229. This initial NMJ change is accompanied by an increase in 

inflammatory cytokine production and loss of trophic support with consequent 

neurodegeneration 230.  

Moreover, the age-related increase in oxidative stress and mitochondrial dysfunction are 

considered central players in the NMJ degeneration and muscle atrophy. The oxygen 

metabolism compromission, associated with the reduction in mitochondrial energy 

production and increase of intracellular calcium, intensifies the pre-synaptic decline, and 

reduces the synaptic vesicles release. The ROS increase, due to mitochondrial dysfunction, 

in muscles and neural tissues as well, causes the accumulation of damaged cell structures 

with alteration in their functional activities 225,231. Interestingly, SIRT3 is an important 

regulator of cell survival, metabolisms, and stress adaptive response by controlling the 

mitochondrial functions and metabolism in response to oxidative stimuli 232. As previously 

described, FOXO3a is one of the most important targets of Sirtuins’ family. Through its 

deacetylation SIRT1 can control mitochondrial homeostasis (mitochondrial biogenesis, 

fusion/fission/mitophagy) and protect these organelles from oxidative stress, upregulating a 

set of FOXO3a-dependent mitochondrial antioxidant enzymes, namely SOD1, Prx3, Prx5, 

and Trx2.  
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Thus, in this fundamental crosstalk, it has not yet been clarified whether NMJ alterations 

follow or precede muscle decline and the role that oxidative stress components play under 

such circumstances (Figure 4).  

 

 

Figure 4: Schematic representation of oxidative cross-talk between muscle and MNs in healthy 

and aged conditions. Image Created with BioRender.com. 

 

5.1.3 Application of MSCs and their secretome in muscle-atrophy related dysfunctions 

Several efforts have been directed through the identification of novel treatments to promote 

skeletal muscle regeneration in acute and chronic conditions. MSC derived from different 

sources are being investigated for their potential to regenerate and repair muscle tissues. 

Indeed, MSCs can induce the proliferation and differentiation of resident muscular stem 

cells, but also reduce inflammation acting on the other cellular components of muscle niche 

119. Recent works demonstrated that MSCs have interesting potential to regenerate or repair 

skeletal muscle that has been damaged by acute or chronic injuries, including muscular 

dystrophies and atrophy 233–235.  
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Interestingly, Kim et al. demonstrated that MSCs isolated from different sources (bone 

marrow, adipose tissue, and umbilical cord) can stimulate muscle regeneration after in vivo 

transplantation in rats with hindlimb suspension-induced muscle atrophy 233, by activating 

PI3K/Akt pathway that leads to the reduction of the atrogene expressions. Furthermore, in 

an amyotrophic lateral sclerosis (ALS) model (SOD1-G93A mice) intravenous injection of 

BM-MSCs has been demonstrated effective in reducing the inflammatory response and the 

MN loss with consequent atrophy and loss of muscle movements 236,237.  

Recently, the research has moved through the study of MSC-secretome, including the 

vesicular part. Several works attributed the beneficial effects of EVs to their cargo. Among 

the numerous components, it has been seen the presence of myogenic (miR-1, miR-133, and 

miR-206 238,239, anti-inflammatory (i.e., miR-let7 family) and regenerative (i.e., miR-145) 

miRNAs 240.  

Interestingly, a study of Mellow et al. 241 described the beneficial effect of secretome (the 

whole CM as well as the EV part) derived from AFSCs on muscle homeostasis, thanks to 

their anti-inflammatory potential, their ability to enhance proliferation, and their capacity to 

protect against cellular senescence in an in vivo model. 

The interest in MSC-EVs for the treatment of degenerative neuromuscular diseases has also 

intensified because of their ability to cross the BBB in a non-invasive manner 242. Indeed, 

using in vitro models of ALS, it has been observed that the transfer of SOD1 and SOD3 

through EVs counteracted the free superoxide radicals improving the response to oxidative 

stress 243.  

Concluding, several pre-clinical studies demonstrated that the beneficial effect of MSC 

secretome in skeletal muscle regeneration could be partially due to secreted EVs, which can 

mirror the positive action of their originating cells. EV therapy is a promising option to avoid 

concerns about the application of live cells. 
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5.2 Materials and Methods 

5.2.1 Derivation, maintenance, and treatment of human Mesoangioblasts 

Human Mesoangioblasts (hMABs) were isolated as previously described 244,245. hMABs 

were cultured on collagen from calf skin-coated flask in IMDM growth medium (Sigma, 

Milan, Italy) supplemented with 1% sodium pyruvate, 1% non-essential amino acids, 1% L-

glutamine, 1% insulin transferrin selenium (all from EuroClone Spa, Milano, Italy), 5ng/ml 

recombinant human basic fibroblast growth factor (bFGF) (PeproTech, Rocky Hill, NJ, 

USA). Medium was changed every 3 days. Since physical contact between hMABs initiates 

fusion and reduces the myogenic potential, cells were trypsinized not over 70% of cell 

confluence 246. To induce myotube differentiation, confluent hMABs were exposed for 1 

week to a differentiation medium composed of 1:1 DMEM/F12 (Life Technologies, Thermo 

Fisher Scientific, Waltham, MA, USA) supplemented with 2% horse serum (Thermo Fisher 

Scientific, Waltham, MA, USA) and 1% sodium pyruvate (EuroClone Spa, Milano, Italy). 

In order to induce muscle atrophy, mature myotubes were treated with 20µM 

Dexamethasone (Sigma Aldrich, St Louis, MO, USA) in the differentiation medium for 20 

minutes (for ROS analysis) or 24 hours (for all other experiments). AFSC-EV treatment (1,3 

x 108 particles/cm2) was added 24 hours before Dexamethasone (Dexa) treatment and 

maintained for the glucocorticoid treatment time. 

 

5.2.2 Differentiation of iPSCs into mature Motor Neurons and treatment 

To obtain mature motor neurons (MNs) from human iPSCs, Dittlau et al. protocol was 

applied 246,247. Human iPSCs (Gibco, Waltham, MA, USA) were harvested using 

Collagenase type IV (Gibco, Waltham, MA, USA), transferred into Ultra-low attachment 

Multi-6 well (Corning Manassas, VA, USA) to promote embryo body formation and 

maintained in Neuronal medium (50% DMEM/F12 and 50% Neurobasal Medium (both 

from Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA) with 2 mM L-

glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin (all from EuroClone Spa, 

Milano, Italy), 1% N2 supplement, 2% B-27TM without vitamin A, 0.1% β-mercaptoethanol 

(all from Thermo Fisher Scientific, Waltham, MA, USA), 0.5 µM ascorbic acid (Sigma-

Aldrich, Milan, Italy) supplemented with 5 µM Y-27632 (Merk Millipore, Burlington, MA, 

USA), 0.2 µM LDN-193189 (Stemgent, Beltsville, MA, USA), 40 µM SB431542, and 3 µM 

CHIR99021 (both from Tocris Bioscience, Bristol, UK) for 2 days changing medium every 
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day. On day 2, Neuronal medium was supplemented with 0.1 µM retinoid acid (Sigma-

Aldrich, Milan, Italy), 500 nM smoothened agonist (SAG) (Merk Millipore, Burlington, 

MA, USA), and refreshed on day 4. On day 7, medium was changed again with the same of 

day 4 supplemented with brain-derived neurotrophic factor (BDNF) 10 ng/mL and glial cell-

derived neurotrophic factor (GDNF) 10 ng/mL (Peprotech, Rocky Hill, NJ, USA). On day 

9, day 7 medium was supplemented with 20 µM DAPT (Tocris Bioscience, Bristol, UK) and 

the well plates required were coated using 100 µg/mL poly-L-ornithine (PLO) in DPBS for 

3 hours and then 20 µg/mL laminin (both from Sigma, St Louis, MO, USA) in Neurobasal 

medium (Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA) overnight. On 

day 10, embryo bodies were dissociated into single cell neural progenitor cells (NPC) using 

0.05% trypsin (Gibco, Waltham, MA, USA), and then, cryopreserved or seeded into 

previously coated well plates or devices. For monocultures, days 10-11 neuronal progenitor 

medium was the same as day 9. From day 11, medium was not changed completely, but 50% 

medium replacement were performed. On day 14, medium was composed by Neuronal 

medium supplemented with 10 ng/mL BDNF, 10 ng/mL GDNF (Peprotech, Rocky Hill, NJ, 

USA), and 20 µM DAPT (Tocris Bioscience, Bristol, UK). On day 16, medium was partially 

replaced again with day-14 medium supplemented with ciliary neurotrophic factor (CNTF) 

(Peprotech, Rocky Hill, NJ, USA) and from day 18 medium was refreshed every 2 days with 

Neuronal medium supplemented with neurotrophic factors (NTF) (BDNF, GDNF, and 

CNTF (all 10 ng/mL)). To test the effect of Dexamethasone on mature motor neurons, at 

day 27 of differentiation, Dexa treatment was applied at the concentration of 20µM for 24 

hours in 18-day Neuronal medium.  

 

5.2.3 Preparation of microfluidic devices 

Microfluidic devices (XonaTM Microfluidics, Temecula, CA, USA; Cat N° XC150) were 

sterilized in 90% ethanol and left to air-dry in sterile laminar flow. Devices were placed 

individually in 10 cm petri dishes for easy handling. Before cell seeding, devices were coated 

using 100 µg/ml poly-L-ornithine (PLO) in DPBS for 3 hours and then 20 µg/ml laminin 

(both from Sigma, St Louis, MO, USA) in Neurobasal medium (Life Technologies, Thermo 

Fisher Scientific, Waltham, MA, USA) overnight. All coated materials were incubated at 

37°C, 5% CO2, and a volume difference of 100 µl between two sides was applied to allow 

the coating to pass through the microgrooves (maximum capacity for each device well: 200 
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µl). The day after, devices were carefully washed once with DPBS before neural cells 

plating.  

 

5.2.4 Co-culturing myotubes and MNs in microfluidic devices and treatments 

Myotubes and MNs were co-cultured into XonaTM microfluidic devices according to a 

previously described protocol 248. Briefly, day 10 MN-NPC were seeded into one side of 

devices at 1,25 x 105 cells/well (total 2,5 x 105 cells/side) and maintained in day-specific 

differentiation medium according to the differentiation protocol (100 µL day-10 medium). 

Same volume and composition medium was added also to the other compartment without 

cells, and into both compartment mediums was changed on days 11, 14 and 16 according to 

medium composition protocol described in the previous section. After 1 week (on day 17), 

hMABs were seeded into the opposite compartment (105 cells/well, total 2 x 105 cells/side) 

in growth medium (described in Section 5.2.1), and no medium change were required for 

MN compartment. The following day myotube differentiation was started (differentiation 

medium described in Section 5.2.1) while into MN-side medium was replaced with Neuronal 

medium supplemented with 10 ng/mL NTF (day 18-medium). On day 21, a chemotactic and 

volumetric gradient was established. Neuronal compartment received 100 µL/well of 

Neuronal medium without neurotrophic factors, while myotube compartment received 200 

µL/well neuronal medium supplemented with 30 ng/mL BDNF, GDNF, CTNF (all from 

PeproTech, Rocky Hill, NJ, USA), 20 µg/mL laminin (Sigma, St Louis, MO, USA) and 0.01 

µg/mL recombinant human agrin protein (R&D Systems, Minneapolis, USA). The gradient 

and laminin/agrin treatment were maintained until the co-culture end. At day 26, AFSC-EVs 

were added to both compartments (4,16 x 107 particles/well), and after 24 hours only 

myotube compartment was also treated with 20 µM Dexamethasone for 20 minutes for 

oxidative stress analysis or 24 hours for all other analysis.  

 

5.2.5 RNA isolation and quantitative real-time PCR 

For quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR) assay, 

Purelink® RNA mini kit (Thermo Fisher Scientific, Waltham, MA, USA) was used to isolate 

total RNA, and RNA samples were purified by TurboTM DNA-free kit (Thermo Fisher 

Scientific, Waltham, MA, USA) 249.1 µg of RNA was reverse-transcribed using Superscript 



Chapter III – Human NMJs on a chip: impact of AFSC-EVs on muscle atrophy and nerve health 

_______________________________________________________________________________________ 

60 

 

III Reverse Transcriptase First-Strand Synthesis SuperMix (Thermo Fisher Scientific, 

Waltham, MA, USA), according to the manufacturer's protocol. Platinum SYBR Green 

QPCR SuperMix-UDG (Thermo Fisher Scientific, Waltham, MA, USA) was used to dilute 

cDNA (1:5). The RT-qPCR was performed by Viia7 384-plate reader (Thermo Fisher 

Scientific, Waltham, MA, USA). Oligonucleotide primer forward/reverse sequences are 

listed in Table 4. 

 

Table 4 - List of primers used for gene expression analysis. 

GENE PRIMER SEQUENCE (5’-3’) GENE PRIMER SEQUENCE (5’-3’) 

h-SIRT2 Fw: CTGCGGAACTTATTCTCCCAGAC 

Rev: CCACCAAACAGATGACTCTGCG 

h-OCT4 Fw: CCTGAAGCAGAAGAGGATCACC 

Rev: AAAGCGGCAGATGGTCGTTTGG 

h-SIRT3 Fw: GCTGGACAGAAGAGATGC 

Rev: GTGGATGTCTCCTATGTTACC 

h-SOX2 Fw: GCTACAGCATGATGCAGGACCA 

Rev: TCTGCGAGCTGGTCATGGAGTT 

h-FOXO3 Fw: TCAAGGATAAGGGCGACAGC 

Rev: GGACCCGCATGAATCGACTA 

h-SOX17 Fw: ACGCTTTCATGGTGTGGGCTAAG 

Rev: GTCAGCGCCTTCCACGACTTG 

h-LC3β Fw: GAGAAGCAGCTTCCTGTTCTGG 

Rev: GTGTCCGTTCACCAACAGGAAG 

h-NESTIN Fw: TCAAGATGTCCCTCAGCCTGGA 

Rev: AAGCTGAGGGAAGTCTTGGAGC 

h-BECLIN Fw: CCATGCAGGTGAGCTTCGT 

Rev: GAATCTGCGAGAGACACCATC 

h-OLIG2 Fw: ATGCACGACCTCAACATCGCCA 

Rev: ACCAGTCGCTTCATCTCCTCCA 

h-MHC1 Fw: GCTGGCTAAGACCGAGGCAAAA 

Rev: CCTTTCCTCTGCATCAGCCAAG 

h-HB9 Fw: GCCTAAGATGCCCGACTTCAAC 

Rev: CGCGACAGGTACTTGTTGAGCT 

h-MHC3 Fw: CTGGAGGATGAATGCTCAGAGC 

Rev: CCCAGAGAGTTCCTCAGTAAGG 

h-ISL1 Fw: GCAGAGTGACATAGATCAGCCTG 

Rev: GCCTCAATAGGACTGGCTACCA 

h-PAX Fw: GGGCCTCCTGCTTGTTTAT 

Rev: CCATCTGGCTGGACTTCAAT 

h-MAP2 Fw: AGGCTGTAGCAGTCCTGAAAGG 

Rev: CTTCCTCCACTGTGACAGTCTG 

h-DESMIN Fw: GAAGCTGCTGGAGGGAGAG 

Rev: ATGGACCTCAGAACCCCTTT 

h-βTUB3 Fw: TCAGCGTCTACTACAACGAGGC 

Rev: GCCTGAAGAGATGTCCAAAGGC 

h-SOD1 Fw: GGTGGGCCAAAGGATGAAGAG 

Rev: CCACAAGCCAAACGACTTCC 

h-CASP3 Fw: GGAAGCGAATCAATGGACTCTGG 

Rev: GCATCGACATCTGTACCAGACC 

h-GPX Fw: CAGTCGGTGTATGCCTTCTCG 

Rev: GAGGGACGCCACATTCTCG 

h-CASP8 Fw: AGAAGAGGGTCATCCTGGGAGA 

Rev: TCAGGACTTCCTTCAAGGCTGC 

h-PDRX3 Fw: ACAGCCGTTGTCAATGGAGAG 

Rev: ACGTCGTGAAATTCGTTAGCTT 

h-CASP9 Fw: GTTTGAGGACCTTCGACCAGCT 

Rev: CAACGTACCAGGAGCCACTCTT 

h-TRXR3 Fw: ATGAGGCTGTTAGACCTCTGC 

Rev: GGCGACAATGGCATTCACATC 

h-GAPDH Fw: TCAAGAAGGTGGTGAAGCAGG 

Rev: ACCAGGAAATGAGCTTGACAAA 

h-NANOG Fw: CTCCAACATCCTGAACCTCAGC 

Rev: CGTCACACCATTGCTATTCTTCG 
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5.2.6 Immunofluorescence Confocal Microscopy and Image Analysis 

For immunofluorescence analysis, cells seeded on coverslip were processed and confocal 

imaging was performed using a Nikon A1 confocal laser scanning microscope, as previously 

described (Section 4.2.8). Microfluidic devices were processed as previously described by 

Dittlau et al. 246. Cells were washed twice with DPBS and then fixed with 4% 

paraformaldehyde (PFA) in DPBS for 30 minutes at RT. After fixation, fixed cells were 

washed twice and then permeabilized with 0.1% Triton X-100 for 20 minutes (Sigma-

Aldrich, Milan, Italy). Unspecific binding sites were blocked with 3% BSA/DPBS (Sigma-

Aldrich, Milan, Italy) for 30 minutes at RT. After blocking, cells were incubated with 

primary antibodies diluted in 3% BSA/DPBS in a wet chamber overnight at 4°C. To ensure 

labeling of neurites into microgrooves, a volume gradient was performed (100 µL/well of 

antibody solution on one side of the microgrooves and 150 µL/well on the other side). The 

day after, 3 washing with 3% BSA/PBS were performed before secondary antibodies 

incubation for 1 hour, at RT in the dark (as described above a volumetric gradient was 

applied). Then, cells were washed twice with DPBS, and nuclei were stained with 4’,6-

diamidino-2-phenylindole (DAPI) for 20 min at RT (dark). After 2 washing, DPBS was 

removed and the culture was let dry for a few seconds before adding 1 drop of anti-fading 

medium (0.21 M DABCO, 90% glycerol in 0.1 M Tris pH 8.0) in each well. Devices were 

kept horizontal for at least 24 hours to allow the mounting media to set and after that, devices 

can be stored at 4°C or visualized using a Nikon A1 confocal laser scanning microscope. 

Primary antibodies to detect neurofilament heavy chain (NEFH) (Abcam, Cambridge, UK), 

synaptophysin (SYPH) (Cell Signaling Technology, Lieden, Netherlands), Islet-1 (Isl-1) 

(Millipore, Burlington, MA, USA), β-tubulinIII (βTubIII) (Cell Signaling Technology, 

Lieden, Netherlands), myosin heavy chain (MyHC) (In-house, SCIL, dil. 1:20) were used 

following the datasheet-recommended dilutions. α-Bungarotoxin-tetramethylrhodamine 

(Sigma-Aldrich, MO, USA) was incubated with secondary antibodies according 

manufacturer’s protocol. Alexa secondary antibodies (Thermo Fisher Scientific, Waltham, 

MA, USA) were used at 1:200 dilution. To obtain three-dimensional projections, the 

confocal serial sections were processed with ImageJ software, while image rendering was 

performed with Adobe Photoshop software. For myotube fusion index, nuclei per myotube, 

myotube thickness analyses, and NMJ quantification, MyHC positive cells containing 

multiple nuclei were selected as myotubes. For NMJ quantification into microfluidic 

devices, 40X magnification images of MyHC positive-myotubes were collected using an 
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inverted confocal microscope. The number of co-localizations between NEFH/SYPH and α-

bungarotoxin (αBtx) (Sigma, St Louis, MO, USA), for Acetylcholine Receptor (AChR) 

identification, was counted manually through each z-stack, and the number of co-

localizations was normalized to the number of myotubes present in the z-stack. NMJs 

morphology, single or multiple contact point, were analyzed looking at neurite interaction 

with AChR clusters, as previously described by Dittlau et al., 2021 246. Briefly, NMJs were 

identified as single contact point when a neurite touched once a AChR cluster, while multiple 

contact point when neurite will fan out and engage with the AChR cluster over a larger 

surface. 

 

5.2.7 Neurite Density-Outgrowth Quantification 

Neurite density-outgrowth quantification was performed as previously described by Dittlau 

et al. 2021 248. Briefly, tile scan images of NEFH fluorescence into myotube compartment 

were taken using an inverted Leica SP8 DM18 confocal microscope and neurites were 

isolated using Ilastik 1.3.3post1 Pixel Classification software. A custom ImageJ 1.52p 

software linear School analysis script was used to quantify the total number of pixels that 

intersect an intersection line (distance between lines: 50 µm). Measure was started at 100 

µm distance from the microgrooves due to the high neurite density at the exit of 

microgrooves.   

 

5.2.8 Calcium Fluorescent Imaging 

After AFSC-EV and/or Dexamethasone treatments, to the myotube compartment was added 

with 5 µM Fluo-4 AM (Thermo Fisher Scientific, Waltham, MA, USA) for 25 min at dark 

(5% CO2, 37°C). MNs were stimulated with 50 mM KCl and Fluo-4 fluorescence was 

recorded in the myotube compartment (1 picture/second for a total of 60 seconds, 10X 

magnification). The fluidic isolation of compartments in the microfluidic device ensured no 

passage of KCl solution to myotube side. Recordings were acquired and analyzed using a 

Nikon A1R confocal microscope and NIS-Elements AR 4.30.02 software.  
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5.2.9 ROS Detection 

To evaluate the intracellular ROS levels, a dichlorodihydrofluorescein diacetate (DCFH-

DA) assay was performed as previously described (Section 4.2.3). For myotube oxidative 

stress investigation, hMABs were seeded and differentiated into 96-well plates with 5 

replicates for each condition, while for co-culture oxidative stress analysis myotubes and 

MNs were cultured in microfluidic devices as described above. Culture medium was 

removed from each well and 5 µM DCFH-DA was incubated in PBS with 1 gr/L of glucose 

for 20 min at 37°C and 5% CO2. Dexamethasone treatment was only added to myotubes 

with the probe at the mean time and maintained for 20 minutes. Into 96-well plates, the probe 

solution was replaced with PBS/glucose solution and the fluorescence was read at 485 nm 

(excitation) and 535 nm (emission) using the multiwell reader Appliskan (Thermo Fisher 

Scientific, Waltham, MA, USA). Cellular autofluorescence was subtracted as a background 

using the values of the wells not incubated with the probe. For devices, after Dexa treatment, 

the probe solution was replaced with PBS/glucose solution and the neurite fluorescence was 

recorded for 8 minutes into the muscle compartment with a Nikon A1 confocal laser 

scanning microscope equipped with a live cell imaging system. Live images were taken 

between microgrooves exit and myotubes in order to select the neurites most likely to have 

contacted myotubes and to avoid myotube fluorescence noise.  

 

5.2.10 Mitochondrial Oxidative Stress Analysis 

Confocal images were obtained using a Nikon A1 confocal laser scanning microscope 

equipped with live cell imaging system. During live imaging, cells were maintained in a 

PBS-glucose (1g/L) solution at 37°C, 5% CO2. All acquisition settings, including detector 

sensitivity and camera exposure time, were maintained constant during recording. To avoid 

photobleaching and to reduce cell stress, laser power was set to minimum. To identify 

mitochondria, at day 27 – after 24 h of hAFSC-EVs exposure – both microfluidic device-

compartments were washed once with PBS/glucose buffer and then incubated with 100 nm 

MitoTrackerTM Green FM probe (Invitrogen, Waltham, MA, USA) in PBS/glucose solution, 

and, only myotube compartment, with 20 µM Dexamethasone for 20 minutes at 37°C, 5% 

CO2. After the first 10 minutes, 5 µM MitoSoxTM Red was added to both compartments to 

identify mitochondrial superoxide production. After the incubation time, microfluidic 

devices were gently washed 3 times and maintained in PBS/glucose during live imaging 



Chapter III – Human NMJs on a chip: impact of AFSC-EVs on muscle atrophy and nerve health 

_______________________________________________________________________________________ 

64 

 

analysis. MitoSoxTM and MitoTrackerTM fluorescence was recorded in myotube 

compartment next to the microgrooves exit (20X magnification, with 10 seconds interval for 

a duration of 8 minutes). MitoSoxTM signal was normalized on MitoTrackerTM for each time 

point. 

 

5.2.11 Statistical analysis 

All the experiments were performed in 3 biological replicates. For quantitative comparisons, 

the values were reported as the mean ± SD based on a triplicate analysis for each sample. 

One-way ANOVA with Bonferroni post hoc test or a Student’s t-test were applied to test the 

significance of the observed differences amongst the study groups. Statistically significant 

was considered a p-value < 0.05. Statistical analysis and plot layout were obtained by using 

GraphPad Prism® release 8.0 software.  
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5.3 Results 

5.3.1 AFSC-EV effect on an in vitro model of muscle atrophy induced by Dexamethasone 

Muscle atrophy was induced in vitro by myotube treatment with 20 µM Dexa for 24 hours. 

The analysis of myotubes, stained with marker of mature myotubes myosin heavy chain 

(MyHC), showed a decrease in fusion index, number of nuclei per myotube, and above all 

myotube thickness, the main sign of muscle atrophy, after Dexa treatment. However, AFSC-

EVs exposure restored all these differentiation indexes (Figure III.1A). 

Increasing studies link the age-related atrophy to reactive oxygen species (ROS) rise and 

oxidative stress unbalance 250,251. Considering this, we investigated the ROS level alterations 

at an early time – 20 minutes – of atrophy induction (Figure III.1B). Interestingly, we 

observed a significant increase in oxidative stress, indeed prevented by AFSC-EVs. 

Furthermore, AFSC-EV capability to reduce the structural alterations occurring during in 

vitro atrophy induction was also confirmed by gene expression analysis (Figure III.1C). 

Indeed, the reduction of MYHC1, MYHC3 and PAX3 expression after Dexa exposure, was 

prevented by EVs pre-treatment. Conversely, the expression of structural protein Desmin 

increased in presence of Dexa while not in AFSC-EV treated condition. 

Among the redox-sensitive signal pathways, the expression SIRT3 and FOXO3, main 

regulators of oxidative stress defenses and the autophagy/mitophagy process during muscle 

atrophy 215, were investigated. The transcriptional factor FOXO3 and the autophagy-related 

genes (LC3β and beclin-1) were up-regulated with Dexa treatment. Notably, EV exposure 

restored the levels of autophagy-genes LC3β and beclin-1 similar to the untreated condition. 

Since the broad implication of FOXO3 in the transcription of several gene, including 

antioxidant defense ones, we observed that the AFSC-EV treatment stimulated a further gene 

expression increase of both FOXO3 and SIRT1, accompanied by an up-regulation of SOD1, 

GPX, PDRX3, and TRXR3 genes, codifying for antioxidant proteins (Figure III.1C). 
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Figure III.1. Effect of human AFSC-EV supplementation on an in vitro model of 

Dexamethasone-induced atrophy.  

(A) Representative images of hMAB-derived myotubes, treated or not with Dexa and AFSC-

EVs, stained with myosin heavy chain (MyHC) (red) and DAPI (blue) for nuclei. Scale 

bars: 50µm. Graphs relative to analysis of fusion index%, nuclei per myotube and myotube 

thickness (Biological replicates=3). °,*p value < 0.05, **p value < 0.01, ***p value < 

0.001. 

(B) Graph showing ROS content in myotubes, pre-treated or not with AFSC-EVs for 24 hours, 

after 20 min of Dexa exposure. Data shown are the mean ± SD (n=5). °°,**p value < 0.01, 

***p value < 0.001. 

(C) Gene expression comparisons among differentiated hMABs (Untreated), Dexa 20µM, and 

Dexa+AFSC-EVs. Data shown are the mean ± SD (n=3). °,*p value < 0.05, **,°°p value < 

0.01, ***,°°°p value < 0.001, ****,°°°°p value < 0.0001. 
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5.3.2 Dexamethasone effect on mature iPSC-MNs 

Morphological and functional mature motor neurons (MNs) were obtained from human 

iPSCs via 28-days differentiation protocol previously described by Guo et al. 247. The up-

regulation of typical pan-neuronal (MAP2 and β-TubIII) but also specific motor neuron 

(HB9 and Islet-1) genes, together with the downregulation of pluripotency markers (i.e., 

NANOG, SOX2), on day 28 compared to day 10, confirmed the differentiation success 

(Figure III.2A). In addition, mature differentiated MNs expressed synaptophysin (SYPH) 

and Islet-1 (Isl-1), as shown by IF images (Figure III.2B). 

 

Figure III.2. From human iPSCs to mature motor neurons. 

(A) Graph showing gene expression comparison between motor neurons at day 10 and 28 of 

differentiation for pluripotency, pan-neuronal and motor neuron specific markers. Data 

shown are the mean ± SD (n=3). **p value < 0.01, ***p value < 0.001. 

(B) Representative confocal images of MNs at day 28 of differentiation stained with β-

tubulinIII (βTubIII) (green), synaptophysin (SYPH) (red) – top –, and Islet-1 (Isl-1) (green) 

– bottom. Nuclei stained with DAPI. Scale bars: 75µm. 

 

Moreover, to be sure that MN alterations during co-culture experiments were mediated 

exclusively by atrophic myotubes, by immunofluorescence and RT-qPCR analyses, we 

demonstrated that 20µM Dexa treatment for 24 hours doesn’t affect MN morphology and 

differentiation potential (Figure III.3A), but also the expression of differentiation, redox, 

and apoptosis related genes (Figure III.3B). 
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Figure III.3. Effect of Dexa on mature human iPSC-derived MNs. 

(A) Representative images of iPSC-derived motor neurons (iPSC-MNs) treated or not with 20 

µM Dexa (24 h) stained with β-tubulinIII (βTubIII) and synaptophysin (SYPH). Nuclei 

stained with DAPI. Scale bars: 75 µm. 

(B) Graph showing gene expression comparison of neuronal differentiation, redox factor, and 

apoptosis markers of MNs treated or not with Dexa. Data shown are the mean ± SD (n=3). 

 

 

5.3.3 Myotube and neurite distribution into microfluidic devices-muscle compartment and 

NMJ formation 

To explore the result of muscle atrophy on NMJ, an in vitro model of MN-myotube co-

culture was developed through commercially available microfluidic devices. To study 

muscle atrophy consequences and then the therapeutic potential of AFSC-EVs, only the 

muscle compartment was treated with 20 µM Dexa, while both sides with extracellular 

vesicles. First, we studied the alterations in myotube and neurite distribution. The number of 



Chapter III – Human NMJs on a chip: impact of AFSC-EVs on muscle atrophy and nerve health 

_______________________________________________________________________________________ 

69 

 

MyHC positive myotubes was decreased by Dexa treatment, while the presence of AFSC-

EVs restored the myotube presence (Figure III.4A). Similarly, the analysis of neurite 

density into muscle compartment showed the capability of EVs in recovering the neurite 

network affected by atrophic muscle cells (Figure III.4B). 

 

 

Figure III.4. Density analyses of neurite and hMAB-derived myotube into microfluidic devices 

muscle-compartment. 

(A)  Representative tile scan confocal overviews and quantification graphs of hMAB-derived 

myotubes (MyHC) into muscle compartment after Dexa and AFSC-EVs treatments. Scale 

bars: 400 µm. Graph data are the mean ± SD (n=3). °,*p value < 0.05, °°p value < 0.01. 

(B) Representative tile scan confocal overviews and quantification graph of neurite density 

(NEFH/SYPH) into myotube compartment after Dexa and AFSC-EVs treatments. Masks 

of tile scan show intersection lines (red) every 50 µm starting from microgroove exit. 

Arrows: neurite growth direction from exit of microgrooves. Scale bars: 400 µm. Graph 

represents quantification of pixel intersection for each intersection line. Graph data are the 

mean ± SD (n=3). Untreated vs Dexa 20 µM: ***p value < 0.001, Dexa 20 µM vs 

Dexa+AFSC-EVs: °°°p value < 0.001. 

 

These interesting results were conducted to investigate the repercussion of these alterations 

on NMJ formation. As previously described by Dittlau and colleagues 246, NMJs were 

identified as co-localization between αBtx-positive AChRs and neurites on myotubes 

(Figure III.5A).  
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Figure III.5. AFSC-EVs therapeutic potential against NMJ morphology alteration caused by 

muscle atrophy. 

(A) Representative confocal images of NMJs with Dexa and AFSC-EVs treatments. NMJs 

(arrows) are identified as co-localization between pre-synaptic markers NEFH/SYPH and 

AChR marker αBtx on MyHC-positive myotubes. Insets: magnification of NMJs. Scale 

bars: 25 µm. 

(B) Percentage of innervated myotubes. Graph data are the mean ± SD (n=3). 

(C) Number of α-Btx and NEFH/SYPH co-localization per myotube. Graph data are the mean 

± SD (n=3). °°p value < 0.01, ***p value < 0.001.  

(D) Quantification of NMJ morphology: single and multiple contact points. Graph data are the 

mean ± SD (n=3). °,*p value < 0.05, **p value < 0.01, °°°p value < 0.001. 

 

Even if not significant, Dexamethasone exposure showed a reduction in innervated myotube 

percentage, not observed with EVs pre-treatment (Figure III.5B), while NMJ numbers 

decreased significantly only in Dexa-treated condition (Figure III.5C). NMJ morphology 

could be distinguished as less mature single contact point NMJs, when a neurite touches a 

AChR cluster one time, or multiple contact point NMJs, characteristic of a more mature state 

of co-culture when neurite will fan out and engage with the AChR cluster over a larger 

surface 246. Considering that, both these types of interactions were affected in this atrophy 
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model, while, notably, AFSC-EVs pre-exposure prevented this morphological impairment 

(Figure III.5D).  

 

5.3.4 NMJ functionality after MN-stimulation in atrophic muscle fibers 

Previously, we demonstrated that NMJ morphology and number were affected by muscle 

atrophy. This interesting result led us to explore in deep the possible alterations in their 

functionality through live-cell calcium imaging (Figure III.6A).  

 

 

Figure III.6. NMJ functionality after human AFSC-EV and/or Dexa treatments. 

(A) Representative Ca2+ influx curves into hMAB-myotubes after MN-KCl stimulation 

(arrow).  

(B) Percentage of active hMAB-myotubes after MN-stimulation. Graph data are the mean ± 

SD (n=3). *p value < 0.05 (Untreated vs Dexa 20µM). 

(C) Ca2+ influx intensity after Dexamethasone and AFSC-EV treatment. Graph data are the 

mean ± SD (n=3).  

(D) Graph comparing peak onset times with or without Dexa and AFSC-EV treatment. Graph 

data are the mean ± SD (n=3). °p value < 0.05 (Dexa 20µM vs Dexa+AFSC-EVs), ***p 

value < 0.001 (Untreated vs Dexa 20µM). 
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We observed a significant reduction in the percentage of MN-stimulated active myotubes, 

compared to the untreated condition, not observed in presence of EVs (Figure III.6B). Then, 

intracellular calcium transient alterations were examined. Even if the reduction in calcium 

peak intensity was not significant (Figure III.6C), this analysis highlighted a delay in Ca2+ 

peak onset after Dexa exposure, index of alteration in NMJ/myotube functional 

communication (Figure III.6D). 

 

5.3.5 Oxidative stress modulation through NMJ by human AFSC-EVs during muscle atrophy 

During aging, alterations in oxidative stress and mitochondrial function play a pivotal role 

in NMJ decline, muscle strength and integrity loss 223. In order to follow the muscle atrophy 

consequences on neuronal part, we performed live-imaging assays with fluorescent probes 

for the detection of intracellular ROS and mitochondrial O2
⠂‾. Figure III.7A shows a 

schematic representation of experiments.  

First, we analyze the oxidative stress rise, during the first 28 minutes of Dexa treatment, into 

those neurites that had crossed the microgrooves and likely took contact with the myotubes. 

Interestingly, AFSC-EVs protected MN elongations from ROS increase caused by atrophic 

muscle cells, in all the investigated time points (Figure III.7B). 

The implication of mitochondrial superoxide (O2
⠂‾) in this oxidative environment was 

investigated by MitoSoxTM live-cell imaging analysis of neurites (Figure III.7C). Notably, 

EVs from AFSC reduced the mitochondrial O2
⠂‾ levels increased in Dexa-induced atrophy 

for each investigated time point (Figure III.7D). 
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Figure III.7. Human AFSC-EV effect on MN-intracellular ROS and mitochondrial superoxide 

content in an in vitro co-culture system of muscle atrophy.   

(A) Schematic overview of time-treatment for ROS and mitochondrial O2
•‾ analyses. Created 

with BioRender.com. 

(B) Representative confocal images of MN-neurites stained with DCFH-DA fluorescent probe 

(green) into hMAB-myotube compartment after 24 minutes of Dexamethasone exposure in 

presence or absence of AFSC-EVs. Scale bar: 50 µm. Graph shows ROS neurite content 

after 20, 24, and 28 minutes of Dexamethasone exposure in presence or absence of AFSC-

EVs. Graph data are the mean ± SD (n=3). °p value < 0.05, **,°°p value < 0.01, ***,°°°p 

value < 0.001, ****p value < 0.0001. 

(C) Representative confocal images of MN-neurites stained with MitoTrackerTM (green) and 

MitoSoxTM (red) after 24 minutes of Dexamethasone exposure in presence or absence of 

AFSC-EVs. Image length: 100µm. Scale bar: 15µm. 

(D) Fluorescence intensity of MitoSoxTM/ MitoTrackerTM recorded after 20, 24, and 28 minutes 

of Dexamethasone treatment in presence or absence of AFSC-EVs. Graph data are the 

mean ± SD (n=3). °°p value < 0.01, ***,°°°p value < 0.001. 
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5.4 Discussion 

Despite the complexity of the age-related muscle wasting conditions, including muscle 

atrophy, oxidative stress has a central role in the disease progression and the reduction in 

protein synthesis and/or enhanced proteolysis 252. This work aimed to explore the therapeutic 

potential of EVs derived from AFSCs, in counteracting the atrophic phenotype and negative 

consequences on NMJ integrity caused by Dexa exposure.  

As already seen, FOXO3 plays a central role regulating both metabolisms and oxidative 

stress defenses in Dexa-induced catabolic events. Indeed, in our in vitro atrophy system, a 

FOXO3 gene expression increase was observed, accompanied with an overexpression of 

autophagy-related markers beclin-1 and LC3β. Consequently, the myotube morphology 

appeared affected, as demonstrated by the reduction of fusion index, nuclei per myotube, 

and myotube thickness, associated with a down-regulation in markers of late muscle 

differentiation (myosin heavy chain 1 and 3). On the other hand, we observed an increase in 

the expression of structural muscle protein Desmin. Desmin is a fundamental intermediate 

filament necessary for muscle structure maintenance, cellular integrity and size, 

mitochondrial homeostasis, and proteostasis 253. Different studies linked the atrophy-related 

loss of Desmin protein to the ubiquitin-proteasome and autophagy systems 175,254, while 

recent studies demonstrated an up-regulation of Desmin gene in different heart failure 

models, as a compensatory mechanism for its increased misfolding and degradation 255–257. 

In relation with that, a similar repaying response could be supposed in this Dexa-induced 

atrophy model. Remarkably, AFSC-EV exposure restored the myotube morphology as well 

as the gene expression of muscle markers altered by Dexa.  

Since the pivotal role of oxidative stress in the progression of muscle atrophy, its implication 

in our model and the potential of EVs in redox modulation were investigated. Notably, 

AFSC-EV treatment reduced the ROS levels, increased by Dexa, and induced an up-

regulation of SIRT3 and FOXO3 genes, as well as the antioxidant genes SOD1, GPX, 

PDRX3, and TRXR3. The mitochondrial NAD-dependent histone deacetylase (HDAC) 

SIRT3 is principally implicated in stress adaptive responses thanks to its capability to inhibit 

mitochondrial oxidative stress. Furthermore, FOXO family transcription factors are the main 

SIRT3 targets, which once deacetylated increase their transcriptional activity and reduce 

their ubiquitination and consequently their degradation 232. Sirtuins-activated FOXO3 

pathway upregulates different FOXO3-dependent mitochondrial antioxidant enzymes 
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including superoxide dismutase, thioredoxin, and peroxiredoxin 258. Recently, different 

studies have elected the skeletal muscle as an essential source of signals for neuron survival, 

axonal growth, and synaptic connection maintenance highlighting the bidirectional 

communication between nerve and muscle 225. Based on that, in this work the muscle damage 

consequences on MN termination and AFSC-EV beneficial effects were also investigated. 

To focus our investigation on NMJ perturbation during muscle atrophy, we used microfluidic 

devices to set up an in vitro co-culture of human iPSC-MNs and atrophic myotubes. The 

fluidically isolated compartments, where only neurites can growth through microgrooves, 

not only allows the maintenance of a cell-type-specific microenvironment, but also the 

subcellular isolation of compartments, such as axonal distal and proximal parts, to perform 

region specific analyses 174,259. The presence of mature myotubes into the muscle side was 

reduced by Dexa, as expected, but, interestingly, the muscle wasting environment negatively 

influenced the neurite co-presence and consequently, the NMJ maintenance. Moreover, we 

observed that both types of NMJs, the mature multiple contact point and newly formed 

compensatory single contact point, were equally impaired by Dexa. In addition, the presence 

of AFSC-EVs prevented all these muscle and neuronal alteration, probably protecting MNs 

from the detrimental environment created into the synaptic space during atrophy-related 

muscle wasting. Looking into the consequences on functionality, we observed an impairment 

in the number of active myotubes after MN-stimulation, compared to the total active 

myotubes, in presence of Dexa. Even though during stimulation the intensity peak of calcium 

influx didn’t change after Dexa treatment, we observed a delay in myotube response 

reactivity to MN-stimulation over time in atrophic conditions. Interestingly, AFSC-EV pre-

treatment was able to reverse this effect. Notably, different studies on amyotrophic lateral 

sclerosis (ALS) models showed that among the principal causes of presynaptic transmitter 

release affection we can found increased oxidative stress and compromised mitochondria 

260,261. In G93A-SOD1 ALS mice model the exposure of diaphragm muscle NMJs to 

exogenous H2O2 induced a strong inhibition of spontaneous neurotransmitter release. 

Considering this, we propose that the observed alterations in myotube contraction timing 

could be explained as an impairment in the synaptic vesicles’ release by presynaptic 

terminals affected by an atrophy-related redox imbalance. However, an impairment in 

myotube contractile machine cannot be excluded. Besides, further studies on mutant SOD1 

mouse models showed an oxidative stress increase in distal muscle also before the ALS 

pathology onset. This interesting finding suggests that the oxidative damage could start at 

the muscular postsynaptic side and then propagates to MN-presynapse and further up to the 
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axon in a retrograde way towards the neuronal soma, finally causing the apoptosis of the 

entire cell 262–264. To evaluate this observation in our model, we decided to investigate the 

oxidative stress and the attenuating potential of AFSC-EVs during atrophy-related NMJ 

deterioration. To this purpose, the oxidative stress alterations were followed on that neurites 

that reach the myotube side, the ones likely creating NMJs. Interestingly, AFSC-EV pre-

treatment counteracted the ROS increase as well as the mitochondrial superoxide (O2
•‾) 

overproduction in neurites, following atrophy induction. The re-equilibrating effect of EVs 

on redox unbalance in affected NMJ could be due to the direct effect on ROS scavenging of 

their cargo in antioxidant proteins, including SOD1. Centrally, increased ROS in the synaptic 

space are linked to the loss in MN and NMJ integrity and muscle contraction efficiency, and 

the permanence of this toxic unbalance could finally leads to irreversible damage of structure 

and activity 265,266. Altogether, these data suggested a protective effect of AFSC-EVs by the 

re-equilibration of redox imbalance and their immunomodulatory and neurogenic capability 

on NMJ and motor neuron injuries induced by muscle atrophy. 



Chapter IV – Neurons and microglia in Alzheimer’s disease: human AFSC-EVs protective effect against Aβ 

_______________________________________________________________________________________ 

77 

 

Chapter IV – Neurons and microglia in Alzheimer’s disease: 

human AFSC-EVs protective effect against Aβ 

 

6.1 Introduction 

6.1.1 Alzheimer’s disease: the role of oxidative stress in brain aging 

Alzheimer’s disease (AD) is the most widespread neurodegenerative disorder, characterized 

by a progressive damage in neuronal cells which principally leads to impaired cognitive 

functions 267. AD is a growing global health issue with huge implications for people’s daily 

lives and society. In the United States it is the sixth leading cause of death 268. Its 

pathophysiology is mainly associated with the extracellular deposition of amyloid beta (Aβ) 

plaques and the accumulation of intracellular neurofibrillary tangles (NFT) 269. There are 

different mechanisms underpinned to the neurotoxic action of Aβ, but the crucial one is the 

high ROS generation associated with the prominent oxidative state. For example, Aβ 

accumulation can decrease calcium ion storage in the endoplasmic reticulum, resulting in 

cytosolic Ca2+ overload. Consequently, the Ca2+ rise leads to a reduction in glutathione 

(GSH) levels and then, a cellular ROS overaccumulation 270. Moreover, Aβ can activate the 

NADPH oxidase, directly leading to free radical formation 271. The oxidative stress caused 

by Aβ is also due to the formation of complex with redox active metals, such as copper, zinc, 

and iron that bind Aβ promoting plaque aggregation. This metal-amyloid complex oxidative 

stress can cause excitotoxicity, stimulate membrane depolarization, and impairs 

mitochondrial functions 272,273. Dysfunctional mitochondria are also implicated in AD 

pathogenesis and are mainly characterized by functional alterations, increased ROS 

generation, affected mitochondrial numbers and morphology (small and fragmented) 274. 

Several studies highlighted the presence of Aβ accumulations in mitochondria of brains of 

AD mouse models and demonstrated its direct interference with the mitochondrial function 

leading to the metabolic deficiencies and neurological dysfunction characteristic of AD brain 

patients 275. On the other hand, according to the mitochondrial cascade hypothesis, the age-

related loss of functional mitochondria also affects the metabolism of amyloid precursor 

protein (APP), producing Aβ toxic oligomers that accumulate into Aβ plaques 276, fueling a 

vicious cycle. 
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Interestingly, it has been demonstrated that ROS are implicated in the JNK/stress-activated 

protein kinase pathways. The activation of these cascades finally leads to the 

hyperphosphorylation of Tau proteins and to Aβ-mediated cell death 277.  

Finally, in the brain, the inflammatory response, mediated by microglia, is activated as a 

tentative to prevent the aggregation of these toxic proteins, inducing a marked ROS release 

and subsequent increase in oxidative stress 278,279. Therefore, a vicious cycle, in which the 

ROS level increases, seems to be activated. (Figure 5).  

The exact ROS mechanism of action is not yet completely understood; however, several 

hypotheses consider them as aggravating players in the disease progression through the 

imbalance of the redox state 280,281.  

 

 

Figure 5: Schematic representation of ROS sources and their molecular targets in AD. Image 

Created with BioRender.com 282. 
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6.1.2 Neuroinflammation: the microglial role in neurodegeneration 

Microglia are the resident predominant immune cells in the CNS, known to quickly respond 

to variation in brain homeostasis, due to stress, trauma, or pathologies 278. They were 

originally thought to be responsible for regulating the neuroinflammation and thus cause 

neurodegeneration, but they were also linked to the maintenance of CNS homeostasis, as 

well as the regulation of synaptic plasticity, learning and memory mechanisms 283. Exploring 

the implication of microglia in AD onset and progression, several roles can be attributed to 

these immune cells. Indeed, microglial cells are strictly linked to neuroinflammation, Aβ 

accumulation, Tau pathology, and neuronal and synaptic loss, but they also actively 

participate in the neuroprotection, especially through the phagocytic clearance of Aβ 278.  

In AD pathology, Aβ aggregates can stimulate the Toll-like receptors on microglial cells 

activating the inflammasome complex. As a consequence, caspase1 is recruited and several 

pro-inflammatory mediators, namely TNFα and IL1β, are released to stimulate further pro-

inflammatory response by microglia and other brain immune cells, such as astrocytes 284. 

The prolonged inflammatory state that leads to an overproduction of inflammatory 

cytokines, and nitric oxide (NO) that in presence of ROS generates ONOO‾ and other 

reactive nitrogen species (NOS), that are crucial contributors to oxidative stress in AD 285.  

Furthermore, a recent study demonstrated that microglia could increase the Aβ oligomers 

formation and stimulate their aggregation due to the high affinity binding of Aβ to ASC 

(adapter protein apoptosis associated speck-like protein) complex released by microglial 

cells. This evidence suggests a direct implication of microglial inflammasome in spreading 

the Aβ pathology in AD patients 286. 

Moreover, the microglia activation seems to exacerbate Tau pathology in AD mouse models, 

via mechanisms still not clear. In an in vitro mouse model of AD with mutant Tau, microglia 

have been linked to the cell-to-cell spread of Tau pathology across the brain, probably via 

microglial uptake and exosomal release of Tau protein 287. 

As mentioned before, several pieces of evidence suggest a heterogeneous role of activated 

microglia in the CNS, which can be classified into two opposite types: M1 and M2 

phenotypes. Microglial cells can exert both neurotoxic and neuroprotective effects, 

depending on the activated phenotype. Overall, M1 microglia predominate at the injured site 

in the final disease stage, when the immuno-resolutive and regenerative tentative of M2 one 

is reduced. This phenotype switch is very complicated in AD, given the precarious balance 
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between resolution tentative and cytotoxicity. Moreover, the endogenous stimuli, namely 

mutated superoxide dismutase, Aβ, Tau and α-synuclein aggregates, may exert a persistent 

activation of M1 pro-inflammatory response, which finally leads to an irreversible neuronal 

damage. Based on that, the stage and severity of AD have been strictly linked to the transition 

between the two microglial phenotypes 288. 

So, this microglial double-edged sword of function in AD complicates the therapeutic 

approach that targets these immune cells. Indeed, the stimulation of microglia may be helpful 

in the early phases, preventing AD onset, but it could be detrimental in the subsequent 

phases, when the disease has reached a highly inflamed and neurotoxic state 287. 

 

6.1.3 Application of MSCs and their secretome in AD 

MSCs, and MSC-EVs as well, have been proposed as therapeutic approaches to counteract 

several neurodegenerative disease, including AD. Considering the MSC-EV promising 

cargo, which includes lipids, proteins, enzymes, and miRNAs endowed with anti-

inflammatory, neurotrophic, and Aβ degrading systems, these cells could be a therapeutic 

strategy combining different effects that can finally leads to the repair of synaptic function, 

the reduction of neuronal death and the slowdown of memory impairment 289. In literature 

there are different studies that demonstrated the beneficial effects of MSC-EVs in reducing 

the AD features in several AD in vitro and in vivo models (Figure 6).  
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Figure 6: Schematic representation of the demonstrated effects of MSCs in counteracting 

neurodegeneration in vitro and in vivo. Image Created with BioRender.com 282. 

 

Initially, the MSC-EV potential was investigated by treating a cellular model of AD with 

EVs obtained from adipose tissue MSCs. Interestingly, the vesicles administration reduced 

both secreted and intracellular Aβ levels 290. Later, de Godoy and colleagues co-cultured, 

using a transwell system, rat neurons, exposed to soluble oligomers of Aβ, with MSCs. They 

observed an increase in Aβ oligo internalization and degradation, in the release of EVs 

enriched in active catalase, and specific secretion of IL6, IL10, and vascular endothelial 

growth factor into the medium 192.  

Moreover, the positive action of MSCs against neurodegeneration was also confirmed by the 

observation of the inhibitory effect on oxidative stress and pro-inflammatory mediator 

release, operating not only on neuronal cells but also on microglia. Indeed, it has been found 

that human bone marrow MSCs are able to significantly reduce the lipopolysaccharide (LPS) 

activation of microglial cells in vitro 291. The potential of MSC treatment to ameliorate Aβ 

pathology and to modulate oxidative stress via microglia regulation was recently 

demonstrated by Yokokawa et al. 292 in vitro, co-culturing a mouse microglial cell line with 

MSCs, and in vivo as well, using an AD mouse model. Indeed, MSCs promoted the 

microglial phenotype switch from M1 to M2 and diminished the secretion of pro-

inflammatory cytokines. Furthermore, the MSC transplantation stimulated the accumulation 
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of these immune cells around the Aβ deposits, triggering its uptake and elimination. In 

addition, MSCs injected into the tail vein reduced the Aβ deposition in the cortex and 

hippocampus, leading to ameliorated spatial memory abilities. Based on this evidence, it has 

been supposed that the neuronal positive effect of MSCs is, at least in part, due to the release 

of neurotrophic factors and the maintenance of redox balance, that together preserve the 

neuronal functions 293. Moreover, the MSC secretome, which includes the soluble part as 

well as EVs, can preserve hippocampal neurons from pro-oxidative stimuli and avoid the 

synapse loss mediated by Aβ. This interesting finding was demonstrated by using the 

secretome derived from human Wharton’s jelly MSCs, in a study of Bodart-Santos and 

colleagues 294.  

So, these observations highlight that the interplay between neurons and microglia, which 

generate a deleterious vicious cycle, could be a potential target to counteract the AD 

pathogenesis and progression.  
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6.2 Materials and Methods 

6.2.1 Animals 

5xFAD mice co-overexpress a triple-mutant human amyloid precursor protein (APP) 

(Swedish mutation: K670N, M671L; Florida mutation: I716V; London mutation: V717I) 

and a double-mutant human presenilin 1 (PS1) (M146L and L286V mutations) transgenes 

under the transcriptional control of the neuron specific Thy-1 promotor. Progenitors were 

purchased from Jackson Laboratories, Bar Harbor, and 5xFAD line was maintained by 

crossing hemizygous 5xFAD mice with B6SJL/J breeder. Mice were kept in conditioned 

rooms with stable temperature (22 ± 1°C) and humidity (60%), on a light/dark cycle of 12 

hours, with food and water ad libitum. All animal procedures were approved by the 

Committee on Animal Health and Care of the University of Modena and Reggio Emilia 

(protocol number: 974/2016-PR del 13-10-2016) and conducted in accordance with National 

Institutes of Health guidelines. For genotyping procedure, APP and PS1 lines were analyzed 

as previously reported 295. Tail samples from WT and 5xFAD mice were examined by using 

primers supplied by Jackson Laboratories to identify either the mutation or the wild-type 

allele with the polymerase chain reaction (PCR): forward, 5′-

AGGACTGACCACTCGACCAG-3′ and reverse, 5′-CGGGGGTCT AGTTCTGCAT-3′ for 

APP transgenes; forward, 5′-CTAGGCCACAGAATTGAAAGATCT-3′ and reverse 5′-

GTAGGTGGAAATTCTAGCATCA-TCC-3′ for positive control; forward, 5′-AAT AGA 

GAA CGG CAG GAG CA-3′ and reverse 5′-GCC ATG AGG GCA CTA ATC AT-3′ for 

hPRES transgene. DNA was polymerized at 94°C for 3min; 35 cycles of 94 ° C for 15 s; 

54°C for 1min; 72°C for 1min; and 72 ° C for 2min; stored at 4°C. The PCR products were 

run on a 1% agarose gel, using ethidium bromide ultraviolet (UV) detection for the bands at 

377 bp (APP transgene) or 324 bp (positive control) and 608 bp (hPRES). 

 

6.2.2 Preparation of primary cultured cortical neurons and AFSC-EVs treatment 

Cortical and hippocampal neurons from wild type (WT) (N = 18) and 5xFAD (FAD) (N = 

25) mice were collected within 24 h from birth 296. Brains were removed, meninges were 

gently peel off, and cortical and hippocampal tissue dissected. Tissues were incubated in a 

buffer solution containing HBSS (Hanks’ Balanced Salt Solution) (GIBCO, Thermo Fisher 

Scientific, Milan, Italy) with BSA 0.3% (Microgem Srl, Naples, Italy) and trypsin 0.025% 

(EuroClone, Milan, Italy) at 37°C for 15 min. Then, tissues were triturated with a plastic 
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1000 μl pipette tip in a HBSS buffer containing 0.004% deoxyribonuclease I (DNAseI) 

(Sigma Aldrich, Milan, Italy) and 10% fetal bovine serum (FBS) (Microgem Srl, Naples, 

Italy). After centrifugation at 500 g for 5 min, cells were suspended in Neurobasal medium 

supplemented with 2% B27 (GIBCO, Thermo Fisher Scientific, Milan, Italy), 2mM 

glutamine, 100U/ml penicillin and, 100 μg/ml streptomycin (EuroClone, Milan, Italy) and 

plated on poly-L-lysine (Merck Millipore, Milan, Italy) coated plastic or coverslips at 5 x 

105 cells/cm2. Cells were maintained at 37°C and 5% CO2. After 48 h, cells were treated 

with 5 μM cytosine β-D-arabinofuranoside (Sigma Aldrich, Milan, Italy) for 24 h. For in 

vitro experiments, 10 μg of extracellular vesicles, obtained from the two human samples of 

hAFSCs by Total Exosomes Isolation Kit (Invitrogen, Life Technologies, CA, USA), 

resuspended in PBS, were added to 1 x 106 cells at DIV (days in vitro) 3 for 7 up to 14 days. 

Wortmannin (Sigma Aldrich, Milan, Italy) treatment was performed for 2 h prior the EV 

exposure. 

 

6.2.3 Cell line cultures and treatments 

The SH-SY5Y cell line was purchased from Sigma-Aldrich (ECACC 94030304) (St. Louis, 

MO, USA) and was grown in high-glucose DMEM supplemented with 10% FBS, 2 mM L-

glutamine, 50 U/mL penicillin and 50 μg/mL streptomycin, as previously reported 142. The 

cells were used for experiments after inducing their differentiation with 10 μM all-trans 

retinoic acid (RA) for 7 days. Differentiated SH-SY5Y cells were treated for 24 h with 10 

μM Aβ1–42 fibrils (GenScript, Piscataway, NJ, USA) obtained after incubation at 37° C for 

24 h. BV2 murine microglial cells were a kind gift of Prof. Elisabetta Blasi (University of 

Modena and Reggio Emilia, Modena, Italy). The cells were cultured in RPMI supplemented 

with 10% low-endotoxin FBS (Euroclone, Milano, Italy), 2 mM L-glutamine, 50 U/mL 

penicillin and 50 μg/mL streptomycin. The cells were maintained in a humidified incubator 

at 37 °C with 5% CO2 and detached by vigorous shaking. The BV2 cells were pretreated 

with 0.5 x 109 EVs/106 cells for 4 h before the addition of 1 μg/mL lipopolysaccharide (LPS) 

for 24 h. For experiments with the BV2-conditioned medium (BV2-CM), SH-SY5Y cells 

were plated (4 x 104 cells/cm2) on 6-well plates. After the differentiation procedure described 

above, the medium was replaced with a CM for 24 h. Transwells are a well-characterized 

3D model of a co-culture and have been used extensively for neuronal co-cultures including 

SH-SY5Y and BV2. BV2 cells were plated (4 x 104 cells/cm2) on top of the transwell inserts 
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in an RPMI medium w/o FBS. After the treatments with extracellular vesicles and LPS as 

previously described, the transwell inserts (BioBasic Inc., Toronto, Canada) were placed on 

top of the 24-well containing SH-SY5Y (4 × 104 cells/ cm2) in a medium containing 50% 

RPMI and 50% DMEM. See Figure IV.6 below for a diagram of the treatment. The cells 

were treated with 10 μM Aβ1–42 for 24 h. 

 

6.2.4 MTT assay 

Cells (primary neurons, SH-SY5Y and BV2) were seeded in 96-well plate in 200 μl of 

culture medium, 4 replicates for each condition, at a density of 5 x 105 cells/cm2 for FAD 

neurons, while 3,3 x 104 cells/cm2 for SH-SY5Y and BV2 cells. At the end of each 

experiment, MTT assay was performed as previously described (Section 4.2.2). 

 

6.2.5 ROS and Glutathione detection 

FAD primary neurons, SH-SY5Y, and BV2 cells were seeded in a black 96-well plate, 4 

replicated for each condition, at a density of 3,3 x 104 cells/cm2. To measure intracellular 

ROS content, dichlorodihydrofluorescein diacetate (DCFH-DA) assay was performed 

similarly to as previously described in Section 4.2.3.  

Similarly, reduced GSH levels, into primary neurons, were evaluated using 

monochlorobimane (MCB) (Sigma-Aldrich, Milan, Italy) assay (previously described in 

Section 4.2.3).  

 

6.2.6 NO detection 

Nitrogen species (NO) production, index of BV2 cell activation, was measured by Griess 

assay (Sigma Aldrich, Milan, Italy). Supernatants and Griess reagent were mixed 1:1 into a 

96-well plate and after 10 minutes the samples were analyzed by a spectrophotometer at 546 

nm. The NO production was expressed in µM. 
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6.2.7 Cellular extract preparation 

Total cell lysates (TL) were obtained as previously described (Section 4.2.4). Briefly, at the 

end of experiments cellular pellets were treated with lysis buffer, added with a protease 

inhibitor cocktail and para-nitrophenylphosphate (both from Sigma Aldrich, Milan, Italy), 

at 4°C for 20 min. The lysates were sonicated, cleared by centrifugation, and immediately 

boiled in SDS, reducing sample buffer.  

 

6.2.8 SDS Page and Western Blot 

The TL, from 5xFAD, SH-SY5Y and BV2 cells, were processed as previously described 

(Section 4.2.7). Primary antibodies used are against the following molecules: actin, Nox4 

(Sigma-Aldrich, St Louis, MO, USA), total-Akt, SOD1, SIRT1, gp91phox, TrxR1, TrxR2, 

Gpx1, MAP LC3β, PARP, TIA-1 (Santa Cruz Biotechnology, CA, USA), pAktser473 (Cell 

Signaling Technology, MA, USA), β- Amyloid clone 6E10 (Bio Legend, CA, USA), 

pTauser422
 (Ori-Gene Technologies, MD, USA), Bcl-2 (Bio Source, CA, USA), caspase7, 

IL1R1 (Santa Cruz Biotechnology, CA, USA), TGFβ, CD86 (Novus Biologicals, Milano, 

Italy), and βTubIII (Cell Signaling Technology, Lieden, The Netherlands). Secondary 

antibodies (Thermo Fisher Scientific, Waltham, MA, USA) were used at 1:3000 dilution.  

 

6.2.9 ELISA assay for Aβ quantification 

Secreted amyloid beta peptide 1-42 (Aβ1-42) was analyzed in the supernatants of primary 

cortical neurons and SH-SY5Y cells by BETA-APP42 ELISA Kit (Human) (Aviva Systems 

Biology, San Diego, CA, USA) according to manufacturer’s protocol. Medium from 5xFAD 

cells (5 x 105 cells/cm2) treated with AFSC-EVs for 7 days and untreated control were 

collected and then centrifuged at 300 x g for 10 minutes at RT for 10 minutes to remove 

cellular debris. Supernatants were concentrated about 10 times by lyophilization with LIO5P 

(5Pascal, Milan, Italy) 297. Freeze-dried powder obtained from 6 ml of medium exposed to 

neurons was rehydrated with 600 µl of purified water and stored at 4°C until analysis. 

Concentrated supernatants were used for ELISA assay. Indeed, media from SH-SY5Y and 

BV2 co-culture transwell system, exposed or not to EVs, were collected and stored at 4°C 

before ELISA assay.  
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6.2.10 Immunofluorescence and confocal microscopy 

For immunofluorescence analysis, primary FAD neurons and SH-SY5Y cells seeded on 

coated coverslip were processed as previously described in Section 4.2.8. Primary antibodies 

were raised against the following molecules: βTubIII (Millipore, CA, USA), pTauser422 

(OriGene Technologies, MD, USA), 6E10 (Bio Legend, CA, USA), and MAP2 (Cell 

Signaling Technology, MA, USA). Alexa secondary antibodies (Thermo Fisher Scientific, 

Waltham, MA, USA) were used at 1:200 dilutions. The confocal serial sections were 

processed with ImageJ software to obtain three-dimensional projections. The image 

rendering was performed by Adobe Photoshop software.  

For apoptosis detection, FAD neurons were washed three times with 50 µl of binding buffer 

(10 mM HEPES, pH 7.5, containing 140 mM NaCl, and 2.5 mM CaCl2), and then incubated 

for 15 minutes with 50 µl of double staining solution (binding buffer containing 25 µl of 

annexin V-FITCH and 0.25 µl of propidium iodide (PI)) (BD PharmingenTM, Erembodegem, 

Belgium). Lastly, samples were washed 5 times with 50 µl of binding buffer, mounted with 

15 µl of binding buffer, and visualized under fluorescence microscopy 83 .  

 

6.2.11 Cellular morphology analysis 

Cellular images were acquired using an EVOS XL Core Cell Imaging System (Thermo 

Fisher Scientific, Vantaa, Finland) as previously described 295. The parameters and area were 

measured with ImageJ. The cellular elongation was calculated using the following formula: 

Cellular elongation = 2p/4π × A 

Where p is the cellular perimeter, π is equivalent to 3.14 and A represents the cellular area. 

 

6.2.12 Statistical analysis 

All the experiments were performed in 3 biological replicates. For quantitative comparisons, 

the values were reported as the mean ± SD based on a triplicate analysis for each sample. 

One-way ANOVA with Bonferroni post hoc test or a Student’s t-test were applied to test the 

significance of the observed differences amongst the study groups. Statistically significant 

was considered a p-value < 0.05. Statistical analysis and plot layout were obtained by using 

GraphPad Prism® release 8.0 software.  
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6.3 Results 

6.3.1 AFSC-EV effect on morphological alteration of FAD primary neurons 

First, FAD neurons appeared unhealthy compared to wild type ones. It could be due to the 

prominent neurodegeneration characteristic of AD neurons, as suggested by shrunken 

nuclear envelope (Figure IV.1A) and neurite deterioration (Figure IV.1B, upper), confirmed 

by neurite number, length, and diameter analyses (Figure IV.1B, lower). 14 days AFSC-EV 

treatment counteracted the nuclear envelope impairment and neurite loss since neurite 

measurements were brought back similar to healthy WT ones.  

 

Figure IV.1. FAD neurons morphology after AFSC-EV treatment  

(A) Representative confocal images of WT and FAD neurons in presence or absence of 14 days 

AFSC-EV treatment, stained with Lamin A (red) and DAPI (blue) for nuclei. Insets: 

magnification of nuclei. Scale bar: 10 µm. 

(B) Representative confocal images of WT and FAD neurons in presence or absence of 14 days 

AFSC-EV treatment, stained with β-tubulinIII (βtubIII) (red) and DAPI (blue) for nuclei. 
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Scale bar: 10 µm. Graphs relative to analysis of neurite number, length, and diameter. 

Graph data are the mean ± SD (n=3). *p value < 0.05, **,°°p value < 0.01, °°°p value < 

0.001. 

 

 

 

6.3.2 Oxidative stress pathway modulation by AFSC-EVs in FAD neurons 

ROS content analysis revealed increased levels in FAD neurons compared to WT, as 

expected (Figure IV.2A). On the other hand, we observed a reduction, even if not significant, 

in GSH content in FAD cells (Figure IV.2B). Interestingly, AFSC-EV exposure reduced the 

ROS content, while allowing the increase in GSH level (Figures IV.2A and IV.2B). 

 

Figure IV.2. Effect of AFSC-EV exposure on oxidative stress modulation in FAD primary 

neurons  

(A) Graph shows ROS content in primary WT and FAD neurons after 14 days of AFSC-EV 

treatment or not. Graph data are the mean ± SD (n=4). °°p value < 0.01, ****p value < 

0.0001. 

(B) Graph shows GSH content in primary WT and FAD neurons after 14 days of AFSC-EV 

treatment or not. Graph data are the mean ± SD (n=4). °p value < 0.05. 
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(C) Representative images of WB analysis of WT and FAD total lysates treated or not with 

EVs, revealing the indicated protein levels. The graphs represent the mean ± SD of 

densitometric analysis (n=3) normalized to actin values. *,°p value < 0.05, **,°°p value < 

0.01, ***,°°°p value < 0.001. 

 

Then we explored the expression alteration in ROS modulation-related protein through 

western blot. Antioxidant enzymes superoxide dismutase (SOD1), thioredoxin reductases 1 

and 2 (TrxR1 and TrxR2), and glutathione peroxidase 1 (Gpx1) appeared all increased in 

EV treated FAD neurons, compared to untreated ones (Figure IV.2C). However, apart from 

TrxR1, the other antioxidant markers did not show differences between FAD and WT 

neurons. The increase in TrxR1 levels in affected neurons suggested a tentative from 

intracellular defenses to counteract the ROS rise previously observed. Among the ROS 

producing enzymes, we found high levels of Nox4 in FAD neurons. The presence of EVs 

reduced, at least in part, this alteration. Nox4 is constitutively active, so it does not need 

cytosolic subunits for activation, though they are able to modulate Nox4 activity. Another 

NADPH oxidase expressed into the brain is Nox2, which has been found not only in 

phagocytic cells, such as microglia, but also in endothelial and neuronal cells 298. In this case, 

no differences were observed for the expression ofgp91phox, the typical Nox2 subunit 

(Figure IV.2C).  

 

6.3.3 Apoptotic and autophagic pathways: effect of AFSC-EVs 

Neuronal viability in FAD neurons was significantly reduced after 14 days of cultures than 

WT neurons (Figure IV.3A). Meanwhile, the apoptotic pathway implication was confirmed 

by annexin V and propidium iodide (PI) assays (Figure IV.3B). Interestingly, both cell 

viability and annexin V/PI staining were brought back similar to WT control by AFSC-EVs 

administration (Figures IV.3A and IV.3B).  
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Figure IV.3. Effect of AFSC-EV treatment on apoptotic and autophagic pathways in FAD 

primary neurons  

(A) Graph shows MTT assay of primary WT and FAD neurons after 14 days of AFSC-EV 

treatment or not. Graph data are the mean ± SD (n=4). ****,°°°°p value < 0.0001. 

(B) Graph shows percentage of positive cells to Annexin V/propidium iodide assay in primary 

WT and FAD cultures after 14 days of AFSC-EV treatment or not. Graph data are the 

mean ± SD (n=3). *,°p value < 0.05, **,°°p value <0.01. 

(C) Representative images of WB analysis of WT and FAD total lysates treated or not with 

EVs, revealing the indicated protein levels. The graphs represent the mean ± SD of 

densitometric analysis (n=3) normalized to actin values. °p value < 0.05, °°p value < 0.01, 

***,°°°p value < 0.001. 

 

In line with these results, EV-treated FAD neurons showed an increase in Akt activation 

through its phosphorylation, key signaling molecule for neuron survival, accompanied by an 

increase in the anti-apoptotic marker Bcl-2 (Figure IV.3C). In parallel, PARP cleavage, 

significantly higher in FAD neurons than WT ones, was reduced by AFSC-EV treatment. 

These results suggested a positive effect of AFSC-EVs in counteracting the apoptotic 

pathway activation in affected neurons. 
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Together with apoptosis the autophagic pathway was modulated by AFSC-EVs in this in 

vitro AD model. Indeed, an increase in SIRT1, a NAD-dependent class III histone and 

nonhistone protein deacetylase, and LC3β protein levels was observed after EVs exposure 

(Figure IV.3C). Both these proteins are autophagy markers, normally altered during AD 299. 

 

6.3.4 AD marker modulation in FAD neurons treated with AFSC-EVs 

Finally, the modulation of intracellular AD markers was carried out. To analyze amyloid 

precursor protein (APP), Aβ oligomers, and other molecules generated from APP cleavage 

operated by secretase, we used the specific antibody 6E10 300,301, while anti-Tau 

phosphorylated in Serine 422 was used to detect Tau pathological epitope and one of the 

neurofibrillary degeneration markers 302. Both are neuropathological hallmarks of AD. So, 

western blot analysis showed that AFSC-EVs were able to reduce the augmented levels of 

APP, Aβ oligo, and p-Tauser422 (Figures IV.4B and IV.4C).  

Figure IV.4. Effect of AFSC-EV treatment on AD markers in FAD primary neurons  
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(A) Representative confocal images of WT and FAD neurons in presence or absence of 14 days 

AFSC-EV treatment, stained with p-Tau (red) and DAPI (blue) for nuclei. Scale bar: 10 

µm. 

(B) Representative images of WB analysis of WT, FAD and FAD+EVs total lysates revealed 

with anti-p-Tauser422 antibody. The graphs represent the mean ± SD of densitometric 

analysis (n=3) normalized to actin values. ***,°°°p value < 0.001. 

(C) Representative images of WB analysis of WT, FAD and FAD+EVs total lysates revealed 

with 6E10 antibody. APP (100 kDa) and Aβ oligo (16 kDa) bands, with 6E10, are shown. 

The graphs represent the mean ± SD of densitometric analysis (n=3) normalized to actin 

values. *,°p value < 0.05, **p value < 0.01, ***,°°°p value < 0.001. 

(D) Representative confocal images of WT and FAD neurons in presence or absence of 14 days 

AFSC-EV treatment, stained with APP (green) and DAPI (blue) for nuclei. Scale bar: 10 

µm. 

(E) Graph shows percentage variations of secreted β-amyloid in conditioned medium from 

FAD neurons treated or not with AFSC-EVs analyzed by ELISA assay. Graph data are the 

mean ± SD (n=4). ***p value < 0.001. 

 

Moreover, immunofluorescence staining confirmed this positive trend in EV-treated FAD 

neurons, as shown by Figures IV.4A and IV.4D.  

Finally, the investigation of Aβ secretion demonstrated the positive effect of AFSC-EVs in 

reducing the release of Aβ42, normally increased in FAD neurons (Figure IV.4E).  

 

6.3.5 Anti-inflammatory activity of AFSC-EVs on microglia 

To investigate the in vitro anti-inflammatory activity of AFSC-EVs in this 

neurodegenerative disease, we decided to use microglial BV2 cells activated by 

lipopolysaccharide (LPS), a widely used inflammatory mediator for activating microglial 

cells in vitro and initiate the pro-inflammatory signaling cascade 303. First, typical markers 

of activated microglia (CD86, IL1R1) were examined by western blot analysis, in order to 

investigate the EV effect on the macrophagic switch between M1 and M2 phenotypes. 

Interestingly, Figure IV.5 shows the capability of these vesicles in decreasing M1 marker 

levels. Among the reactive mediator molecules crucial for the neuroinflammation process, 

we analyzed NO levels, produced by inducible nitric oxide synthase (iNOS), in LPS-

activated BV2 microglial cells treated or not with AFSC-EVs. Notably, the NO production 

was reduced in activated cells by EVs pre-treatment (Figure IV.5C). In parallel, the 

expression of neuroprotective microglia markers, such as arginase1 and TGFβ, was not 

affected by AFSC-EVs (Figures IV.5A and IV.5B).  
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Figure IV.5. Effect of AFSC-EV treatment on LPS-activated BV2 microglial cells. 

(A) Representative images of WB analysis of BV2-M1 and M2 phenotype markers in presence 

or absence of LPS and AFSC-EVs. 

(B) The graph represents the mean ± SD of densitometric analysis (n=3) of CD86, IL1R1, 

Arginase 1 (Arg1), and TGFβ normalized to actin values. *p value < 0.05, **,°°p value < 

0.01, ****,°°°°p value < 0.0001. 
(C) Graph shows Griess assay of BV2 cells exposed to LPS and/or AFSC-EVs. Graph data are 

the mean ± SD (n=4). ****,°°°°p value < 0.001. 

 

 

6.3.6 Protective effect of AFSC-EVs on AD co-culture system 

Considering the crucial crosstalk between microglia and neuron cells during AD 

progression, we decided to set up an in vitro co-culture model between BV2 cells and 

differentiated SH-SY5Y, a neuroblastoma cell line, exposed to Aβ, and then to investigate 

the eventual AFSC-EV positive effect. 

Firstly, we treated SH-SY5Y cells with Aβ in presence of a conditioned medium (CM) 

obtained from microglial BV2 cells activated by lipopolysaccharide (LPS) (BV2-CM). 
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Then, the beneficial effect of AFSC-EVs on this system was investigated, as shown in 

Figure IV.6.  

 

 

Figure IV.6. Schematic representation of experimental design. SH-SY5Y cells exposed to BV2-

CM or to BV2 co-culture in the trans-well system in presence or absence of Aβ and AFSC-EVs. 

Image elaborated with BioRender. 

 

Notably, SH-SY5Y cell viability was significantly increased by AFSC-EV pre-treatment 

(Figure IV.7A) by reducing the oxidative stress induced by the microglial CM and Aβ 

(Figure IV.7B). Since the cell viability was differently modulated in each condition, the 

intracellular ROS content was evaluated as a ratio between the probe and fluorescence and 

MTT absorbance. The oxidative stress increase was accompanied by an activation of the 

apoptotic pathway: BV2-CM induced the activation of caspase7 and PARP by cleavage, 

while AFSC-EVs prevent these effects (Figure IV.7C).    
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Figure IV.7. Indirect effect of AFSC-EV treatment on SH-SY5Y viability. 

(A) Graph shows MTT assay of SH-SY5Y neuron cells exposed to BV2-CM and/or Aβ in 

presence or absence of AFSC-EVs. Graph data are the mean ± SD (n=4). °p value < 0.05, 

**p value < 0.01, ***p value < 0.001. 
(B) Graph shows ROS content normalized to MTT in SH-SY5Y neuron cells exposed to BV2-

CM and/or Aβ in presence or absence of AFSC-EVs. Graph data are the mean ± SD (n=4). 

°,* p value < 0.05, °°°p value < 0.001, ****p value < 0.0001. 
(C) Representative images of WB analysis of total lysates of SH-SY5Y exposed to BV2-CM 

pre-treated or not with AFSC-EVs revealed with anti-PARP and cleav-caspase7 antibodies. 

The graphs represent the mean ± SD of densitometric analysis (n=3) normalized to actin 

values. *p value < 0.05, °°p value < 0.01, ***p value < 0.001, °°°°p value < 0.0001. 

 

Then, the neuron morphology and the potential of EVs in counteracting the 

neurodegeneration induced by microglial activation were investigated though 

immunofluorescence assays (Figure IV.8A). Neurites of SH-SY5Y cells exposed to Aβ and 

BV2-CM treatments, together or alone, were affected. Interestingly, AFSC-EVs 

pretreatment on microglial cells reduced this alteration, as shown by the analysis of neurite 
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length and thickness (Figure IV.8B). Moreover, a similar trend was observed for the protein 

expression of MAP2, typical markers of mature neurons (Figure IV.8C).  

 

 

 

Figure IV.8. Indirect effect of AFSC-EV treatment on SH-SY5Y morphology. 

(A) Representative confocal images of SH-SY5Y neurons treated with Aβ and/or CM with or 

without AFSC-EV pre-treatment, stained with β-TubIII (green), MAP2 (red) and DAPI 

(blue) for nuclei. Scale bar: 20 µm. 

(B) Graphs show neurite length and thickness measured in SH-SY5Y considering β-TubIII 

staining. Graph data are the mean ± SD (Biological replicates=3). °p value < 0.05, **,°°p 

value < 0.01, ***p value < 0.001, ****,°°°°p value < 0.0001. 
(C) Representative images of WB analysis of total lysates of SH-SY5Y exposed to Aβ and/or 

BV2-CM pre-treated or not with AFSC-EVs revealed with anti-MAP2 antibody. The graph 

represents the mean ± SD of densitometric analysis (n=3) normalized to actin values. °p 

value < 0.05, **p value < 0.01, °°°p value < 0.001, ****p value < 0.0001. 
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To explore the efficacy of AFSC-EVs in a more dynamic system, we set up a transwell co-

culture system between SH-SY5Y on the bottom side and activated BV2 cells on the top, as 

previously shown in Figure IV.6.  Aβ treatment and LPS-activated BV2 cells, alone or 

together, induced a ROS increase linked to a decrease in cell viability, as expected. 

Interestingly, the co-culture with non-activated microglial cells increased SH-SY5Y 

viability, and for this reason we considered this condition as the real control point (Figure 

IV.9A). Moreover, EVs presence counteracted the ROS rise, thus avoiding cell death 

(Figures IV.9A and IV.9B), supporting the results previously obtained from the BV2-CM 

exposure (Figures IV.7A and IV.7B). 

 

 

Figure IV.9. Effect of AFSC-EV treatment on SH-SY5Y and BV2 transwell co-culture. 

(A) Graph shows MTT assay of SH-SY5Y neuron cells exposed to BV2 (±LPS) and/or Aβ in 

presence or absence of AFSC-EVs. Graph data are the mean ± SD (n=4). ∆∆∆p value < 

0.001, ****,°°°°p value < 0.0001. 

(B) Graph shows ROS content normalized to MTT in SH-SY5Y neuron cells exposed to BV2 

(±LPS) and/or Aβ in presence or absence of AFSC-EVs. Graph data are the mean ± SD 

(n=4). * p value < 0.05, ****,∆∆∆∆p value < 0.0001. 
(C) Graph shows ELISA assay of Aβ concentration in conditioned medium obtained from SH-

SY5Y and BV2 co-culture transwell treated or not with LPS, Aβ in presence or absence of 

AFSC-EVs. The graph represents the mean ± SD of densitometric analysis (n=4). **,∆∆p 

value < 0.01, ***,°°°p value < 0.001. 
 

 

Finally, the analysis of amyloid β peptide 1-42 (Aβ42) was performed on the supernatants 

deriving from the co-culture. The highest value was obtained in the co-treatment condition 

(activated BV2 cells and exogenous Aβ, but notably also the only presence of activated BV2 

cells induced a clear Aβ42 detection. AFSC-EV presence dramatically reduced the presence 

of Aβ (Figure IV.9C), suggesting a promotion of its clearance.  
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6.4 Discussion 

Alzheimer’s disease is a progressive neurodegenerative disease, which significantly affects 

motor and/or cognitive functions. It is characterized by neuronal loss principally caused by 

an abnormal accumulation of Aβ aggregates, that leads to an increase of environmental 

oxidative stress and neuroinflammation. Since the increase in endogenous oxidative stress 

and inflammation, mediated by microglia activation, may be a central factor inducing the 

AD-related neuronal loss 304–306, here we investigated the beneficial effects of AFSC-derived 

extracellular vesicles in an in vitro model of AD, which includes human neurons and 

microglia individually but also in a co-culture system. In the first part of this study, we 

explored the protective potential of AFSC-EVs against AD progression in an in vitro model 

of affected FAD primary neurons. Interestingly, the presence of EVs restored the neuronal 

viability affected in AD neurons, and in parallel decreased the ROS content increased during 

AD. These positive effects are accompanied by a reduction in intracellular APP and Aβ 

oligos as well as extracellular β-amyloid accumulation. Accordingly, evidence indicates that 

ROS play a central role in AD transforming Aβ into toxic products, which progressively 

aggregate into senile plaques and finally lead to cell death 307. In parallel to the reduction of 

cell death after AFSC-EVs exposure, a decrease in the apoptotic markers levels was 

observed. To confirm the neuroprotective effect of these vesicles, we analyzed the 

morphological phenotype, observing a significant improvement in neurite structure and 

nuclear envelope regularity, index of a reduction in AD-associated neurotoxicity. Indeed, in 

different age-related pathologies 308, including AD 309, nuclear envelope and lamina structure 

alterations were observed and linked to AD characteristic nuclear abnormalities. Since 

oxidative stress was recently related to Tau phosphorylation promotion and to autophagy 

efficiency loss 267, we also investigated these relevant AD features. Furthermore, growing 

evidence highlighted the connection between Tau hyperphosphorylation, APP/Aβ pathology 

and autophagy dysfunctions, represented by an increase of lysosomal protease 310. In our AD 

model, FAD samples showed higher levels of LC3β, a fundamental protein necessary for 

autophagosome vacuoles formation, demonstration of a primary cellular tentative to 

eliminate toxic protein accumulation, which results insufficient to counteract the disease 

progression. More interestingly, AFSC-EV treatment induced a further increase in this 

autophagic marker (LC3β) accompanied by SIRT1 rise. As already discussed, Sirtuins are 

important mediators of antioxidant and antiapoptotic pathway as well as lysosomal 

autophagy regulation, fundamental for AD progression/treatment 311, so these data confirm 
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the positive effect of AFSC-EVs on Sirtuin regulation. In addition, another hypothesis 

recently proposed suggests the ROS role in regulating autophagy through PI3K/Akt and 

AMPK. Both these pathways seem to be central in Tau protein hyperphosphorylation during 

AD, while PI3K/Akt is mainly implicated in the neuroprotection and inhibition of apoptosis 

favoring SOD proteins expression 312. In line with this, in our system EVs promoted Akt 

pathway increasing its phosphorylation. 

Moreover, AFSC-EV exposure reduced Tau phosphorylation in the AD characteristic site, 

the serine 422 302, suggesting the EV potential in counteracting AD pathogenesis via the 

redox regulation. This is in line with the hypothesis that suggest a primitive role of redox 

unbalance in the development of sporadic AD before the onset of amyloid and Tau pathology 

313. These interesting results are consistent with the mechanism proposed by de Godoy et al. 

192, to explain, at least in part, the neuroprotective activity of extracellular vesicles derived 

from MSC. The authors hypothesized that the EV-beneficial effects could be mediated by 

their cargo in antioxidant enzymes, anti-inflammatory and/or trophic molecules, such as 

endogenous catalase responsible for ROS scavenging activity. Comparably, in Chapter I we 

previously showed the presence of SOD1 into AFSC-EV, and we can suppose that the 

presence of this antioxidant protein might be one of the neuroprotective mechanisms of EVs, 

reducing the oxidative stress accumulation. Since a decrease in reduced glutathione (GSH) 

can cause an increase in ROS accumulation that leads to oxidative stress promoting AD 

pathogenesis 314, GSH and antioxidant protein levels were investigated. Interestingly, EV 

treatment significantly increased not only the GSH but also the glutathione peroxidase (Gpx) 

enzyme levels in FAD primary neurons. Even in not significant, FAD neurons showed 

slightly reduced expression of GSH, compared to WT, in accordance with the data obtained 

by Resende and colleagues in a similar AD mouse model, 3xTg-AD mice, where they 

observed decreased levels of GSH 315. We suppose that this slight difference in GSH content 

after 7 days in culture could be due to intracellular antioxidant defenses carried out against 

the redox unbalance, as demonstrated by the increase in the antioxidant enzyme TrxR1. 

Importantly, both TrxR1 and TrxR2, together with SOD1 and Gpx1 increased in FAD 

neurons after EV treatment, contributing to ROS levels reduction. This complex redox 

balance is also influenced by the presence of pro-oxidant enzymes, the NADPH oxidases. In 

this system, the isoform constitutively active Nox4 appeared significantly increased in FAD 

neurons, but at least in part restored by EV treatment. On the other hand, no difference was 

observed for the specific Nox2-subunit gp91phox, probably because this isoform derived 

from a regulating subunit interaction 298. 
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This first part of data demonstrated that stem cell-EVs can have a direct effect on AD 

neurons, principally modulating the ROS content. In the meantime, growing evidence in 

literature suggested also an indirect therapeutic potential of stem cells, via the regulation of 

neuroinflammation reducing the microglial activation 316–318. Moreover, studies about the 

efficacy of human umbilical cord blood-derived mesenchymal stem cells (hUCB-MSCs) in 

counteracting the disease progression in in vivo transgenic AD mouse model, demonstrated 

that these cells can increase, through a paracrine way, the microglial expression of Aβ-

degrading enzymes neprilysin leading to an increase of Aβ degradation by microglial cells 

319,320. Notably, in Chapter I of this work it has been also shown the presence into AFSC-

EVs of anti-inflammatory molecules, namely HGF, TGFβ, and IDO. Considering that, in the 

second part of this chapter the potential AFSC-EV mitigating effect on microglia activation 

during AD was explored. To focus our attention on the indirect effect of these vesicles via 

microglial cells, a simpler model has been set up: SH-SY5Y neuroblastoma cells treated with 

Aβ have been cultured with the conditioned medium derived from BV2 microglial cells 

exposed to AFSC-EVs that had been activated by lipopolysaccharide (LPS) as a 

neuroinflammation model. First, we observed an increase in SH-SY5Y neuronal death after 

activated BV2-CM exposure, but, interestingly, AFSC-EV pre-treatment of BV2 reduced 

the BV2 mediated apoptosis. This positive effect could be linked to the inhibition of 

microglial neuroinflammation by extracellular vesicles, thanks to their capability to reduce 

the ROS/NOS production by BV2 cells after LPS stimulation. Moreover, AFSC-EV positive 

effect against Aβ-induced indirect neurotoxicity could be acted by the inhibition of NO 

production and parallel promotion of TGFβ and arginase1 in BV2 cells, without excluding 

the protective action on neuronal cells against toxic inflammatory mediators. Indeed, the 

presence of TGFβ into AFSC-EVs could stimulate a positive loop since the fundamental role 

of TGFβ1 and TGFβ signaling in the control of microglial maturation, adult microglial 

homeostasis and microglia activation in CNS pathologies 321. To explore in deep the effects 

of microglial cells treated with AFSC-EVs on neuronal features after Aβ exposure, a 

transwell co-culture system was established. Curiously, the cell viability of SH-SY5Y 

increased when co-cultured with inactivated BV2 cells, while the LPS-mediated activation 

of microglial cells induced a cell death, which further increased with the Aβ co-treatment. 

In parallel, the oxidative stress appeared increased in presence of both these treatments, as 

expected. On the other hand, the presence of AFSC-EVs prevented the redox unbalance and 

the neuronal death induced by the co-presence of microglial activation and Aβ. We supposed 

that this positive effect could be due to a double effect on microglial cells: the M1 phenotype 
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inhibition in favor of the M2 one and the stimulation of Aβ clearance, as shown by the ELISA 

assay. 

Concluding, the positive effect of AFSC-extracellular vesicles on both fronts, neurons and 

microglia, could be the winning key to treat AD-related neurodegeneration. 
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7. Conclusion 

In conclusion, all the results obtained during my PhD provide the basis for the therapeutic 

application of AFSC-derived EVs in age-related conditions that affect several body districts. 

In particular, we demonstrated their pro-differentiative, regenerative, antioxidant and anti-

inflammatory effects in vitro models of osteoporosis322, atrophy-related peripheral 

neuropathy (under review) and Alzheimer’s disease142,295.  

Since the central role played by oxidative stress in the onset and progression of these 

pathologies, particular attention was focus on the age-related redox unbalance between ROS 

production and antioxidant defenses. Interestingly, for all these models we observed a 

reduction in ROS accumulation after AFSC-EV exposure accompanied by an increase in 

antioxidant proteins, significantly reduced during aging. From the collected results, we can 

speculate on a possible promotion of Sirtuin/FOXO antioxidant defenses pathway acted by 

AFSC-EVs. Indeed, in all our experimental models the administration of AFSC-EVs induced 

an up-regulation of the Sirtuin/FOXO3 axis with a parallel increase in ROS scavenger 

proteins, namely SOD1, TrxRs, HOx1, and Gpx1, that finally lead to oxidative stress 

reduction. 

The antioxidant effect of these vesicles could be a promising therapeutic strategy for 

counteracting the oxidative damage which occur during aging.  
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