
   

 

            

UNIVERSITA’ DEGLI STUDI DI VERONA 

 
DEPARTMENT OF  

 

Neurosciences, Biomedicine and Movement Sciences 

 

 

GRADUATE SCHOOL OF 

 

Natural Sciences and Engineering 

 

 

DOCTORAL PROGRAM IN  

 

Nanosciences and Advanced Technologies 

 

 

 

XXXV Cycle 

 

TITLE OF THE DOCTORAL THESIS 

 

 

THE AGING OF SKELETAL MUSCLE: MORPHOLOGICAL 

EXPERIMENTAL APPROACHES 
 

 

S.S.D. BIO/16 

 

 

Coordinator:  Prof. Adolfo SPEGHINI 

 

          Signature __________________________ 

 

 

Tutor:   Prof. Carlo ZANCANARO 

 

  Signature __________________________ 

 

 

   

 

Doctoral Student: Maria Assunta LACAVALLA 

 

      Signature _______________________________ 

 

 



 

    2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This work is licensed under a Creative Commons Attribution-Non-Commercial 
No-Derivatives 3.0 Unported License, Italy.  

http://creativecommons.org/licenses/by-nc-nd/3.0/ 
 

 

The aging of skeletal muscle: morphological experimental approaches  

Maria Assunta Lacavalla 

PhD thesis 

Verona, 10 Marzo 2023 

ISBN 

http://creativecommons.org/licenses/by-nc-nd/3.0/it/


 

    3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“You can’t connect the dots looking forward;  you can only connect them 

looking backwards. 

So, you have to trust that the dots will somehow connect in your future.”  

S. Jobs 
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SOMMARIO 

La sarcopenia è una condizione patologica che interessa il muscolo scheletrico ed 

è caratterizzata dalla graduale perdita di massa, forza e funzione muscolare. Questa 

condizione è strettamente legata all’avanzamento dell’età e le conseguenze legate 

ad essa hanno un forte impatto sulla qualità della vita del paziente oltre a 

determinare significative conseguenze a livello socioeconomico.  Ad oggi, le cause 

relative all’insorgenza della patologia rimangono ancora poco chiare. Diversi studi 

hanno dimostrato che la sarcopenia ha una natura multifattoriale. Tra le 

modificazioni legate alla patologia vi sono un alterato turnover proteico, una 

deregolazione della struttura cromatinica e l'instabilità genomica dell’rDNA. 

Durante l’invecchiamento, anche la matrice extracellulare muscolare (ECM) 

subisce modificazioni strutturali e di composizione in grado di influenzare 

negativamente le interazioni cellula-matrice, il potere rigenerativo delle cellule 

staminali muscolari (cellule satellite) e la rigidità del tessuto muscolare. Pertanto, 

in questo lavoro di tesi è stato approfondito sia il coinvolgimento del myonucleo 

nel processo di invecchiamento del muscolo scheletrico sia i cambiamenti della 

matrice extracellulare del muscolo scheletrico. A tal scopo, sono stati utilizzati due 

diversi approcci metodologici. Nel primo caso, le reazioni di immunocitochimica e 

le osservazioni al microscopio elettronico effettuate sul muscolo retto femorale di 

topi vecchi di (28 mesi) e (19 mesi) hanno rivelato differenze età-dipendenti nella 

distribuzione e nella densità di alcuni fattori molecolari coinvolti nel processing 

dell’mRNA. Nel secondo studio, le valutazioni morfologiche e morfometriche 

(eseguite mediante microscopia elettronica e a fluorescenza) combinate ad un 

approccio proteomico, hanno mostrato una maggiore quantità di diverse 

componenti della matrice extracellulare nel muscolo gastrocnemio di topi vecchi 

(24 mesi) messi a confronto con topi adulti (12 mesi). Tali risultati suggeriscono 

che il rimodellamento della matrice extracellulare muscolare in invecchiamento può 

ostacolare l'interazione cellula-matrice e modificare la sua organizzazione 

strutturale.  

Una volta individuate tali alterazioni, abbiamo esplorato due strategie 

potenzialmente in grado di contrastare la patologia: l'esercizio fisico come 
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approccio non farmacologico e la nanotecnologia, considerata come strumento 

idoneo all'intervento farmacologico. 

I dati preliminari ottenuti dalle osservazioni eseguite al microscopio elettronico e a 

fluorescenza hanno dimostrato che, in topi vecchi (24 mesi), l'esercizio fisico 

potrebbe limitare/prevenire le alterazioni età-dipendenti sia della miofibra 

muscolare (a livello cellulare e sub-cellulare) sia dell'organizzazione strutturale 

della matrice extracellulare del muscolo. 

Infine, è stato condotto uno studio pilota per testare l’idoneità delle nanoparticelle 

a base di fosfolipidi (etosomi e transetosomi) come carrier per la molecola vitamina 

D3, in quanto il suo apporto sembra essere legato al miglioramento della 

funzionalità muscolare negli anziani. In prima analisi, è stata valutata la 

biocompatibilità delle NPs in tre diverse linee cellulari rappresentative del tessuto 

epiteliale, connettivo e muscolare. Successivamente sono state eseguite 

osservazioni in campo chiaro, fluorescenza e microscopia elettronica a trasmissione 

per studiarne l’internalizzazione, il destino intracellulare e le potenziali alterazioni 

a livello subcellulare. I nostri risultati preliminari forniscono una solida base 

sperimentale per testare tali NPs anche in vivo al fine di proporre in futuro la 

somministrazione transdermica della vitamina D come nuova strategia per 

contrastare le patologie legate all’età del tessuto muscolare. 

Infine, durante il periodo di ricerca all'estero, ho collaborato alla messa a punto di 

un sistema di co-coltura cellulare in vitro contenente macrofagi primari e cellule 

muscolari murine, precedentemente trattate con etoposide (una molecola in grado 

di indurre danni al DNA). Successivamente, sono stati adottati due diversi approcci 

metodologici: le cellule muscolari sono state sottoposte ad un’analisi di espressione 

genica (mediante la tecnica di real-time RT-qPCR), al fine di determinare se la 

presenza o meno dei macrofagi influisse sulla funzionalità intrinseca delle cellule 

muscolari; in un secondo momento, è stata eseguita una reazione di 

immunofluorescenza sulle cellule muscolari per studiare la capacità dei macrofagi 

di contrastare il danno al DNA. Lo scopo di questa indagine preliminare è stato 

quello di investigare, sfruttando un sistema di co-coltura in vitro, il cross talk tra 

macrofagi e cellule muscolari in condizioni di danno al DNA. 
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ABSTRACT 

Nowadays, sarcopenia is recognised as condition characterized by the gradual loss 

of muscle mass, strength, and function. This condition mainly affects older people, 

and its adverse outcomes strongly impact patient’s quality of life with significant 

socio-economic consequences. Currently, a single cause for sarcopenia has not been 

discovered. Experimental evidence showed that sarcopenia has a multifactorial 

nature, involving several contributing factors such as altered protein turnover, 

chromatin dysregulation and rDNA genome instability. Moreover, in age-

dependent sarcopenia, muscle extracellular matrix (ECM) undergoes alterations in 

architecture and composition, which negatively influence cell-matrix interactions, 

the regenerative power of satellite cells and muscle tissue stiffness. The research 

project of my doctorate was to further investigate on myonuclear involvement in 

skeletal muscle aging as well as age-related changes in muscle ECM. In this 

purpose, two different methodological approaches were used. First, ultrastructural 

immunocytochemistry revealed age-related differences in the distribution and 

density of some molecular factors involved in RNA pathways between old (28 

months) mice and their late adult counterpart (19 months). Second, morphological 

and morphometrical evaluation (performed by fluorescent and transmission 

electron microscopy) combined with proteomic approach showed higher amount of 

several muscle ECM components in old (24 months) compared to adult mice (12 

months), suggesting that muscle ECM remodelling may hinder muscle cell-matrix 

interplay as well as its structural organization. Once age-related muscular 

dysfunctions had been identified, we investigated two strategies potentially able to 

counteract sarcopenia: physical exercise (as a non-pharmacological approach) and 

nanotechnology (considered as a suitable tool for pharmacological intervention).  

Preliminary data based on morphometrical and morphological evaluations 

performed at transmission and fluorescence microscopy showed that in old (24 

months) trained mice physical activity limit/prevent age-related modifications of 

myofiber (at cellular and sub-cellular level) as well as muscle ECM organization. 

Further, a pilot study tested the suitability of phospholipid-based nanoparticles 

(NPs: ethosomes, transethosomes) as nanocarriers to deliver vitamin D3, based on 
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evidence suggesting that vitamin D supplementation may improve muscle 

functionality in elderly. We have evaluated NPs biocompatibility in three different 

cell line representative of epithelial, connective and muscle tissue. Then, 

observation at bright-field, fluorescence and transmission electron microscopy 

were performed to assess NPs internalization, intracellular fate and the potentially 

associated subcellular alteration. Our preliminary results set the stage for in vivo 

investigations aimed at testing vitamin D transdermal administration as a novel 

strategy to address age-related muscular disease. 

Finally, during my research period abroad I collaborated in setting up an in vitro 

co-culture system containing primary macrophages and murine myoblast cells 

which were previously exposed to etoposide (a drug able to induce DNA damage). 

Muscle cells were investigated by real-time PCR, to determine whether myoblast 

gain or lose their intrinsic function in presence of DNA damage and in presence or 

absence of macrophages. Lastly, immunofluorescence investigations were carried 

out in muscle cells to investigate the ability of macrophages to counteract DNA 

damage. The purpose of this preliminary investigation was to describe in vitro the 

crosstalk between macrophages and muscle cells under DNA damage condition. 
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INTRODUCTION 

1. Sarcopenia 

1.1.  State of the art 

Sarcopenia is defined as age-related musculoskeletal disorder characterized by a 

progressive loss of muscle mass, strength, and functionality [1]. During aging, the 

skeletal muscle mass declines annually by ~0.1%–0.5%, with a dramatic 

acceleration post age 65 [2]. Although this phenomenon mainly affects older 

population (a prevalence range of 5–13% in people 60–70 years of age, and 11–

50% in people >80 years [3]), it is now recognised to start from 40 years [4]. 

Sarcopenia contributes to a lower quality of life since is associated with an 

increased risk of falls and fractures, mobility disorders, cardiac and respiratory 

impairment, hospitalization, and death [5], producing significant implications in 

global healthcare services. 

Over the years, research groups around the world have been tried to develop 

different diagnostic criteria and an unequivocal explanation of sarcopenia. Three 

decades later from the first definition by Rosenberg [6], sarcopenia has been 

formally recognised as a muscle disorder in the International Classification of 

Disease with its ICD-10-MC diagnostic code [7]. Moreover in 2018, the European 

Working Group on Sarcopenia in Older People (EWGSOP2) reviewed and 

extended the definition of sarcopenia in order to better diagnose, characterize and 

cure the adverse outcomes of the pathology [4]. Nowadays, the efforts of 

community science are still aimed at understanding the mechanisms that regulate 

age-related changes of skeletal muscle in order to improve the interventional 

strategies and relieve health care system [8]. 

Despite numerous studies, a single pathogenic cause for sarcopenia has not yet been 

settled in. In clinical practice is defined “primary sarcopenia” (or age related) when 

no other cause than aging itself is detected; if different factors contribute other than 

or in addition to the process of aging, sarcopenia is considered “secondary” [4]. 
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In this case, sarcopenia is defined as a complex geriatric syndrome because of its 

multifactorial pathogenesis. Several mechanisms are proposed to be involved in the 

development of sarcopenia e.g., neuromuscular degeneration [9], chronic 

inflammation [10], alterations in hormone levels and insulin sensitivity [11], altered 

immune-system regulation [12]. Moreover, sarcopenia can develop because of 

inadequate intake of energy or protein and behaviour/lifestyle factors [13] (Figure 

1).  

The core structural features of sarcopenia that contribute to reduction in muscle 

mass may include a depletion in the number of muscle fibres and a shortening of 

them [14]. Furthermore, it has been observed that muscle loss could be determined 

by impaired balance between protein synthesis and breakdown [15]. At the cellular 

and subcellular levels, sarcopenia is associated also with muscle mitochondria loss 

and dysfunction, mitochondrial DNA mutations and an increase in mitochondrial 

reactive oxygen species (ROS) emission [16]. Aging of skeletal muscle is 

accompanied by modifications also at nuclear levels with chromatin defects, 

malfunctioning in DNA damage repair system [17], and alterations in RNA 

transcription/maturation machinery [18]. Another potential mechanism mainly 

involved in the reduction of skeletal muscle mass converged on the loss in number 

and function of satellite cells that contribute to failure of aged muscle regeneration 

[19] (Figure 1).  

 

Figure 1: Schematic representation of the core structural features contributing to the onset 

sarcopenia and its adverse outcomes [20].  
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Despite the difficulties to define this condition, the recent understanding of the 

multifactorial causes correlated to sarcopenia have allowed the investigation of 

diverse therapeutic approaches, although only some of them are effective in treating 

and preventing sarcopenia and its correlated adverse outcomes. However, 

promising alternative therapeutic strategies are nowadays under investigation. 

 

1.2.  Age-related changes in skeletal muscle 

1.2.1. Skeletal muscle fibre types 

The loss in muscle mass and strength during aging can be directed by specific 

changes in fibre number, size, and typology. The myosin heavy chains (MHC) 

isoforms expression determines myofibers types and thus, their function in response 

to neural excitement [8]. The muscle fibres can be classified as oxidative slow-

twitch fibres (type I); glycolytic fast-twitch fibres (type II) in rodent, which are 

equivalent to type IIX fibres (glycolytic fast-twitch) in human  [21, 22]. Each 

muscle has type I to type II myofiber ratio. Type I are preferentially rich in 

mitochondria and myoglobin that make them reddish in colour. Oxidative 

phosphorylation generated by mitochondria is predominant mechanism for energy 

production in this myofibers, making them suitable for sustain aerobic exercise 

[23]. On the contrary, type II B and IIX produce more force in comparison with 

type I myofibers, because of the largest cross-sectional area (CSA) and highest 

contractile velocity. Moreover, these fibres contain less mitochondria; in particular 

the primary source of ATP in type II B myofibers is generated by glycolysis of 

glycogen [23, 24]. Many reports have demonstrated that aging is accompanied with 

fibre-type shift from type II to type I determining a progressive decrease mainly of 

type II B fibre number and size [25, 26]. A failed cycle of denervation of type II 

fibres with a consequent reinnervation with axons from type I motor unit is one of 

the mechanisms mainly investigated during aging muscle. Consequently, the 

percentage of type I fibres tends to increase when compared to type II fibres which 

are progressively lost with a decrease of both CSA and cellular components 

responsible of power generation [23]. It has been reported that neuromuscular 

degeneration, defined as the progressive loss of motoneurons with consequent 

muscle fibres atrophy, may be implicated in this process [13, 27]. 
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Moreover, it seems likely that fibre type transition precede loss of motoneurons and 

that the muscle atrophy arises only in very advanced stages of aging, triggering a 

more aggressive decrease in muscle mass and strength [28]. Since the loss of muscle 

mass due to fibre type shift affects more severely hindlimb than forelimbs muscles 

in mammals this phenomenon have a stronger impact on elderly health. Thus, 

decreased muscle power may complicate daily actions such as rising from a chair 

or climbing steps  [23, 29, 30]. 

 

1.2.2. Mitochondria 

Several cellular and molecular mechanisms are contributors to the aetiology of age-

related muscle wasting. Mitochondria play pivotal role in several functions within 

the cell, including energy production, regulation of calcium homeostasis, apoptosis, 

senescence, and redox regulation [31, 32]. Efficient skeletal muscle bioenergetics 

rely on mitochondria, and mitochondrial dysfunction is recognized in literature as 

one of the major “hallmark of aging” [33], contributing to altered skeletal muscle 

mass and strength. 

Over the last years, many studies provided evidence of mitochondrial dysfunctions 

comparing skeletal muscle of old and young animals or humans (reviewed in [34]). 

Mitochondrial functional and qualitative decline have been related to an increased 

accumulation of mtDNA mutations in muscle fibres mostly affected by sarcopenia 

[35]. The latter event produces errors in the synthesis of electron transport chain 

components, that leads to defective ATP production and ROS generation (reviewed 

in [31]). Studies using muscle transcriptomes also revealed a reduced expression in 

genes involved in regulation of mitochondria biogenesis and homeostasis [36]. The 

diminished mitochondrial capacity typically observed during aging together with 

fewer functional mitochondria, leads to a lower capacity of force production. 

Interestingly, the process of mitophagy which guarantees the maintenance of 

functional mitochondria eliminating the damaged ones, seems to reduce during 

aging [37]. These findings may extend previous studies reporting an increase in 

mitochondrial number in muscle cells of aged mice [38], supporting the decreased 

turnover with a consequent accumulation of dysfunctional mitochondria observed 

during aging [39].  
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Mitochondria can be distinguished basing on their localization within the skeletal 

muscle: subsarcolemmal mitochondria (SS) more globular in size, are placed below 

the sarcolemma of muscle fibre, often close to myonuclei and blood vessels [40]. 

SS mitochondria are identified as the place where biochemical exchanges between 

blood and myofibers occur [41, 42]. Intermyofibrillar mitochondria (IMF), 

characterized by elongated shape, dwell between the myofibrils [40], and are the 

site where biochemical pathways related to contraction occur [41]. Structural 

mitochondrial abnormalities are observed in skeletal muscles of old mice: 

ultrastructural morphological evaluation [37] have shown that both SS and IMF 

mitochondria have larger size and longer cristae. It has been largely hypothesised 

that these morphological alterations could be related to unbalanced fission/fusion 

processes as well as activity of shaping proteins [43]. 

Moreover, the age-related lipids accumulation in skeletal muscles [44, 45] could 

promote a higher consume of fatty acids as the energy source for respiration, thus 

inducing enlargement of mitochondria and expansion of their cristae [46, 47]. 

Furthermore, the activation of apoptosis process due to mitochondrial dysfunction 

may further impairs skeletal muscle strength and mass in aging [48]. Nevertheless, 

the actual knowledge about changes of mitochondrial dynamic, function and 

structure involved in development of sarcopenia need to be clarified. 

 

1.2.3. Muscle protein turnover and RNA pathway 

Skeletal muscle operates as the major reservoir of body proteins and amino acids 

which are used for energy production as well as protein synthesis. As in all 

mammalian tissues, a dynamic balance between the synthesis and the degradation 

pathways regulates the levels of specific proteins. In particular, protein turnover in 

skeletal muscle is regulated by nutritional, hormonal and mechanical factors [49, 

50]. Progression toward muscle wasting during aging may involve the alterations 

in skeletal muscle protein turnover, whereby rates of proteins breakdown 

chronically may exceed their synthesis [51], leading to the loss of muscle mass. 

Few  studies performed on skeletal muscle of human subjects have shown evidence 

of aging-related decline in protein synthesis pathways that contribute to sarcopenia 

[52]. In addition, according to research carried out both in humans [52] and rodents 
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[53], an enhanced muscle proteolysis may contribute to the loss of muscle mass in 

sarcopenia. However, the age-associated alterations of protein turnover can include 

changes in genome integrity, gene expression [54] and translation and post-

translational modifications of proteins [55]. Functional changes in mRNA-

processing machinery have been described in several age-related diseases 

(reviewed in [56]) supporting the idea that the alterations of gene expression 

pathways do not only imply mutations but may be also related to changes in the 

transcription and/or splicing of pre-mRNAs. The steps of processing, maturation 

and cytoplasmic export of mRNA take place in the following nuclear 

ribonucleoprotein (RNP-) containing structures: perichromatin fibrils (PFs) are the 

in situ counterpart of nascent mRNA (reviewed in [57]) and the site of early splicing 

[58]; interchromatin granules (IG), recognizable as clusters in interchromatin space, 

are sites of storage of mRNA transcription/maturation factors [59]; perichromatin 

granules (PG) that act as intranuclear and nucleus-to-cytoplasm transport of already 

spliced mRNA [57].  

It has been observed that both myonuclei of skeletal myofibers of old rats [60] and 

satellite cells of the same old muscle [61], have smaller size, an increased 

proportion of heterochromatin and a lower amount of DNA/RNA hybrid molecules, 

phosphorylated form of RNA polymerase II (RNA pol II) and splicing factors, 

supporting the idea of age-related alteration in RNA transcription and maturation 

pathways. Moreover, during aging myonuclei also showed an increased amount of 

polyadenylated tails (i.e., markers of mature RNA) and cleavage factors, as well as 

of PFs an PGs in interchromatin space, highlighting the mRNA processing and 

transport impairment during aging [60-62]. Changes in the distribution and density 

of key nuclear factors involved in maintaining chromatin stability, processing and 

transport of mRNA have been investigated also in subnuclear compartments (e.g., 

heterochromatin areas, interchromatin space and nucleolus) of rectus femoris 

muscle of old mice [18]. Immunocytochemical reactions showed a reduction of 

nuclear actin in all subnuclear compartments described above in old mice; since 

nuclear actin acts as motor protein and regulator of RNA transcription, its lower 

amount supports the impairment of mRNA transcription in muscle aging. 

Interestingly, either the pre-ribosome biogenesis and its export to cytoplasm is 
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found to be affected during aging, as demonstrated by lower amount of 5-methyl 

cytosine (5-mC, an epigenetic regulator of gene transcription) nuclear actin and 

ribonuclease A (RNase A, an RNA degrading enzyme) in nucleoli of the same 

sample. These findings extent the age-related protein turnover dysregulation, 

further supporting the concept of nuclear involvement during aging.  

 

1.2.4. Satellite cells  

Satellite cells (SCs) are muscle adult stem cells which resides in specialized niches 

located below the basal lamina and adjacent to the sarcolemma of myofibers [63]. 

In homeostatic muscle, SCs are normally present in a reversible state of quiescence. 

However, in response to external stimuli, such as degenerative muscle disease, 

muscle injury, physical exercise, SCs exit the cell cycle and produce a population 

of committed progenitors that can either differentiate, in order to generate new 

myofibers and repair the damaged ones or return to quiescence and replenish the 

SCs pool (reviewed in [64]). The functional decline and the lower amount of SCs 

are typically associated to aging leading to the loss of muscle regenerative capacity. 

Indeed, studies performed on muscles of old humans and animals showed a lower 

content of satellite cells when compared to the younger counterparts (reviewed in 

[19]).  

Over the last years it has been proposed that the exhaustion of regenerative potential 

may arise from SCs niche, systemic and SCs themselves alterations. These 

modifications could drive some SCs enter into a senescence state at advanced age 

(reviewed in[64]).  

Among the intrinsic factors (Figure 2), age-related alterations of numerous 

signalling pathways are known to intensify the myogenic differentiation of SCs 

enhancing the exhaustion of their pool [65] and the loss of quiescence state [66]. 

Moreover, many other cell-intrinsic signs of aging affect SCs such as epigenetic 

alterations, altered metabolic and autophagic process, mitochondrial dysfunctions, 

loss of genomic integrity and increased state of senescence [33, 67]. 

The long-lasting persistence of stem cells in the organism makes them prone to the 

exposure to genotoxic assaults from both endogenous and exogenous sources, 
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resulting in a potential accumulation of DNA damage that guides to stem cell 

functional decline [68]. Studies carried out on aged satellite cells, revealed 

increased levels of nuclear foci staining for the phosphorylated form of the variant 

histone H2AX (γH2AX)[69], a marker of DNA double strand-breaks[70]. 

Furthermore, epigenetic modification founded in satellite cells of over 28 months 

old mice may determine the transition from quiescence to pre-senescence state of 

SCs [71]; since senescence is often coupled with DNA damage, this could support 

the idea of DNA damage occurrence in satellite cells during aging [72]. 

Additionally, genetic manipulation of genes involved in DNA Damage Response 

(DDR) leads to various muscle stem cell defects that mirror aging phenotypes [72]. 

 

Figure 2: Schematic representation of SCs intrinsic age-related changes [64].  

Extracellular signals, as well, can influence quiescence, proliferation, multipotency 

and differentiation of SCs. Aging of systemic environment, for example, may alter 

the normal functions of SCs. Interestingly, heterochronic parabiosis experiment 

shed light on some specific blood factors that play a role in SCs regenerative 

mechanism. Indeed, by joining the circulatory system of aged and young mice, the 

regenerative capacity of muscle in old mice was improved [73, 74], supporting the 

idea that aging of tissue milieu may contribute to satellite cells decline.  

Moreover, extracellular signals may arrive also from the local environment namely, 

satellite cells niche [75]. SCs niche can be defined as a complex of somatic and 
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stromal cells (e.g., myofibers, fibro-adipogenic progenitors (FAPs), immune and 

endothelial cells), tissue and muscular extracellular matrix that directly interact or 

are close to the SCs, contributing to maintain the functionality of SCs [63, 64]. The 

SCs niche physiologically modify muscle stem cell function by secreting growth 

factors, cytokines as well as remodelling the muscular extracellular matrix (ECM). 

During aging, altered signalling of transforming growth factor (TGF)-beta and 

delta-driven Notch together with lower levels of fibroblast growth factor 2 (FGF2), 

are found in aged muscle, leading to imbalance between SC activation and 

differentiation. Moreover, lower amount of some muscular ECM components is 

found to cooperate to the loss of regenerative capacity in SCs of old skeletal muscle 

(reviewed in [64]). 

Among the niches cellular constituents, immune cells and in particular 

macrophages, increase their number and stimulate satellite cells functions in case 

of muscle injury [76]. Indeed, macrophages not only clear the damaged areas by 

phagocyting tissue debris, but also sustain the regenerative myogenesis producing 

several factors such as Tumor Necrosis Factor-α (Tnf-α), [77] Interleukin-6 (IL-6), 

Interleukin-1 beta (IL-1β) [78] which stimulate the SCs proliferation and influence 

the intrinsic capabilities of muscle cells, suggesting an active interplay between 

macrophages and muscle resident cells involved in the repair process [79]. During 

aging and under regenerative stress, there can be defective recruitment of myeloid 

cells and deficiencies in their function that affect the muscle regeneration process.  

Based on the emerging knowledges on the intrinsic and environmental impairment 

of SCs, different potential therapeutic strategies are still under investigation in order 

to counteract the aging of skeletal muscle stem cells.  

 

1.3.  Muscle extracellular matrix 

The muscular extracellular matrix (ECM) is involved in muscle development, in 

proliferation and differentiation of both satellite cells and muscle fibres, 

representing the structural support for blood vessels, and nerves. This plays also a 

role in the transmission of contractile forces [80] and muscle tissue repair process 

[81]. The muscular ECM consists of three distinct and interconnected layers: the 

epimysium, that wraps the entire muscle tissue; the perimysium, that surrounds each 
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bundle of muscle fibres and the endomysium, the connective tissue that covers each 

muscle cells (reviewed in [82]). The ECM of skeletal muscle appears as a complex 

meshwork of collagenous and non-collagenous glycoproteins such as laminin, 

tenascin and fibronectin, glycosaminoglycans and proteoglycans. In addition, there 

are components with the role of receptors and regulators (e.g., integrin) and matrix 

metalloproteinase (MMP). Taken together, the molecules contained in ECM are 

important for maintaining the physiological activities of skeletal muscle [82]. 

During aging, skeletal muscle ECM undergoes structural and functional 

remodelling. It has been shown that ECM is the microenvironment that support the 

migration, adhesion, proliferation, and differentiation of satellite cells. Age-related 

alteration of some cell signalling pathways (e.g. upregulation of Wnt/beta catenin 

and TGF beta) determine a fibrogenic conversion of both satellite cells and 

myoblasts that contribute to muscle fibrosis, one of the hallmarks of muscular 

aging, dystrophies and severe muscle injuries (reviewed in [83]). Moreover, the 

excessive accumulation of ECM components seems to be correlated with epigenetic 

alterations of ECM genes, a phenomenon that provokes their up regulation with a 

consequent deregulation of myogenic differentiation capabilities of SCs [84]. It is 

to be noted that in literature the data about age-related changes of muscular ECM 

are very heterogeneous. Indeed, proteomic and morphological analyses performed 

on gastrocnemius muscle of old mice revealed that the amount of fibrillar collagens, 

such as collagen type I and III, did not change with aging [85]. Nevertheless, 

transcriptomic analysis of aged skeletal muscle, revealed a down regulation of 

collagen type I and type III genes [86], while it has been observed an increased 

collagen type I and III content in aged long-lived animals (reviewed in [87]). The 

different results obtained may be explained by the type of muscle used for the 

analysis, processing and/or techniques applied in each experiment. The age 

associated increase of ECM components might also be explained by an altered 

degradation process rather than synthesis or by a combination of both processes 

[86, 87]. 

Studies performed on skeletal muscle of aged mice showed that the altered 

composition of ECM may affect its mechanical and structural features. Since 

muscular ECM seemed to be related to increased stiffness during aging [87, 88], 
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different studies suggest a correlation between the altered deposition of ECM 

macromolecules, increased advanced glycation end-products (AGE) and muscle 

stiffness [89].   

Accordingly, it has been reported that the fibrillar collagen bundles (predominantly 

made of type I collagen) of perimysium layer of old mice showed a more loosely, 

linear, and larger organized structure in comparison with the adult counterpart [85]. 

Interestingly, in the same animals, higher levels of proteoglycans (such as lumican, 

byglican and asporin) are found in old skeletal muscle by using a proteomic 

approach. Proteoglycans are important component of ECM and these work as 

connector with collagen components regulating collagen fibrillogenesis as well as 

collagen fibril size and the space between single collagen fibrils. As result, in old 

vs. adult mice, single collagen fibrils showed increased distance between each 

other, despite the higher level of proteoglycans seemed to not affect the collagen 

fibril size. These data, together with a lower collagen fibre “tortuosity” [90] and the 

highest amount of glycation crosslinking observed in aged skeletal muscle [91],  

support the hypothesis of interposition of ECM components between collagen 

fibrils leading to increased muscle stiffness typically observed during aging. 

Beyond the three layers that constitute the muscular ECM, the basement membrane 

can be identified as a supramolecular ECM structure [82] mainly composed of 

collagens type IV, laminin, glycoproteins and proteoglycans interconnected to each 

other in order to form an integrated structure [92]. Collagen type VI is not properly 

known as basal lamina molecules but dwells in the neighbourhood of that playing 

a role as anchoring component of basement membrane [82]. Moreover, type VI 

collagen is a key component of SCs niche, regulating the physiological function of 

skeletal muscle. In aging muscle, either the function or architecture of basement 

membrane could be compromised by different factors. The age-related increased 

amount of collagen type VI [85] and collagen type IV found in old animals [85] 

[93] may affect their structural role in basement membrane. Moreover, the 

accumulation of basal membrane proteins, such as collagen type IV, showed to 

affect the SCs behaviour supporting the hypothesis of satellite cells reduction 

during aging [87, 94]. Laminin is a glycoprotein which can promote the 

proliferation, differentiation, and adhesion of muscle cells. The age-related increase 
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of laminin found in old animals may contribute not only to the increase of basement 

membrane thickness [85], but also may alter the capability of muscular ECM as 

reservoir of growth factors and cytokines needful for myogenic conversion of SCs 

[95]. Finally, the basement membrane alteration with aging showed to have a 

negative impact on muscle regeneration capability through deficient support for 

muscle fibres and disorganized scaffold orientation [96].  

 

1.4.  Immune system 

Under minor or severe regenerative stress (e.g., strains, physical exercise, trauma, 

or degenerative muscle disease), both SCs and cells that make up their niche are 

involved in a coordinate sequence of events to repair injured muscle. Among others, 

immune cells and in particular macrophages, play a critical role in SCs regeneration 

responses: after injury these increase in number, remove tissue debris as well as 

influence SCs function and the milieu of the activated niche [97] [98]. The first to 

infiltrate the injury site are neutrophils that promote the recruitment and 

differentiation of macrophages into pro-inflammatory phenotype which stimulate 

SCs activation and proliferation (reviewed in [99]). Afterwards, macrophages 

undergo to pro-repair transition in order to stimulate myogenic differentiation and 

reparative process. Thus, muscle regeneration can be defined successful when the 

differentiation of macrophages in the two phenotypes take place in the correct time 

course ([100] [101]). Recent findings demonstrate that age-related dysfunction of 

myeloid cells is characterized by a defective recruitment of macrophages in the site 

of muscle injury [97] and by an altered transition between inflammatory/pro-

reparative profiles during muscle injury response as in old animals [97] than 

humans (reviewed in [102]).  

Different in vitro studies reported that some of the age-related changes in 

macrophages can occur independently of the muscle environment. For example, 

primary human myoblasts cultured in conditioned media obtained from 

macrophages derived from blood monocytes of old human [103] and myoblast 

cultured in conditional media obtained from macrophages derived from bone 

marrow cells (BMCs) of old mice [104], showed in both condition an impaired 

proliferation capacity when compared to myoblasts treated with conditioned media 
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of macrophages obtained from young counterpart. In addition, the myoblasts treated 

with media from old mice BMDMs expressed a lower amount of MyoD (myoblast 

determination protein 1) and myogenin (MGN) - two factors involved in myotube 

differentiation - suggesting that age-related macrophage progenitors’ impairment 

affect both proliferation and differentiation process of myogenic cells [104]. 

Furthermore, through a bone marrow cells transplantation from an old mice donor 

into young mice it has been showed that SCs of young mice were reduced in number 

with a tendency to fibrogenic conversion [104].  

Immune cells can influence muscle regeneration by releasing several cytokines, 

chemokines (reviewed in [64, 98]) and growth factors. However, many of those 

may display defective age-related signalling pathway as well as altered expression 

levels. For example, Tumor necrosis factor α (TNF-α), interleukin-6 (IL-6) and 

interleukin-1β (IL-1β) are pro-inflammatory cytokines released by macrophages, 

satellite cells and myofibers during the regeneration process of injured skeletal 

muscle. TNF-alpha and IL-6 positively affect SCs proliferation after muscle injury; 

IL-1 β, acts by recruiting immune cells to the site of injury and influencing the 

intrinsic capabilities of myoblasts. Indeed, following skeletal muscle injury, IL-1 β 

is highly expressed by muscle cells, neutrophils and macrophages recruited around 

the injured area, promoting the proliferation of primary muscle cells [78]. It has 

been reported that at advanced age the levels of IL-1, IL-6 and TNF-α from 

mononuclear cells increase contributing to muscle wasting and dysregulation of 

SCs normal function (reviewed in [98] [102]).  

 

1.5.  Physical exercise: a gold standard treatment 

Physical inactivity in elderly can lead to onset of sarcopenia since it promotes the 

loss of muscle mass and strength. Moreover, this condition is associated with 

increased mobility limitation and poor quality of life [1]. Several studies proposed 

physical exercise as one of the best non-pharmacologic approaches to slow down 

the musculoskeletal system decline (Figure 3) and several clinical condition 

commonly related to aging such as  osteoporosis, osteoarthritis, heart disease, 

diabetes, and depression [23].  
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Figure 3: Potential effects of physical exercise on skeletal muscle tissue and its 

environment. 

A balanced physical training seems to counteract the decline in muscle mass and 

strength during aging [105] by increasing both the number and the cross-sectional 

area of skeletal muscle fibres (reviewed in [23, 61]) and preventing muscle fat 

deposition [106]. In terms of beneficial effects on age-related cellular changes, 

physical exercise increases the amount of transcription factors and binding proteins 

involved in the formation of new muscle fibres and in the transcription of 

mitochondrial genes [105].  

Physical exercise can determine micro-muscle injuries that promotes the activation 

of satellite cells from their quiescence state, although the mechanisms underneath 

this event are still largely unknown. Studies performed on skeletal muscle of old 

rodents, showed that physical training may increase the number of satellite cells, 

promote their functionality [107] (e.g.,  activation, proliferation, migration and 

differentiation) and remodels SCs microenvironment, thus improving the 

regeneration capability of skeletal muscle (reviewed in [99]). Moreover, an 

ultrastructural cytochemical investigation of skeletal muscle reports the beneficial 

effects of physical exercise on transcriptional and post-transcriptional events in 

both myonuclei and SCs nuclei of old animals [61, 107]. Physical training seems to 

restore adulthood features in terms of myonuclear components involved in mRNA 

transcription, splicing and nucleus to cytoplasm transport. On the other hand, in 

SCs nuclei the effect of physical exercise seemed to be limited to the reactivation 
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of factors linked to  transcriptional and splicing process without increasing RNA 

production [61]. 

Another fundamental effect of physical exercise is that it may reorganize the 

structure of extracellular matrix, for example, reducing its stiffness in muscle of old 

animals [108] and/or promoting collagen turnover (reviewed in [87]). Moreover, 

physical activity may mitigate the inflammatory state, one of the typical hallmarks 

of muscle aging. Some authors suggested that exercise may influence the levels of 

expression of some pro-inflammatory cytokines such as IL-6 and TNF-α 

promoting, as result, a more efficient muscle regeneration process with the 

activation of SCs [109].  

Little is still known about the potential consequences of exercise on the immune 

system. Recent findings on trained old human subject showed higher levels of anti-

inflammatory cytokine mRNA that is involved in regulating the transition of 

macrophages from pro-inflammatory to pro-reparative phenotype [109]. However, 

whether physical training affect the shift of macrophages remains still unknown 

[102]. 

Although one of the best interventional approaches to counteract age-related 

wasting of skeletal muscle is an appropriate exercise program, patients with severe 

sarcopenia cannot endure this kind of treatment. Pharmaceuticals named “exercise 

mimetics” or “exercise in a pill” are proposed as replacement pharmacological 

therapy to treat these population of patients, since these molecules may activate 

some of the signalling pathway promoted by exercise (reviewed in [8]). However 

additional studies are required. 

 

1.6.  Nutritional treatment 

Behavioural lifestyles, such as scarce physical activity and malnutrition, represent 

contributing factors to sarcopenia. In elderly persons energy and nutrient 

consumption are frequently reduced, a geriatric condition known as “anorexia of 

aging” [110]. Since energy intake declines by half between 20 and 80 years, 

affecting especially frail [111] and/or sarcopenic people [112], nutritional 

interventions have been proposed as a non-pharmacological approach to reverse 
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sarcopenia [13]. For example, increased protein and essential amino acids intake in 

a dietary program may influence muscle mass and function in elderly patients [113] 

stimulating muscle protein synthesis [114].  Deficiency of vitamin D influences 

muscle mass and function [115]. Considering its role in myogenesis, muscle 

metabolism and tropism, the decline of Vitamin D may be related to sarcopenia 

[114]. However, an adequate dietary supplementation of vitamin D in elderly can 

increase muscle strength and improve some cellular mechanism (e.g, protein 

synthesis, mitochondrial function) [116, 117]. Notwithstanding vitamin D intake 

shows beneficial effects in reducing its age-related deficiency, preliminary in vitro 

studies have proposed that vitamin D integration trough topical application 

increases muscular function, especially in the case of people suffering from vitamin 

D deficit related to aging [118]. 

Nowadays, other nutritional supplementations (summarized in [13]) are proposed 

as strategies to improve muscle performance. However, no remarkable 

consequences of nutritional addition alone on muscle mass and muscle strength 

have been conclusively demonstrated [119]. Currently, many trials and studies are 

in progress to address both exercise and nutritional interventions for sarcopenic 

patients [120]. 
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2. Methodological approaches 

2.1.  In vivo and in vitro experimental models of muscle aging 

and sarcopenia 

2.1.1. Mouse models 

Experimental animals, such as mice, are widely used as suitable models to study 

human pathologies [121] for different good reasons: 

 High gene homology with humans [122]. 

 Similarities in organs, tissues, cell biology and their mechanisms of 

functioning (reviewed in [123]). 

 Mouse models get many diseases resembling to that of humans [124]; 

moreover, modern technologies allow their genetic manipulation in order to 

mimic the human pathologies [125]. 

 The relative low cost of mice and the opportunity to use a larger sample size 

in pre-clinical research, makes them one of the best candidate in 

experimental studies (reviewed in [126]). 

 The use of mouse models improves the aetiology accuracy of human 

diseases, recapitulating their typical features (reviewed in [123]). 

Regarding sarcopenia, different model organisms such as rodents, Drosophila, 

Caenorhabditis elegans and zebrafish,  were proposed as valid candidates to study 

the biological and molecular mechanisms of sarcopenia as well as its relative 

interventions [127]. However, in several studies related to sarcopenia, mouse 

models have been chosen as suitable to investigation. Indeed, since the aging 

progress takes a long period to develop in humans, the use of mouse models and 

the rapid developing of their musculoskeletal system  make study of sarcopenia cost 

effective taking place in a shorter time [128, 129]. Furthermore, the homology 

relationship between elderly and aged mice under a biological point of view, 

represents an advantage to deeper understanding age-related dysfunctions [130]. 

Finally, the choice of mouse models enables to overcome the ethical problem 

associated with human studies [123].  
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Numerous mouse models are currently used in experimental research of sarcopenia: 

aged mouse models; genetically engineered models; muscle atrophy induction 

models (e.g. Hindlimb suspension; Denervation model; Immobilization) [126]. 

 

- Aged mouse models 

Since the aging process is recognised as one of the triggers of sarcopenia, aged 

mouse models are frequently used for aging related sarcopenia studies. When the 

selected form of aging is natural, 18 months old or older mice (22-, 24-, 27-months 

old mice; reviewed in [123]) are indicated in literature as valid aging mouse models. 

Moreover, different studies in which these models have been used, evaluated the 

presence of sarcopenia  according to some parameters strictly linked to disease, 

such as lower grip strength, exercise endurance, muscle mass [131], cross-sectional 

area  and some cellular age-related dysfunctions [132]. However, natural senescent 

models are time consuming and maybe not cost effective; thus, nowadays mice 

strains with accelerated aging are preferred in laboratory research (e.g. high fatty 

diet aging models, senescence accelerated mouse (SAM) (reviewed in [133]). 

 

- Genetically engineered mouse models 

Over the past years, the use of genetically modified mouse models increased in the 

study of muscle aging and sarcopenia. Indeed, a plethora of engineered animal 

models (e.g. knock-out mice, gene overexpression mouse models, mtDNA mutant 

mice; classified and reviewed in [123, 134]) are described in scientific literature as 

a valid tool to better understand altered molecular and biochemical pathways 

involved in the onset of sarcopenia as well as evaluate potential therapeutic 

strategies. However, among the disadvantages, mice genetic manipulation may 

exacerbate some features of sarcopenia that are not found under normal aging state. 

Moreover, it is possible to use mice with genetic knockouts to study a single altered 

pathway at time, thus limiting comprehensive knowledge of disease [133]. 
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- Muscle atrophy induction models 

Hindlimb suspension, denervation and immobilization have been designed as 

methods to induce and study muscle atrophy either in rat or mouse models [133]. 

Each of these models may mimic respectively the lack of physical exercise 

(hindlimb suspension) [135], neuro-muscular degeneration process (denervation) 

[13, 123] and muscle disuse related to bedridden patients (immobilization) [136], 

thus their use can be easily extended to investigation of age-related muscle 

deficiencies and sarcopenia. Although these methods seem to be faster and simpler 

for experimental purpose, the ethical concern may impose some limitations for 

using muscle atrophy induction models. 

The choice of specific animal models must satisfy some criteria in line with the aim 

of research. Although similarities in aging process between human and mice allow 

the use of mouse models as suitable tools to study age-related disease such as 

sarcopenia, there are significant differences that must not be ignored (e.g, immune 

system functioning, anatomy, physiology, and shorter lifespan [137]). Moreover 

mice exhibit a lower muscle mass reduction and higher regenerative power [138] 

during aging. The composition of skeletal muscle changes between the two species, 

since mice muscles are mainly composed of fast type II fibres in comparison with 

humans [21]. Taken together, this variability needs to be considered especially in 

translational studies from mice to human. Furthermore, the set-up of unequivocal 

methods for evaluations of sarcopenia in mouse models may reduce the variability 

of results reported in literature [137].   

 

2.1.2. In vitro models 

The improvement of socio-economic condition determined increasing lifetime as 

well as the world-wide number of elderly [139]. As result, a great interest on age 

related skeletal muscle changes grew during the last years. This implied the setting 

up of experimental models able to recapitulate biological and molecular pathways 

of sarcopenia and to act as valid systems to test some therapeutic strategies [29]. 

Although in vivo experiments are frequently used in the study of human 

pathologies, such as sarcopenia, the recent regulations aimed at reducing animal 
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experimentations [140, 141].  In this perspective, in vitro systems have been 

developed as suitable alternative tools in biomedical research. Moreover, in vitro 

models are frequently selected compared to laboratory animals for different valid 

reason:  

 Several biological and molecular processes are evaluated in standardized 

and controlled conditions without interferences of physiological reactions 

in a living body; 

 Reproducibility of experiments and the use of lower number of replicates; 

 Cost and time efficiency. 

Among cell culture models used for investigation of aging of skeletal muscle and 

sarcopenia, there are: i) rat skeletal muscle L6 cells [142]; ii) C2C12, murine 

myoblast cell line.  

C2C12 is an immortalized murine cell line able to proliferate. Cells fuse together 

to form myotubes under appropriate culture condition [143]. Because of their 

intrinsic capabilities, these cells became a well-established model both of skeletal 

muscle cell biology [144] and myoblasts differentiation processes [145]. C2C12 are 

derived from satellite cells (SCs) which are skeletal muscle stem progenitors able 

to proliferate and differentiate in adult muscle after activating stimuli [146]: thus, 

C2C12 are able to recapitulate satellite cells in vitro [147]. Among other 

advantages: C2C12 may be easily used for specific genes transfection in order to 

reproduce and study different pathologies [148, 149]; they can be used in co-culture 

system with more than two cell populations such as neural cells [150], to induce 

neuromuscular junction formation or fibroblasts and macrophages [151] to study 

myoblasts migration and proliferation; moreover, electro-pulse stimulation may be 

applied to C2C12 cells to investigate the muscle contraction process and mimic 

physical exercise in vitro [144]. The use of immortalized cell line allows the 

investigation of cellular and molecular mechanisms contributing to sarcopenia at 

time. For this purpose, C2C12 can be treated with several molecules (e.g., H2O2, 

sphingophospholipid, inflammatory cytokines and dexamethasone; reviewed in 

[133]) which induce some of pathological modifications related to sarcopenia.  
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Beside the use of C2C12 cell line, primary myoblasts cell lines derived from both 

murine and human skeletal muscle are proposed as valid approaches to study 

skeletal muscle development and regeneration in normal and age-related 

pathological condition [71, 152, 153]. Although their isolation and culture 

procedures are still challenging, it is assumed that they may retain some intrinsic 

features of tissues of origin [153]; moreover, the use of primary skeletal muscle 

cells derived from samples of different ages allows a better investigation of some 

alterations linked to sarcopenia [133]. Additionally, these cells represent an 

efficient tool used in pre-clinical research to investigate the beneficial effects of 

some therapeutical treatments designed to enhance the regenerative power of SCs 

during aging [154, 155].  

Finally, another promising device able to reproduce in vitro part of cellular 

organization and environmental interaction of skeletal muscle in vivo, is the single 

myofiber explant culture technique. It might be applied for sarcopenia and muscle 

age-related disease research [156].  

 

2.2.  Ultrastructure and immunocytochemistry 

Sarcopenia is recognised as musculoskeletal disease characterized by the 

progressive decline of muscle mass and strength during aging that led to loss of 

function and diminished quality of life [1]. The study of biological processes 

implicated in its pathogenesis is complicated by the multifactorial nature of 

sarcopenia, the long duration of aging process (especially in humans), the extended 

variability among individuals and species, the use of different experimental 

approaches [29]. Thus, scientific efforts based on state of the art pre-clinical and 

clinical investigations are necessary to deeper understand age-related muscle 

changes. In order to extend the knowledge on age-related muscle alteration and 

investigate on the role of physical activity as therapeutic strategy to manage skeletal 

muscle aging, the methodological approaches adopted in the first part of this thesis 

exploited electron microscopy alone or combined with histochemical and proteomic 

techniques on ex-vivo samples:  

➢ Ultrastructural immunocytochemistry reactions were performed in 

myonuclei of rectus femoris muscles of old and late adult mice, to 
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determine the distribution and the density of key cellular proteins involved 

in RNA pathway (transcription, maturation, and transport). 

Immunocytochemistry was followed by Uranyl-free and lead citrate 

staining to reveal ribonuclear proteins and the sub-nuclear areas in which 

the localization of molecules is detected. During this work, we set up a new 

staining method using a non-radioactive lanthanide mix solution (Uranyl-

free) as contrasting dye for both nucleoplasmic and nucleolar 

ribonucleoprotein-containing components for high-resolution studies. This 

procedure allows to avoid the use of radioactive uranyl salts whose 

application and purchase are nowadays severely restricted in experimental 

procedure. Moreover, in the same samples, a double immunolabelling 

reaction was performed to verify a co-transcriptional event. In this case, the 

use of terbium citrate staining allowed the observation at high resolution of 

RNA in perichromatin fibrils.   

➢ Ultrastructural morphological and morphometrical evaluations were 

performed on gastrocnemius muscles of old and adult mice in combination 

with immunofluorescence and proteomic evaluation, in order to understand 

age-related muscular ECM changes and provide characterization of its 

composition and structural organization. 

➢ Finally, morphological and morphometrical assessment combined with 

fluorescent immunohistochemistry and proteomic approaches were used to 

evaluate the effects of treadmill running on some cellular (e.g., 

mitochondria) and nuclear components (e.g., nucleoli); fibre size, fibre 

type; muscular ECM composition and architecture of aged skeletal muscle 

by comparing trained versus sedentary old mice.  

Regarding the animal models for these studies, our mice are re-derivates from the 

INRCA breed (Ancona, Italy). The INRCA breed is a 40-year established Balb-c 

mice strain which has been widely used for studies of physiological ageing: indeed, 

these mice have a long life (mean life span 25 months; maximal life span 34 

months) with a relatively low incidence of pathologies in comparison with the usual 

Balb-c strain.  
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2.3.  Nanocarriers and co-culture system 

Currently, a unique pharmacological treatment is not available to cure sarcopenia. 

However, nutritional deficiencies such as vitamin D depletion, may influence 

muscle mass and functionalities. In the second part of the present thesis, we 

investigated the potential role of phospholipid-based nanosystem, named 

ethosomes (ET) and transethosomes, as delivery systems for vitamin D3. 

Particularly, nanocarriers were administered to keratinocytes, fibroblasts and 

myoblasts, and their in vitro cytotoxicity evaluated. Through combined microscopy 

techniques (bright-field, fluorescence microscopy and transmission electron 

microscopy), both the uptake and subcellular fate of nanomolecules were 

investigated. This preliminary investigation may pave the way to novel strategies 

aimed at evaluating the effects of vitamin D supplementation in vivo through 

transdermal administration in case of muscular deficiencies related to aging, such 

as sarcopenia.  

Finally, a pilot in vitro study has been performed in order to evaluate the active 

interplay between macrophages and muscle satellite cells (SCs). Indeed, we have 

tried to set-up and characterize an in vitro model using C2C12 murine myoblast cell 

line co-cultured with bone marrow derived macrophages (BMDMs). To this end, 

C2C12 cells were treated with etoposide (a drug able to induce a DNA-double 

strand breaks (DDS) and then co-cultured with BMDMs. The co-culture system 

was used for two different types of analysis: in one case, muscle cells were sorted 

through fluorescence-activated single cell sorting (FACS) technique and processed 

for real-time PCR evaluation, in order to understand if in presence of DNA damage 

and with or without macrophages, myoblasts respectively gain or lose their intrinsic 

function; in the second case, the co-culture system has been used for 

immunocytochemistry reaction, to investigate on the role of macrophages as 

potential activators of the DNA damage machinery response in muscle cells. This 

preliminary investigation aimed at recapitulating through an in vitro model two 

altered conditions (e.g., DNA double strand breaks (DDS) accumulation in muscle 

resident cells and macrophages deficiencies) observed in aged skeletal muscle, 

avoiding animal testing.  
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3. Aim of the work 

The main aim of my doctoral program was the study of ultrastructural features of 

skeletal muscle and muscle extracellular matrix in sarcopenia. Indeed, sarcopenia 

is recognised as a multifactorial condition linked to a network of cellular and 

nuclear age-related alterations. Several proposed processes are: mitochondria 

dysfunction, heterogeneity in muscle fibres size and number, along with impaired 

RNA transcription/maturation processes that may hamper the protein turnover. 

Moreover, age-related remodelling of muscle ECM in both architecture and 

composition may possibly hinder muscle functionality and repair. 

Furthermore, a target of my work was to investigate some interventional approaches 

aimed at attenuating the course of pathology by analysing the effects of adapted 

physical exercise on both skeletal muscle and muscle ECM (as non-

pharmacological approach) and evaluating the potential of cholecalciferol delivered 

by NPs to improve muscle performance (as pharmacological strategy). 

To achieve these goals, different microscopy techniques (fluorescence and bright-

field microscopy and transmission electron microscopy) were used and combined 

with proteomic analysis performed in collaborative projects. 

Finally, during the study period abroad, I collaborated in setting up a co-culture 

system in order to describe the effects of crosstalk between muscle cells and 

macrophages under DNA damage conditions.  
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ABSTRACT 

 

Aging implies a progressive decrease in skeletal muscle strength and size, known 

as sarcopenia. 

The mechanisms underlying sarcopenia are diverse and may include functional 

alterations in the nucleus such as the pathway of gene expression associated with 

either genome mutations or impairment in pre-mRNA transcription/splicing. 

Previous studies have demonstrated in different types of old cells that perichromatin 

fibrils (PFs) accumulate in the interchromatin space and different mRNA 

processing factors undergo quantitative modifications and/or partial relocation in 

interchromatin granules (IGs), suggesting alterations in the mRNA 

transcription/maturation machinery. Moreover, an unusual distribution of nucleolar 

factors has been observed in aged myonuclei, suggestive of a defective pre-

ribosome biogenesis in elderly. 

In the present work, immunocytochemical analyses at the electron microscopy level 

are performed in order to study the distribution and amount in different sub-nuclear 

region of various nuclear factors involved in mRNA processing and export in 

myonuclei of old and adult mice. We selected the quadriceps femoris muscle since 

it is mainly composed of fast fibres, which are especially affected by sarcopenia. 

We aimed at understanding the mechanisms responsible for the age-related nuclear 

alterations described above. In particular, we aimed at verifying the hypothesis that 

the nuclear degradation and transport pathways may be hindered during aging. 
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ABSTRACT 

 

The muscular extracellular matrix (ECM) is composed of different groups of 

macromolecules (i.e., collagens, non-collagens glycoproteins, glycosaminoglycans 

and proteoglycans), which regulate several cell functions and represent structural 

support for muscle fibres, playing a role in muscle development, growth, and repair. 

Aging is characterized by a progressive decline of skeletal muscle (SM) mass and 

strength causing mobility loss and frailty in older persons (i.e., sarcopenia). The 

mechanisms underlying sarcopenia are diverse and may involve the ECM. In fact, 

ECM is affected by aging in terms of turnover and ratio of specific components, 

balance between synthesis and degradation, modifications in cellular behaviour 

through altered cell-matrix interactions, and changes in mechano-sensing pathways. 

In the present work, we investigated the ECM of gastrocnemius muscle in old and 

adult mice. Morphological and morphometrical analysis at fluorescence and 

electron microscopy were carried out to study the structural organization and 

interactions of ECM components. In parallel, a research group of the University of 

Modena and Reggio Emilia performed a proteomic analysis to recognize and 

quantify the ECM molecular components. This collaborative study aimed at getting 

light on age-related changes in the muscular ECM, to provide the first 

characterization of the matrisome in the aging gastrocnemius muscle. 
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ABSTRACT 

In this pilot study, ethosomes and transethosomes were investigated as potential 

delivery systems for cholecalciferol (vitamin D3), whose decrease has been 

correlated to many disorders such as dermatological diseases and sarcopenia. A 

formulative study on the influence of pharmaceutically acceptable ionic and non-

ionic surfactants allowed the preparation of different transethosomes. In vitro 

cytotoxicity was evaluated in different cell types (keratinocytes, fibroblasts and 

muscle cells). Then, the selected nanocarriers were further investigated at light and 

transmission electron microscopy to evaluate their internalization and intracellular 

fate. Both ethosomes and transethosomes proven to have physicochemical 

properties optimal for transdermal penetration and efficient vitamin D3 loading; 

moreover, nanocarriers were easily internalized by all cell types, although they 

followed distinct intracellular fates: ethosomes persisted for long times inside the 

cytoplasm, without inducing subcellular alteration, while transethosomes went 

through rapid degradation giving rise to an intracellular accumulation of lipids. 

These basic results provide a solid scientific background to in vivo investigations 

aimed at exploring the efficacy of vitamin D3 transdermal administration in 

different experimental and pathological conditions. 
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CONCLUDING REMARKS 

Skeletal muscle tissue makes up about 45% of the human body contributing to body 

metabolism and playing a central role in producing movement. This unique plastic 

tissue is of considerable interest because some of its alterations in molecular and 

cellular mechanisms are associated with aging and many other muscular diseases. 

The need to understand the age-associated modifications in muscle structure and 

function is rising dramatically due to demographic increase of elderly individuals, 

a condition that implies several consequences in health care services. 

Sarcopenia refers to a progressive loss of skeletal muscle mass and strength as 

individuals age.  

Nowadays, the identification of a single risk factor for this condition is still 

unpredictable due to its “multifactorial” nature.  

During the three years of my PhD, I took a multivariate approach to explore the 

aging of skeletal muscle. Indeed, I combined histochemical techniques at 

fluorescence microscopy with the high-resolution morphology provided by electron 

microscopy, to investigate the age-associated alterations of some key components 

of muscle biology: myonuclei, sarcoplasm and muscle extracellular matrix (ECM). 

In this thesis, ultrastructural immunocytochemistry of rectus femoris muscle 

showed that aging induces changes in the distribution and density of nuclear actin, 

5-mC, and RNaseA in different sub-nuclear compartments, suggesting impairment 

of RNA pathways in aged skeletal muscle. 

Furthermore, looking at the whole skeletal muscle, I combined our methodological 

approaches with proteomic analysis to respectively shed light on the structural 

organization and composition of aged muscle ECM. Observations on 

gastrocnemius muscle of old (24 months) mice demonstrated that aging is 

characterized by the accumulation of core molecular components of muscle ECM 

that mainly interfere in the organization and function of perimysial layer, satellite 

cells (SCs) microenvironment and basement membrane. These results suggest that 

age-associated alterations in architecture of muscle ECM may be involved in 

increased muscle stiffness, reduced activation of SCs and impairment of basement 

membrane as storage site of bioactive/molecular factors.
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Several works stressed the importance of physical exercise to counteract the age-

related muscle loss. Thus, physical exercise may represent a promising non-

pharmacological approach to slow down sarcopenia in old patients and it could be 

also combined with pharmacological therapy.  

In this regard, I presented in this thesis preliminary results of an ongoing study 

aimed at exploring the potential effects of mild physical exercise starting at old age 

on myofibers and muscle ECM network. Morphological and morphometrical 

evaluations on gastrocnemius muscle of old trained mice (24 months) demonstrated 

some beneficial responses in myofiber size and subcellular components (e.g., 

increased mitochondrial density, redistribution of nucleolar subcompartments) in 

comparison to sedentary control. Moreover, physical exercise was associated to an 

improved structural organization of muscle ECM network in old trained mice 

suggesting a more efficient remodelling mechanisms.  

The preliminary results presented in this thesis on a nanotechnological approach to 

treat skeletal muscle aging are encouraging, although further work is necessary to 

plan translation in vivo. Ethosomes (ET) and transethosomes (TET) were 

investigated as potential carrier to deliver vitamin D3 (VD3) because VD3 

deficiency has been related to sarcopenia. Both could be used in principle to this 

purpose; indeed, neither toxic effects nor subcellular alterations have been shown. 

Despite both types of nanoparticles proved to be promising VD3 carriers, further 

studies are necessary to investigate their internalisation and cellular response when 

loaded with cholecalciferol. 

Finally, the research period abroad allowed me to explore the involvement of 

immune system in aged skeletal muscle, improving my laboratory skills in the field 

of molecular biology. I collaborated in developing a co-culture system containing 

muscle cells and primary macrophages to study their interplay when the muscle 

cells were harmed.  The aim of this project was to mimic in vitro two altered 

conditions linked to skeletal muscle aging: the accumulation of DNA damage in 

muscle cells and the scarcity of macrophages. Although the co-culture system needs 

further technical improvements, it is a promising strategy aimed also at avoiding 

experiments involving animals.
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APPENDICES 

During my doctoral program, in addition to my main research topic, I was also 

involved in collaborative studies of different subjects. My contribution consisted in 

the application of morphological, cytochemical and immunocytochemical 

techniques at the light and electron microscopy level.  

In the first (Cisterna et al., 2021) and second work (Lacavalla et al., 2022), we 

expanded previous studies in collaboration with Dr. Gabriele Tabaracci (San Rocco 

Clinic, Montichiari, BS, Italy) in order to investigate the cellular and molecular 

effects of exposure to low ozone concentration respectively on fibroblast and 

HMC3 cell lines. The multimodal approaches used in these studies aimed at 

exploring a panel of cell structural and functional features, combining light and 

electron microscopy, Western blot analysis, real-time quantitative polymerase 

chain reaction, and multiplex assays for cytokines. 

In the last work (Andreana et al., 2022), performed in collaboration with the 

research group led by Prof.ssa Barbara Stella (Department of Drug Science and 

Technology, University of Torino, Italy), ultrastructural and morphological 

observation were performed in order to: i) assess the targeting ability of PLGA 

nanoparticels associated with a derivate of L-carnitine; ii) understand the NP’s 

cellar uptake in C2C12 myoblasts and myotubes.  
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Abstract: Oxygen–ozone (O2–O3) therapy is increasingly applied as a complementary/adjuvant
treatment for several diseases; however, the biological mechanisms accounting for the efficacy of
low O3 concentrations need further investigations to understand the possibly multiple effects on the
different cell types. In this work, we focused our attention on fibroblasts as ubiquitous connective
cells playing roles in the body architecture, in the homeostasis of tissue-resident cells, and in many
physiological and pathological processes. Using an established human fibroblast cell line as an
in vitro model, we adopted a multimodal approach to explore a panel of cell structural and functional
features, combining light and electron microscopy, Western blot analysis, real-time quantitative
polymerase chain reaction, and multiplex assays for cytokines. The administration of O2–O3 gas
mixtures induced multiple effects on fibroblasts, depending on their activation state: in non-activated
fibroblasts, O3 stimulated proliferation, formation of cell surface protrusions, antioxidant response,
and IL-6 and TGF-β1 secretion, while in LPS-activated fibroblasts, O3 stimulated only antioxidant
response and cytokines secretion. Therefore, the low O3 concentrations used in this study induced
activation-like responses in non-activated fibroblasts, whereas in already activated fibroblasts, the
cell protective capability was potentiated.

Keywords: oxygen–ozone therapy; cell proliferation; cell surface protrusions; nuclear factor erythroid
2-related factor 2 (Nrf2); heme oxygenase 1 (Hmox1) gene; interleukin-6; transforming growth factor
(TGF)-β1; fluorescence microscopy; scanning electron microscopy; real-time quantitative polymerase
chain reaction (RT-qPCR)

1. Introduction

In the last decades, the medical use of gaseous ozone (O3) has been progressively
increasing as a complementary/adjuvant treatment for several diseases [1–4]. O3 is a highly
unstable gas rapidly decomposing to oxygen, and it is applied for therapeutic purposes as
O2–O3 mixtures with low O3 concentrations. In fact, the mild oxidative stress induced by
low doses of O3 activates the nuclear factor erythroid 2-related factor 2 (Nrf2)-mediated
Keap1-dependent pathway, which, in turn, stimulates gene expression of antioxidant
response elements (ARE) [5–7]. In fact, the exposure to low O3 concentrations promotes
an antioxidant cytoprotective response [8,9], which is consistent with the principle of
hormesis, i.e., “the beneficial effect of a low-level exposure to an agent that is harmful at
high levels” [10].

Despite the wide application of O2–O3 administration in clinical practice, the biological
mechanisms accounting for the therapeutic efficacy of O3 have been only partially unveiled,
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and further investigations are necessary to understand the multiple effects of this gas on the
different cell types in tissues and organs. As an example, appropriate O2–O3 gas mixtures
proved to exert an adipogenic effect in human adipose-derived adult stem cells [11] and
to reduce lipid loss in explanted adipose tissue [6]. In addition, it has recently been
demonstrated that, besides activating an antioxidant response through the Nrf2–ARE
pathway, O2–O3 gas mixtures are able to modulate cytokine secretion in T lymphocytes [7].

In the present work, we focused our attention on the fibroblast as a primary target
of O2–O3 therapy. In fact, it is worth noting that, whatever the administration route
(intramuscular, intra- and peri-articular or subcutaneous injection, topical bagging, rectal
or vaginal insufflation, autohemotherapy), O2–O3 mixtures inevitably act on fibroblasts;
actually, these are ubiquitous cells playing multiple roles in the architecture of organs and
the whole body, in the homeostasis of tissue-resident cells, and in many physiological (e.g.,
wound healing) and pathological processes, such as autoimmunity, fibrosis, and cancer [12].
It is therefore likely to expect that fibroblasts may be involved in the pathways activated by
O2–O3 administration and, in turn, in the therapeutic outcome.

An established human fibroblast cell line was used as a suitable in vitro model to
study the response to O2–O3 treatment under strictly controlled experimental conditions.
We investigated the structural and functional effects of low O3 concentrations on fibroblasts
in non-activated and lipopolysaccharide (LPS)-activated state with the aim to analyze the
response of these tissue-resident cells in a steady state or after the response to activating
stimuli (as it happens following tissue injury and/or inflammation, when they are com-
mitted to restore homeostasis [13]). We used gas mixtures with 10, 20, and 30 µg O3/mL
O2—concentrations usually applied in clinical practice. In order to explore a panel of struc-
tural and functional cell features, a multimodal approach was adopted, by combining light
(bright field and fluorescence) microscopy, scanning electron microscopy (SEM), Western
blot analysis, real-time quantitative polymerase chain reaction (RT-qPCR), and multiplex
assays for cytokines.

2. Results
2.1. Cytotoxicity

At 24 h after the gas exposure, the percentage of dead cells (estimated by the LDH
release) was similar (<6%) in all samples of non-activated fibroblasts, irrespective of the
treatment (p = 0.77, Figure 1). Similarly, no difference in cell death was found among
the LPS-activated samples (p = 0.11; Figure 1). LPS-activated control samples showed a
significantly lower value (<2%; p = 0.02) in comparison with the non-activated controls.
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2.2. S-Phase Evaluation

Under a conventional fluorescence microscope, bromodeoxyuridine (BrdU)-positive
fibroblasts appeared labelled in green, while DNA was counterstained in blue (Figure 2a–c).
At 24 h after the gas treatment, significant difference in the percentage of BrdU-positive
cells was found in non-activated fibroblasts (p = 0.01); post-hoc analysis revealed that only
cells exposed to 10 µg O3 showed a significantly increased proliferation rate in comparison
with the controls (p = 0.04) (Figure 2d). In LPS-activated fibroblasts, the exposure to O2 or
O3 did not alter the percentage of BrdU-positive cells (p = 0.52) (Figure 2d). LPS-activated
control samples showed a significantly lower cell proliferation in comparison with the
non-activated controls (p < 0.001).
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Figure 2. (a–c) Representative fluorescence microscopy images of fibroblasts stained for DNA with
Hoechst 33342 (blue) (a), immunolabelled for BrdU (green) (b), and merged (c). Bar, 100 µm. (d) Mean
values ± SE of percentages of BrdU-positive cells 24 h after the treatment (one experiment in triplicate).
The asterisk (*) indicates significant difference in comparison with the respective control (CT).

2.3. Wound Healing Assay

The wound healing assay (representative images in Figure 3a,b) showed similar mi-
gration rates in all samples of both non-activated (Figure S1) and LPS-activated (Figure S2)
fibroblasts 2 h (p = 0.21 and p = 0.33, respectively) and 6 h (p = 0.06 and p = 0.76, respec-
tively) (Figure 3c,d) after gas exposure. After 24 h, the wound was completely healed in all
samples (not shown).
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Figure 3. (a,b) Representative inverted microscope images of fibroblasts at 2 h (a) and 6 h (b) of the
wound healing assay. Bars, 200 µm. (c,d) Means ± SE of percentages of cell-free areas of control (CT),
O2- and O3-treated non-activated (c) and LPS-activated (d) fibroblasts at 2 h and 6 h of the wound
healing assay (three experiments). No statistical difference was found for both non-activated and
LPS-activated samples.

2.4. Scanning Electron Microscopy

In non-activated condition, control and O2-treated fibroblasts appeared flattened and
irregularly polygonal in shape, with scarce filamentous protrusions of the cell surface
(Figure 4a,b). O3-treated fibroblasts maintained the polygonal shape but showed an
increase in the surface projections (Figure 4c–e). In LPS-activated condition, all samples
showed evident surface protrusions (Figure 4f–j).
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24 h after exposure to O2 (b,g), 10 µg O3 (c,h), 20 µg O3 (d,i), and 30 µg O3 (e,j). Bars, 10 µm. (k) Means ± SE of the cell
irregularity index at 24 h after the treatment in non-activated or LPS-activated fibroblasts (one experiment). Significant
increase in the cell irregularity index was found in non-activated fibroblasts after O3 treatments (*).

Quantitative evaluation of the surface irregularities showed significant differences
in non-activated fibroblasts (p = 0.006), confirming that the protrusions of O3-treated
samples significantly increased (p < 0.01) in comparison with control and O2-treated
samples (Figure 4k). No significant difference in surface irregularity was found among
LPS-activated samples (p = 0.09) (Figure 4k).

In LPS-activated condition, control samples had a significant increase in surface
protrusions in comparison with the non-activated controls (p = 0.03).

2.5. Western Blot Analysis

In non-activated fibroblasts, the total amount of Nrf2 protein was similar in all samples
(Figure 5a). In LPS-activated fibroblasts, the Nrf2 protein content showed an evident
increase in the samples treated with 20 µg O3 and 30 µg O3 in comparison with the control
(Figure 5b).
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Figure 5. Western blot of Nrf2 protein at 20 min after treatment of non- activated (a) and activated (b) fibroblasts (one
experiment in duplicate). Data were normalized to the level of a housekeeping protein (actin) and expressed as in proportion
to the levels in control (CT) sample.

2.6. Real-Time Quantitative Polymerase Chain Reaction

In non-activated fibroblasts, the one-way ANOVA test demonstrated significantly
different Heme oxygenase 1 (Hmox1) gene expression (p = 0.03) among samples; in partic-
ular, 20 µg O3-treated fibroblasts showed values significantly higher in comparison with
control (p = 0.002) (Figure 6a). On the other hand, no significant linear trend was found
(p = 0.09). In LPS-activated fibroblasts, the one-way ANOVA test showed no significant
difference (p = 0.07) among samples (Figure 6b), but the test for linear trend demonstrated
a dose-dependent trend (p = 0.03).
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(one experiment in triplicate). Asterisk (*) indicates significant difference with control (CT).

2.7. Interleukin-6 and Transforming Growth Factor-β1 Secretion

In the non-activated condition, a significant difference was found in the amount
of interleukin (IL)-6 secreted into the medium (p = 0.03); in particular, a significantly
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higher value was found in 10 µg O3-treated samples in comparison with all other samples
(p < 0.05) (Figure 7). Significant difference was found also in the LPS-activated state
(p = 0.004), where O3-treated samples secreted a significantly higher amount of IL-6 in
comparison with control and O2-treated samples (p < 0.05).
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Moreover, LPS-activated control fibroblasts secreted significantly higher IL-6 amounts
in comparison with non-activated control samples (p = 0.02) (Figure 7).

In the non-activated condition, a significant difference was found in the amount of
transforming growth factor (TGF)-β1 secreted into the medium (p = 0.01); in detail, a
significantly higher value was found in 10 µg O3-treated samples in comparison with all
other samples (p < 0.05) (Figure 8). Similarly, significant difference was found in LPS-
activated fibroblasts (p < 0.001), where the treatment with 10 µg O3 induced a significant
increase in secreted TGF-β1 in comparison with the other samples (p < 0.05), while the
value in 30 µg O3-treated samples was below the detection limit.
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In addition, LPS-activated fibroblasts secreted significantly lower amounts of TGF-β1
than non-activated control samples (p = 0.03) (Figure 8).

3. Discussion

In the present investigation, we evaluated the effects of the exposure to O2–O3 mix-
tures at low O3 concentrations on the structural and functional features of fibroblasts as
a cell type ubiquitously distributed in body tissues. Being primarily responsible for the
deposition and degradation of the extracellular matrix, fibroblasts play a key role in tissue
remodeling [14] and wound healing [12] and are also involved in the immune response and,
more generally, in the maintenance of tissue homeostasis [13]. The molecular and cellular
effects of low O3 concentrations were investigated in both non-activated and LPS-activated
fibroblasts, with the aim of getting information on the possibly differential response due to
the cell functional state.

LDH assay showed that the exposure to any of the gas mixtures used did not induce
significant cytotoxicity compared with the controls, in both non-activated and LPS-activated
fibroblasts, consistent with previous data on other cell types [6,7,11,15,16]. The LDH values
were lower for the LPS-treated than for the non-activated samples: this is likely due to
the activated state itself, as it has been demonstrated that pro-survival mechanisms are
stimulated in activated fibroblasts when these cells are committed to tissue repair [17].

Based on the evaluation of BrdU-positive S-phase cells, non-activated fibroblasts
proved to be stimulated by the exposure to 10 µg O3, suggesting that the eustress induced
by this mild concentration may promote cell growth, which is especially advantageous in
the post-injury tissue repair [18,19]. Accordingly, non-activated fibroblasts treated with
10 µg O3 showed a tendency (p = 0.06) to be more efficient than the other samples in the
wound healing assay, thus accounting for the observed positive effects of oxygen–ozone
therapy on wound healing [20,21].

The proliferation rate of LPS-activated fibroblasts was unaffected by the exposure to
any gas, but a significantly lower proliferation was found in LPS-activated fibroblasts in
comparison with the non-activated ones. This finding may be also related to the activated
state of the cells: consistent with the results in the present investigation, a decreased
proliferation rate (without an increase in the LDH release) has already been reported in
lung fibroblasts submitted to LPS treatment [22,23].

As already recalled, fibroblasts are involved in wound healing and mediate the for-
mation and remodeling of connective and epithelial tissues [24–26]. Migrating fibroblasts
are motile cells characterized by superficial cellular protrusions, such as lamellipodia and
filopodia [27]; in addition, filamentous projections are formed to remodel the collagen-rich
extracellular matrix during wound healing [28]. Under our experimental conditions, sur-
face protrusions were scarce in control and O2-treated non-activated fibroblasts, but they
evidently increased after O3 exposure. It is worth noting that small local changes in the
amount of reactive oxygen species (ROS), as induced by mild ozonation [15], may stimulate
the polymerization of cytoskeletal actin [29–31] that is essential to form cell protrusions and
promote adhesion [32,33]. However, the wound healing assay showed that the O3-induced
increase in the surface processes was not paralleled by a higher migration rate, consistent
with previous evidence that O3 exposure does not affect the cell migration capability [34].

On the other hand, O3 did not affect surface protrusions in LPS-activated fibroblasts,
whose control samples showed similar amounts of these membrane processes as the
O3-treated non-activated fibroblasts. This is consistent with the finding that cultured
fibroblasts treated with LPS increase their ROS production [35–37], which in turn affects
the organization of cytoskeletal proteins [29–31]. It can therefore be inferred that the low
O3 concentrations tested in the present study are able to induce activation-like changes
of the cell membrane in non-activated fibroblasts but do not affect already LPS-activated
fibroblasts, thus avoiding their overstimulation and the possible scarring of the extracellular
matrix [28].
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It is known that the administration of low O3 concentrations is able to restore impaired
Nrf2 pathways in many pathological conditions [38–44], thus inducing a cytoprotective
response accounting for the therapeutic potential of O3. The mechanism relies on the
stabilization of Nrf2 that mediates an antioxidant response by the Keap1/Nrf2 dependent
pathway [5]: ozonation prevents Keap1-mediated degradation of Nrf2 and promotes
its translocation to the nucleus [5,7]), where it activates the expression of ARE-driven
genes [5–7,16]. This enables an efficient and rapid transcription of antioxidant genes
without requiring a de novo synthesis of Nrf2. Accordingly, in the present study, the total
amount of Nrf2 protein was unchanged in non-activated fibroblasts, while the expression
of Hmox1 (i.e., the marker gene for the mild-O3-induced antioxidant response) increased
in samples treated with 20 µg O3, similarly as it was observed in nervous cells [16]. Genes
involved in oxidative stress responses were found to be upregulated also in primary
periodontal ligament fibroblasts treated with O3 ultrafine bubble water [45]. In LPS-
activated fibroblasts, the Nrf2 protein increased in 20 µg O3- and 30 µg O3-treated samples,
probably due to the combined oxidative stress due to LPS and O3 exposure. Consistently,
Hmox1 expression increased in a dose-dependent manner in O3-treated samples.

As stated above, fibroblasts are also involved in the regulation of the immune response
(with complex and mutual interactions with the cells of the immune system) and are able to
secrete different cytokines [46]. In particular, cultured fibroblasts secrete both IL-6 and TGF-
β1 [47], as observed in our experimental model. Our data are also consistent with previous
findings demonstrating that IL-6 secretion increases after LPS activation in vitro [48], while
cell proliferation is inhibited in an autocrine pathway [22].

IL-6 exerts a pleiotropic effect on a broad spectrum of biological events and partic-
ipates in the immune response as a potent pro-inflammatory cytokine involved in the
acute inflammatory response; on the other hand, it also coordinates anti-inflammatory or
repair-oriented activities essential for the resolution of inflammation [49]. In injured tissues,
IL-6 is a major systemic alarm signal [50–52] involved in the activation of a variety of local
and systemic host-defense mechanisms aimed at limiting tissue injury while stimulating
angiogenesis, collagen production and organization, keratinocyte proliferation, and leuko-
cyte infiltration [53–56]. The ability of low O3 concentrations to stimulate IL-6 secretion in
fibroblasts is therefore compatible with the efficacy of O2–O3 therapy in wound healing
and, more generally, in tissue repair [57–60]. In particular, low O3 concentrations seem to
stimulate IL-6 secretion in LPS-activated fibroblasts more efficiently than in non-activated
ones: this could be related to the activated state that makes the cells more responsive to
stimuli. Interestingly, pre-treatment with low O3 concentrations proved to reduce IL-6
secretion in skin fibroblasts receiving doxorubicin, thus preventing the inflammatory effect
of this potent cytotoxic drug [44]. Moreover, repeated and prolonged exposure of syn-
ovial fibroblasts isolated from patients affected by rheumatoid arthritis led to a decreased
production of IL-6 [61]. The immunomodulation potential of O3 on fibroblasts therefore
deserves detailed studies in view of targeted therapeutic approaches.

TGF-β1 also plays important roles as a key cytokine in the wound healing process,
where it acts bidirectionally [62], promoting the synthesis of various extracellular matrix
proteins [63–67] and potentiating angiogenesis [68–70], while inhibiting extracellular ma-
trix degradation [71] and inflammatory response [72,73]. TGF-β1 has been also reported to
enhance fibroblasts proliferation [74,75]. Therefore, its increased secretion in non-activated
fibroblasts following 10 µg O3 treatment may be related to the higher proliferation rate
found in this sample. On the other hand, LPS activation in vitro inhibits TGF-β1 produc-
tion [48], consistently with the very low amount of TGF-β1 found in our LPS-activated
fibroblasts. However, despite the inhibiting effect of LPS, 10 µg O3 proved to be capable of
increasing TGF-β1 secretion also in LPS-activated fibroblasts; on the contrary, 20 µg O3 and
30 µg O3 treatments induce a higher stress and a stronger TGF-β1 inhibition, likely due to
the activation of the Nrf2/ARE-mediated antioxidant signaling [76–78]. The stimulating
effect of low O3 concentrations on TGF-β1 secretion observed in our in vitro model is con-
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sistent with the upregulation of this cytokine reported in cutaneous wounds undergoing
accelerated repair following ozonated oil treatment [79,80].

4. Materials and Methods
4.1. Cell Culture and Treatment

Human lung fibroblasts (WI-26, ATCC) were chosen for the present study as a suitable
in vitro model previously used to investigate the effects of drugs on extracellular matrix
deposition [81] and remodeling [82] as well as the response to various stimuli [83–85].
The fibroblasts were grown in Dulbecco’s modified Eagle’s medium supplemented with
10% (v/v) fetal bovine serum, 1% (w/v) glutamine, 100 U of penicillin and 100 µg/mL
streptomycin (all reagents were purchased from Gibco, Walthem, MA, USA) at 37 ◦C in a
5% CO2 humidified atmosphere.

The cells were treated with O2–O3 gas mixtures produced from medical-grade O2
by an OZO2 FUTURA apparatus (Alnitec, Cremosano, CR, Italy) that allows photometric
real-time control of gas flow rate and O3 concentration. The concentrations of 10, 20, and
30 µg O3/mL O2 were chosen as these are usually administered in clinical practice and had
been shown to be non-cytotoxic for different cultured cells [7,11,15,16]. The treatment with
pure O2 was performed in order to discriminate the effect of O3 from O2 in the context of
the O2–O3 gas mixtures. Controls consisted in cells submitted to the same handling but
without exposure to gas.

The cells were trypsinized (0.25% trypsin in PBS containing 0.05% EDTA) (Gibco),
when sub-confluent. For Western blot analysis and RT-qPCR, samples of 4 × 106 cells were
suspended in 10 mL medium into a 20 mL polypropylene syringe, then 10 mL of gas was
added into the syringe using a sterile filter (Alnitec, Cremosano, CR, Italy) and the cell
suspension was gently mixed with the gas for 10 min to allow the full reaction of cells with
the gas [86]. For S-phase cells evaluation, SEM analysis, and wound healing assay, after
trypsinization, the cells were seeded on glass slides placed in multi-well microplates, let to
adhere for at least 24 h and then submitted to gas treatment as described in [87]. For LDH
and cytokine assays, 2 × 104 cells per 24-multi-well plate were seeded after gas treatment.
At 24 h, the medium was collected and stored at −80 ◦C until analysis.

Some fibroblast samples were pre-incubated with 1 µg/mL LPS for 24 h as previously
reported [23,88] in order to induce cell activation, and then processed as above.

4.2. Cytotoxicity

LDH, a cytosolic enzyme released by lysed cells, was evaluated as an estimate of the
cytotoxic effect of gas exposure by using the CytoTox96 nonradioactive assay (Promega,
Milan, MI, Italy). Cytotoxicity rate was estimated 24 h after the gas treatment in both
non-activated and LPS-activated fibroblasts. Aliquots of medium were collected for each
condition, placed in a 96-multi-well plate, mixed with the CytoTox 96 reagent and incubated
for 30 min at room temperature. After addition of the stop solution, the absorbance was
measured at 492 nm, and the data were corrected for culture medium background and
normalized to the maximum LDH release (i.e., the one of lysed samples).

4.3. S-Phase Evaluation

The percentage of S-phase cells was assessed 24 h after treatment in both non-
activated and LPS-activated fibroblasts, as a measure of the cell proliferation rate. The
cells (2 × 104 cells per 24 mm × 24 mm slides) were pulse-labelled with 20 µM BrdU
(Sigma-Aldrich, St. Louis, MO, USA) for 30 min at 37 ◦C, then fixed with 70% ethanol
and incubated for 20 min at room temperature in 2 N HCl to partially denature DNA;
after neutralization with 0.1 M sodium tetraborate (pH 8.2) (Sigma-Aldrich) for 3 min,
samples were washed in PBS, permeabilized for 15 min in PBS containing 0.1% bovine
serum albumin and 0.05% Tween-20 (Sigma-Aldrich), and incubated for 1 h with a mouse
monoclonal antibody recognizing BrdU (BD Diagnostics, Franklin Lakes, NJ, USA) diluted
1:20 in PBS. After two washes with PBS, samples were incubated for 1 h with an Alexa
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Fluor 488-conjugated anti-mouse secondary antibody (Molecular Probes, Invitrogen, Milan,
MI, Italy), diluted 1:200. The cell samples were washed with PBS, stained for DNA with
0.1 µg/mL Hoechst 33342 (Abcam, Cambridge, United Kingdom) in PBS for 10 min, and
finally mounted in PBS/glycerol (1:1). The percentage of BrdU-positive cells was evaluated
in 30 randomly selected fields (40×) per experimental condition. For observation of all
samples, an Olympus BX51 microscope (Olympus Italia S.r.l., Segrate, MI, Italy) equipped
with a 100 W mercury lamp was used under the following conditions: 450–480 nm excita-
tion filter (excf), 500 nm dichroic mirror (dm), and 515 nm barrier filter (bf) for Alexa Fluor
488; 330–385 nm excf, 400 nm dm, and 420 nm bf, for Hoechst 33342. Images were recorded
with a QICAM Fast 1394 Digital Camera (QImaging, Surrey, BC, Canada) and processed
with Image-Pro Plus software (Media Cybernetics, Inc., Rockville, MD, USA).

4.4. Wound Healing Assay

For the wound healing assay, 20 × 104 cells per well were seeded on 24 mm × 24 mm
slides. After 24 h, when the cells were confluent, the cell monolayers were scratched with
a sterile 200 µL pipette tip and immediately exposed to gas treatment. To evaluate cell
migration, images at 4× magnification were taken at 0 h, 2 h, 6 h, and 24 h post-treatment
using an inverted microscope (Leica DMIL, Leica Microsystems S.r.l., Buccinasco, MI, Italy)
equipped with a camera (Optika Microscopes, Ponteranica, BG, Italy): the cell-free area
was measured in a total of 12 randomly selected microscope fields per sample (4 fields in
3 independent experiments). The progressive reduction of the cell-free area was expressed
as percentage, considering the value at time 0 as 100%.

4.5. Scanning Electron Microscopy

For SEM analysis, 2 × 104 cells (both non-activated and LPS-activated fibroblasts) per
well were seeded on round slides of 12 mm in diameter. After 24 h, the cell monolayers were
gas exposed. At 24 h after the treatment, the cells were fixed with 2.5% glutaraldehyde in
PBS for 2 h at 4 ◦C, washed in the same buffer, post-fixed with 1% OsO4 at 4 ◦C for 1 h and
dehydrated with graded ethanol. The samples were then treated by a critical point dryer
(CPD 030, BAL- TEC AG, Balzers, Liechtenstein), mounted on metallic specimen stubs and
sputter-coated with gold (MED 010, BAL- TEC AG). SEM imaging was performed by an
XL30 ESEM (FEI Italia S.r.l., Milan, Italy). Using ImageJ software (NIH), the length of cell
surface facing the edge of the monolayers was measured both including and excluding cell
protrusions in 20 cells per sample; the ratio between the two values was then calculated
in order to obtain an index of cell surface irregularity (the higher the value, the rougher
the cell).

4.6. Western Blot Analysis

Non-activated and LPS-activated fibroblast samples were collected at 20 min post-gas-
treatment and immediately frozen in liquid nitrogen to be then placed at −80 ◦C. Proteins
were extracted according to standard procedures in RIPA buffer (150 mM NaCl, 10 mM
Tris pH7.5, 1% NP40, 1% deoxycholate, 0.1% SDS) supplemented with phosphatase and
protease inhibitors (Sigma-Aldrich).

Samples were resolved on Tris–glycine 4–20% gradient SDS-PAGE (BIO-RAD, Segrate,
MI, Italy), blotted on PVDF membrane (BIO-RAD), and developed with ECL Western
Blotting Substrate (Thermo Scientific, Rodano, MI, Italy). The following antibodies were
used: anti-Nrf2 1:1000 (ab62532 Abcam) and Actin 1:5000 (ab8226 Abcam).

4.7. Real-Time Quantitative Polymerase Chain Reaction

RNA was extracted from non-activated and LPS-activated fibroblast samples after
24 h after the gas exposure by using the Qiagen RNeasy Plus mini kit (ref. 74134) (Qia-
gen S.r.l., Milan, Italy). cDNA was generated by SuperScript™ III Reverse Transcriptase
(Invitrogen, cat. no. 18080093) (Thermo Fisher Scientific Inc., Waltham, MA, USA) and
amplified at qPCR with Applied Biosystems™ SYBR™ Green PCR Master Mix (Applied
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Biosystems™ 4309155) (Thermo Fisher Scientific Inc.) using 2 distinct sets of primers
specific for human Hmox1 (primers set 1: Forw: CCTAAACTTCAGAGGGGGCG, Rev:
GACAGCTGCCACATTAGGGT; primers set 2: Forw: AGTCTTCGCCCCTGTCTACT, Rev:
CTTCACATAGCGCTGCATGG). The Applied Biosystems Step-One Real-Time PCR System
was used for amplification (Thermo Fisher Scientific Inc.).

4.8. IL-6 and TGF-β1 Secretion

The amount of IL-6 and TGF-β1 secreted was evaluated in the culture medium of both
non-activated and LPS-activated fibroblasts 24 h after the gas treatment. For each sample,
4 × 105 cells/mL were treated with gas; experiments were performed four times per sample
and the medium was collected, centrifuged at 1500 g for 15 min, and the supernatants were
finally stored at −80 ◦C. Quantitation of IL-6 and TGF-β1 was conducted on a Luminex
Bio-Rad Bio-Plex 100 instrument (Bio-Rad Laboratories, Segrate, MI, Italy) coupled to the
Bio-Plex Manager software, v6.0, which allows measuring multiple proteins in a single well.
Briefly, 50 µL aliquots of undiluted cell medium were put in a 96-well plate (samples were
run in duplicate). Superparamagnetic microspheres (beads) conjugated with fluorophores
and antibodies against IL-6 and TGF-β were added to the assay wells. Incubation and
washing steps were performed as per manufacturer’s recommendations, then the plate
was loaded into the Luminex system for reading and signal quantitation.

4.9. Statistical Analysis

Data for each variable were presented as mean ± standard error (SE). Statistical com-
parison was performed by either the Kruskal–Wallis non-parametric test (cytotoxicity;
wound healing assay, cytokines) followed by the Mann–Whitney test for pairwise compari-
son or the one-way analysis of variance (ANOVA) test (S-phase evaluation; index of cell
surface irregularity, RT-qPCR) followed by Bonferroni’s post-hoc test. To RT-qPCR results,
the test for linear trend was also applied. Statistical significance was set at p ≤ 0.05.

5. Conclusions

Taken together, the results of the present study not only extend to fibroblasts the
notion that low O3 concentrations are safe for cells, but also provide original evidence
that the administration of O2–O3 gas mixtures induces multiple effects on fibroblasts,
depending on their activation state. In sum, in non-activated fibroblasts, O3 is able to
stimulate proliferation, formation of cell surface protrusions, antioxidant response, and
IL-6 and TGF-β1 secretion, while in LPS-activated fibroblasts, O3 stimulates antioxidant
response and cytokines secretion without affecting cell proliferation and motility. It is
therefore evident that the low O3 concentrations used in this study induce activation-
like responses in non-activated fibroblasts, whereas, in fibroblasts already activated by
LPS, the gas exposure potentiates the cell protective capability. Interestingly, most of the
effects observed in non-activated fibroblasts are due to the exposure to 10 or 20 µg O3, i.e.,
the concentrations that have been already found as optimal for safely inducing positive
response in various cell models [5–7,11,15,16]. This perfectly agrees with the low-dose
concept in the medical use of O3 [89,90], which is increasingly applied in clinical practice.

The simple in vitro model used in the present study was a suitable tool to shed light on
the specific responses of fibroblasts to low O3 concentrations; however, the observed effects
should be investigated in a more complex network of mutual interactions of different
cells and humoral factors, as it occurs in a living organism. Based on the present findings,
further in vivo studies will elucidate the contribution of fibroblasts in the response to
O2–O3 therapy, taking into account their multiple roles in tissue repair and homeostasis;
this will provide novel information to properly modulate the O3 administration protocols
for specific therapeutic needs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms221810133/s1, Figure S1: Wound healing assay of non-activated fibroblasts, Figure S2:
Wound healing assay of LPS-activated fibroblasts.
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Abstract

Oxygen-ozone (O2-O3) therapy is an adjuvant/complementary treatment based on

the activation of antioxidant and cytoprotective pathways driven by the nuclear fac-

tor erythroid 2-related factor 2 (Nrf2). Many drugs, including dimethyl fumarate

(DMF), that are used to reduce inflammation in oxidative-stress-related neurode-

generative diseases, act through the Nrf2-pathway. The scope of the present inves-

tigation was to get a deeper insight into the mechanisms responsible for the

beneficial result of O2-O3 treatment in some neurodegenerative diseases. To do

this, we used an integrated approach of multimodal microscopy (bright-field and

fluorescence microscopy, transmission and scanning electron microscopy) and bio-

molecular techniques to investigate the effects of the low O3 concentrations cur-

rently used in clinical practice in lipopolysaccharide (LPS)-activated microglial cells

human microglial clone 3 (HMC3) and in DMF-treated LPS-activated (LPS + DMF)

HMC3 cells. The results at light and electron microscopy showed that LPS-

activation induced morphological modifications of HMC3 cells from elongated/

branched to larger roundish shape, cytoplasmic accumulation of lipid droplets,

decreased electron density of the cytoplasm and mitochondria, decreased amount

of Nrf2 and increased migration rate, while biomolecular data demonstrated that

Heme oxygenase 1 gene expression and the secretion of the pro-inflammatory cyto-

kines, Interleukin-6, and tumor necrosis factor-α augmented. O3 treatment did not

affect cell viability, proliferation, and morphological features of both LPS-activated

and LPS + DMF cells, whereas the cell motility and the secretion of pro-

inflammatory cytokines were significantly decreased. This evidence suggests that

modulation of microglia activity may contribute to the beneficial effects of the

O2-O3 therapy in patients with neurodegenerative disorders characterized by

chronic inflammation.
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Highlights

• Low-dose ozone (O3) does not damage activated microglial cells in vitro

• Low-dose O3 decreases cell motility and pro-inflammatory cytokine secretion in

activated microglial cells in vitro

• Low-dose O3 potentiates the effect of an anti-inflammatory drug on activated

microglial cells

K E YWORD S

fluorescence microscopy, nuclear factor erythroid 2-related factor 2, oxygen-ozone therapy,
scanning electron microscopy, transmission electron microscopy

1 | INTRODUCTION

Oxygen-ozone (O2-O3) therapy is a modestly invasive procedure used

in medicine as an adjuvant/complementary treatment for a variety of

diseases (Bocci, 2012; Delgado-Roche et al., 2017; Elvis & Ekta, 2011;

Re et al., 2008). O3 is a highly unstable gas that quickly dissolves and

decomposes in the body fluids (being tenfold more water-soluble than

O2). O3 therefore acts as a pro-drug because it does not react directly

on the cells but gives rise to molecular messengers that, in turn, dif-

fuse in the whole organism (some of them being even able to pass the

blood brain barrier (Masan et al., 2021)) thus activating multiple path-

ways responsible for the therapeutic response (Sagai & Bocci, 2011).

Molecular evidence shed light on some basic biological mechanisms

responsible for the dose-dependent effects of O3 exposure (Sagai &

Bocci, 2011; Viebahn-Haensler & Fernández, 2021): high O3 concen-

trations induce an inflammatory response by activating the redox-

sensitive nuclear factor kappa-light-chain-enhancer of activated B

cells, which promotes the transcription of pro-inflammatory cytokines

and, in turn, the expression of several proteins involved in the antioxi-

dant response (Sagai & Bocci, 2011); on the contrary, low O3 concen-

trations induce a moderate oxidative stress that stimulates the

transcription of Antioxidant Response Elements-driven genes through

the translocation of the nuclear factor erythroid 2-related factor

2 (Nrf2) from the cytoplasm to the cell nucleus, where it promotes the

transcription of several genes involved in the antioxidant response

(Galiè et al., 2018). Therefore, the therapeutic efficacy of low-dose O3

would rely on the induction of an oxidative “eustress” (Niki, 2016)

that stimulates the antioxidant cell defense pathways via Nrf2 activa-

tion (Galiè et al., 2019) without inducing injury or inflammation.

Interestingly, there is increasing evidence on the role of the Nrf2

pathway in reducing oxidative stress and inflammation in neurodegen-

erative conditions, thus making the Nrf2 a promising therapeutic tar-

get for these diseases (Buendia et al., 2016; Dinkova-Kostova

et al., 2018; Johnson & Johnson, 2015; Liu et al., 2021; Lu

et al., 2016; McBean et al., 2017; Miller et al., 2019; Robledinos-

Ant�on et al., 2019; Shaw & Chattopadhyay, 2020). Consistently, some

drugs, such as dimethyl fumarate (DMF) (Scannevin et al., 2012), are

able to reduce inflammation in neurodegenerative diseases acting

through the Nrf2 pathway.

In the present investigation, we focused our attention on

microglial cells in the frame of a basic research aimed at unveiling the

biological mechanisms accounting for the therapeutic efficacy of low-

dose O3 on different cell types. Microglia are resident phagocytes and

innate immune cells in the central nervous system (CNS), where they

contribute to the homeostasis and rapidly activate in response to nox-

ious stimuli, thus playing a primary role in inflammatory processes

(Prinz et al., 2019; Wolf et al., 2017; Woodburn et al., 2021).

To ensure controlled and standardized experimental conditions,

we selected as an in vitro system the human microglial clone

3 (HMC3) cell line, which is widely employed for basic studies (Dello

Russo et al., 2018). HMC3 cells were administered the low O3 con-

centrations currently used in clinical practice after activation with lipo-

polysaccharide (LPS) (which induces neuroinflammatory responses

and upregulates the expression of pro-inflammatory cytokines (Lu

et al., 2021)); to mimic the effect of O3 on activated microglia under a

pharmacological anti-inflammatory treatment, we also treated HMC3

cells with the same gas concentrations after both LPS activation and

DMF administration (Scannevin et al., 2012). To evaluate the effects

of O3 on the structural and functional features of HMC3 cells we used

an integrated approach of multimodal microscopy (bright-field and

fluorescence microscopy, transmission and scanning electron micros-

copy) and biomolecular techniques.

2 | MATERIALS AND METHODS

2.1 | Cell culture and treatment

Human microglial clone 3 cell line, HMC3 (ATCC), were chosen for

the present study as a suitable in vitro system widely used in investi-

gations on neurodegenerative diseases (Dello Russo et al., 2018).

HMC3 cells were grown in Minimum Essential Medium supplemented

with 11% (vol/vol) fetal bovine serum, 1% (wt/vol) glutamine, 100 U

of penicillin and 100 g/ml streptomycin (all reagents were purchased

from Gibco, Walthem, MA, USA) at 37�C in a 5% CO2 humidified

atmosphere. At sub-confluence, the cells were trypsinized with 0.25%

trypsin in phosphate buffered saline (PBS) containing 0.05% EDTA

(Gibco), and seeded for specific analyses.

2 LACAVALLA ET AL.
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Cells were exposed to O2–O3 gas mixtures produced from

medical-grade O2 by an OZO2 FUTURA apparatus (Alnitec, Cremo-

sano, CR, Italy), which allows photometric real-time control of gas

flow rate and O3 concentration. O3 was used at the concentrations of

10 and 20 μg O3/ml O2 because they are currently administered in

the clinical practice. In addition, these concentrations proved be non-

toxic for various cultured cells and tissues (Cappellozza et al., 2021;

Cisterna et al., 2020; Cisterna et al., 2021; Costanzo et al., 2018;

Costanzo et al., 2015; Scassellati et al., 2017). Concentrations of

30 and 50 μg O3/ml O2 were used as highly oxidizing conditions.

Pure O2 was used to distinguish the effect of O3 from O2 in the

context of the O2–O3 mixtures. Cells undergoing the same handling

as gas-treated cells but without exposure to O2 or O2–O3 gas were

considered as control (CT).

As for cells grown adhering to glass slides, two coverslips were

placed in a 50 ml polypropylene syringe with 16 ml culture medium,

then 16 ml of gas was added into the syringe using a sterile filter

(Alnitec, Cremosano, CR, Italy), and the medium was gently mixed

with the gas for 10 min (Costanzo et al., 2015). As for cells treated in

suspension, samples of 4 � 106 cells were suspended in 10 ml

medium into a 20 ml syringe, then 10 ml of gas was added into the

syringe and gently mixed with the gas for 10 min (Larini et al., 2003).

For mitotic index and S-phase assessment, wound healing assay,

TEM analyses, and SEM analyses, the cells were seeded on glass slides

in multi-well microplates, let to adhere for at least 24 h and then sub-

mitted to gas treatment. For cytotoxicity evaluation, RT-qPCR and

cytokine assays, cells were treated in suspension. Then, for methyl

thiazolyl tetrazolium (MTT) assay, cells were seeded in 96-multi-well

plate after gas treatment, and analysed. For cytokine evaluation, cells

were seeded after gas treatment in 24-multi-well plates and, after

24 h, the medium was collected and stored at �80�C.

Before gas treatment, some HMC3 samples were incubated with

1 μg/ml LPS for 24 h as previously reported (Dello Russo et al., 2018)

to induce cell activation. Some other HMC3 samples were incubated

with both 4 μM DMF and 1 μg/ml LPS for 24 h in order to counteract

cell activation with an antioxidant drug (Scannevin et al., 2012). Sam-

ple of HMC3 cells non-activated was used as reference condition to

verify the efficacy of LPS activation and DMF treatment.

2.2 | Cell viability assay

The effect of gas treatment was evaluated by the MTT assay. Cells

were seeded in flat-bottom 96 multiwell plates at the density of

5 � 103 cells/well. Five wells for each condition were seeded.

MTT assay was performed at 24, 48, and 72 h after gas treatment

in LPS-activated and LPS + DMF HMC3 cells. To evaluate the effect

of higher O3 concentrations on cell viability, samples of non-activated

cells were exposed to 30 and 50 μg O3/ml O2. Briefly, the medium

was replaced with 100 μl of 0.5 mg/ml MTT (Sigma, Italy) in culture

medium and incubated for 4 h at 37�C in a cell culture incubator.

Then, MTT solution was removed, formazan crystals were dissolved in

100 μl of dimethyl sulfoxide (DMSO) and the absorbance was mea-

sured at 570 nm. The percentage of cell viability was calculated.

Cell death for the highly oxidizing conditions of 30 and 50 μg

O3/ml O2 was estimated at the same times of MTT assay (24, 48, and

72 h after gas treatment) staining the cells with 0.1% Trypan blue for

2 min. The cells were observed using a Leica DM IL inverted micro-

scope equipped with 20� objective lens.

2.3 | Mitotic index

The percentage of mitotic cells was assessed 48 h after treatment in

LPS-activated and LPS + DMF HMC3 cells, as a measure of the cell

proliferation rate. Non-activated cell sample was also considered as

basal condition. The cells (2 � 104 seeded cells per 24 mm � 24 mm

slides) were fixed with 70% ethanol for 30 min, washed with PBS and

stained for deoxyribonucleic acid (DNA) with 0.1 μg/ml Hoechst

33342 (Abcam, Cambridge, United Kingdom) in PBS for 10 min. The

samples were finally mounted in PBS/glycerol (1:1).

For observation, an Olympus BX51 microscope (Olympus Italia S.

r.l., Segrate, MI, Italy) equipped with a 100 W mercury lamp was used

under the appropriate light excitation and emission conditions for

Hoechst 33342. Images were recorded with a QICAM Fast 1394 Digi-

tal Camera (QImaging, Surrey, BC, Canada) and processed with Image-

Pro Plus software (Media Cybernetics, Inc., Rockville, MD, USA).

2.4 | S-phase evaluation

In order to assess cell proliferation rate, HMC3 S-phase evaluation

was performed in LPS-activated and LPS + DMF cells 48 h after

treatment. Non-activated cell sample was also considered as basal

condition. After 2 � 104 cells were seeded on 24 mm � 24 mm slides,

pulse-labeled with 20 μM Bromodeoxyuridine (BrdU) (Sigma-Aldrich,

St. Louis, MO, USA) at 37�C for 30 min and fixed with 70% ethanol.

To partially denature DNA, cells were incubated with 2 N HCl for

20 min at room temperature, then neutralized for 3 min with 0.1 M

sodium tetraborate (pH 8.2) (Sigma-Aldrich). Samples were washed

with PBS and permeabilized with PBS containing 0.1% bovine serum

albumin and 0.05% Tween-20 (Sigma-Aldrich) for 15 min, then incu-

bated with a mouse monoclonal antibody recognizing BrdU

(BD Diagnostics, Franklin Lakes, NJ, USA) diluted 1:20 in PBS for 1 h.

Following two washes with PBS, cells were incubated with Alexa

Fluor 488-conjugated anti-mouse secondary antibody (Molecular

Probes, Invitrogen, Milan, MI, Italy) diluted 1:200 for 1 h, washed with

PBS twice and DNA stained for 10 min with 0.1 μg/ml Hoechst

33342 (Abcam, Cambridge, United Kingdom) in PBS. Samples were

finally mounted with PBS/glycerol 1:1 solution.

BrdU-positive cells percentage was assessed in 30 randomly

selected fields (40� magnification) for every experimental condition.

Observation of samples was performed using an Olympus BX51

microscope (Olympus Italia S.r.l., Segrate, MI, Italy) equipped with a

100 W mercury lamp, under the following conditions: 450–480 nm

excitation filter (excf), 500 nm dichroic mirror (dm), and 515 nm bar-

rier filter (bf) for Alexa Fluor 488; 330–385 nm excf, 400 nm dm, and

420 nm bf, for Hoechst 33342. Images were acquired with a QICAM
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Fast 1394 Digital Camera (QImaging, Surrey, BC, Canada) and pro-

cessed with Image-Pro Plus software (Media Cybernetics, Inc., Rock-

ville, MD, USA).

2.5 | Wound healing assay

For the wound healing assay, 2 � 105 cells per well were seeded on

24 mm � 24 mm slides. After 24 h, the confluent cell monolayers

were scratched with a sterile pipette tip and then treated with gas. To

evaluate cell migration, images at 4� magnification were taken at 0, 6,

24, and 48 h post-treatment using an inverted microscope (Leica

DMIL, Leica Microsystems S.r.l., Buccinasco, MI, Italy) equipped with a

camera (Optika Microscopes, Ponteranica, BG, Italy). The scratched

area free of cells was measured in four randomly chosen fields in

three independent experiments, for a total of 12 fields per sample.

The value of the cell-free area was expressed as a percentage of the

value at time 0 (considered as 100%).

2.6 | Scanning electron microscopy (SEM)

For SEM examination, 2 � 104 cells were seeded on round slides of

20 mm in diameter. After 24 h, the cell monolayers of LPS-activated

and LPS + DMF samples were scratched as described above and trea-

ted with gas. Non-activated cell sample was also considered as basal

condition. After 24 h post-treatment, the cells were fixed with 2.5%

glutaraldehyde in PBS at 4�C for 2 h, post-fixed with 1% OsO4 at 4�C

for 1 h, and dehydrated with ethanol. Then, the cell monolayers were

dehydrated with a critical point dryer (CPD 030, BAL-TEC AG, Bal-

zers, Liechtenstein), mounted on metallic specimen stubs and sputter-

coated with gold (MED 010, BAL-TEC AG). SEM observations were

performed by an XL30 ESEM (FEI Italia S.r.l., Milan, Italy). Using Ima-

geJ software (NIH), the surface length of 15 cells per sample facing

the scratch was measured. Measure was made by including and

excluding cell protrusions and the ratio between the two values gave

the index of cell surface irregularity (the higher the value, the rougher

the cell).

2.7 | Transmission electron microscopy (TEM)

Morphological and immunocytochemical analyses were carried out at

TEM in order to analyze the effects of the exposure to low O3 con-

centrations on the fine cell features and Nrf2 nuclear translocation.

Based on our previous investigations (Galiè et al., 2018), the effects

were evaluated 24 h after gas treatment, in order to clearly detect

morphological changes and Nrf2 translocation on the transcriptional

sites. Non-activated cell sample was also considered as basal condi-

tion. The cells (2 � 104 cells per well) were seeded on round slides of

20 mm in diameter. After 24 h, the cell monolayers were treated with

gas. After 24 h post-treatment, the cells were fixed with 2.5% glutar-

aldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer, pH

7.4, at 4�C for 1 h, washed, post-fixed with 1% OsO4 at 4�C for

30 min, dehydrated with acetone and embedded in Epon as mono-

layer (Costanzo & Malatesta, 2019).

For ultrastructural morphology, ultrathin sections were collected

and stained with Reynolds lead citrate. For immunocytochemistry,

ultrathin sections were collected and immunolabeled. Briefly, sections

were floated on normal goat serum diluted 1:100 in PBS, incubated

overnight at 4�C with the anti-Nrf2 antibody (Abcam #ab62352, Cam-

bridge, United Kingdom) diluted 1:2 with PBS containing 0.1% bovine

serum albumin (Fluka, Buchs, Switzerland) and 0.05% Tween 20. Sec-

tions were then floated on normal goat serum and incubated for

30 min with a goat anti-rabbit IgG secondary antibody conjugated

with 12-nm gold particles (Jackson ImmunoResearch Laboratories

Inc., West Grove, PA, USA), diluted 1:20 in PBS. After rinsing with

PBS and water, the sections were finally air-dried and weakly stained

with Reynolds lead citrate for 1 min. As immunostaining controls, the

primary antibody was omitted.

The samples were observed in a Philips Morgagni transmission

electron microscope (FEI Company Italia Srl, Milan, Italy) operating at

80 kV; a Megaview III camera (FEI Company Italia Srl) was used for

image acquisition.

Quantitation of anti-Nrf2 immunolabeling was performed by esti-

mating the gold particle density on sections treated in the same run:

the area of nucleoplasmic regions and resin regions (as an intra-sample

negative control) was measured on 15 micrographs (28,000�) per

sample. Background evaluation was performed in sections processed

for immunocytochemistry without the primary antibody. In each mea-

sured area, the gold particles were counted manually and the labeling

density (i.e., the number of gold particles/μm2 of nucleoplasm) was

calculated.

2.8 | Real-time quantitative polymerase chain
reaction

Ribonucleic acid (RNA) was extracted from LPS-activated and

LPS + DMF HMC3 samples 24 h after the gas exposure by using the

Qiagen RNeasy Plus mini kit (ref. 74134) (QiagenS.r.l., Milan, Italy).

cDNA was generated by SuperScript™ III Reverse Transcriptase

(Invitrogen, cat. no. 18080093) (Thermo Fisher Scientific Inc., Wal-

tham, MA, USA) and amplified at qPCR with Applied Biosystems™

SYBR™ Green PCR Master Mix (Applied Biosystems™ 4309155)

(Thermo Fisher Scientific Inc.) using two distinct sets of primers spe-

cific for human Heme oxygenase 1 (Hmox1) (primers set 1: Forw:

CCTAAACTTCAGAGGGGGCG, Rev: GACAGCTGCCACATTAGGGT;

primers set 2: Forw: AGTCTTCGCCCCTGTCTACT, Rev: CTTCACA-

TAGCGCTGCATGG). The Applied Biosystems Step-One Real-Time

PCR System was used for amplification (Thermo Fisher Scientific Inc.).

2.9 | IL-6, TNF-α, and IL-13 secretion

The amount of IL-6, TNF-α, and Interleukin-13 (IL-13) secreted was

evaluated in the culture medium of LPS-activated and LPS + DMF

HMC3 cells, 24 h after the gas treatment (Dello Russo et al., 2018).

4 LACAVALLA ET AL.
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Non-activated cell sample was also considered as basal condition. The

pro-inflammatory IL-6 and TNF-α are known to be produced by

HMC3 (Dello Russo et al., 2018). Recently it has been demonstrated

that HMC3 cells are able to synthesize and secrete also small amounts

of the anti-inflammatory IL-13 (Caruso et al., 2021; Pallio et al., 2021).

For each sample, 2 � 104 cells per 24-multi-well plate were

seeded after gas treatment; experiments were performed in duplicate.

The medium collected from each cell sample was centrifuged at

1500 g for 15 min, and stored at �80�C. Quantitation of IL-6, TNF-α,

and IL-13 were quantified using a Luminex Bio-Rad Bio-Plex 100 (Bio-

Rad Laboratories, Segrate, MI, Italy) and the Bio-Plex Manager soft-

ware, v6.0. A total of 50 μl aliquots of undiluted medium were placed

in a 96-well plate, beads conjugated with fluorophores and antibodies

against IL-6, TNF-α, and IL-13 were added and, after appropriate incu-

bation and washing, the plate was read by the Luminex system. Sam-

ples were run in duplicate.

2.10 | Statistical analysis

For each variable mean value ± SD were calculated. For statistical anal-

ysis of MTT assay, wound healing assay, and cytokine secretion, the

Kruskal–Wallis non-parametric test followed by the Mann–Whitney

test for pairwise comparison was applied. For statistical comparison of

the mitotic index and the index of cell surface irregularity, the one-way

analysis of variance (ANOVA) test followed by Bonferroni's post-hoc

test was used. A p value ≤0.05 indicated statistical significance.

3 | RESULTS

3.1 | Cell viability assay

The effect of gas treatment on cell viability was assessed in LPS-

activated (Figure 1) and LPS + DMF HMC3 cells (Figure 2).

After 24 h of gas exposure, 10 μg O3 LPS-activated HMC3 sam-

ples showed a statistically significant increase in cell viability in com-

parison with CT and 20 μg O3-treated cells. After both 48 and 72 h,

no statistically significant difference resulted among the LPS-activated

samples (p = 0.68 and p = 0.75, respectively).

In LPS + DMF cells, gas exposure did not change significantly cell

viability in comparison with CT samples (a statistically significant

decrease was only observed in 20 μg O3 LPS + DMF cells in compari-

son with O2-treated cells). After 48 h of post-treatment, no statisti-

cally significant difference was found among the LPS + DMF samples

(p = 0.17). At 72 h, 20 μg O3 LPS + DMF cells showed significantly

lower cell viability in comparison to all the other samples.

The exposure to 30 and 50 μg O3/ml O2 induced a drastic

decrease of the cell viability already 24 h post-treatment as verified

by the trypan blue test (not shown). The concentrations of 30 and

50 μg O3/ml O2 were indeed excluded from the experimentation.

3.2 | Cell proliferation

The proliferation activity of HMC3 cells was assessed by evaluating

the mitotic index and the percentage of S-phase positive cells by BrdU

incorporation. Mitotic index was assessed in non-activated HMC3

cells (3.49 ± 0.64, as basal condition) and compared with CT samples

of LPS-activated and LPS + DMF cells, revealing no statistically signif-

icant difference (p = 0.51). The percentage of mitotic cells observed

48 h after treatment in LPS-activated and LPS + DMF cells showed

no statistically significant difference between CT and treated cells

(p = 0.80, p = 0.78, and p = 0.98, respectively) (Figure 3).

The percentage of BrdU-positive HMC3 cells (Figure 4a–c) did

not significantly change in non-activated (29.99 ± 1.29) and CT sam-

ples of LPS-activated and LPS + DMF cells (p = 0.30 for both

comparisons).

After 48 h of gas treatment, no significant difference in the per-

centage of BrdU-positive HMC3 cells was found among CT and gas-

F IGURE 1 Cell viability 24, 48, and
72 h after O2-O3 treatment in LPS-
activated HMC3 cells as assessed by the
MTT assay. Histograms show the mean
values ± SD of percentage of cell viability;
the table reports the p values for all the
comparisons made. Asterisk (*) indicates
the statistically significant difference from
the corresponding CT sample (p < 0.05).
HMC3, human microglial clone 3; LPS,
lipopolysaccharide
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treated samples in both LPS-activated and LPS + DMF cells (p = 0.06

for both).

3.3 | Wound healing assay

The effect of gas exposure on the migration capability of LPS-

activated and LPS + DMF cells was evaluated by the wound healing

assay (representative images in Figure 5).

In comparison to non-activated cells (90.52 ± 3.81), LPS-activated

CT cells showed no significant difference in migration rate at 6 h

(p = 0.06); instead, LPS + DFM CT cells showed lower migration rates

in comparison to both non-activated and LPS-activated CT cells

(p = 0.03). At 24 h, LPS-activated CT cells showed a significant

increase in migration rate in comparison to the non-activated ones

(45.67 ± 10.45) (p = 0.03), whereas no statistical difference was found

versus LPS + DMF cells (p = 0.06).

In LPS-activated cells (Figure 5c), no statistically significant differ-

ence was found in migration rate among CT and gas-treated samples

at 6 h post-treatment (p = 0.79), while at 24 h the migration rate of

CT sample was significantly higher in comparison with O2- and 10 μg

O3-treated samples (p = 0.03).

In LPS + DFM cells (Figure 5d), no statistical difference was

found among CT and gas-treated samples at both 6 and 24 h.

After 48 h, the wound was completely healed in all samples (not

shown).

3.4 | Cell morphology

The cell shape, surface protrusions, and organelle organization of

HMC3 cells were observed by bright field microscopy, SEM, and TEM,

respectively.

At inverted microscopy, HMC3 cells showed a flattened and

spindle-like shape in all the conditions investigated, without evident

modifications following gas treatments (Figure 6a). However, in LPS-

activated and LPS + DMF samples large flat round-shaped cells were

observed (Figure 6b,c).

F IGURE 2 Cell viability 24, 48, and
72 h after the treatment in LPS + DMF
HMC3 cells as assessed by the MTT
assay. Histograms show the mean values
± SD of percentage of cell viability; the
table reports the p values for all the
comparisons made. Asterisk (*) indicates
the statistically significant difference from
the respective CT sample (p < 0.05). DMF,

dimethyl fumarate; HMC3, human
microglial clone 3; LPS, lipopolysaccharide

F IGURE 3 (a) Representative image at fluorescence microscopy of HMC3 cells stained for DNA with Hoechst 33342. Note the mitotic cells
(arrows). Bar, 100 μm. (b) Mean values ± SD of percentage of mitotic cells at 48 h after the treatment in LPS-activated and LPS + DMF HMC3
cells. DMF, dimethyl fumarate; HMC3, human microglial clone 3; LPS, lipopolysaccharide
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SEM observation showed many thin surface protrusions in all cell

samples (Figure 7a–c), independently on activation, and gas treatment.

The quantitative evaluation of the surface irregularity did not show

significant differences between non-activated cells (2.54 ± 0.88) and

CT samples of LPS-activated and LPS + DFM cells (p = 0.07). More-

over, gas treatment did not induce significant change in cell surface

irregularity in LPS-activated (p = 0.18) and LPS + DFM cells

(p = 0.73) (Figure 7d).

TEM provided information on the fine structural organization of

HMC3 cells (Figures 8 and 9). Non-activated cells showed one

nucleus; the cytoplasm was characterized by well-preserved Golgi

complex, abundant smooth endoplasmic reticulum, numerous free

ribosomes, rare small lipid droplets, and glycogen granules (Figure 8a).

Elongated mitochondria with developed lamellar cristae were distrib-

uted in the cytoplasm (Figure 8b).

Compared with the non-activated sample (Figure 8), in the CT

samples of LPS-activated (Figure 9a) and LPS + DMF (Figure 9e) cells,

the cytoplasm density decreased and many glycogen granule clusters

were often associated with the numerous lipid droplets. In LPS-

activated cells (Figure 9a–d) and in LPS + DMF cells (Figure 9e–h)

gas-treated samples were similar with their respective CT.

3.5 | Nrf2 distribution

To assess whether the O3 treatment might affect the nuclear distribu-

tion of the transcription factor Nrf2, we investigated the

ultrastructural immunolabeling of HMC3 cell nuclei. In all samples,

Nrf2 was distributed in the euchromatin space (Figure 10), especially

on perichromatin fibrils where RNA transcription takes place

(Niedojadlo et al., 2011).

Quantitative evaluation of the Nrf2 density revealed that

LPS + DMF CT showed similar values to non-activated cells (0.86

± 0.32) (p = 0.33), whereas in LPS-activated CT was significantly

lower (p = 0.001). LPS-activated CT also revealed lower values in

comparison to LPS + DMF CT (p = 0.02).

As shown in Figure 11, in LPS-activated cells, both 10 and 20 μg

O3-treated cells showed an increase of the nucleoplasmic anti-Nrf2

labeling density in comparison with CT and O2-treated cells. In

LPS + DMF cells, no statistically significant difference was found

among the samples (p = 0.45).

3.6 | Heme oxygenase 1

Heme oxygenase 1 (Hmox1) gene expression (Figure 12), assessed by

Real-time quantitative polymerase chain reaction (RT-PCR), resulted

significantly higher in both LPS-activated CT and LPS + DMF CT cells

when compared with non-activated samples (48.50 ± 24.48)

(p = 0.027).

In both LPS-activated and LPS + DMF cells no significant differ-

ence was found in Hmox1 gene expression among CT and gas-treated

samples, apart from a significant lowering in LPS + DMF

cells treated with 20 μg O3 (Figure 12).

F IGURE 4 Representative fluorescence microscopy images of HMC3 cells stained for DNA with Hoechst 33342 (blue) (a), immunolabeled for
BrdU (green) (b), and merged (c). Bar, 100 μm. (d) Mean values ± SD of percentages of BrdU-positive cells 48 h after the treatment (one
experiment in triplicate). BrdU, Bromodeoxyuridine; DMF, dimethyl fumarate; HMC3, human microglial clone 3; LPS, lipopolysaccharide
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3.7 | IL-6, TNF-α, and IL-13 secretion

The amount of IL-6 (Figure 13) and TNF-α (Figure 14) as pro-

inflammatory cytokines, and IL-13 (Figure 15) as an anti-inflammatory

cytokine was evaluated in the culture medium of LPS-activated and

LPS + DMF HMC3 cells, in order to assess their secretory activity.

As for IL-6, LPS-activated CT cells showed significantly higher

values in comparison to non-activated cells (695.45 ± 34.98)

(p = 0.005). LPS + DMF CT cells showed values significantly higher

than non-activated cells (p = 0.004) but significantly lower than CT of

LPS-activated cells (p = 0.004). As shown in Figure 3, in LPS-activated

conditions and in LPS + DMF samples both 10 and 20 μg O3-treated

cells showed significantly lower values than CT and O2-treated cells.

As for TNF-α, CT samples of LPS-activated and LPS + DMF cells

showed significantly higher values in comparison to non-activated

cells (0.98 ± 0.29) (p = 0.02 and p = 0.03, respectively); moreover, CT

sample of LPS + DMF cells showed significantly lower values than CT

of LPS-activated cells (p = 0.04). In LPS-activated conditions

(Figure 14), both 10 and 20 μg O3-treated samples showed signifi-

cantly lower values than CT and O2-treated cells, while no significant

difference was found among cell samples in LPS + DMF condi-

tions (p = 0.08).

F IGURE 5 Representative
images at inverted microscopy of
HMC3 cells at 6 h (a) and 24 h
(b) of the wound healing assay.
Bars, 100 μm. Means ± SD of
percentages of cell-free areas of
CT, O2- and O3-treated LPS-
activated (c) and LPS + DFM
(d) HMC3 cells at 6 h and 24 h of

the wound healing assay.
Asterisks (*) indicate the
statistically significant difference
from the corresponding CT
samples (p < 0.05). DMF,
dimethyl fumarate; HMC3,
human microglial clone 3; LPS,
lipopolysaccharide
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As for IL-13 (Figure 15), CT samples of LPS-activated cells

showed values below the detection limit, while CT samples of

LPS + DMF cells showed values significantly lower that non-activated

cells (31.08 ± 13.25) (p = 0.03). No significant difference was found

among cell samples in LPS-activated and LPS + DMF conditions

(p = 0.66 and p = 0.06, respectively).

4 | DISCUSSION

O2-O3 therapy proved to be beneficial in some neurodegenerative

diseases characterized by high oxidative stress and inflammation

(Delgado-Roche et al., 2017; Izadi et al., 2020; Lin et al., 2019; Lintas

et al., 2013; Tahmasebi et al., 2021). These promising data require a

F IGURE 6 Representative inverted microscope images of spindle-like non-activated HMC3 cells (a) and round-shaped cells in LPS-activated
(b) and LPS + DMF (c) HMC3 cells (arrows). Bars, 50 μm. DMF, dimethyl fumarate; HMC3, human microglial clone 3; LPS, lipopolysaccharide

F IGURE 7 Examples of SEM micrographs of non-activated cells (a), LPS-activated (b) and LPS + DMF CT cells. Bars, 5 μm. Means ± SD of the
cell irregularity index at 24 h after the treatment (d). DMF, dimethyl fumarate; LPS, lipopolysaccharide; SEM, scanning electron microroscopy

LACAVALLA ET AL. 9

 10970029, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jem

t.24233 by U
niversity D

egli Studi D
i V

ero, W
iley O

nline L
ibrary on [15/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



deep knowledge of the O3 action mechanisms on microglial cells,

which play multiple roles for the maintenance of homeostasis in the

CNS and are primarily involved in both neuroinflammatory and neuro-

protective processes in many neurodegenerative diseases (Ho, 2019;

Kwon & Koh, 2020; Leng & Edison, 2021; Voet et al., 2019).

First, our findings demonstrated that the in vitro experimental

model used in the present study is reliable. In fact, consistent with

previous findings on activated microglial cells, LPS-activated HMC3

cells showed increased migration rate (Dello Russo et al., 2018), mor-

phological modifications from elongated/branched to larger roundish

cells (Baek et al., 2021; Garcia-Contreras & Thakor, 2021), lipid accu-

mulation in the cytoplasm (Khatchadourian et al., 2012), decreased

cytoplasmic and mitochondrial electron density (Anderson

et al., 1995), decreased Nrf2 amounts, and increased Hmox1 gene

expression and secretion of the pro-inflammatory cytokines IL-6 and

TNF-α (Pallio et al., 2021). Treatment with DMF – a neuroprotective

drug acting through Nrf2 (Scannevin et al., 2012) – proved to mitigate

the alterations in LPS-activated cells, partially restoring some of the

structural and functional features of non-activated HMC3 cells.

Gas treatment did not alter cell viability in both LPS-activated and

LPS + DMF cells (apart from a lower vitality after 72 h from the treat-

ment with 20 μg O3 in LPS + DMF cells). These findings are in agree-

ment with reports in the literature demonstrating that these low O3

concentrations are safe for many cell types (Cisterna et al., 2021;

Costanzo et al., 2018; Costanzo et al., 2015; Scassellati et al., 2017).

However, HMC3 cells proved to be especially sensitive to oxidative

F IGURE 8 TEM micrographs of non-
activated cells (a–b). Note the cytoplasm
rich in smooth endoplasmic reticulum and
elongated mitochondria (arrowheads) with
lamellar cristae. Asterisk (*) indicates a
lipid droplet; star indicates Golgi complex.
Bars, 500 nm. TEM, transmission electron
microroscopy

F IGURE 9 TEM micrographs of LPS-activated (a–d) and LPS + DMF (e–h) HMC3 cells. CT cells (a, e); O2-treated cells (b, f), 10 μg O3-treated
cells (c, g); 20 μg O3-treated cells (d, h). Arrowheads indicate mitochondria. Note the accumulation of lipid droplets (asterisks) and glycogen
(arrows) in LPS-activated and LPS + DMF cells. Bars, 500 nm. DMF, dimethyl fumarate; HMC3, human microglial clone 3; LPS,
lipopolysaccharide; TEM, transmission electron microroscopy
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stress since a concentration of 30 μg of O3, which is tolerated by most

cell types under similar experimental conditions, were lethal to them.

Similarly, gas exposure did not affect proliferation in both LPS-

activated and LPS + DMF cells, as shown by the evaluation of both

the mitotic index and BrdU-positivity, according to previous reports

on other cell types in vitro (Costanzo et al., 2020; Costanzo

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

The safety of 10 and 20 μg O3 for HMC3 cells was unequivocally

testified by the high-resolution analysis at TEM and SEM. In fact,

while LPS treatment induced in microglial cells various morphological

modifications in comparison to control (as highlighted above), gas

exposure did not affect any feature in both LPS-activated and

LPS + DMF cells.

Cell motility represents a hallmark of microglial cell activation

(Baek et al., 2021; Garcia-Contreras & Thakor, 2021; Zhang

et al., 2016). Accordingly, after LPS treatment, some HMC3 cells

showed a large roundish cell body, characteristic of activated micro-

glia able to ameboid movement, while the wound healing test demon-

strated that LPS-activated cells had a higher migration rate in

comparison to non-activated cells. As for the effect of gas exposure,

in LPS-activated cells both O2 and 10 μg O3 decreased significantly

cell motility while cell surface protrusions, involved in cell migration

(Fraley et al., 2010), showed a slight although not significant tendency

to reduce. This pointed out the reduction of one typical feature of the

inflammation phenotype. The reasons for such an effect remain

unclear but it could be related to the influence of oxidant-antioxidant

F IGURE 10 Representative TEM
micrographs of HMC3 cell nuclear details
after immunolabeling of Nrf2: CT (a) and
20 μg O3 (b) of LPS-activated cells; CT
(c) and 20 μg O3 (d) of LPS + DMF cells.
Immunogold labeling (arrows) occurs on
euchromatic regions, especially on
perichromatin fibrils (thick arrows). C,
cytoplasm. Bars, 200 nm. DMF, dimethyl

fumarate; HMC3, human microglial clone
3; LPS, lipopolysaccharide; TEM,
transmission electron microroscopy

F IGURE 11 Mean value ± SD of anti-Nrf2
labeling 24 h after treatment. The table reports
the p values for all the comparisons made.
Asterisks (*) indicate the statistically significant
difference from the corresponding CT samples
(p < 0.05). DMF, dimethyl fumarate; HMC3,
human microglial clone 3; LPS,
lipopolysaccharide; Nrf2, nuclear factor
erythroid 2-related factor 2
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F IGURE 12 Mean value ± SD of Hmox1
expression at 24 h after treatment. Asterisk (*)
indicates the statistically significant difference
from the corresponding CT sample (p < 0.05).
DMF, dimethyl fumarate; HMC3, human
microglial clone 3; Hmox1, Heme oxygenase 1;
LPS, lipopolysaccharide

F IGURE 13 IL-6 amounts (mean values
± SD) detected in the medium of LPS-activated
and LPS + DMF HMC3 cell samples 24 h after
gas treatment (two experiments in duplicate).
The table reports the p values for all the

comparisons made. Asterisks (*) indicate the
statistically significant difference from the
corresponding CT samples (p < 0.05). DMF,
dimethyl fumarate; HMC3, human microglial
clone 3; IL-6, Interleukin-6; LPS,
lipopolysaccharide

F IGURE 14 TNF-α amounts (mean values
± SD) detected in the medium of LPS-activated
and LPS + DMF HMC3 cell samples 24 h after
gas treatment (two experiments in duplicate).

The table reports the p values for all the
comparisons made. Asterisks (*) indicate the
statistically significant difference from the
corresponding CT samples (p < 0.05). DMF,
dimethyl fumarate; HMC3, human microglial
clone 3; LPS, lipopolysaccharide; TNF-α, tumor
necrosis factor-α
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balance on cytoskeleton dynamics (Muliyil & Narasimha, 2014); stud-

ies on this topic are currently in progress in our laboratories.

Similarly to other cell types treated with low O3 concentrations

(Cappellozza et al., 2021; Galiè et al., 2018), in LPS-activated cells

Nrf2 translocated to the nucleus following the mild oxidative stress

due to 10 and 20 μg O3 exposure. However, in HMC3 cells this trans-

location did not lead to an increase in the transcription of Hmox1

gene, the gene marker of the antioxidant response following O3 treat-

ment (Scassellati et al., 2017), thus revealing a lower responsiveness

of these microglial cells to the antioxidant action of O3 in comparison

to other cell types submitted to the same gas treatment (Cappellozza

et al., 2021; Cisterna et al., 2021; Scassellati et al., 2017). In

LPS + DMF cells no difference in the amount of nuclear Nrf2 was

induced by gas exposure. Since the quantity of nuclear Nrf2 found in

LPS + DMF CT cells was higher than in LPS-activated CT cells, it can

be hypothesized that O3 has no additional effect to the nuclear trans-

location induced by the treatment with DMF (Scannevin et al., 2012).

Consistently, no increase in Hmox1 expression was induced by the

gas treatment in LPS + DMF cells. It is worth noting that Nrf2 has

multiple direct and indirect effects on manifold pathways concerning

not only the antioxidant response but also, for example, mitochondrial

bioenergetics, unfolded protein response, proteasome activity, inter-

mediary metabolism regulation, stem cell proliferation, and differentia-

tion (Tonelli et al., 2018). This opens broad prospects for studies on

the Nrf2-driven effects of O3.

Cytokine secretion is another typical hallmark of microglia activa-

tion in vivo and in vitro (Prinz et al., 2019; Wolf et al., 2017;

Woodburn et al., 2021). LPS is an inflammatory agent known to

increase IL-6 and TNF-α secretion in HMC3 (Dello Russo et al., 2018;

Garcia-Contreras & Thakor, 2021; Lu et al., 2021). IL-6 and TNF-α are

pro-inflammatory cytokines: under physiological conditions, they are

scarcely present, but in many CNS pathologies or injury they are pro-

duced in high amount by various immune cells including microglia,

playing multiple roles in neurorepair (Rothaug et al., 2016;

Schroeter & Jander, 2005; Welser-Alves & Milner, 2013). However, in

the presence of chronic neuroinflammation, their excessive secretion

becomes detrimental and may promote the development of neurode-

generative diseases (Kaur et al., 2019; Lyman et al., 2013; Shabab

et al., 2017; Smith et al., 2012). On the other hand, IL-13 is an anti-

inflammatory cytokine mostly secreted by lymphocytes (Minty et al.,

1993) and recently found to also be produced, although in small

amount, by HMC3 (Caruso et al., 2021; Pallio et al., 2021).

In LPS-activated HMC3 cells, exposure to low O3 concentrations

induced a marked decrease in IL-6 secretion. Similar results were

found for TNF-α. On the other hand, pure O2 seems to be ineffective

in modulating both cytokines, demonstrating the direct involvement

of O3 in decreasing the secretion of pro-inflammatory cytokines in

activated HMC3 cells. Such modulatory action of low O3 concentra-

tion on cytokine secretion has been already documented both in vivo

and in vitro (Cappellozza et al., 2021; Cisterna et al., 2021; Delgado-

Roche et al., 2017; Güçlü et al., 2016; Tahmasebi et al., 2021; Tartari

et al., 2020; Zeng et al., 2020).

Interestingly, the effect of low O3 concentrations on pro-

inflammatory cytokines is similar to that induced by the anti-

inflammatory drug DMF. This could be because both O3 and DMF act

through Nrf2 (Scannevin et al., 2012), likely activating similar cytopro-

tective pathways. It is worth noting that, as reported in a previous

work (Pallio et al., 2021), activated HMC3 reduced IL-6 and TNF-α

secretion after treatment with Metaxalone, a drug that also induces

Nrf2 increase. Low O3 concentrations proved to significantly decrease

IL-6 secretion even in LPS + DMF cells, thus suggesting an

adjuvant role.

The secretion of IL-13 from non-activated HMC3 cells was quite

scarce. LPS activation induced a drastic lowering of IL-13 secretion

(that became undetectable in the medium), and the slight IL-13

increase after exposure to low O3 concentrations was statistically

insignificant. In LPS + DMF CT cells, the exposure to DMF restored

the secretion of IL-13, similarly to what found by Pallio et al., 2021

after treating HMC3 cells with Metaxalone, but again the O3 treat-

ment did not change IL-13 secretion.

In conclusion, the combined application of refined microscopical

and biomolecular techniques to activated microglial HMC3 cells con-

firmed that low-dose O3 does not induce structural alterations while

being able to decrease cell migration and the secretion of pro-

inflammatory cytokines. Interestingly, these responses to O3 treat-

ment do not involve the upregulation of antioxidant genes such as

F IGURE 15 IL-13 amounts (mean values
± SD) detected in the medium of LPS-activated
and LPS + DMF HMC3 cell samples 24 h after
gas treatment (two experiments in duplicate).
DMF, dimethyl fumarate; HMC3, human
microglial clone 3; IL-13, Interleukin-13; LPS,
lipopolysaccharide
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Hmox1, but anyway imply the activation of Nfr2, which is known to

act through many pathways besides the antioxidant ones.

The results we obtained in this simplified system in vitro allowed

elucidating a basic cell mechanism, suggesting that the modulation of

microglia activity may contribute to the beneficial effects of the O2-

O3 therapy in patients affected by neurodegenerative disorders char-

acterized by chronic inflammation.
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Abstract: Muscular dystrophies are a group of rare genetic pathologies, encompassing a variety of
clinical phenotypes and mechanisms of disease. Several compounds have been proposed to treat
compromised muscles, but it is known that pharmacokinetics and pharmacodynamics problems
could occur. To solve these issues, it has been suggested that nanocarriers could be used to allow
controlled and targeted drug release. Therefore, the aim of this study was to prepare actively targeted
poly(lactide-co-glycolide) (PLGA) nanoparticles (NPs) for the treatment of muscular pathologies. By
taking advantage of the high affinity for carnitine of skeletal muscle cells due to the expression of
Na+-coupled carnitine transporter (OCTN), NPs have been actively targeted via association to an
amphiphilic derivative of L-carnitine. Furthermore, pentamidine, an old drug repurposed for its pos-
itive effects on myotonic dystrophy type I, was incorporated into NPs. We obtained monodispersed
targeted NPs, with a mean diameter of about 100 nm and a negative zeta potential. To assess the
targeting ability of the NPs, cell uptake studies were performed on C2C12 myoblasts and myotubes
using confocal and transmission electron microscopy. The results showed an increased uptake of
carnitine-functionalized NPs compared to nontargeted carriers in myotubes, which was probably
due to the interaction with OCTN receptors occurring in large amounts in these differentiated muscle
cells.

Keywords: PLGA; L-carnitine; nanoparticles; active targeting; skeletal muscle cells; fluorescence
microscopy; transmission electron microscopy

1. Introduction

For years, the enhanced permeation and retention (EPR) effect was the chosen strat-
egy for passive targeting, being largely studied for nanocarrier accumulation in a tumor
environment [1,2]. However, models used to study the EPR effect are often not sufficiently
accurate to describe the nanocarrier behavior in the human body [3]. The active targeting
approach is based on the identification of precise disease biomarkers, to which specific
ligands on the nanocarrier surface are directed to promote accumulation into organs or
tissues with consequent improved therapeutic effects. Furthermore, the high specificity of
the ligands (e.g., antibodies, peptides) can facilitate nanocarrier internalization into cells
with great affinity and precision [4].

Muscular dystrophies (MDs) are a group of chronic inherited genetic diseases which
affect muscles, especially at the skeletal level. The most common MDs are represented by
Duchenne muscular dystrophy and myotonic dystrophies, caused by different and specific
gene mutations [5,6]. Currently, no therapies are available to counteract the pathogenic
causes of MDs, and conventional treatments are based on glucocorticoids to mitigate
symptoms [7]. Over the last years, various approaches have been proposed for the treatment
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of localized mutations. For instance, gene therapy is considered the most recent strategy to
target the pathogenic causes of MDs [8,9]. However, drawbacks related to the instability
of the genetic materials or the unreached global distribution to all compromised tissues
limit the therapeutical applicability of this strategy. Within this framework, drug delivery
systems have been proposed for the treatment of MDs. However, in vivo delivery is
challenging due to the presence of biological barriers: the complex architecture of skeletal
muscle and the surrounding extracellular matrix (ECM) made of fibrous proteins are the
main hurdles for drug delivery to muscle cells [10,11]. To restrict interactions with ECM,
the intravenous administration of nanocarriers appeared to be a potential strategy to
reach skeletal muscle fibers through their dense blood capillary network. However, the
treatment of MDs requires long-term administration, which makes the biocompatibility
and biodegradability of nanosystems important requirements.

In this context, surface-engineered nanosystems have been designed to actively pro-
mote muscle cell targeting thanks to peptides anchored on the nanocarrier surface [12,13].
In our work, we identified the Na+-coupled organic cation/carnitine transporter (OCTN) as
a potential target for drug delivery at the muscular level [14,15]. OCTN receptors constitute
a subfamily of the solute carrier SLC22 family, whose differences in amino acid composition
define the two main receptor classes, namely OCTN1 and OCTN2. Moreover, each member
of SLC22 has differences in substrate affinity. In particular, OCTN2 has a high affinity for
L-carnitine, which is a small zwitterion molecule endogenously synthetized by liver, kidney
and brain [16].

L-Carnitine-associated polymer nanoparticles (NPs) have been shown to be effective in
increasing drug delivery by oral administration: the insertion of an L-carnitine derivative,
namely stearoyl-L-carnitine (SC), into the polymer matrix enhanced cellular uptake and
intestinal absorption of drug molecules by OCTN2-mediated transport [17,18]. Further-
more, SC-conjugated PLGA NPs have been described as novel potential tools for colon
cancer cell-targeted drug delivery. Indeed, cancer cells express high levels of OCTN2 and
ATB0,+ receptors, both having high affinity for L-carnitine [19]. The same approach can
be exploited to target the respiratory epithelium of human trachea and bronchi, since the
identification of OCTN transporters can play a significant role in the delivery of therapeutic
molecules by a nanomedicine-based approach [20,21].

On these bases, in the present work we propose the formulation of drug-loaded SC-
associated PLGA NPs to target the OCTN2 receptor expressed on skeletal muscle cells
(Figure 1).
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We tested different percentages of SC to efficiently functionalize the NPs, which were
then characterized. In vitro tests were carried out in an established non-tumor muscle
cell line, with cells able to proliferate as myoblasts (mimicking activated satellite cells
of skeletal muscle) and terminally differentiate into myotubes (mimicking the mature
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myofiber) [22]. Cytotoxicity in the presence of targeted NPs was assessed, and cellular
uptake was analyzed by confocal and transmission electron microscopy (TEM).

The recent understanding of the pathogenic mechanism of MDs has opened new
possibilities for innovative strategies. As an example, a current approach for the treatment
of myotonic dystrophy type I consists in drug repurposing, i.e., the identification of new
therapeutic applications of existing drugs [23]. Within the frame of the repurposing ap-
proach, pentamidine (PTM), an aromatic diamine approved as an antiparasitic drug, has
been investigated as an experimental MD treatment. Indeed, myotonic dystrophy type I
results in the dystrophia myotonica protein kinase (DMPK) gene mutation, which leads
to the amplification of the (CTG)n triplets. Furthermore, the transcription of expanded
(CUG)n forms aggregates of hairpin structures in the nucleus, namely nuclear foci, re-
sponsible for the sequestration of the splicing factor muscle-blind-like (MBNL) protein
family and the consequent myotonia and muscle weakness [24,25]. Recent in vitro and
in vivo studies demonstrated that PTM associates with the expanded triplets, preventing
MBNL1 sequestration, decreasing the formation of nuclear foci and reducing myotonia in
experimental models [26,27]. However, its substantial toxicity at the potentially effective
dose in vivo and its relevant side effects prevent its clinical applicability [28]. For these
reasons and to improve drug efficacy, PTM has been encapsulated into targeted NPs for its
proposed activity in the treatment of myotonic dystrophy type I [8,29–31].

2. Results
2.1. Preparation and Characterization of SC-Nanoparticles

Empty and drug-loaded SC-associated (5% and 10% w/w) PLGA NPs were prepared
in a single step by nanoprecipitation [32], adding polyvinyl alcohol (PVA) in the aqueous
phase as a stabilizer of the composite formulation. As reported in Table 1, all the NP
samples showed a mean diameter of about 100 nm; in particular, the mean size value of
empty NPs was lower than that of drug-loaded samples. Indeed, the incorporation of the
free base form of PTM (PTM-B) increased the mean size until it grew to about 130 nm and
the polydispersity index (PDI) value was greater than 0.2. Concerning the zeta potential,
SC-associated and PTM-B-loaded NPs showed a less negative value than that of blank
nanocarriers, thanks to the presence of positive charges on both SC and PTM-B.

Table 1. Physicochemical characteristics (mean diameter, PDI and zeta potential) of PLGA nanoparti-
cles (n = 3).

Nanoparticle
Composition

Mean Diameter
(nm ± S.D.) PDI Zeta Potential

(mV ± S.D.)

PLGA 94 ± 1 0.170 −39.2 ± 1.8
5% SC-PLGA 82 ± 1 0.198 −23.7 ± 1.1

10% SC-PLGA 73 ± 1 0.184 −29.6 ± 1.0
5% SC-PTM-B-PLGA 98 ± 11 0.399 −18.4 ± 2.4

10% SC-PTM-B-PLGA 128 ± 10 0.222 −28.8 ± 3.3

The physical stability of the NP suspensions in the storage conditions was monitored
for four weeks; in this period, no precipitation and/or aggregation occurred for 5% and 10%
empty SC-NPs. On the contrary, for PTM-B-loaded nanosystems, the mean particle size,
PDI and zeta potential values were stable only for 5% SC-NPs. On these bases, we selected
the lower SC concentration for further characterization. In particular, 5% SC-PTM-B-PLGA
NPs showed an encapsulation efficiency (EE) (calculated as the ratio between the amount
of entrapped drug and the initial amount used in the preparation of nanocarriers × 100)
of 65% and a drug loading (DL) (calculated as the ratio between the amount of entrapped
PTM-B and the total nanocarrier weight × 100) of 1.9%. This EE was lower than that
of untargeted NPs, which was about 90% [33]. HPLC analysis showed that 45% of the
initially added SC was associated with 5% SC-PTM-B-PLGA NPs (corresponding to a final
SC concentration of 22.5 µg/mL). To evaluate the PTM-B release from 5% SC-NPs, the
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suspension was incubated for 24 h at 37 ◦C in phosphate-buffered saline (PBS) pH 7.4. In
these conditions, the drug is stably associated to the polymer matrix thanks to electrostatic
interactions, as previously reported [33]: indeed, after 24 h, only 60% of PTM-B is released
(Figure 2).
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2.2. Cytotoxicity Assay

C2C12 myoblasts were cultured and incubated for 2 h, 24 h and 24 h + 24 h of recovery
in a culture medium without NPs, with increasing concentrations of 5% SC-NPs used
to evaluate cell metabolic activity. As shown in Figure 3, metabolic activity was similar
in control samples and in samples exposed to any nanocarrier concentration after 2 h of
incubation. Conversely, metabolic activity decreased significantly after 24 h incubation in
a dose-dependent manner (from 86% for the lowest concentration to 62% for the higher
concentration), indicating a cytotoxic effect. After 24 h incubation with 5% SC-NPs followed
by 24 h of recovery, metabolic activity showed similar values in control samples and in
samples exposed to 5% SC-NPs. The exception was the highest concentration, which
induced a significant decrease in 24%.
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2.3. Nanoparticle Distribution in Myoblasts and Myotubes

To compare the cell internalization of 5% SC-associated or untargeted NPs, C2C12
myoblasts and myotubes were incubated for 2 h and 24 h with fluorescent (Nile Red-
loaded) NPs. Confocal microscopy (CFM) analysis showed that both NP types were
already internalized after 2 h (not shown) and accumulated in the cytoplasm after 24 h
without entering the cell nucleus (Figure 4A–D).
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nanoparticles (A,B) and 5% SC-associated nanoparticles (C,D). Nanoparticles are loaded with Nile
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(E) Quantitative evaluation of internalized nanoparticles; data are given as mean values ± SEM.
** p < 0.001; * p < 0.01.

Morphometric analysis, performed to quantify the internalized NPs after 24 h incuba-
tion, demonstrated that untargeted NPs accumulated in myoblasts in significantly higher
amounts than 5% SC-NPs. Conversely, in myotubes a higher number of 5% SC-NPs was
internalized compared to the untargeted ones (Figure 4E).

TEM analysis confirmed the uptake of 5% SC-NPs within myoblasts and myotubes
(Figure 5) after 2 h and 24 h incubation, allowing us to shed light on the NP interaction with
the cellular components. At TEM, NPs showed a regular roundish shape and a moderate
electron density, conditions which allowed their unequivocal visualization.

The intracellular fate of 5% SC-NPs was the same in myoblasts and myotubes. After
2 h of incubation, 5% SC-NPs were found to enter the cells by endocytosis (Figure 4A). Once
in the cytoplasm, they underwent endosomal escape (Figure 4B). After 24 h incubation,
most NPs were free in the cytosol (Figure 4C,D). However, some NPs were found to be
partially surrounded by double membranes as a typical sign of the autophagic process
(Figure 4E), while secondary lysosomes containing NP remnants accumulated in the cyto-
plasm (Figure 4F). NPs were never found inside the nucleus. Only several cells showed
signs of stress, such as vacuolization or mitochondrial swelling, at 24 h incubation (not
shown).
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Figure 5. TEM micrographs of myoblasts (A–C,F) and myotubes (D,E) after 2 h (A,B) and 24 h (C–F)
incubation with 5% SC-nanoparticles, respectively. (A) Two nanoparticles (asterisks) are entering
the cell by endocytosis. (B) A nanoparticle (asterisk) is escaping an endosome. (C,D) Nanoparticles
(asterisks) occur free in the cytosol. (E) A nanoparticle, occurring free in the cytosol (asterisk),
is enclosed by double membranes (arrows) undergoing autophagocytosis. (F) Two nanoparticles
(asterisks) inside a secondary lysosome. m, mitochondria; f, myofibril bundles. Bars, 200 nm.

2.4. Immunofluorescence Detection of OCTN2 Receptor

To detect the presence of OCTN2 receptors in myoblasts and myotubes in order to
gain further insight into the possible role of the transporter, the cells were labeled with the
anti-OCTN2 antibody and evaluated by immunofluorescence. The presence of OCTN2
receptors was observed in both myoblasts and myotubes, but in myotubes the number of
receptors was significantly higher (Figure 6).
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(green); counterstaining with phalloidin (red). Bars, 20 µm. Note the higher density of receptors in
the myotube (C); data are given as mean values ± SEM. * p< 0.001.

3. Discussion

In this work, L-carnitine was exploited as an active targeting agent to increase the
muscle tropism of PLGA NPs and improve the therapeutical treatment of MDs. L-carnitine
is a specific substrate for a plasma membrane transporter, namely OCTN2, a Na+-coupled
transporter that is characterized by high binding affinity for L-carnitine (Km~10 µM) [34].
PLGA NPs themselves are poorly taken up by differentiated muscle cells [35,36], but
chemical modification of the surface of these NPs with a specific targeting molecule would
potentially enhance the efficiency of the uptake process and cell selectivity. The rationale of
this study is that differentiated muscle cells preferentially express OCTN2 receptors, which
recognize L-carnitine as substrate.

To promote the L-carnitine association to PLGA NPs, we have chosen a commercial
derivative, i.e., SC, in which the hydroxyl group of L-carnitine was conjugated to a stearoyl
moiety. In this way, during NP formation, the SC long fatty chain anchors to the PLGA
matrix by hydrophobic interactions and exposes hydrophilic L-carnitine on the NP surface
(Figure 1) [19]. According to this approach, the covalent linkage between PLGA and
L-carnitine can be avoided. A similar strategy has been used to prepare L-carnitine-
functionalized NPs by solvent extraction/evaporation to increase drug oral delivery by
carnitine receptor-mediated uptake [18].

In this work, PTM, a drug repurposed for potential applications in MD treatment [26],
was encapsulated in muscle-targeted NPs. We used the free base form of PTM to increase
its hydrophobicity and, thus, the incorporation into the lipophilic inner core of the NPs.
At the same time, the association of PTM-B to PLGA was promoted by the electrostatic
interactions between the positively charged PTM-B amidinic groups and the negatively
charged PLGA carboxyl functions, as previously reported [33].

All the NPs were prepared by nanoprecipitation, adding PVA as a surfactant to
stabilize the nanosystems. In previous studies, different concentrations (from 0.1 to 1%
w/v) of PVA were assessed to obtain stable NPs, limiting, at the same time, PVA toxicity
in vitro. Finally, a nontoxic 0.2% PVA concentration was used [37].

NPs were formulated at 5% and 10% SC to investigate the effect of the ligand per-
centage on the NP characteristics. As reported in Table 1, the NP mean diameter tends to
diminish with the increase in SC percentage during NP formation, probably as a conse-
quence of the amphiphilic character of SC. On the contrary, the incorporation of PTM-B
into functionalized NPs causes mean size and PDI to increase: this effect may be due to
the more complex composition of the systems and the localization of PTM-B inside the NP
matrix. Moreover, the zeta potential of targeted NPs was higher than that of untargeted
ones, suggesting that SC is located on the NP surface. When PTM-B is added, the zeta
potential value becomes even less negative due to the presence of the positively charged
groups of the drug. Since the stability of the drug-loaded nanosystems was guaranteed
only at 5% of SC, we evaluated the EE only for this sample, showing that the insertion of
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SC in the polymer matrix reduced the incorporation of PTM-B from 90% of untargeted NPs
to 65%. This result is probably caused by the interaction of the stearoyl chain of SC with
the polymer matrix and the competition with PTM-B incorporation. However, the drug
release profile demonstrated a stable association of PTM-B with the polymer matrix thanks
to the electrostatic interactions, as previously reported [33].

When administered to myoblasts in vitro, 5% SC-NPs were proved to exert a slight
toxicity in a dose-dependent manner. Since PLGA is a biodegradable and biocompatible
polymer without toxic effects in vitro and in vivo [38], the increased cytotoxicity may be
related to the presence of SC. Indeed, some studies demonstrated the potential toxicity of
acylcarnitine derivatives. Accordingly, a high level of acylcarnitine derivatives is an indica-
tor of compromised lipid metabolism [39]. Furthermore, in cardiomyocytes, acylcarnitine
has been shown to disrupt the sarcolemmal integrity and electrophysiologic functions,
possibly leading to the alteration of myocardial activity [40]. Taking into account that lipid
metabolism occurs in mitochondria where the dehydrogenases responsible for tetrazolium
salt MTT reduction are located, and that L-carnitine is a key element for mitochondrial
homeostasis, we can assume that SC would interfere with mitochondrial activities, thus
reducing myoblast metabolism. These effects seem to be transitory and reversible, as
suggested by the resumption of cell metabolism after a 24 h-recovery.

The observations, made at CFM and especially at TEM, demonstrated that a low
number of cells, treated with 5% SC-NPs at the PLGA concentration of 94.71 µg/mL,
showed stress signs after 24 h incubation according to the MTT assay results. In this
study, we selected this concentration for microscopy analyses due to technical reasons. In
fact, the sample sections for TEM are very thin (70–90 nm), allowing the observation of
a limited cell volume. Therefore, to be sure to have performed an adequate sampling of
internalized NPs at the ultrastructural level, it was advisable to use a relatively high NP
concentration while preserving the viability of most of the cell population. Of note, in view
of future studies with targeted drug-loaded NPs, these PLGA concentrations correspond
to a nontoxic amount of entrapped PTM-B. Under these experimental conditions, it was
therefore possible to monitor the uptake and intracellular fate of 5% SC-NPs. Both CFM and
TEM demonstrated that 5% SC-NPs rapidly enter myoblasts and myotubes and accumulate
in the cytoplasm but never penetrate the cell nucleus, thus avoiding the unpredictable
side-effects due to possible interactions between NPs, nucleic acids and nuclear factors
confined inside the nuclear envelope. This finding should be therefore considered as a
biocompatibility feature of 5% SC-NPs.

The experimental evidence at TEM indicates that 5% SC-NPs enter myoblasts and my-
otubes by the classical endocytic process [18,41]. Once inside the cell, 5% SC-NPs rapidly
escape the endosomes and occur free in the cytosol, similarly to what was previously
reported for untargeted PLGA NPs in muscle cells [36] as well as for other polymeric
NPs [42,43]. However, the free NPs re-enter the endolytic pathway due to autophagic
process, thus undergoing enzymatic degradation, as demonstrated by the large number of
secondary lysosomes containing NP remnants at the longer incubation time. The degrada-
tion of 5% SC-NPs through a physiological pathway further supports the biocompatibility
of this nanosystem.

Although 5% SC-NPs proved to enter both myoblasts and myotubes, morphometric
analysis, which was performed at CFM to quantify the NP amounts, revealed that these
nanocarriers were better internalized in myotubes than in myoblasts. In detail, untargeted
NPs were internalized in large amounts in myoblasts and in lower amounts in myotubes,
whereas L-carnitine-functionalized NPs were internalized in higher amounts in myotubes
than in myoblasts. The more efficient uptake of untargeted PLGA NPs in myoblasts with
respect to myotubes was already reported in both murine C2C12 cells and human primary
muscle cell cultures [35,36], being ascribed to multiple factors affecting nanocarrier inter-
nalization [44]. These include: (i) the higher metabolic rate of cycling cells in comparison
to terminally differentiated ones [45]; (ii) the differential expression in myoblasts and my-
otubes of many proteins involved in e.g., adhesion, transmembrane transport, cytoskeleton
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dynamics [46–48], and in plasmalemma lipid composition [49]; (iii) the remarkable differ-
ence in cell size [50]; (iv) a different protein corona [51] due to the different composition
of the culture media. It is likely that the enhanced uptake of targeted NPs in myotubes is
due to the higher amount of OCTN2 receptors in comparison to myoblasts. In fact, OCTN2
is considered as the most important plasma membrane carnitine transporter [16,52]. Both
myoblasts and myotubes are known to express OCTN2 receptors [53], but the functional
activity induced by the differentiation process, such as spontaneous contractile activity,
may induce in myotubes the translocation of OCTN2 receptors to the plasma membrane,
similarly to what was observed in skeletal muscle in vivo [54]. Accordingly, in vitro studies
on human primary cell cultures suggested that the carnitine transport system gradually
develops during myogenesis before being fully expressed in the adult tissue [55].

4. Materials and Methods
4.1. Materials

PLGA 75:25 (Resomer® RG 752 H, Mw = 4–15 kDa) (analytical grade), SC, PVA
(Mw = 31–50 kDa, 98–99% hydrolyzed), PTM isethionate (PTM-I), dimethyl sulfoxide
(DMSO), phosphoric acid, sodium hydroxide and sodium 1-heptanesulfonate were pur-
chased from Merck (Milan, Italy). All the solvents used were of analytical grade or HPLC
grade and were purchased from Carlo Erba Reagenti (Milan, Italy). Ultrapure water used
for the buffers was obtained from a Milli-Q® Plus Purification System (Merck Millipore,
Vimodrone Milan, Italy). Solvent evaporation was carried out using a rotating evapo-
rator (Heidolph Laborota 400, Heidolph Instruments, Schwabach, Germany) equipped
with a vacuum pump (Diaphragm Vacuum Pump DC-4). Lyophilization was performed
with a LyoQuest-85® freeze drier (Azbil Telstar Technologies, Barcelona, Spain). C2C12
myoblasts, an immortalized murine cell line, were purchased from ECACC 91031101.
Dulbecco’s modified Eagle medium (DMEM), fetal bovine serum (FBS), glutamine, ampho-
tericin B and penicillin-streptomycin were purchased from Gibco, Thermo Fisher Scientific
(Waltham, MA, USA). Thiazolyl Blue Tetrazolium Bromide (MTT solution), Phalloidin-Atto
488, Phalloidin-Atto 594 and Alexafluor 488 were obtained from Merck.

4.2. Preparation and Characterization of Free Base form of PTM

PTM-B was obtained by dissolving PTM-I in distilled water and adding a 25% w/w
NH4OH solution at 4 ◦C. The obtained precipitate was filtered, washed with a 5% NH4OH
solution and dried under vacuum conditions overnight. The conversion of PTM-I into
PTM-B was confirmed by mass spectrometry analysis using electrospray ionization or
by atmospheric pressure chemical ionization, in positive ion mode, on a Micromass ZQ
spectrometer (Waters, Milan, Italy), as previously reported [56].

4.3. Preparation of Nanoparticles

SC-associated PLGA NPs were prepared by the nanoprecipitation technique [32].
Practically, for each preparation, an aliquot of a methanolic stock solution of SC (1 mg/mL),
corresponding to SC 5% or 10% w/w, was added to 5 mg of PLGA 75:25 dissolved in acetone,
until a total volume of 1 mL was reached. The organic solution was then dripped into 5 mL
of a 0.2% w/w PVA solution in MilliQ® water under magnetic stirring. The formation of
NPs occurred immediately. After solvent evaporation under reduced pressure, an aqueous
NP suspension was obtained. PTM-B-loaded SC-associated NPs were prepared as well,
adding an aliquot of a methanolic stock solution of PTM-B (2.5 mg/mL) to the organic
solution containing PLGA and SC, for a maximum of 30 µg/mL PTM-B concentration in the
final NP suspension. To purify the NPs from unincorporated drugs and SC, PTM-B-loaded
SC-associated NPs were extensively dialyzed against MilliQ® water at 4 ◦C (Spectra/Por®

3500 MWCO dialysis membrane; Spectrum, Houston, TX, USA). Unloaded and untargeted
NPs, i.e., without PTM and/or SC, were prepared as well. Fluorescent NPs were prepared
by adding 1.4 µg of the fluorescent probe Nile Red/mg of PLGA. The suspensions were
then stored at 4 ◦C until further use.
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4.4. Characterization of Nanoparticles

The mean hydrodynamic diameter and the PDI of all the NP samples were analyzed
by dynamic light scattering (DLS) using a nanosizer (Zetasizer Nano Z, Malvern Inst.,
Malvern, UK). The selected angle was 173◦, and the measurements were carried out at
25 ◦C after dilution of the particulate suspensions in MilliQ® water. Each measurement
was performed in triplicate.

The surface charge of the NPs was evaluated by zeta potential measurements at
25 ◦C after appropriate dilution in MilliQ® water of the suspensions, using the Smolu-
chowski equation and the Nanosizer Nano Z. Each reported value is the average of three
measurements.

The physical colloidal stability of the NP suspensions in the storage conditions (4 ◦C)
was monitored by evaluating mean diameter, PDI and zeta potential by DLS at different
interval times for 4 weeks. Each measurement was carried out in triplicate.

The amount of incorporated PTM-B was determined spectrophotometrically (DU 730
UV-vis spectrophotometer, Beckman Coulter, Brea, CA) at 264 nm using a calibration curve.
To this aim, each suspension was lyophilized for 24 h; then, the powder was dissolved in
dichloromethane and methanol was added to precipitate PLGA. Then, the suspension was
centrifugated (6000 rpm for 15 min) to separate the precipitated polymer. The supernatants
were then measured at 264 nm [33]. The concentration of the polymer in the suspensions
was based on dry weight analysis. Each sample was analyzed in triplicate. The results were
expressed as EE and DL.

4.5. Determination of the Associated SC Percentage

The amount of SC associated with the NPs was determined by UV-HPLC on a Shi-
madzu LC-10ADvp pump equipped with a Shimadzu SPD-10Avp UV–Vis detector set at
215 nm. The analysis was performed on lyophilized NP samples, dissolved in the HPLC
mobile phase. Chromatographic separations were performed at room temperature on
a reverse phase Kinetex 5 µm C18 100 Å, 150 × 4.6 mm (Phenomenex, Castelmaggiore,
Bologna, Italy), equipped with a C18 4.0 × 3.0 mm SecurityGuard cartridge. The volume
of injection was 20 µL, and the mobile phase was a mixture of sodium phosphate buffer
50 mM pH 2.7 and methanol (98:2, v/v) containing sodium 1-heptanesulfonate 2.5 mM,
delivered at a flow rate of 0.7 mL/min. Data acquisition and processing were carried out
using Autochro 3000 software (Young Lin Instrument, Anyang, South Korea) running on a
Windows XP-equipped computer, and the amount of SC was calculated from a calibration
curve in the range of 50 to 400 µg/mL.

4.6. PTM-B Release from Nanoparticles

To evaluate the PTM-B release from 5% SC-NPs as a function of time, the suspensions
were incubated at 37 ◦C in a 10 mM PBS buffer pH 7.4 in sink conditions. Aliquots
(1 mL) were withdrawn at predetermined time intervals (0, 1, 2, 4, 6, 8, 16, and 24 h) and,
after purification by dialysis, the drug content was measured as previously described and
compared to the initial value.

4.7. Cell Culture and Treatment

C2C12 myoblasts were cultured in 75 cm2-plastic flasks using DMEM, supplemented
with 10% (v/v) FBS, 1% (w/v) glutamine, 0.5% (v/v) amphotericin B, 100 units/mL of
penicillin-streptomycin and incubated at 37 ◦C with 5% CO2. Cells were trypsinized
in 0.05% EDTA in PBS and seeded in flat-bottom 96-well plates (3 × 103 cells/well)
for the MTT assay or onto glass coverslips (12-mm diameter) in 24-multiwell plates
(8 × 103 cells/well). For the differentiation into myotubes, myoblasts seeded on cov-
erslips were grown at confluence and then a differentiation medium (containing 1% FBS)
was added for 7 days. Twenty-four hours after seeding, the cells were treated with 5%
SC-NPs for increasing times (see below) and analysis then processed.
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4.8. Cytotoxicity Assay

The tetrazolium salt MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assay was used to assess the cytotoxicity of 5% SC-NPs on myoblasts. This col-
orimetric assay is based on the reduction of the MTT to purple formazan crystals by the
mitochondrial NAD(P)H-dependent oxidoreductase enzymes: the darker the sample, the
greater the number of metabolically active cells. This measurement of metabolic activity
therefore represents an indicator of cell viability and cytotoxicity. The cells were treated
with different nanocarrier concentrations, selected based on their PTM-B entrapment ca-
pacity (from 47.35 to 284.14 µg/mL of PLGA) for 2 h, 24 h and 24 h + 24 h of recovery
(i.e., the medium containing the NPs was removed and replaced by a fresh one devoid of
NPs). Untreated cells were used as the control. At the end of each incubation period, the
medium was replaced by 100 µL of 0.5 mg/mL MTT solution (0.5 mg/mL in medium) and
incubated for 4 h at 37 ◦C in a cell incubator. Then, the MTT solution was removed, and
formazan crystals were dissolved in 100 µL of DMSO. The absorbance was measured at
570 nm using a ChroMate 4300 ELISA microplate reader (Awareness Technology Inc., Palm
City, FL, USA). Experiments were performed in triplicate. Statistical comparisons between
control and experimental conditions were made by the Mann–Whitney pairwise test and
significant difference was set at p ≤ 0.05.

4.9. Fluorescence and Transmission Electron Microscopy Analysis

For microscopy analyses of NP uptake and intracellular distribution, myoblasts and
myotubes, adhering to glass coverslips, were incubated for 2 h and 24 h with NPs at the
concentration of 94.71 µg/mL.

For CFM, the cells were incubated for 2 h and 24 h with Nile Red-labeled PLGA
NPs (5% SC- and untargeted). At the end of each incubation time, cells were fixed with
4% (v/v) paraformaldehyde in PBS pH 7.4 for 30 min at room temperature. To visualize
the intracellular distribution of fluorescent nanocarriers, the cells were washed in PBS,
incubated with Phalloidin-Atto 488 diluted 1:20 in PBS, stained for DNA with Hoechst
33,342 (1 µg/mL in PBS), rinsed in PBS, and finally mounted in 1:1 mixture of glycerol:PBS.

For observations, a Leica TCS SP5 AOBS system (Leica Microsystems Srl, Milan, Italy)
was used: for fluorescence excitation, a diode laser at 405 nm for Hoechst 33342, an Ar
laser at 488 nm for Phalloidin-Atto 488 and Alexafluor 488, and a He/Ne laser at 543 nm
for Nile Red and Phalloidin-Atto 594 were employed. Z-stack of 1 µm step-sized images
(1024 × 1024 pixel format) were collected.

A morphometric analysis was performed to compare the amount of internalized 5%
SC-NPs with untargeted NPs in both myoblasts and myotubes after 24 h incubation. The
area of fifty cells per sample was measured by using Image J software (NIH), the number
of fluorescent spots occurring in the cytoplasm was counted manually and their surface
density (expressed as number/µm2) was calculated. Statistical comparisons were made by
the Mann–Whitney pairwise test (significant difference at p ≤ 0.05).

For TEM, the cells were incubated for 2 and 24 h with the 5% SC-NPs at the same
concentration used for CFM (94.71 µg/mL). Then, cells were fixed with 2.5% (v/v) glu-
taraldehyde and 2% (v/v) paraformaldehyde in 0.1 M PBS pH 7.4 at 4 ◦C for 2 h, post-fixed
with 1% OsO4 at room temperature for 1 h, dehydrated with acetone and embedded as a
monolayer in Epon [57]. Ultrathin sections were observed, unstained or after weak staining
with the uranyl acetate replacement stain (Electron Microscopy Sciences, Hatfield, PA, USA)
(UAR-EMS). Observations were made in a Philips Morgagni TEM (FEI Company Italia Srl,
Milan, Italy), operating at 80 kV and equipped with a Megaview II camera for digital image
acquisition.

4.10. Immunofluorescence Microscopy

For immunofluorescence microscopy, the cells were fixed with 4% (w/v) paraformalde-
hyde in PBS pH 7.4 for 30 min at room temperature. Cells were then permeabilized in PBS
containing 0.05% Tween 20 and 0.1% bovine serum albumin (BSA) and incubated with a
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rabbit polyclonal antibody directed against the OCTN2 receptor (Abcam ab180757), diluted
1:200, for 1 h at room temperature. Cells were washed with PBS and incubated with the
secondary antibody (Alexafluor 488), diluted 1:200 in PBS, for 1 h at room temperature.
After washing, cells were incubated with Phalloidin-Atto 594, diluted 1:50 in PBS, for 1 h at
room temperature. Finally, cells were washed and mounted in 1:1 mixture of glycerol:PBS.
Observations were made with a Leica TCS SP5 AOBS system, as above. To quantify OCTN2
receptor signal, the area of thirty cells per sample was measured using Image J software
(NIH), and the number of fluorescent spots occurring in the cell was counted manually and
their surface density (expressed as number/µm2) was calculated. Statistical comparisons
were made by the Mann–Whitney pairwise test (significant difference at p ≤ 0.05).

5. Conclusions

To our knowledge, our study demonstrates for the first time that the association of
L-carnitine to PLGA NPs may allow skeletal muscle tropism. In fact, the uptake of L-
carnitine-functionalized NPs was markedly increased in terminally differentiated muscle
cells, where OCTN2 receptors are highly expressed, compared to myoblasts. Moreover, the
developed nanosystem is characterized by a high biocompatibility with skeletal muscle cells,
making the SC-NPs potential candidates for delivering therapeutic agents against muscular
pathologies. However, the slight cytotoxicity of SC-NPs observed in myoblasts, although
being transitory and reversible, deserves deeper study, as do the effects of these NPs
on cell metabolism, specifically on mitochondrial activity, in both healthy and myotonic
dystrophy type I-affected myotubes. The next steps will also concern the study of the
targeting capability of SC-NPs inside the muscle organ, where muscle cells are surrounded
by the connective tissue acting as a barrier. To this aim, a fluid dynamic system [58] will
be used as an in vitro model to investigate the interactions between NPs and biological
barriers [59]. Finally, the activity of PTM-B-loaded targeted NPs will be evaluated on the
basis of a murine muscle cell line, transfected with human (CTG)n DNA, as an in vitro
model expressing the myotonic dystrophy type I phenotype [29].
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