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English abstract 

Aging is a physiological process characterized by a gradual decline in cell, tissue, and 

organ functions. Although a significant amount of information is available on the 

senescence-related processes that take place in the cellular compartment, little is 

known about the role of the extracellular matrix (ECM) and its changes. Given the close 

relationship between the ECM and the cells residing within it, as well as the well -

known ability of cells to interact with the surrounding matrix, it can be hypothesized 

that age-related modifications in the extracellular microenvironment might 

compromise cell behaviour, affecting tissue homeostasis and causing organ 

dysfunctions.  This thesis has the specific aims to: 

¶ study the role of the ECM in cell differentiation.  

¶ identify age -related ECM changes. 

¶ generate age-specific ECM-based bio-scaffolds. 

¶ assess whether age-related ECM modifications may influence cell behaviour.  

¶ take advantage of ECM-derived biomechanical cues to develop/support novel 

rejuvenating strategies.   

I adopted the porcine ovary as experimental model, based on its complex 

microanatomy and heterogenous architecture, and used a decellularization protocol 

previously developed in the Laboratory hosting my PhD activities to generate ECM -

based bio-scaffolds. These were then repopulated with different sets of cells, namely a) 

freshly isolated porcine ovarian cells, b) high -plasticity cells and c) cells previously 

rejuvenated with soluble factors.  
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The obtained results demonstrate that aging directly  impact on the ovarian ECM that 

shows significant changes in its composition and organization with collagen, 

glycosaminoglycans, and laminins significantly incremented, and elastin, as well as 

fibronectin, decreased. This is accompanied by a dynamic response in the expression 

levels of key ECM and protease-related genes, suggesting a direct impact of aging on 

the transcriptional machinery. The ECM -based 3D bio-scaffolds generated preserved 

the structural changes occurring in vivo demonstrating their ability to act as a powerful 

high predictive in vitro  model for reproductive aging and its prevention. When ECM -

based scaffolds were repopulated, they were able to properly drive the differentiation, 

fate and viability of all cells tested. In particular, aged cells previously rejuvenated with 

miRNA or young cell-derived factors stably maintained the newly acquired phenotype 

when engrafted onto young ECM -based scaffolds. This suggests that an adequate 

young environment is able to stabilize miRNA and EV -mediated rejuvenation and 

implies a synergistic interactio n among molecular effectors and ECM-derived bio -

mechanical stimuli.  

Altogether, these data indicate that the experimental model here developed may 

represent a useful tool to finely dissect the several biochemical and biomechanical cues 

driving tissue and organ aging.  
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Italian Abstract  

+ɀÐÕÝÌÊÊÏÐÈÔÌÕÛÖɯöɯÜÕɯ×ÙÖÊÌÚÚÖɯÍÐÚÐÖÓÖÎÐÊÖɯÊÈÙÈÛÛÌÙÐááÈÛÖɯËÈɯÜÕɯÎÙÈËÜÈÓÌɯËÌÊÓÐÕÖɯËÌÓÓÌɯ

funzioni d i cellule, tessuti e organi. Sebbene sia disponibile una quantità significativa 

di informazioni sui processi legati alla senescenza del compartimento cellulare, si sa 

poco sul ruolo della matrice extracellulare (ECM) e sui suoi cambiamenti. Data la 

stretta relazione tra la matrice extracellulare e le cellule che risiedono al suo interno, 

nonché la nota capacità delle cellule di interagire con la matrice circostante, si può 

Ð×ÖÛÐááÈÙÌɯÊÏÌɯÓÌɯÔÖËÐÍÐÊÏÌɯÓÌÎÈÛÌɯÈÓÓɀÌÛãɯdel microambiente extracellulare potrebbero 

compromettere il comportamento cellulare, influenzando Óɀomeostasi dei tessuti e 

ÊÈÜÚÈÕËÖɯËÐÚÍÜÕáÐÖÕÐɯËɀÖÙÎÈÕÖȭɯPertanto, questa tesi ha gli obiettivi specifici di:  

Ɉɯ  Studiare il ruolo della ECM nel differenziamento cellulare.  

Ɉɯ  Identificare i cambiamenti dell'ECM legati all'età.  

Ɉ   Generare bio-scaffold a base di ECM età-specifici. 

Ɉ Valutare se le modifiche dell'ECM legate all'età possono influenzare il 

comportamento cellulare.  

Ɉɯ Sfruttare gli stimoli biomeccanici derivati dall'ECM per sviluppare/supportare 

nuove strategie di ringiovanimento.  

Ho adottato l'ovaio suino come modello sperimentale, per la sua complessa micro-

anatomia e per la sua architettura eterogenea. Ho adottato un protocollo di 

decellularizzazione , precedentemente sviluppato nel laboratorio che ospita le mie  
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attività di dottorato , per generare bio-scaffold a base di ECM. Questi sono state poi 

ripopolat i con diversi tipi cellulari:  a) cellule ovariche suine appena isolate, b) cellule 

altamente plastiche e c) cellule precedentemente ringiovanite con fattori solubili.  

I risultati ottenuti dimostrano un forte ÐÔ×ÈÛÛÖɯËÌÓÓɀÐÕÝÌÊÊÏÐÈÔÌÕÛÖɯÚÜÓÓÈɯ$",ɯÖÝÈÙÐÊÈ, 

che mostra cambiamenti significativi nella sua composizione e organizzazione, con un 

significativo aumento di collagene, glicosamminoglicani  e laminine, associato ad una 

diminuzione di elastina e fibronectina. Ciò è accompagnato da una risposta dinamica 

ÕÌÐɯÓÐÝÌÓÓÐɯËÐɯÌÚ×ÙÌÚÚÐÖÕÌɯËÌÐɯÎÌÕÐɯÊÏÐÈÝÌɯÓÌÎÈÛÐɯÈÓÓɀ$",ɯÌɯÈÓÓÌɯ×ÙÖÛÌÈÚÐȮɯÚÜÎÎÌÙÌÕËÖɯÜÕɯ

ÐÔ×ÈÛÛÖɯËÐÙÌÛÛÖɯËÌÓÓɀÐÕÝÌÊÊÏÐÈÔÌÕÛÖɯÚÜÓɯÔÌÊÊÈÕÐÚÔÖɯÛÙÈÚÊÙÐáÐÖÕÈÓÌȭɯI bio-scaffold creati 

hanno preservato i cambiamenti strutturali che si verificano in vivo, dimostrando la 

loro capacità di agire come un potente modello in vitro altamente predittivo per 

studiare l'invecchiamento riproduttivo. Quando gli scaffold basati sull'ECM sono stati 

ripopolati, sono stati in grado di guidare adeguatamente la differenziazione, il destino 

e la vitalità di tutte le cellule testate. In particolare, le cellule invecchiate 

precedentemente ringiovanite con miRNA , o ÊÖÕɯÓɀÜÛÐÓÐááÖɯËÐ fattori  solubili  derivati 

da cellule giovani , mantenevano stabilmente il fenotipo appena acquisito quando 

seminate su scaffold giovani. Ciò suggerisce che un ambiente giovane adeguato è in 

grado di stabilizzare il ringiovanimento , mediato dai miRNA e da  fattori solubili,  ed 

implica un'interazione sinergica tra effettori molecolari e stimoli biomeccanici derivati 

dall'ECM.  

Nel complesso, questi dati indicano che il modello sperimentale qui sviluppato può 

rappresentare uno strumento utile per analizzare con precisione i numerosi segnali 

biochimici e biomeccanici che guidano l'invecchiamento dei tessuti e degli organi.  
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1. Introduction  

1.1. Aging  

In the past century, improvements in public health and medical care led to the 

increasing of human expected lifespan (United Nation, Department of Economic 

and Social affairs, 2022). Consequently, according to recent projections, by the year 

2050 the number of people aged 60 and over will increment significantly, while the 

grow rate will fall (Leslie et al., 2015; Chen, 2022; United Nation, Department of 

Economic and Social affairs, 2022) (Figure 1).  

 

Figure 1: Graphic representation of United Nation w orld population prospects 

(United Nation, Department of Economic and Social affairs , 2022). 

Aging is defined as a physiological degenerative process consisting of progressive 

accumulation of changes with time, concerning all living organisms. This process is 

responsible to an increase of susceptibility to several diseases and pathologies 
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ȹ'ÈÙÔÈÕȮɯƕƝƜƕȰɯ#áÐÌÊÏÊÐÈŊɯÌÛɯÈÓȭȮɯƖƔƕƘȰɯGuo et al., 2022). Consequently, the age-

related effects on the organism have been receiving particular interest . From a 

biological point of view, a ging is associated to the accumulation of molecular and 

cellular modifications  that occur in tissues with advancing age. These changes are 

related to the increased risk of death and diseases such as cancer, stroke, diabetes, 

and chronic cardiovascular and neurodegenerative diseases (Tosato et al., 2007; Guo 

et al., 2022). Therefore, aging is generally described as a gradual loss of functional 

activities and is associated with significant changes, affecting not only the cellular 

compartment, but also the extracellular microenvironment ( Birch et al., 2018; 

Hebisch et al., 2023). 

 

1.1.1. Cellular aging  

Cell senescence is an irreversible cell cycle arrest caused by a wide  variety of factors, 

such as oxidative damage, mitochondrial dysfunctions, chromosome aberration s, 

epigenetic alterations, oncogenes activation or telomere shortening (Hernandez -

Segura et al., 2018). In 2013, Lopez-Otin and his colleagues tried to define and collect 

the main biological marker s of aging, proposing twelve aging hallmarks, namely 

genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, 

dysregulation of nutrient sensing, mitochondrial dysfunctions, cellular senesce nce, 

tissue stem cells exhaustion, and altered intercellular communication (Figure 2) 

(Lopez-Otin et al., 2013).  
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Figure 2: Schematical representation of the aging hallmarks  and their connections 

(https://biohackercenter.com/blogs/biohacking -guides/91-hallmarks -aging-

reverse-them; Lopez-Otin  et al., 2013). 

 

In agreement with this, cell s increase the production of reactive oxygen species 

(ROS), which are the main cause of oxidative damage and mitochondrial 

dysfunctions , that lead to the increase electron leakage, and the reduction of  ATP 

production. An intensified ROS production can cause further mitochondrial decline, 

and cellular damage (López-Otín et al, 2013). In parallel , ROS can provoke DNA 

damage ranging from small point mutations to large chromosome breaks and 

translocations. These effects lead to a wid e variety of outcomes including silent 

mutations, the activation of oncogenes and the silencing of tumour -suppressor 

genes (Aunan et al, 2016). In addition, one of the most common and better 

characterized senescence inductors is telomere attrition (Casagrande et al., 2019). 

https://biohackercenter.com/blogs/biohacking-guides/91-hallmarks-aging-reverse-them
https://biohackercenter.com/blogs/biohacking-guides/91-hallmarks-aging-reverse-them
https://doi.org/10.3389/fcell.2022.1036602
https://doi.org/10.3389/fcell.2022.1036602
https://doi.org/10.3389/fcell.2022.1036602
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Telomeres represent chromosome ends and are constituted by repeated sequences, 

which differ between species in length and base sequence, and shorten at each cell 

division  (Srinivas et al, 2020; Chakravarti et al 2021).  In pluripotent and cancer cells, 

telomere length is restored by telomerases, ribonucleic enzymes, which can 

counteract replication -related telomere attrition  (Rossiello et al., 2022). However, 

senescence and telomere shortening do not only represent a disadvantage, since the 

progressive shortening of telomeres may lead not only to senescence, apoptosis, but 

also to oncogenic transformation of somatic cells.  Indeed, these mechanisms play 

an essential role in protecting the organism from the effects of damaged cells, also 

contributing to tissue remode lling and repair (Dodig et al, 2019; Vaiserman et al., 

2021).  

In the recent years, most of the researchers working on improving the first aging 

hallmarks description and propose new hallmarks, including compromised 

autophagy, microbiome disturbance, inflammation, splicing dysregulation, and the 

alteration of tissue mechanical properties (Figure 3) (Lopez-Otin et al., 2013; 

Schmauck-Medina et al., 2022). 
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Figure 3: Scheme representing newly proposed aging hallmarks (Schmauck-Medina 

et al., 2022). 

 

1.1.2. Extra-cellular matrix aging 

ECM 

Cells arrange within tissues following a specific architecture which ensures both 

functional and biochemical characteristics of the organs. This cell organization  is 

allowed by an appropriate structural support, provided by the ECM  (Yue et al., 

2014; Bandzerewicz et al, 2022). The ECM is a network of multiple macromolecules, 

including fibrous proteins and proteoglycans, essential to provide a t hree-

dimensional (3D) guidance ÍÖÙɯÊÌÓÓɯÈËÏÌÚÐÖÕɯȹ.ɀ"ÖÕÕÖÙɯÌÛɯÈÓȮɯƖƔƖƔ; Zhang et al., 

2021) (Figure 4). 

https://doi.org/10.3389/fcell.2022.1036602
https://doi.org/10.3389/fcell.2022.1036602
https://doi.org/10.3389/fcell.2022.1036602
https://doi.org/10.3389/fcell.2022.1036602
https://doi.org/10.18632%2Faging.204248
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Figure 4: Schematical representation of cell interaction with ECM network (Acosta 

et al., 2020). 

 

Not only does i t provide s an essential physical scaffolding for cells, but it also gives 

the transmission of biochemical and biomechanical signals that are crucial for 

tissue morphogenesis, differentiation, and homeostasis (Frantz et al., 2010; Pompili 

et al., 2021). The main proteins that characterize ECM are:  

¶ Collagen: most abundant constituent within the body. It is found within the 

ECM of connective tissues, such as tendons and skin, and is mainly 

produced by fibroblasts, but also by epithelial and endothelial cells. Once 

synthesized, it is organized into fibrils that provide the necessary structural 

integrity to the tissues (Kular et al., 2014; Zhang et al., 2021). It provid es 

tensile strength, regulates cell adhesion and supports chemotaxis and cell 

migration (Rozario & DeSimone, 2010).  
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¶ Elastin: a structural protein which provides t he tissue with the  ability of 

recovering from stretching (Kular et al., 2014; Karamanos et al., 2021). 

Elastin is a highly hydrophobic protein, secreted in the form of a monomer 

ÊÈÓÓÌËɯɁÛÙÖ×ÖÌÓÈÚÛÐÕɂȮɯÞÏÐÊÏɯÐÚɯ×ÖÓàÔÌÙÐáÌËɯÉàɯÛÏÌɯÓàÚàÓ-oxidase enzyme 

(LOX) through an irreversible cross-linking  (Levi et al., 2020). Indeed, this 

allows it to self -assemble, forming, together with fibrillin, elastic fibers, 

which are stable and have a low turnover (Theocharis et al., 2016).  

¶ Fibronectin: one of the main adhesive proteins, ubiquitously expressed in 

the ECM of all organs and tissues (Pankov & Yamada, 2002). It is mainly  

located within the basement membrane of the ECM, and it is organized in 

a network of fibrils that allows cell adhesion through the bond with 

integrins. It has also been determined that it has a key role in the wound 

healing response to injury (Smith et al., 2007; Kular et al., 2014; Parisi et al., 

2020).  

¶ Laminins : represent the major component of basal lamina membrane 

(Durbeej, 2010). In vertebrates five ϔ, three ϕ and three ϖ chains have been 

identified (Theocharis et al., 2016). Laminins are expressed by many 

different cell types (including muscle and epithelial cells ), and they are 

essential for cell adhesion, playing a vital role in several processes, 

including migration and differentiation (Kular et al., 2014 ; Li et al., 2021).  

¶ Proteoglycans: the most important structural and functional 

biomacromolecules within  tissues (Richter et al., 2018). They are pivotal in 

maintaining the right tissue viscosity (Mattson et al., 2017; Salbach-Hirsch 
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et al., 2021). They consist of a protein  core to which one or more 

glycosaminoglycan (GAG) chains are covalently attached (Frantz et al., 

2010; Theocharis et al., 2016).  

 

Interaction between cells and matrix occurs through surface receptors, such as 

integrins (Ouyang et al., 2021). They bind ECM fibrils in the extracellular 

compartment, while actin filaments through cytoskeletal linker proteins in the 

intracellular environment (Schwartz, 2010). Each of these components is able to 

transmit forces, that may derive from either the intr a or extracellular milieu 

(LaFoya et al., 2018). 

During the last years, it has been demonstrated that ECM regulates other 

processes such as cell polari zation, adhesion, migration, differentiation , 

proliferation, and apoptosis ( Varshney et al., 2015; Mahon et al., 2021). It is 

synthesized and secreted by all cell types, under the control of multiple signals 

(Theocharis et al., 2016). In particular, every tissue possesses its specific matrix, 

with unique topology and composition that are generated during tissue 

development through a dynamic and reciprocal d ialogue between the various 

cellular components and the surrounding microenvironment (Frantz et al., 

2010; Pompili et al., 2021). Moreover, the ECM is subjected to continuous 

turnover, undergoing remodelling mediated by different matrix -degrading 

enzymes, namely metalloproteinases (MMPs), under normal and pathological 

conditions (Theocharis et al., 2016; Musale et al., 2023). Their activity is 

relatively low in physiological circumstances, maintaining the correct balance 
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between the ECM components as well as the release of biologically active 

molecules, such as growth factors (Rozario and De Simone, 2010). Contrarily 

they are upregulated during tissue repair  process and/or in pathological 

conditions (Bonnans et al., 2015). 

 

Age-related ECM alterations 

During the last years, several research groups demonstrated that the ECM 

pattern reflect the tissue-resident cellular status, including healthy or 

pathologic  conditions as well as aging. More in details, the cells and the ECM 

are in constant, mutual,  and bi-directional dialogue. Indeed, diseased cells 

dysregulate ECM components as well as the alteration in ECM composition 

leads to the alteration of cell functions. For instance, some cancer types can be 

classified according to the distinctive ECM pattern  they produce (Pompili et al., 

2021; Sacher et al, 2021). On the other hand, ECM changes contribute to the 

onset of pathological conditions or failure in tissue regeneration . 

Aging progression significantly affects the ECM, inducing extensive 

modifications of its composition and architecture.  Collagen synthesis is altered 

during aging, producing important changes in the amount  of this protein in the 

ECM (Ouni et al., 2020; Pennarossa et al., 2022). In agreement with this, aging is 

often associated with collagen overexpression and accumulation, defined as 

fibrosis (Wynn et al., 2008). This latter occurs when collagen synthesis exceeds 

the rate in which it is degraded, leading to its accumulation (Karsdal et al., 
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2017). Moreover, this protein  can be subjected to advanced glycation end 

products (AGEs) accumulation, which affect s its susceptibility to degradation 

(Jo et al, 2021). In parallel , elastin-degrading enzymes are over-expressed 

during  aging, leading to the loss of elasticity in tissues like skin and arteries 

(Fleenor et al., 2013; Baumann et al., 2021). Aging also affects mechanical and 

structural properties of elastic fibr es. In addition,  laminin, fibronectin and 

hyaluronic acid are subjected to age-related modifications (Levi et al, 2020; Jo et 

al, 2021). ECM integrity declines through the accumulation of damage caused 

by oxidation, glycation, crosslinking, fragmentation, and protein aggregat ion, 

causing decreased ECM dynamics and loss of organ function (Levi et al, 2020; 

Baumann et al., 2021; Jo et al, 2021). These changes in ECM compliance have 

also been associated with diseases like atherosclerosis, diabetes, and cancer 

(Ewald, 2019). Age-dependent modifications  in ECM composition and 

organization are also the main cause of altered mechanical properties in 

cardiovascular, musculoskeletal, and skin tissues (McCabe et al., 2020). For 

instance, the stiffness of vascular smooth muscle in aged rats is caused by 

collagen deposition paralleled by enhanced elastin degradation (Bajpai et al, 

2021).  
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1.2. Strategies to counteract aging  

For many centuries, differentiation  process was considered as unidirectional . 

Indeed, in 1957 cell differentiation events  were represented as a ball rolling down 

from the top of a hill  (Waddington, 1957). In this scenario, the ball on the top of the 

hill represents a stem cell and the valley  corresponds to the series of differentiation 

step leading to a fully differentiated phenotype. Thus, cell fate is strictly controlled 

and becomes progressively restricted (Waddington, 1957). The process is driven by 

several extrinsic and intrinsic factors, inducing an epigenetic controls of gene 

expression that gradually limit the cell potency to a restricted transcription pattern 

(Brevini  et al., 2015). These epigenetic modifications, such as histone acetylation or 

DNA methylation,  regulate the accessibility of genetic material without any 

permanent loss of DNA, and are responsible to the adult cell restricted phenotype 

ÊÈÓÓÌËɯɁÌ×ÐÎÌÕÌÛÐÊɯÔÌÔÖÙàɂɯȹ%ÐÚÊÏÌÙɯÌÛɯÈÓȭȮɯƖƔ22; Gandolfi  et al, 2019). Dysregulation 

of epigenetic machinery is often associated with aging (Fischer et al., 2014; Camillo 

and Quinlan, 2021).  

In the last decades, several researchers focused their  attention on trying to reverse 

aging hallmarks.  A first attempt was realized through somatic cell nuclear transfer 

(SCNT), able to confer totipotency to an adult differentiated cell by transferring the 

nucleus of a somatic cell into an enucleated oocyte (Matoba et al., 2018). It  is firstly  

achieved in sheep (Wilmut et al, 1997) and subsequently in mice (Mizutani et al, 

2008) and demonstrated the possibility to generate mammalian embryo genetically 

identical to the donor cell (Simpson et al., 2021). These experiments indicated  that 

the oocyte environment can modify  the epigenetic pattern of an adult somatic cell, 
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suggesting that aging may be reversible (Wilmut et al, 1997; Mizutani et al, 2008; 

Singh and Newman, 2018; Wu et al., 2019).  

In 2006, Takahashi and Yamanaka induced a pluripotent state in terminally 

differentiated cell (iPSCs) by forcing the expression of four defined  transcription  

factors: Oct3/4, Sox2, c-Myc, and Klf4  (OSKM) (Takahashi and Yamanaka, 2006). 

OSKM factors bind to chromatin, inducing its remodelling and activating the 

expression of repressed gene. This strategy is able to de-differentiate an adult 

somatic cell in a stem-like state. TÏÌÚÌɯÈÊÏÐÌÝÌÔÌÕÛÚɯÐÕËÐÊÈÛÌɯÛÏÈÛɯÛÏÌɯ6ÈËËÐÕÎÛÖÕɀÚɯ

landscape may be rearranged, and that the differentiation process is reversible, 

converting a differentiated  cell to a pluripotent state (Simpson et al., 2021; 

Chondronasiou et al., 2022).  

 

1.2.1. Epigenetic erasing 

More recent evidence demonstrated that cell epigenetic pattern can be also 

reverted without the  use of SCNT or the forced expression of OSKM factors, by 

using chemical molecules, called erasers (Pennarossa et al., 2013; Gillette et al., 

2015; Biswas et al, 2018; Gandolfi  et a., 2019; Wang et al., 2020; Gruhn et al., 2023).  

Among  the several methods proposed, a promising strategy is represented by 

epigenetic modifications  (Pennarossa et al., 2013; Pennarossa et al., 2014; Brevini et 

al., 2014; Brevini et al., 2016; Manzoni et al., 2016; Gandolfi  et al., 2019; Pennarossa 

et al., 2020; Basu et al., 2021; Pennarossa et al., 2021). Indeed, it  is an efficient and 

robust alternative method for cell reprogramming ( Gailhouste et al., 2018; Manzoni 
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et al., 2018; Pennarossa et al., 2018; Pennarossa et al., 2021; Gandolfi et al., 2019; 

Pennarossa et al., 2021). Chen and his colleagues reported the first work  

demonstrating the possibility of using small molecules to increase cell plasticity, 

inducing committed myoblasts to become multipotent mesenchymal progenitor 

cells (Chen et al., 2004). Subsequently, several works have demonstrated that an 

exposure to demethylating agents or to histone deacetylase inhibitors is sufficient 

to erase cell original phenotype, inducing a high plasticity state in terminal 

differentiated somatic cells  (Pennarossa et al., 2013; Pennarossa et al., 2014; Brevini 

et al., 2014; Lee et al., 2014; Brevini et al., 2016; Manzoni et al., 2016; Gailhouste et 

al., 2018; Pennarossa et al., 2018; Pennarossa et al., 2019; Pennarossa et al., 2020; 

Basu et al., 2021; Pennarossa et al., 2021). More in detail, it has been shown that 

specific chemical compounds can push cells to a transient less committed state, 

increasing cell plasticity for a relative short time -window, sufficient to re -address 

an adult mature cell into another differentiated  cell type (De Coppi et al., 2007; 

Harris et al., 2011; Pennarossa et al., 2013; Pennarossa et al., 2014; Brevini et al., 2014 

Mira khori et al., 2015; Chandrakanthan et al., 2016; Hore et al., 2016). For instance, 

the 5-Azacytidine (5 -aza-CR), which is a chemical analogue of cytidine, is 

demonstrated to be able to chemically erase epigenetic marks in human 

(Pennarossa et al, 2013; Gailhouste et al., 2018), murine (Cao et al., 2014; Zhou et al., 

2016), porcine (Arcuri et al, 2021), and canine (Brevini et al, 2016) dermal 

fibroblasts, acting as an epigenetic eraser.  
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1.2.2. Micro -RNAs 

miRNAs  are small non-coding RNAs, 21-24 nucleotides in length, that play pivotal 

role in  regulat ing gene expression. miRNAs interact with their target s through 

complementary base-pairing and influence the translation or the stability of their 

target transcript s, usually leading to their  ËÖÞÕÙÌÎÜÓÈÛÐÖÕɯȹ.ɀ!ÙÐÌÕɯÌÛɯÈÓȭȮɯƖƔƕƜȺȭɯ

Indeed, they are demonstrated to be involved in several physiological and 

pathological processes, including the epithelial -to-mesenchymal (EMT) transition. 

EMT is a reversible process observed in embryonic development during 

gastrulation and  the establishment of the neural crest, as well as in the formation of 

other tissues and organs (Amack et al., 2021; Ismagulov  et al., 2021). It has been 

demonstrated that the equilibrium between EMT -suppressing miRNAs and the 

EMT-related transcription factors determines the epithelial cellular plasticity 

(Gollavilli et al, 2021). More in details, miRNA -200 (miR-200) family is highly 

expressed in embryonic stem cells (ESCs), as well as in iPSCs, and it has been 

demonstrated to influence pluripotency (Balzano et al., 2018). Indeed, when EMT is 

inhibited , miR-200 family members were upregulated by BMP factor, which 

sustains the self-renewal of ESCs, acting in a synergistic manner with the 

pluripotency -related genes Oct4, Klf4, C-Myc and Sox2 (Wang et al., 2013). 

Furthermore, miR -200b and miR200c were demonstrated to stimulate 

mesenchymal-to-epithelial (MET) transition, promoting cell reprogramming in mice 

(Samavarchi-Tehrani et al, 2010; Zhang et al, 2020). In parallel , the knockdown of 

miR-200c induce the downregulat ion of Nanog and C-Myc expression, inhibiting  

ESC renewal (Anastasiadou et al, 2021). This implies that this miRNA has a crucial 
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role in the maintenance of stem cell pluripotency and self -renewal properties . 

Moreover , miR-200 family has been demonstrated to be downstream of the TET 

ÌÕáàÔÌÚɀ pathway, being activated through demethylation processes by these 

enzyme family, and inducing a high plastic ity  state in cells (Balzano et al, 2018). 

Interestingly, miRNAs, together with other signalling molecules, were delivered to 

other cells by extracellular vesicles. 

 

1.2.3. Extracellular vesicles  

Extracellular vesicles (EVs) are lipid bound small vesicles secreted by cells into the 

extracellular space (Doyle et al., 2019). EVs can be classified in several subclasses, 

differing by size, biogenesis, release, content, and function. However, they are 

classically subdivided based on their  biogenesis, identifying three principal groups 

(Raposo and Stoorvogel, 2013; Sheta et al., 2023):  

¶ Exosomes: ranging between 50 and 150 nm, produced from multivesicular 

bodies. 

¶ Microvesicles: ranging between 50 nm and 1 ϟm, originated from 

membrane budding (Raposo and Stoorvogel, 2013) (Figure 5).  
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Figure 5: Schematic representation of exosomes and microvesicles-mediated RNA 

and protein transfer between cells. Microvesicles and exosomes may anchor to the 

plasma membrane of a target cell and the bound vesicles can either directly fuse 

with the plasma membrane or be endocytosed. The endocytosed vesicles may then 

fuse with the delimiting membrane of an endocytic compartment (Raposo and 

Stoorvogel, 2013). 

 

EVs are demonstrated to cargo lipids, nucleic acids and proteins, both cytosolic and 

membrane-ÈÚÚÖÊÐÈÛÌËɯȹ#ÖàÓÌɯÌÛɯÈÓȭȮɯƖƔƕƝȰɯ.ɀ!ÙÐÌÕɯÌÛɯÈÓȭȮɯƖƔƖƔȰɯ5ÌáÐÙÖÎÓÜɯÌÛɯÈÓȭȮɯƖƔƖƔȺȭ  

They are produced by almost all cell types and strictly mirror  the physio-

pathological state of the secreting cells (Doyle et al., 2019; Villata et al, 2020). These 

vesicles are also pivotal for cell communication,  by transporting several different 

molecules, such as lipids, proteins, and nucleic acids, including miRNAs ( Kwok et 
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ÈÓȭȮɯƖƔƖƕȰɯ.ɀ!ÙÐÌÕɯÌÛɯÈÓȭȮɯƖƔƖƔȰɯVillata et al, 2020). Furthermore, the same cell may 

release subpopulations of EVs with different cargo compositions, exerting distinct 

effects on target cells. EVs are able to modify the target cell phenotype, by directly 

mediating the transfer of bioactive materials among cells, thus leading to different  

signalling cascades (Vogel et al, 2018; Kwok et al., 2021). EVs can be purified from 

several body fluids, like blood (Qi et al, 2021), plasma (Wahlgren et al, 2012), saliva 

(Comfort et al, 2021) and milk (De la Torre Gomez et al, 2018). In the last decades, 

many EV purification methods have been proposed, including differential 

ultracentrifugation, membrane affinity, and size exclusion chromatography 

(Gardiner et al, 2016; Monguió -Tortajada et al, 2019; Veerman et al, 2021). 

Interestingly, EV content can be easily engineered through  two different 

approaches: passive or active encapsulation (Villata et al., 2020). In the passive 

mechanism, vesicles are co-incubated with the target that is spontaneously 

encapsulated. The active process consists in physically or chemically mediated  

uptake, such as sonication, electroporation,  or chemical-based transfection.  
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1.3. 3D culture systems  

To date, in vitro two -dimensional (2D) cell culture systems have been extensively 

used to study cell biology  and diseases (*È×ÈėÊáàĘÚÒÈɯet al., 2018; Jensen et al., 2020 

Pennarossa et al, 2021). Nevertheless, cell plated onto 2D plastic surfaces tend to 

lose their original phenotype, due to the lack of biomechanical and biochemical 

signals proper of their original tissue  (Baker et al, 2012; King  et al., 2021). Indeed, 

cells derived  from organs and cultured  onto stiff and flat  plastic supports have been 

demonstrated to modify  their specific phenotype,  due to alterations and loss of cell-

to-cell and cell-to-matrix  interactions. This leads to dramatic changes in cell 

functions, including their morphology, polarity, differentiation, proliferation, as 

well as their  ability to react to stimuli (Pampaloni et al, 2007 *È×ÈėÊáàĘÚÒÈɯet al., 

2018; Hardt et al., 2023), making them unable to completely reflect crucial aspects 

of cell phenotype and their  native milieu  (Ravi et al, 2015).  

During the last decades, evidence demonstrated that 3D culture systems allow 

researchers to in vitro  recreate the natural cellular environment  (Cacciamali et al., 

2022; Ajjarapu  et al., 2023). The ideal model must provide not only the 3D 

architecture, but also bio-chemical and bio-mechanical cues specific of their native 

organ, thus promoting cell adhesion, proliferation, and colonization (Pennarossa et 

al, 2021; Cacciamali et al., 2022; Ajjarapu  et al., 2023). Nowadays, several different 

3D models, both synthetic or biological, are available including  hydrogels, micro-

bioreactors, 3D printed and decellularized scaffolds (Pennarossa et al, 2021).  
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1.3.1. Synthetic vs biological scaffolds  

Several materials have been used for the generation of 3D scaffolds, ranging from  

natural, to synthetic, and composite ones. Synthetic polymers  are represented by 

polyanhydrides, inorganics ( like hydroxyapatite) , and hydrophobic materials , 

including  ϔ-hydroxy acid family , namely poly(lactic) acid (PLA) , poly(L -lactic) 

acid (PLLA),  poly(glycolic) acid (PGA) , and poly(lactic -co-glycolic ) acid (PLGA) 

(Kohane and Langer, 2008; Santoro et al., 2016; Victor Perez-Puyana et al., 2020). 

Each of these materials must possess specific bio-chemical (e.g. biocompatibility), 

bio-physical (e.g. porosity, degradation) and bio-mechanical (e.g. stiffness) 

properties (Nikolova et al, 2019).  The adequate material should be chosen to realize 

the scaffold in order to re-create organ specific macromolecular structure and 

rearrangement (Reddy et al, 2021). Synthetic scaffolds can be easily produced with 

standardized physical and mechanical properties such as tensile strength, elastic 

modulus, and degradation rate  (Nikolovski  et al., 2000; He et al., 2016; Williams et 

al., 2019; Amini et al., 2021). However, they lack cell recognition sites, leading to a 

dramatic reduction in cell adhesion, proliferation, resulting in poor scaffold 

colonization ( Bacáková et al., 2004; Bolle et al., 2016; Kamatar et al., 2020). On the 

other hand, synthetic materials can be engineered with biological molecules in 

order to improve cell homing ( Kesireddy  et al., 2016; Kamatar et al., 2020; Amini et 

al., 2021). In parallel, biological materials , such as collagen, proteoglycans, alginate-

based substrates, and chitosan, have been used in the production of scaffolds for 

tissue engineering (Jenkins et al., 2019; Krishani et a., 2023). Natural polymers are 

highly  bio-compatible and promote excellent cell adhesion and growth  (Jenkins et 
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al., 2019; Amini et al., 2021; Krishani et a., 2023). Furthermore, they are also 

biodegradable and allow  to host cells, to produce their own extracellular matrix 

and to synthesize new ECM molecules to replace the degraded scaffold ȹ.ɀ!ÙÐÌÕɯÌÛɯ

al., 2011; Echeverria Molina  et al., 2021).  

 

1.3.2. Decellularized ECM -based scaffolds 

Among the existing 3D culture system, particular attention has been given to 

decellularized ECM -based scaffolds. The decellularization is a strategy that allow 

for  the creation of organ-specific scaffolds, able of providing the optimal 

microenvironment for cell growth and differentiation  (Pennarossa et al., 2020; 

Pennarossa et al., 2021; Neishabouri et al ., 2022). Moreover, decellularized tissues 

should preserve the integrity of all ECM macromolecules such as collagen, elastin, 

fibronectin , laminin , and proteoglycans (Zhang et al., 2022).  

The decellularization protocol involve the use of  chemical, enzymatic, and physical 

agents, with the common aim of removing cells and DNA from tissues, while 

preserving the organ structural proteins (Fernández -Pérez et al., 2019; Nikolova et  

al, 2019; Pennarossa et al., 2021; Narciso et al., 2022). Physical methods comprise 

agitation, sonication, mechanical pressure, or freeze-thaw procedures (Gilpin and 

Yang, 2017). These approaches are often related to high preservation of ECM 

constituents but are not able to completely remove nuclear material (Ott et al., 2008; 

Merna et al., 2013; Gilpin and Yang, 2017).  Chemical treatments use ionic and non-

ionic detergents and chemical agents, like acids or bases, to disrupt cell-to-cell and 

cell-to-ECM bonds and remove overall cell components (Andrée et al., 2014). 
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Among detergents, sodium dodecyl sulphate (SDS) is highly effective in lysing cells 

but may alter the microarchitecture of the ECM -based scaffold created (Keane et 

al., 2015; Tan et al., 2022; Narciso et al., 2022). Contrarily, Triton X -100 is less 

efficient in clearing DNA remnants but is able to preserve unaltered ECM 

composition and its mechanical properties (Gilpin and Yang,  2017; Narciso et al., 

2022). Another compound widely used in chemical decellularization is the sodium 

deoxycholate (SD), an anionic detergent demonstrated to be highly effective in 

eliminating nuclear material, while preserving intact ECM (McCrary et al., 2019; 

Narciso et al., 2022).  Alternatively, it is also possible to use enzymatic treatments 

with  several enzymes, such as trypsin, dispase, or nuclease (Hinderer et al., 2016). 

However, these methods are usually aggressive and can cause damages to the ECM 

constituents (Zhang et al, 2022). 

To date, different decellularization protocols have been successfully used to obtain 

scaffolds from different organs, such as heart (Rajabi-Zeleti et al., 2014; Taylor et 

al., 2020), lung (Lecht et al., 2014; Skolasinski et al., 2018), liver (Lee et al., 2017; Dai 

et al., 2022), muscle (Aulino et al ., 2015; Philips et al., 2022), kidney (Yu et al., 2014; 

Kim et al., 2022), urinary tissue (Singh et al., 2018), oesophagus (Sjöqvist et al., 2014; 

Mallis et al., 2019), trachea (Baiguera et al., 2014; Batioglu-Karaaltin et al., 2019) and 

ovary (Pennarossa et al., 2020, Pennarossa et al., 2021) (Figure 6).  
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Figure 6: Schematical representation of ovarian bio-scaffold, generated through 

decellularization protocol (modified by Pennarossa et al., 2021). 

 

 

1.3.3. Repopulation of decellularized ECM -based scaffolds 

Repopulation of  acellular ECM scaffolds has been performed using organ-specific 

cell types or stem cells, with the attempt to recreate organ microanatomy and  its 

specific function s. The preservation of the organ-specific ECM components 

promotes an optimal scaffold colonization, providing cells a guide for  

rearrangement and growth  (Batchelder et al., 2015; Park et al., 2016; Hillebrandt  et 

al., 2019).  

Recellularization is typically performed through two different approaches: cell co -

culture with the decellularized scaffold, or perfusion via the vascular network  

(Napierala et al., 2017; Kojima et al., 2018). Potential applications of decellularized 

matrix es in tissue engineering have been demonstrated for a number of  tissues, 

including the liver ( Booth et al., 2012), kidneys (Nakayama et al., 2010), pancreas 

(Goh et al., 2012), bladder (Yang et al., 2010), oesophagus (Dahl et al., 2013), and 
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trachea (Kutten  et al., 2015). Moreover, evidence of successfully implanted 

repopulated  kidney (Song et al, 2013), lung (Ott et al, 2010) and liver (Uygun et al, 

2010) are available. Overall, this strategy appears to be very promising in order to 

reconstruct organ-like structures able to provide a  suitable environment for cell 

growth, offering  an optimal niche for the complex and dynamic organ milieu 

(Seetapun et al, 2017; Sefat et al., 2019; Zhang et al., 2020). 
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2. Aim of the work  

Aging is a pathophysiological process characterized by a gradual decline of cellular, 

tissue and organ functions. While a considerable body of information is available on 

age-related processes taking place in the cellular compartment, less is known on the 

role of ECM and its modifications during senescence. Given the tight relationship 

between the ECM and the cells residing within it, and the well -known cell ability to 

interact with its surrounding matrix, it may be hypothesized that age-associated organ 

decline may involve ECM changes, beside the modifications  already described in cells. 

The specific aims of my PhD project were: 

¶ To study the role of the ECM in cell differentiation.  

¶ To identify age-related ECM changes. 

¶ To generate age-specific ECM-based bio-scaffolds. 

¶ To assess whether age-related ECM modifications may influence cell 

behaviour. 

¶ To take advantage of ECM-derived biomechanical cues to develop/support  

novel rejuvenating strategies.   

The experimental animal  used was the porcine based on its anatomical and 

physiological similarities with the human. The ovary was selected as a model since it 

is the first organ that undergoes to age. Moreover, it s complex microanatomy and 

heterogenous architecture may provide different mechanotransducive cues, allowing 

us to better characterize ECM influence on cell differentiation , proliferation and 

metabolism as well as to identify the main mechanisms by which  physical forces are 

translated into the activation of local intracellular pathways.                                                                                                                          
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A decellularization protocol previously established in the Laboratory hosting my PhD 

activities was exploited to create whole-ovary ECM-based bio-scaffolds. The latter was 

used in repopulation studies with freshly isolated porcine ovarian cells to investigate 

whether the derived bio -matrix provides an optimal microenvironment for ovarian cell 

growth and maintenance. The same protocol was then be carried out using high -

plasticity cells to investigate scaffold ability to properly drive cell differentiation, f ate, 

and viability.  

In parallel, decellularization protocol was applied to ovaries with different age, to 

investigate age-related changes in ECM and to generate 3D ECM-based bio-scaffolds 

that preserve the distinctive age-specific features. Their repopulation with cells of 

different age was then used to assess the possibility that senescence-related ECM 

modifications may influence cell behaviour.   

Finally, in the last part of my study, I develop ed strategies that may result in cell 

rejuvenation, both using biomechanical -related cues derived from the ECM, as well as 

soluble factors of cellular origin.  

Altogether, this work has the final aim to better understand the regulatory mechanisms 

tuning senescence in mammalian tissues and, in particular, in the porcine ovary. 

Moreover, the information acquired provide new strategies to prevent, slow and 

counteract age progression. More in detail, t he strategy here proposed allow for  the 

generation of a suitable 3D platform to investigate solutions for hormone and fertility 

restoration, toxicological and drug testing, as well as transplantation studies. In 

addition , the model obtained represent a useful tool to better characterize these 
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complex regulations and to allow a fine dissection of the multiple and concurring 

biochemical and biomechanical stimuli driving the aging process.  
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3. Published works  

 

3.1. Ovarian decellularized bio -scaffold provide an optimal 

microenvironment for cell growth and differentiation in vitro  

Published in Cells on 18th August 2021. 

DOI: 10.3390/cells10082126. 

 

The first study was addressed to study the role of ECM in cell differentiation.                           

To this purpose, ECM was isolated through a decellularization protocol previously 

established in the Laboratory hosting my PhD activities, leading to the generation 

of whole -ovary ECM-based bio-scaffolds. The isolated matrixes were used in 

repopulation studies carried out  using high -plasticity cells in order to investigate 

scaffold ability to properly drive cell differentiation, fate, and viability.  

The data reported in the following manuscript agree and expand previously 

reported data, demonstrating  that the ECM-based scaffold niche may provide 

inputs to repopulating cells that drive the transcription machinery at work in  the 

native tissue. This indicates the possibility  of using the generated decellularized 

bio-matrixes for high -plasticity cell differentiation , implying  bio-matrixes ability to 

properly drive erased cell differentiation in vitro . 
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Ovarian Decellularized Bioscaffolds Provide an 

Optimal Microenvironment for Cell Growth and 
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Abstract: Ovarian failure is the most common cause of infertility. Although numerous strategies have been 

proposed, a definitive solution for recovering ovarian functions and restoring fertility is currently unavailable. 

One innovative alternative may be represented ÉàɯÛÏÌɯËÌÝÌÓÖ×ÔÌÕÛɯÖÍɯÈÕɯɁÈÙÛÐÍÐÊÐÈÓɯÖÝÈÙàɂɯÛÏÈÛɯÊÖÜÓËɯÉÌɯ

transplanted in patients for re -establishing reproductive activities. Here , we describe a novel approach for 

successful repopulation of decellularized ovarian bioscaffolds in vitro. Porci ne whole ovaries were subjected 

to a decellularization protocol that remove d the cell compartment, while maintaining the macrostructure and 

microstructure of the original tissue. The obtained bioscaffolds were then repopulated with porcine ovarian 

cells or with epigenetically erased porcine and human dermal fibroblasts. The results obtained demonstrate d 

that the decellularized extracellular matrix (ECM) -based scaffold may constitute a suitable niche for ex vivo 

culture of ovarian cells. Furthermore, it was able to properly drive epigenetically erased cell differentiation, 

fate, and viability. Overall, the method described represents a powerful tool for the in vitro creation of a 

bioengineered ovary that may constitute a promising solution for hormone and fertility restoration. In 

addition, it allows for the creation of a suitable 3D platform with useful applicatio ns both in toxicological and 

transplantation studies.  

Keywords: whole -ovary decellularization;  ECM-based scaffold repopulation; epigenetically  erased cells; 

porcine; human; fibroblasts; bioprosthetic ovary; ovarian reconstruction  

 

1. Introduction  

Premature ovarian failure (POF) is a common endocrine disease that leads to early menopause 

ÈÕËɯÐÕÍÌÙÛÐÓÐÛàȭɯ(ÛɯÏÈÚɯÈÕɯÐÕÊÐËÌÕÊÌɯÖÍɯƔȭƕǔɯÐÕɯÞÖÔÌÕɯÜÕËÌÙɯƖƔɷàÌÈÙÚɯÖÍɯÈÎÌɯÈÕËɯÐÕÊÙÌÈÚÌÚɯÛÖɯƕȭƔɬ

1.5% in subjects younger than 40 years [1ɬ3]. Radiotherapy, chemotherapy, viral infections, 

environmental factors, metabolic and autoimmune disorders, and genetic alterations represent 

some of the potential causes identified so far. The clinical features displayed by affected patients 

are hypoestrogenism or estrogen deficiency, increased gonadotropin levels, and amenorrhea [4]. 

POF also impacts the overall quality-of-life, since alterations in ovarian hormone levels are 

responsible for different side effects on other organs and tissues, which lead to both medical and 

psychological problems, such as osteoporosis, cardiovascular disease, and depression [5ɬ7]. 

Although several researchers have been working on the development of different strategies to 

allow fertility restoration, the prevention and treatment of POF are current ly limited. Indeed, to 

date, several options have been proposed to overcome this challenging issue, including 

cryopreservation and transplantation of oocytes, embryos , and autologous ovarian fragments , as 

well as hormone replacement therapies [8ɬ10]. However, all of these strategies present limitations 

and are not fully effective in a complete recovery of the ovarian function [4]. The development of 

novel and efficient therapeutic alternatives is therefore urgently needed.  
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In this context, the generation of a bioprosthetic ovary has been proposed as a promising 

strategy. During the last  few àÌÈÙÚȮɯÛÏÌɯɁÈÙÛÐÍÐÊÐÈÓɯÖÝÈÙàɂɯÏÈÚɯÙÌÊÌÐÝÌËɯÎÙÌÈÛɯÈÛÛÌÕÛÐÖÕ, and many 

studies have been focusing on the creation of transplantable bioengineered ovaries using different 

natural polymers and biological materials, such as alginate, collagen, and fibrin three -dimensional 

matrices [11ɬ14]. More recently, the extracellular matrix (ECM) has been exploited as the material 

of choice in the field of tissue engineering and regenerative medicine. ECM-based scaffolds are 

obtained by decellularization p rocesses, wherein the living cells of an organ are removed, while 

the ECM components are preserved. This allows for the obtainment of 3D scaffolds that retain the 

biomechanical and biochemical cues of the native tissue, as well as its ultrastructural architecture, 

while eliminating immunoreactivity [15]. In contrast to the biological and synthetic matrices 

previously used, decellularized ECM -based scaffolds are therefore able to recreate in vitro the 

complex in vivo mili eu, promoting the necessary interactions between cells and their surrounding 

microenvironment, as well as ensuring the correct cell growth, differentiation, and function 

[2,16,17]. Based on these advantages, decellularization techniques have been applied to a large 

variety of organs, including  the heart [18], lung [19], liver [20], kidney [21], muscle [22], trachea 

[23], esophagus [24], urinary tissues [25], arteries [26], derma [16], and vagina [27].  

Whole-ovary decellularization was recently carried out in bovine [28] and porcine specie s [2,29], 

leading to the successful production of 3D bioscaffolds for the generation of a bioprosthetic ovary. 

It must be noted that, to create in vitro an artificial functional organ, we need a recellularization 

step in which the ECM -based scaffolds are repopulated using suitable cells. 

In the present work , we produced porcine whole -ovary decellularized ECM -based scaffolds. 

We repopulated them with porcine ovarian cells (pOCs) to investigate whether the generated 

scaffold may constitute a suitable niche for ex vivo culture of ovarian cells. In addition, we 

engrafted the generated ECM-based matrixes with both porcine and human epigenetically erased 

cells to explore whether the decellularized scaffolds are able to properly drive cell differentiation, 

fate, and viability.  

2. Materials and Methods  

All reagents were purchased from Thermo Fisher Scientific unless otherwise indicated.  

2.1. Ethical Statement 

Human skin biopsies were obtained from healthy female individuals undergoing surgical 

interventions, after written informed consent and approval of the Ethical Committee of the 

Ospedale Maggiore Policlinico, Milan, Italy. All methods were carried out in ac cordance with the 

approved guidelines.  

2.2. Collection of Porcine Ovaries 

Twenty ovaries were collected from gilts weighing approximately 120 kg at the local 

slaughterhouse and transported to the laboratory in cold sterile PBS containing 2% 

antibiotic/antimycotic solution (Sigma). Fifteen  out of twenty  ovaries were subjected to the 

decellularization protocol for the creation of ovarian ECM -based scaffolds (Figure 1). The 

remaining 5 ovaries were used as native control tissue. Half of each was immediately fixed in 10% 

buffered formalin for histological e valuations; the remaining h alf was subjected to DNA 

quantification analysis or immersed in RNA later solution (Sigma) for gene expression studies.  

2.3. Creation of Decellularized Ovarian ECM-Based Scaffolds 

ECM-based scaffolds were obtained by subjecting 15 porcine ovaries to the whole-organ 

decellularization protocol previously described by Pennarossa et al. [2,29]. Briefly, ovaries were 

frozen at ɬ80 °C for at least 24 h, thawed at 37 °C in a water bath for 30 min, immersed in 0.5% 

sodium dodecyl sulfate (SDS; Bio-Rad) in deionized water (DI -H 2O) for 3 h, and incubated 

overnight in 1% Triton X -100 (Sigma) in DI-H 2O. This step was followed by a wash in DI -H 2O for 

9 h and a subsequent treatment with 2% deoxycholate (Sigma) in DI-H 2O for 12 h. Decellularized 

whole ovaries were then extensively washed in DI -H2O for 6 h and sterilized with 70% ethanol 
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and 2% antibiotic/antimycotic solution in sterile H 2O for 30 min. All the steps described were 

performed using an orbital shaker at 200 rpm.  

Before repopulation, half of each decellularized ovary was subjected to histological analysis, 

DNA quantification , and the MTT test to evaluate the efficiency of the decellularization process 

(see Figure 1). The remaining decellularized hemi-ovaries were cut into 9 fragments each of 7 mm 

in diameter and 1 mm in thickness and repopulated with (A) freshly isolated pOCs , (B) 

epigenetically erased porcine adult dermal fibroblasts (pEpiE) , or (C) epigenetically erased human 

adult dermal fibroblasts (hEpiE) (Figu re 1). 

 

Figure 1. Scheme showing overall experimental design. 

2.4. Repopulation of Decellularized Ovarian ECM-Based Scaffolds with pOCs 

pOCs were isolated immediately prior to seeding onto decellularized ovarian ECM -based 

scaffolds. 
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2.4.1. Collection of Porcine Ovaries and Isolation of pOCs 

Five ovaries were collected from gilts weighing approximately 120 kg at the local 

slaughterhouse and transported to the laboratory in cold sterile PBS containing 2% 

antibiotic/antimycotic solution (Sigma). The ovarian cortex was sliced in ~1 mm 3 fragments and 

digested with 1 mg/mL type IV collagenase  in HBSS for 45 min, followed by a treatment with 0.25% 

trypsin/EDTA solution for 15 min. Digested tissues were centrifuged and resuspended in 

#ÜÓÉÌÊÊÖɀÚɯ,ÖËÐÍÐÌËɯ$ÈÎÓÌɯ,ÌËÐÜÔɯȹ#,$,Ⱥɯsupplemented with 10% fetal bovine serum (FBS), 2 

mM glutamine (Sigma), and 1% antibiotic/antimycotic solution (Sigma).  

2.4.2. Repopulation of Decellularized Ovarian ECM-based Scaffolds 

3ÏÌɯ×."ɯÚÜÚ×ÌÕÚÐÖÕɯÞÈÚɯËÐÚ×ÌÙÚÌËɯÉàɯ×Ð×ÌÛÛÐÕÎȮɯÍÐÓÛÌÙÌËɯÞÐÛÏɯÈɯƘƔɯϟÔɯÊÌÓÓɯÚÛÙÈÐÕÌÙȮɯÈÕËɯÚÌÌËÌËɯ

onto ECM-based scaffold fragments (7 mm in diameter and 1 mm in thickness). The repopulation 

process was carried out for 7 days at 37 °C in 5% CO2. Half of the medium volume was refreshed 

every other day. Cultures were arrested after 24 and 48 h and at Day 7, as previously described [2]. 

Samples were subjected to histological evaluations, DNA quantification, the TUNEL assay, and 

gene expression analysis. 

2.5. Repopulation of Decellularized Ovarian ECM-Based Scaffolds with Epigenetically Erased Porcine 

Adult Dermal Fibroblasts 

2.5.1. Collection of Porcine Skin Tissues 

Porcine skin tissues were collected from 5 gilts weighing approximately 120 kg at the local 

slaughterhouse. Specifically, 5 skin specimens of 5 cm2 were obtained from an avascular area of the 

abdomen. Tissues were immersed in sterile PBS containing 2% antibiotic/antimycotic solution 

(Sigma), transported to the laboratory, and used for adult porcine dermal fibroblast isolation.  

2.5.2. Isolation and Culture of Porcine Adult Dermal  Fibroblasts 

Adult dermal fibroblasts were isolated from fresh skin biopsies obtained from 5 gilts. Tissues 

were cut into small fragments of ~ 2mm3 and transferred into 35 mm 2 Petri dishes (Sarstedt) 

previously coated with 0.1% gelatin (Sigma). Droplets of DMEM supplemented with 20% FBS, 2 

mM glutamine (Sigma), and 2% antibiotic/antimycotic solution (Sigma) were added onto each 

fragment. Culture dishes were transferred in a 5% CO2 incubator at 37 °C in humidified chambers. 

After 6 days of culture, porcine dermal fibroblasts started to grow out of the original fragments, 

and the latter were carefully removed. Cells were cultured using the medium described above, 

grown in 5% CO2 at 37 °C, and passaged twice a week at a 1:3 ratio. The porcine primary cell lines 

obtained from each individual were used in triplicate in 3 independent experiments.  

2.5.3. Epigenetic Erasing of Porcine Adult Dermal Fibroblasts With 5-aza-CR and 

Repopulation of Decellularized Ovarian ECM -based Scaffolds 

Porcine adult dermal fibroblasts were plated onto 0.1% gelatin (Sigma) precoated T75 flasks at 

a concentration of 7.8 × 104 cells/cm2. Then, 24 h after seeding, cells were exposed to the epigenetic 

eraser 5-aza-cytidine (5-aza-CR; Sigma) at a 1µM concentration for 18 h. The concentration and 

time of exposure were selected based on our previous studies [30ɬ37]. At the end of 5-aza-CR 

exposure, epigenetically erased porcine adult dermal fibroblasts (pEpiE) were used to repopulate 

the decellularized ovarian ECM-based scaffolds. 

To this purpose, 7 × 106 ×$×Ð$ɯÞÌÙÌɯÙÌÚÜÚ×ÌÕËÌËɯÐÕɯƗƔƔɯϟ+ɯÖÍɯ#,$,ɯÚÜ××ÓÌÔÌÕÛÌËɯÞÐÛÏɯƕƔǔɯ

FBS, 2 mM glutamine (Sigma), and 1% antibiotic/antimycotic solution (Sigma) and seeded onto 

scaffold fragments (7 mm in diameter and 1 mm in thickness), which were then cultured in 5% 

CO2 at 37 °C for 7 days. Half of the medium volume was refreshed every other day. Cultures were 

arrested after 24 and 48 h and after 7 days. Samples were subjected to histological evaluations, 

DNA quantification, the TUNEL assay, and gene expression analysis. pEpiE plated in standard 

plastic 4-well multidishes (Nunc) and cultured in DMEM supplemented with 10% FBS, 2 mM 

glutamine (Sigma), and 1% antibiotic/antimycotic solution (Sigma) were used as the control.  
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2.6. Repopulation of Decellularized Ovarian ECM-Based Scaffolds with Epigenetically Erased Human 

Adult Dermal Fibroblasts 

2.6.1. Collection of Human Skin Tissues 

Human skin biopsies were collected from 5 healthy women undergoing surgical interventions. 

Samples were transported to the laboratory in sterile PBS containing 2% antibiotic/antimycotic 

solution (Sigma) and used for adult human dermal fibroblast isolation.  

2.6.2. Isolation and Culture of Human Adult Dermal Fibroblasts  

Human adult dermal fibroblasts were isolated from skin biopsies freshly collected from 5 

healthy women. Samples were cut into ~ 2mm3 fragments and transferred into 0.1% gelatin (Sigma) 

precoated 35 mm2 Petri dishes (Sarstedt). Droplets of DMEM supplemented with 20% FBS, 2 mM 

glutamine (Sigma), and 2% antibiotic/antimycotic solution (Sigma) were added onto each 

fragment. Culture was carried out in humidified chambers using a 5% CO 2 incubator at 37 °C. After 

6 days of culture, human dermal fibroblasts grew ou t of the original tissues, which were carefully 

removed. Fibroblasts were cultured using the medium described above, grown in 5% CO 2 at 37 °C 

and passaged twice a week at a 1:3 ratio. The human primary cell lines obtained from each 

individual were used in triplicate in 3 independent experiments.  

2.6.3. Epigenetic Erasing of Human Adult Dermal Fibroblasts with 5 -aza-CR and 

Repopulation of Decellularized Ovarian ECM -Based Scaffolds 

Human fibroblasts were seeded onto T75 flasks previously coated with 0.1% gelatin (Sigma) at 

a concentration of 7.8 × 104 cells/cm2. Then, 24 h after plating, cells were exposed to the epigenetic 

eraser 5-aza-CR (Sigma) at a 1µM concentration for 18 h [30ɬ37]. At the end of 5-aza-CR exposure, 

7 × 106 Ì×ÐÎÌÕÌÛÐÊÈÓÓàɯÌÙÈÚÌËɯÏÜÔÈÕɯËÌÙÔÈÓɯÍÐÉÙÖÉÓÈÚÛÚɯȹÏ$×Ð$ȺɯÞÌÙÌɯÙÌÚÜÚ×ÌÕËÌËɯÐÕɯƗƔƔɯϟ+ɯÖÍɯ

DMEM supplemented with 10% FBS, 2 mM glutamine (Sigma), and 1% antibiotic/antimycotic 

solution (Sigma) and seeded onto scaffold fragments to repopulate the decellularized ovarian 

ECM-based scaffolds. Cell repopulation was performed in 5% CO 2 at 37 °C for 7 days. Half of the 

medium volume was refreshed every other day. Cultures were arrested after 24 and 48 h and at 

Day 7. Samples were subjected to histological evaluations, DNA quantification, the TUNEL assay, 

and gene expression analysis. hEpiE plated in standard plastic 4-well multidishes (Nunc) and 

cultured in DMEM supplemented with 10% FBS, 2 mM glutamine (Sigma), and 1% 

antibiotic/antimycotic solution (Sigma) were used as the control.  

2.7. Histological Analysis 

Samples were fixed in 10% buffered formalin for 24 h at room temperature, dehydrated in 

ÎÙÈËÌËɯÈÓÊÖÏÖÓÚȮɯÊÓÌÈÙÌËɯÞÐÛÏɯßàÓÌÕÌȮɯÈÕËɯÌÔÉÌËËÌËɯÐÕɯ×ÈÙÈÍÍÐÕȭɯ2ÌÙÐÈÓɯÔÐÊÙÖÛÖÔÌɯÚÌÊÛÐÖÕÚɯȹƙɯϟÔɯ

thick) were cut, dewaxed, rehydrated, and stained with hematoxylin and e osin (H&E, BioOptica) 

to evaluate the general morphological aspects. ECM components were analyzed with Masson 

Trichrome staining (Bio -optica) for the detection of collagen, Mallory Trichrome staining (Bio -

Ö×ÛÐÊÈȺɯÍÖÙɯÊÖÓÓÈÎÌÕɯÈÕËɯÌÓÈÚÛÐÊɯÍÐÉÌÙÚȮɯ&ÖÔÖÙÐɀÚɯÈldehyde-fuchsin (Bio-optica) for elastic fibers 

alone, and Alcian blue (pH 2.5; Bio-optica) for the total glycosaminoglycan (GAGs) content. The 

ÌÍÍÐÊÐÌÕÛɯÊÌÓÓɯÙÌÔÖÝÈÓɯÞÈÚɯÊÖÕÍÐÙÔÌËɯÞÐÛÏɯƘɛȮƚ-diamidino -2-phenylindole (DAPI), and the cell 

density was measured. Samples were analyzed under an Eclipse E600 microscope (Nikon) 

equipped with a digital camera (Nikon). Pictures were acquired with NIS -Elements Software 

(Version 4.6; Nikon). Native ovaries were used as the control.  

2.8. Stereological Analysis 

Volume density (Vv) estimation of collagen, elastin , and GAG was performed on Masson 

3ÙÐÊÏÙÖÔÌȮɯ &ÖÔÖÙÐɀÚɯ ÈÓËÌÏàËÌ-fuchsin, and Alcian blue -stained (pH 2.5) vertical sections, 

respectively, according to the general Delesse principle. Briefly, the relative volume of each area of 

interest was estimated from the fractional area of the structure of interest (e.g., collagen) and the 

total area of the reference compartment (e.g., whole section). Systematic uniform random sampling 

was applied, and images were captured and superimposed with a point -count stereologic grid with 
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equally distant test points. The points hitting the structure of interest and the respective reference 

compartment were counted , and the relative volume of each region of interest was then calculated 

from the respective quotient of points hitting these structures. Vv expressed as percentages was 

calculated as follows: 

Vv (analyzed compartment, reference compartment) ǻɯȻȊ/(analyzed compartment)ɤȊ/(reference compartment)] × 

100 
 

ÞÏÌÙÌɯȊ/(analyzed compartment) is the number of points hitting the compartment under study and 

Ȋ/(reference compartment) is the number of points hitting the relevant structure.  

2.9. Cell Density  

The cell number was counted in 5 DAPI -stained tissue sections obtained from each sample. 

Then, 5 randomly selected fields, at 100× total magnification, were analyzed for each section. 

Images were acquired with constant exposure parameters and analyzed with ImageJ software 

(http://rsbweb.nih.gov/ij/index. html), using the Automated Cell Counter tool and following the 

×ÙÖÝÐËÌÙɀÚɯÐÕÚÛÙÜÊÛÐÖÕÚȭɯ!ÙÐÌÍÓàȮɯƜɯÉÐÛɯÐÔÈÎÌÚɯÞÌÙÌɯÎÌÕÌÙated, and threshold adjustments were 

applied. Images were subsequently segmented with a thresholding algorithm in order to highlight 

areas occupied by the nuclei and to remove the background. Collected data were transformed in 

binary form. Size and circularity parameters were set, and nuclei were automatically counted. Cell 

density is expressed per mm2 of tissue. 

2.10. DNA Quantification  

Ten fragments, ranging from 10 to 24 mg, were cut from each decellularized ovarian ECM-based 

scaffold and from each repopulated one. Genomic DNA was extracted from each fragment with 

the PureLink ® &ÌÕÖÔÐÊɯ #- ɯ *ÐÛȮɯ ÍÖÓÓÖÞÐÕÎɯ ÛÏÌɯ ÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯ ÐÕÚÛÙÜÊÛÐÖÕÚȭɯ 3ÏÌɯ #- ɯ

concentration was measured with  NanoDrop 8000 and normalized against the fragment weights 

previously annotated. Native ovarian tissues were used as the control.  

2.11. TUNEL Assay  

Apoptotic cell death was evaluated with the terminal deoxynucleotidyl transferase -mediated 

dUTP nick end-labeling (TUNEL ) assay. Dewaxed and rehydrated sections were digested with 10 

ϟÎɤÔ+ɯ×ÙÖÛÌÐÕÈÚÌ-K (Roche) for 30 min at 37°C and labelled with the in situ Cell Death Detection 

*ÐÛȮɯ 3,1ɯ ÙÌËɯ ȹ2ÐÎÔÈȺȮɯ ÈÊÊÖÙËÐÕÎɯ ÛÖɯ ÛÏÌɯ ÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯ ÐÕÚÛÙÜÊÛÐÖÕÚȭɯ /ÙÐÖÙɯ ÛÖɯ ÛÏÌɯ ÓÈÉÌÓÓÐÕÎɯ

procedure, positive controls were treated with DNase I recombinant (50 U/mL in 50 mM Tris ɬHCl, 

pH 7.5, and 1 mg/mL BSA) for 10 min at 25 °C, to induce DNA strand breaks. For negative controls, 

TDT was omitted from the reaction mixture. All samples were counterstained with DAPI and 

mounted with ProLong ɚ Gold Antifade Mountant. Slides were observed under a Nikon Eclipse 

600 microscope. Native tissue was used as the control. TUNEL-positive cells were counted, and 

their numbers are expressed as a percentage of the total cell counted. 

2.12. Cytotoxicity Assessment  

Decellularized ovarian ECM -based scaffold cytotoxicity was assessed by performing the 3(4,5-

dimethylthiazole -2-yl) -2,5-diphenyltetrazolium -bromide (MTT, Roche) assay. Briefly, both porcine 

and human fibroblasts were plated onto 96-well multidishes at a seeding density of 5 × 103 cells/mL. 

After 24 h, 20 mg of each generated decellularized scaffold was added to cells and cocultured for 

1, 3, and 7 days. The, ƕƔɯϟ+ɯÖÍɯ,33ɯÚÖÓÜÛÐÖÕɯwas added to the culture media and incubated for 4 h. 

%ÖÙÔÈáÈÕɯÚÈÓÛɯÊÙàÚÛÈÓÚɯÞÌÙÌɯËÐÚÚÖÓÝÌËɯÐÕɯƕƔƔɯϟ+ɯÖÍɯƕƔǔɯ2#2ɯÐÕɯƔȭƔƕɯ,ɯ'"ÓɯÖÝÌÙÕÐÎÏÛȭɯ.×ÛÐÊÈÓɯ

density (OD) was measured at 550 nm. In the control culture (CTR), porcine and human fibroblasts 

were plated at the same seeding density (5 × 103 cells/mL), and the addition of decellularized whole -

ovary fragments was omitted. All experiments were performed in triplicate.  

2.13. Gene expression Analysis 
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RNA was extracted using the TaqManGene Expression Cells to Ct kit (Applied Biosystems) 

ÍÖÓÓÖÞÐÕÎɯ ÛÏÌɯ ÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯ ÐÕÚÛÙÜÊÛÐÖÕȭɯ #-ÈÚÌɯ (ɯ ÞÈÚɯ ÈËËÌËɯ ÐÕɯ ÓàÚÐÚɯ ÚÖÓÜÛÐÖÕɯ ÈÛɯ Èɯ ƕȯƕƔƔɯ

concentration. Quantitative PCR was performed on a CFX96 Real-Time PCR (Bio-Rad) using 

predesigned gene-specific primers and probe sets from TaqManGene Expression Assays (see Table 

1 for the primer information). ACTB and GAPDH were used as internal reference genes. CFX 

Manager software (Bio-Rad) was used for target gene quantification. Gene expression levels are 

reported with the highest expression set to 1 and the others relative to this. 

Table 1. List of primers used for quantitative PCR analysis.  

Gene Species Description  Cat. N. 

ACTB Sus scrofa Actin, beta Ss03376563_uH 

ACTB Homo sapiens Actin, beta Hs99999903_m1 

AMH  Sus scrofa Anti -Mullerian hormone  Ss03383931_u1 

AMH  Homo sapiens Anti -Mullerian hormone  Hs00174915_m1 

CYP11A1 Sus scrofa Cytochrome P450 family 11 subfamily A member 1 Ss03384849_u1 

CYP11A1 Homo sapiens Cytochrome P450 family 11 subfamily A member 1 Hs00167984_m1 

CYP19A1  Sus scrofa Cytochrome P450 family 19 subfamily a member 1 Ss03384876_u1 

CYP19A1  Homo sapiens Cytochrome P450 family 19 subfamily a member 1 Hs00903411_m1 

FSHR Sus scrofa Follicle-stimulating hormone receptor  Ss03384581_u1 

FSHR Homo sapiens Follicle-stimulating hormone receptor  Hs01019695_m1 

GAPDH  Sus scrofa Glyceraldehyde-3-phosphate dehydrogenase Ss03375629_u1 

GAPDH  Homo sapiens Glyceraldehyde-3-phosphate dehydrogenase Hs02786624_g1 

LHCGR Sus scrofa Luteinizing hormone/choriogonadotropin receptor  Ss03384991_u1 

LHCGR Homo sapiens Luteinizing hormone/choriogonadotropin receptor  Hs00174885_m1 

NANOG  Sus scrofa Nanog homeobox Ss04245375_s1 

NANOG  Homo sapiens Nanog homeobox Hs02387400_g1 

OCT4 Sus scrofa POU Class 5 Homeobox 1 Ss03389800_m1 

OCT4 Homo sapiens POU Class 5 Homeobox 1 Hs00999632_g1 

REX1 Sus scrofa ZFP42 zinc finger protein Ss03373622_g1 

REX1 Homo sapiens ZFP42 zinc finger protein Hs01938187_s1 

SOX2 Sus scrofa SRY-Box Transcription Factor 2 Ss03388002_u1 

SOX2 Homo sapiens SRY-Box Transcription Factor 2 Hs04234836_s1 

STAR Sus scrofa Steroidogenic acute regulatory protein  Ss03381250_u1 

STAR Homo sapiens Steroidogenic acute regulatory protein  Hs00986559_g1 

THY1 Sus scrofa Thy-1 cell surface antigen Ss03376963_u1 

THY1 Homo sapiens Thy-1 cell surface antigen Hs00174816_m1 

VIM  Sus scrofa Vimentin  Ss04330801_gH 

VIM  Homo sapiens Vimentin  Hs05024057_m1 

2.14. Statistical Analysis 

Statistical analysis was performed using on e-way ANOVA (SPSS 19.1; IBM). Data are presented 

as the mean ± the standard deviation (SD). Differences of p ȀɯƔȭƔƙɯÞÌÙÌɯÊÖÕÚÐËÌÙÌËɯÚÐÎÕÐÍÐÊÈÕÛɯÈÕËɯ

are indicated with different superscripts.  

3. Results 

3.1. ECM-based Scaffold Evaluation  

3.1.1. Whole-Organ Decellularization Protocol Eliminates Cellular Components and Maintains 

Ovarian Macro -Architecture  

Macroscopic observations revealed that, during the decellularization process, the color of the 

ovaries turned from red to white, while the shape and the homogeneity were well preserved, 

without any deformation (Figure 2a).  

H & E and DAPI staining showed that the decellularization process was successful and the 

obtained ECM-based scaffolds were devoid of cells. In particular, basophilic and DAPI staining 

were absent in decellularized scaffolds (scaffold), while cell nuclei were clearly visible in native 



 
39 

 

ovaries (native), used as the control (Figure 2b). Cell density analysis confirmed a significantly 

lower number of nuclei in ECM -based scaffolds (scaffold), compared to untreated tissues (native; 

Figure 2c). In addition, the DNA quantification assay demonstrated a drastic decrease in the DNA 

content after the whole-organ decellularization process. Specifically, 0.05 ± 0.03 µg DNA/mg of 

tissue was measured in ECM-based scaffolds (scaffold), while native ovaries contained 1.55 ± 0.21 

µg DNA/mg of tissue ( native; Figure 2d).  

 

Figure 2. Macroscopic and microscopic evaluations of ECM-based scaffolds and DNA quantification. ( a) 

Native (left panel) and decellularized (middle and right panels) ovaries display comparable shapes and 

homogeneity, while the color turns from red (left panel) to white (middle and right panels); (b) H & E 

staining shows the presence of both basophilic (cell nuclei) and eosinophilic (cell cytoplasm and ECM) 

staining in the control tissue (native), while cell nuclei and the related basophilic staining are absent in 

the decellularized ECM -based scaffolds (scaffold). DAPI staining displays the presence of nu clei in 

native ovaries (native), which disappeared after the decellularization process (scaffold). Scale bars = 100 

ϟÔȰɯȹc) Cell density demonstrated a significantly lower number of nuclei in the decellularized ECM -

based scaffolds (scaffold) compared to the untreated tissues (native); data are expressed as the mean ± 

the standard error of the mean (SEM), *p < 0.05; (d) DNA quantification analysis show ed a significant 

decrease in the DNA content of the decellularized ECM-based scaffolds (scaffold) compared to the native 

tissue (native). Data are expressed as the mean ± the standard error of the mean (SEM), *p < 0.05. 

3.1.2. Whole-Organ Decellularization Protocol Preserves Ovarian ECM Components 

Histochemical assessments demonstrated the preservation of the major structural components 

of the ECM after the whole -organ decellularization process. Both Masson and Mallory Trichrome 

staining showed the persistence of collagen (blue), which displayed a comparable distribution 

between ECM-based scaffolds (scaffold) and native tissues (native) (Figure 3a). In addition, 
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Mallory Trichrome staining indicated the maintenance of elastic fibers (red magenta ) after the 

decellularization process (sÊÈÍÍÖÓËȺɯȹ%ÐÎÜÙÌɯƗÈȺȭɯ3ÏÐÚɯÞÈÚɯÈÓÚÖɯÊÖÕÍÐÙÔÌËɯÉàɯ&ÖÔÖÙÐɀÚɯÈÓËÌÏàËÌ-

fuchsin staining , demonstrating  that the elastic fibers scattered throughout the decellularized 

ovarian tissues (scaffold), similar to what  was detected in native ovaries (native, Figure 3a). Alcian 

blue staining revealed GAG retention in ECM -based scaffolds (scaffold; Figure 3a). The 

morphological observations were also confirmed by stereological quantifications , which 

demonstrated no differences in collagen (Figure 3b), elastin (Figure 3c), and GAGs (Figure 3d) 

between the ECM-based scaffolds (scaffold) and the native tissue (native). 

 

Figure 3. ECM microarchitecture and composition in ECM -based scaffolds and cytotoxicity assessment. 

(aȺɯ,ÈÚÚÖÕɀÚɯTrichrome staining show ed the persistence of collagen fibers (blue) and their comparable 
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distribution between the native ovaries ( native) and the decellularized tissues (sÊÈÍÍÖÓËȺȭɯ,ÈÓÓÖÙàɀÚɯ

Trichrome staining demonstrate d the maintenance of intact collagen (blue) and elastic fibers (red 

magenta) after the decellularization process (sÊÈÍÍÖÓËȺȭɯ&ÖÔÖÙÐɀÚɯÈÓËÌÏàËÌ-fuchsin staining confirm ed 

that ECM-based scaffolds (scaffold) retain ed the elastic fibers scattered throughout the decellularized 

ovary, similar to what was visible in untreated ovaries ( native). Alcian blue staining reveal ed GAG 

retention in the decellularized scaffolds ( sÊÈÍÍÖÓËȺȭɯ 2ÊÈÓÌɯ ÉÈÙÚɯ ǻɯ ƕƔƔɯ ϟÔ. (bɬd) Stereological 

quantifications demonstrate d no significant differences between untreated ovaries (native) and the 

decellularized ECM -based scaffolds (scaffold) in collagen (b), elastin (c), and GAG (d) contents. Data are 

expressed as the mean ± the standard error of the mean (SEM) (p > 0.05). (eɬf ) MTT assays demonstrated 

no significant differences in the OD values of porcine (e) and human (f ) adult dermal fibroblasts 

cocultured with ECM -based scaffold fragments and those identified in control cultures (CTR) at all the 

different time points analyzed. Data are expressed as the mean ± the standard error of the mean (SEM) 

(p > 0.05). a and b indicate statistically significant differences ( p < 0.05). 

3.1.3. ECM-based Scaffolds Show No Cytotoxicity In Vitro  

ECM-based scaffold cytocompatibility was determined by  the MTT assay, performed using 

both porcine and human adult dermal fibroblasts. The results obtained demonstrated that the 

decellularized scaffold exerted no cytotoxic effects. In particular, the OD values detected in porcine 

(Figure 3e) and human cells (Figure 3f), cocultured with ECM -based scaffolds, were comparable 

with those obtained in control cultures (CTR) , where scaffold fragments were omitted. More in 

detail, all experimental groups displayed a nalogous viabilities after 24 and 48 h of culture (Figure 

3e,f). In addition, even protracted exposure (seven days) to the decellularized matrix did not induce 

any cytotoxic response, confirming the efficient removal of the residual chemicals from the ECM -

based scaffolds (Figure 3e,f). 

3.2. pOCs Recellularize the ECM-Based Scaffold In Vitro 

Freshly isolated pOCs (Figure 4a) were able to adhere and gradually migrate into the 

decellularized ECM -based ovarian scaffolds (Figure 4b). 

H & E and DAPI staining demonstrated the presence of pOCs in the scaffolds after 24 h of 

coculture (Figure 4c,d). The histological observations were confirmed by cell density analysis, 

which showed an increasing number of cells along the culture period (Figure 4e). The TUNEL assay 

demonstrated the survival of the engrafted cells and showed pOC viability even after seven days 

of culture (Figure 4 g,h).  
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In agreement with the morphological data, DNA quantification studies indicated an increase in 

DNA content. In particular, 0.61 ± 0.05, 1.12 ± 0.1, and 1.34 ± 0.1µg of DNA/mg of tissue were 

detected after 24 and 48 h and at Day 7 of culture, respectively (Figure 4f). 

Figure 4. Repopulation of decellularized ovarian ECM -based scaffolds with pOCs. (a) Image illustrating 

ÍÙÌÚÏÓàɯÐÚÖÓÈÛÌËɯ×."Úȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƕƔƔɯϟÔ. (b) pOCs adhered and migrated into the decellularized ECM -

based ovarian scaffolds. Representative image after 7 days of culture. 2ÊÈÓÌɯÉÈÙɯǻɯƕƔƔɯϟÔ. (c) H & E 

staining demonstrated the presence of pOCs in the ECM-ÉÈÚÌËɯÚÊÈÍÍÖÓËÚȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƕƔƔɯϟÔ. (d) DAPI 

staining confirm ed ÛÏÌɯ×ÖÚÐÛÐÝÐÛàɯÍÖÙɯÕÜÊÓÌÐȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƕƔƔɯϟÔ. (e) Cell density analysis showed ECM-

based scaffoldsɀ repopulation after 24 h, with a higher number of cells after 48h and 7 days of coculture. 

Data are expressed as the mean ± the standard error of the mean (SEM). a and b indicate statistically 

significant differences (p < 0.05). (f ) DNA quantification demonstrate d the presence of pOCs into the 

ECM-based scaffolds after 24 h, with an increasing cell number at 48h, which was steadily maintained 

at Day 7. Data are expressed as the mean ± the standard error of the mean (SEM). a and b indicate 

statistically significant differences ( p < 0.05). (g) Representative picture of the TUNEL assay showing 

positive cells in red. Nuclei were stained with DAPI (blue). Scale bars = 100 ϟÔɯÈÕËɯƙƔɯϟÔ. (h) TUNEL -

positive cell rates detected 24- 48 hours and 7 days postseeding were comparable to those identified in 

the native tissues (native). Data are expressed as the mean ± the standard error of the mean (SEM). 

Gene expression analysis revealed active transcription of the genes specific to the principal 

active cells of connective tissue, namely VIM and THY1, as well as the markers classically 

associated with granulosa cells, namely STAR, CYP11A1, CYP19A1, AMH, FSHR, and LHR (Figure 

5). Interestingly , the expression levels detected for all the selected genes were comparable between 

those measured in native tissue (T0) and in repopulated ECM-based scaffolds at all time points 

considered (Figure 5). 
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Figure 5. Gene expression changes in pOCs (line bars), pEpiE (white with black dots bars), and hEpiE 

(black with white dots bars) during the ECM-based scaffold repopulation process. Expression pattern of 

fibroblast -specific (VIM, and THY1), pluripotency -related (OCT4, NANONG, REX1, and SOX2), and 

granulosa-cell-associated (STAR, CYP11A1, CYP19A1, AMH, FSHR, and LHCGR) markers in freshly 

isolated pOCs and porcine and human untreated fibroblasts (T0), in fibroblasts exposed to 5-aza-CR 

(post 5- aza-CR), and at different time points of ECM-based scaffold repopulation (24 and 48 h and 7 

days). a, b, and c indicate statistically significant differences ( p < 0.05). 

3.3. ECM-Based Scaffolds Induce pEpiE and hEpiE Differentiation Towards Ovarian Fate  

After epigenetic erasing with 5 -aza-CR, porcine and human cells changed their phenotype; the 

typical fibroblast elongated morphology was replaced by an oval or round shape. Erased cells 

became smaller with larger nuclei and granular and vacuolated cytoplasm. These changes were 

functionally accompanied by the onset of the transcription of the pluripotency -related genes OCT4, 

NANOG, REX1, and SOX2, originally undetectable in untreated fibroblasts (T0; Figure 5c). In 

parallel, both pEpiE and hEpiE significantl y downregulated the typical fibroblast markers VIM 

and THY (Figure 5).  

Both porcine and human erased cells were able to repopulate the decellularized ovaries and 

adhered and gradually migrated into the ECM -based scaffolds. H&E and DAPI staining 

demonstrated the presence of cells after 24 h of coculture (Figure 6d,e,j,k). Cell density analysis 

showed an increasing number of cells during the period of culture (Figure 6a). In addition, the 

TUNEL assay revealed the survival of the engrafted cells and showed pEpiE and hEpiE viability 

even after seven days of culture (Figure 6f,l).  The morphological data were supported by DNA 

quantification analysis , indicating an increase in DNA content. In particular, 0.57 ± 0.07, 1.01 ± 0.08, 
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and 1.19 ± 0.09 µg of DNA/mg of tissue were detected after 24 and 48 h and at Day 7 of pEpiE 

coculture with the ECM -based scaffolds and 0.56 ± 0.05, 1.06 ± 0.09, and 1.21 ± 0.11 µg of DNA/mg 

of tissue at the same time points using hEpiE (Figure 5b).  

Gene expression analysis revealed the onset of the genes specifically associated with granulosa 

cells, namely STAR, CYP11A1, CYP19A1, AMH, FSHR, and LHR, which  were induced, although 

at low levels, 24 and 48 h postseeding and picked by Day 7 of coculture with levels comparable to 

those detected in pOC repopulation experiments (Figure 5). Similarly, VIM and THY1 expression 

values at Day 7 were significantly lower than those identified in untreated fibroblasts (T0) , but 

showed comparable expression levels to those detected when pOCs were used to repopulate. These 

changes were also paralleled by downregulation of the pluripotency -related genes OCT4, 

NANOG, REX1, and SOX2. In contrast, when pEpiE and hEpiE were plated onto standard plastic 

dishes, cells progressively reverted to their original phenotype , and after seven days of culture, the 

expression of the pluripotency -related genes was completely downregulated, while the VIM and 

THY1 levels returned comparable to those of untreated fibroblasts (Figure 5).  

 

Figure 6. Repopulation of decellularized ovarian ECM -based scaffolds with pEpiE. (a) Representative 

ÐÔÈÎÌɯÖÍɯ×ÖÙÊÐÕÌɯÜÕÛÙÌÈÛÌËɯÍÐÉÙÖÉÓÈÚÛÚɯÚÏÖÞÐÕÎɯÛÏÌɯÛà×ÐÊÈÓɯÌÓÖÕÎÈÛÌËɯÚÏÈ×Ìȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƕƔƔɯϟÔȭɯȹb) After 

18 h of exposure to 5-aza-CR, the cells displayed a round epithelioid aspect and became smaller in size 

ÞÐÛÏɯÓÈÙÎÌÙɯÕÜÊÓÌÐɯÈÕËɯÎÙÈÕÜÓÈÙɯÊàÛÖ×ÓÈÚÔȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƕƔƔɯϟÔȭ (c) pEpiE adhered and migrated to the 

decellularized ECM -based ovarian scaffolds. Representative image after 7 days of culture. Scale bar = 

ƕƔƔɯϟÔȭɯȹd) H & E staining demonstrated the presence of pEpiE in the ECM-based scaffolds. Scale bar = 

ƕƔƔɯϟÔȭɯȹeȺɯ# /(ɯÚÛÈÐÕÐÕÎɯÊÖÕÍÐÙÔÌËɯÛÏÌɯ×ÖÚÐÛÐÝÐÛàɯÍÖÙɯÕÜÊÓÌÐȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƕƔƔɯϟÔȭɯȹf ) Cell density analysis 

showed ECM-ÉÈÚÌËɯÚÊÈÍÍÖÓËÚɀɯÙÌ×Ö×ÜÓÈÛÐÖÕɯÈÍÛÌÙɯƖƘɯÏȮɯÞÐÛÏɯÈɯÏÐÎÏÌÙɯÕÜÔÉÌÙɯÖÍɯÊÌÓÓÚɯÈÍÛÌÙɯƘƜɯÏɯÈÕËɯƛɯ

days of coculture. Data are expressed as the mean ± the standard error of the mean (SEM). a and b 

indicate statistically significant  differences (p < 0.05). (g) DNA quantification demonstrated the presence 

of pEpiE in the ECM-based scaffolds after 24 h, with an increasing number of cells at 48 h, which was 

steadily maintained at Day 7. Data are expressed as the mean ± the standard error of the mean (SEM). a, 

and b indicate statistically significant differences ( p < 0.05). (h) Representative picture of the TUNEL 

ÈÚÚÈàɯÚÏÖÞÐÕÎɯ×ÖÚÐÛÐÝÌɯÊÌÓÓÚɯÐÕɯÙÌËȭɯ-ÜÊÓÌÐɯÞÌÙÌɯÚÛÈÐÕÌËɯÞÐÛÏɯ# /(ɯȹÉÓÜÌȺȭɯ2ÊÈÓÌɯÉÈÙÚɯǻɯƕƔƔɯϟÔɯÈÕËɯƙƔɯ

ϟÔȭɯȹi ) TUNEL -positive cell rates detected 24ɬ48 h and 7 days after seeding were comparable to those 

identi fied in the native tissues (native). Data are expressed as the mean ± the standard error of the mean 

(SEM). 
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Figure 7. Repopulation of decellularized ovarian ECM -based scaffolds with hEpiE. (a) Representative 

ÐÔÈÎÌɯÖÍɯÏÜÔÈÕɯÜÕÛÙÌÈÛÌËɯÍÐÉÙÖÉÓÈÚÛÚɯÚÏÖÞÐÕÎɯÛÏÌɯÛà×ÐÊÈÓɯÌÓÖÕÎÈÛÌËɯÚÏÈ×Ìȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƕƔƔɯϟÔȭɯȹb) After 

18 h of exposure to 5-aza-CR, cells displayed a round epithelioid aspect and became smaller in size with 

ÓÈÙÎÌÙɯÕÜÊÓÌÐɯÈÕËɯÎÙÈÕÜÓÈÙɯÊàÛÖ×ÓÈÚÔȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƕƔƔɯϟÔȭɯȹc) hEpiE adhered and migrated into the 

decellularized ECM -based ovarian scaffolds. Representative image after 7 days of culture. Scale bar = 

100 ϟÔȭɯȹd) H & E staining demonstrated the presence of hEpiE in the ECM-based scaffolds. Scale bar = 

ƕƔƔɯϟÔȭɯȹeȺɯ# /(ɯÚÛÈÐÕÐÕÎɯÚÏÖÞÌËɯÛÏÌɯ×ÖÚÐÛÐÝÐÛàɯÍÖÙɯÕÜÊÓÌÐȭɯ2ÊÈÓÌɯÉÈÙɯǻɯƕƔƔɯϟÔȭɯȹf ) Cell density analysis 

indicated ECM -ÉÈÚÌËɯÚÊÈÍÍÖÓËÚɀɯÙÌ×Ö×ÜÓÈÛÐÖÕɯÈÍÛÌÙɯƖƘɯÏȮɯÞÐÛÏɯÈɯÏÐÎÏÌÙɯÕÜÔÉÌÙɯÖÍɯÊÌÓÓÚɯÈÍÛÌÙɯƘƜÏɯÈÕËɯƛɯ

days of coculture. Data are expressed as the mean ± the standard error of the mean (SEM). a and b 

indicate statistically significa nt differences (p < 0.05). (g) DNA quantification confirmed the presence of  

hEpiE in the ECM-based scaffolds after 24 h, with an increasing number of cells at 48h, which was 

steadily maintained at Day 7. Data are expressed as the mean ± the standard error of the mean (SEM). a 

and b indicate statistically significant differences ( p < 0.05). (h) Representative picture of the TUNEL 

ÈÚÚÈàɯÚÏÖÞÐÕÎɯ×ÖÚÐÛÐÝÌɯÊÌÓÓÚɯÐÕɯÙÌËȭɯ-ÜÊÓÌÐɯÞÌÙÌɯÚÛÈÐÕÌËɯÞÐÛÏɯ# /(ɯȹÉÓÜÌȺȭɯ2ÊÈÓÌɯÉÈÙÚɯǻɯƕƔƔɯϟÔɯÈÕËɯƙƔɯ

ϟÔȭɯȹi ) TUNEL -positive cell rates detected 24ɬ48 hours and 7 days after seeding were comparable to 

those identified in the native tissues (native). Data are expressed as the mean ± the standard error of the 

mean (SEM). 

4. Discussion 

Assisted reproduction techniques and hormone replacement therapies presently adopted for 

the management of POF-affected patients are not fully effective in recovering ovarian functions 

and do not provide a definitive solution for female fertility restoration. There is therefore an urgent 

need for novel and efficient therapeutic alternatives , and among the possible strategies, the 

ËÌÝÌÓÖ×ÔÌÕÛɯÖÍɯÈÕɯɁÈÙÛÐÍÐÊÐÈÓɯÖÝÈÙàɂɯÔÈàɯÙÌ×ÙÌÚÌÕÛɯÈɯ×ÙÖÔÐÚÐÕÎɯÈÕËɯÚÈÍÌɯÈ××ÙÖÈÊÏɯÛÖɯÖÉÛÈÐÕɯ

ÛÙÈÕÚ×ÓÈÕÛÈÉÓÌɯɁÚÛÙÜÊÛÜÙÌÚɂɯÛÏÈÛɯÊÈÕɯÉe used in patients, from childhood to adult age, for restoring 

endocrine dysfunctions and re -establishing reproductive activities.  

In the present study, we described a novel approach to generate porcine decellularized ovarian 

ECM-based scaffolds and demonstrated their ability to support cell survival  and growth and drive 

cell differentiation. Ovarian ECM -based scaffolds were obtained through the use of a four-step 

decellularization protocol previously developed in our laboratory. In particular, this involve d a 

freezeɬthaw cycle, followed by sequential incubations with SDS, Triton X -100, and deoxycholate, 

which  was previously shown, and  here confirmed, for its ability to successfully remove cells, 

cellular debris , and nuclear material from whole  ovaries, while maintaining the macrostructure 

and microstructure of the original tissue, preserving  the shape and homogeneity, and showing no 
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deformation at the end of the process [2,29]. In addition, similar to what  was described by Liu et 

al. [5] and Hassanpour et al. [38], who applied a decellularization protocol to porcine and human 

ovarian fragments, respectively, the color of the organs turned from red to white, suggesting the 

ability of the protocol adopted  here to induce a significant reduction in cellular components, even 

when applied to whole  ovaries. This was also confirmed by the histological analysis and the DNA 

quantifications presented in our manuscript, which demonstrated a significant decrement in cell 

number and DNA content, respectively.  

Parallel with  the effective removal of the cellular compartment, a key aspect for the quality of 

the produced bioscaffolds is the preservation of the ovarian microstructures and its ECM 

components post-decellularization. The histochemical analysis performed here demonstrated the 

maintenance of intact collagen and elastic fibers, as well as the persistence of an unaltered 

distribution of GAGs. This was also confirmed by stereological quantifications , which revealed no 

differences between native and decellularized ovaries for collagen, elastin, and GAG content, in 

agreement with what was recently reported by Henning et al., who  demonstrated comparable 

matrisome protein quantities and distributions in porcine decellularized ovaries and the related 

native tissue [7].  

Detergent residuals within the decellularized ECM -based scaffolds are also a critical point that 

needs to be carefully addressed, since this may impair the subsequent scaffold biocompatibility, 

both in vitro and in vivo, as well as its subsequent recellularization [39]. In this respect, the 

cytotoxicity assay performed post -decellularization revealed no significant differences between the 

MTT values detected in porcine and human fibroblasts cocultured with ECM -based scaffolds and 

those scored in control cultures, even when exposures were protracted up to seven days. To our 

understanding, this suggests that any toxic effect exerted by the decellularized ovaries is very 

unlikely.  

Altogether, these findings support and expand previous results obtained through the use of 

decellularization techniques applied to ovarian tissue fragments [5,28] and demonstrate, to our 

understanding, the possibility to successfully extend the protocol to the whole  ovary, leading to 

the production of ECM -based matrixes suitable for tissue bioengineering. 

In this perspective, decellularized ECM -based scaffold quality was tested in repopulation 

experiments. More in detail, when freshly isolated pOCs were seeded onto the generated 

biomatri ces, cells rapidly adhered and gradually migrated into the bioscaffolds within the first 24 

h. The cell homing ability was confirmed both by H&E and DAPI staining, as well as by cell density 

analysis, which demonstrated an increase in cell number along the culture period. In parallel, the 

TUNEL assay showed the repopulating c ell viability as being stably maintained in culture, with 

apoptotic indices comparable to those scored in the native tissue. These observations suggested the 

decellularized ECM -based scaffoldÚɀ ability to support ovarian cell survival in vitro for a protracted 

culture period, as demonstrated by DNA quantification studies , which showed an increase in DNA 

content with 0.61 ± 0.05, 1.12 ± 0.1, and 1.34 ± 0.1 µg of DNA/mg of tissue after 24 h and 48 h and at 

Day 7 of culture, respectively. These data are in full agreement and further expand previous studies 

reporting the ability of decellularized ovarian fragments to successfully support murine and 

human ovarian cell engraftment in vitro [5,17,38]. In addition, they demonstrate d the possibility to 

use whole-ovary decellularized ECM -based scaffolds as suitable niches for pOC ex vivo culture.  

Molecular evaluations of engrafted pOCs demonstrated active and steady transcription for the 

main ovary-specific genes. In particular, we could detect the expression of genes specifically 

associated with granulosa cells, namely STAR, CYP11A1, CYP19A1, AMH, FSHR, and LHR, as 

well as connective tissue markers, such as VIM and THY1. Interestingly, the results obtained 

indicated that the relative expression levels of each specific gene vs. all the other genes considered 

was maintained for all of the engrafting period. Although further studies are needed to better 

elucidate this aspect, it is tempting to speculate that, different from  what was reported for 2D 

culture systems where a poor correlation with in vivo conditions was detected [40,41], the 

decellularized ECM -based scaffold niche may provide repopulating cells with inputs that preserve 

the transcription regulatory mechanisms at work in their native tissue, offering an adequate 3D 

microenvironment driving repopulating cel ls. This hypothesis found  further su pport in the results 

obtained when ECM-based scaffolds were repopulated with epigenetically erased cells  obtained 
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through epigenetic erasing [30ɬ37,43ɬ48]. Similar to what was observed when pOCs were used, 

both pEpiE and hEpiE rapidly adhered and migrated into the bioscaffolds, suggesting the ability 

of the decellularized ECM -based scaffolds to provide a suitable environment and support 

epigenetically erased cell attachment, migration, and growth. Notably, gene expression analysis 

showed striking changes in the transcription pattern, with downregulation of the pluripotency -

related genes OCT4, NANOG, REX1, and SOX2 and the onset of the main genes specifically 

associated with granulosa cells, namely STAR, CYP11A1, CYP19A1, AMH, FSHR, and LHR, which  

were originally undetectable in repopulating cells. In particular, the expression levels of the above -

mentioned genes, which have been commonly used for tracking ESC differentiation into mature 

and functional granulosa cells [49,50], were detectable after 24 and 48 h and reached values 

comparable with those detected in pOC repopulation experiments at Day 7 of culture, indicating 

ECM-based scaffoldÚɀ ability to properly address and drive erased cell differentiation in vitro  

5. Conclusions 

The results described in this manuscript demonstrated that decellularized ECM -based scaffolds 

may provide an optimal 3D microenvironment for ex vivo culture of ovarian cells, supporting the 

maintenance of the original expression pattern. Furthermore, they are able to properly drive 

epigenetically erased cell differentiation, fate, and viability in vitro, encouraging repopulating cells 

to adopt a transcriptional shift in response to the scaffold environment. Overall, the strategy 

proposed here allows for the creation of a suitable 3D platform to investigate solutions for hormone 

and fertility restoration, toxicological and drug testing, as well as transplantation studies.  

Author Contributions: Investigation, G.P. and T.D.I.; data curation, G.P. and T.D.I.; writingɭoriginal 

draft preparation, G.P. and T.A.L.B; writing ɭreview and editing, G.P., F.G., and T.A.L.B; funding acquisition, 

G.P. and T.A.L.B. All authors read and agreed to the published version of the manuscript. 

Funding: This research was funded by Carraresi Foundation, PSR2017 and PSR2020. This research is part 

ÖÍɯÛÏÌɯ×ÙÖÑÌÊÛɯɁ,(-#ɯ%ÖÖË2ɯ'4!ɯȹ,ÐÓÈÕÖɯ(ÕÕÖÝÈÛÐÖÕɯ#ÐÚÛÙÐÊÛɯ%ÖÖËɯ2àÚÛÌÔɯ'ÜÉȺȯɯ(ÕÕÖÝÈÛÐÝÌɯÊÖÕÊÌ×ÛɯÍÖÙɯÛÏÌ 

eco-intensification of agricultural production and for the promotion of dietary patterns for human health and 

ÓÖÕÎÌÝÐÛàɯÛÏÙÖÜÎÏɯÛÏÌɯÊÙÌÈÛÐÖÕɯÐÕɯ,(-#ɯÖÍɯÈɯËÐÎÐÛÈÓɯ%ÖÖËɯ2àÚÛÌÔɯ'ÜÉɂȮɯÊÖÍÜÕËÌËɯÉàɯ/.1ɯ%$21ɯƖƔƕƘ-

2020_BANDO Call HUB Ricerca e Innovazione, Regione Lombardia. 

Institutional Review Board Statement: The study was conducted according to the guidelines of the 

Declaration of Helsinki and approved by the Ethics Committee of the University of Milan and of the Ospedale 

Maggiore Policlinico, Milan , Code 479_2016. 

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.  

Data Availability Statement:  The data presented in this study are available on request from the 

corresponding author.  

Acknowledgments:  The authors are members of the COST Action CA16119 In vitro 3-D total cell guidance 

and fitness (CellFit) and of the Trans-COST Actions Task-Force on COVID -19. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. +ÐÕȮɯ#ȭȰɯ0ÜÈÕȮɯ'ȭȰɯ"ÏÌÕȮɯ*ȭȰɯ+ÐÕȮɯ+ȭȰɯ+ÐÕȮɯ+ȭȰɯ)ÐȮɯ0ȭɯ ÕɯÈËÖÓÌÚÊÌÕÛɯÎÐÙÓɯÞÐÛÏɯ×ÙÌÔÈÛÜÙÌɯÖÝÈÙÐÈÕɯÍÈÐÓÜÙÌȮɯ&ÙÈÝÌÚɀɯ

disease, and chronic urticaria: A case report. J. Med. Case Rep. 2020, 14, 1ɬ5, doi:10.1186/s13256-020-02491-w. 

2. Pennarossa, G.; Ghiringhelli, M.; Gandolfi, F.; Brevini, T.A.L. Whole -ovary decellularization generates an 

effective 3D bioscaffold for ovarian bioengineering. J. Assist. Reprod. Genet. 2020, 1ɬ11, doi:10.1007/s10815-020-

01784-9. 

3. Gandolfi, F.; Ghiringhelli, M.; Brevini, T.A.L.; Gandolfi, F.; Ghiringhelli, M.; Brevini, T.A.L. Bioengineering 

the ovary to preserve and reestablish female fertility. Anim. Reprod. 2019, 16, 45ɬ51, doi:10.21451/1984-3143-

AR2018-0099. 

4. Fu, Y.X.; Ji, J.; Shan, F.; Li, J.; Hu, R. Human mesenchymal stem cell treatment of premature ovarian failure: 

New challenges and opportunities. Stem Cell Res. Ther. 2021, 12, 1ɬ13. 

5. Liu, W. -Y.; Lin, S.-G.; Zhuo, R.-Y.; Xie, Y.-Y.; Pan, W.; Lin, X.-F.; Shen, F.-X. Xenogeneic decellularized scaffold: 

A novel platform for ovary regeneration. Tissue Eng. Part., C. Methods 2017, 23, 61ɬ71, 

doi:10.1089/ten.TEC.2016.0410. 



 
48 

 

6. Eivazkhani, F.; Abtahi, N.S.; Tavana, S.; Mirzaeian, L.; Abedi, F.; Ebrahimi, B.; Montazeri, L.; Valojerdi, M.R.; 

Fathi, R. Evaluating two ovarian decellularization methods in three species. Mater. Sci. Eng. C. 2019, 102, 670ɬ

682, doi:10.1016/J.MSEC.2019.04.092. 

7. Henning, N.F.; LeDuc, R.D.; Even, K.A.; Laronda, M.M. Proteomic analyses of decellularized porcine ovaries 

identified new matrisome proteins and spatial differences across and within ovarian compartments. Sci. Rep. 

2019, 9, 20001, doi:10.1038/s41598-019-56454-3. 

8. Donnez, J.; Dolmans, M.-M.; Pellicer, A.; Diaz-Garcia, C.; Sanchez Serrano, M.; Schmidt, K.T.; Ernst, E.; 

Luyckx, V.; Andersen, C.Y. Restoration of ovarian activity and pregnancy after transplantation of 

cryopreserved ovarian  tissue: A review of 60 cases of reimplantation. Fertil. Steril. 2013, 99, 1503ɬ1513, 

doi:10.1016/J.FERTNSTERT.2013.03.030. 

9. Diaz-Garcia, C.; Domingo, J.; Garcia-Velasco, J.A.; Herraiz, S.; Mirabet, V.; Iniesta, I.; Cobo, A.; Remohí, J.; 

Pellicer, A. Oocyte vitrification versus ovarian cortex transplantation in fertility preservation for adult women 

undergoing gonadotoxic treatm ents: A prospective cohort study. Fertil. Steril. 2018, 109, 478ɬ485, 

doi:10.1016/j.fertnstert.2017.11.018. 

10. Moravek, M.B.; Confino, R.; Smith, K.N.; Kazer, R.R.; Klock, S.C.; Lawson, A.K.; Gradishar, W.J.; Pavone, M.E. 

Long-term outcomes in cancer patients who did or did not pursue fertility preservation. Fertil. Steril. 2018, 

109, 349ɬ355, doi:10.1016/j.fertnstert.2017.10.029. 

11. Xu, M.; Barrett, S.L.; West-Farrell, E.; Kondapalli, L.A.; Kiesewetter, S.E.; Shea, L.D.; Woodruff, T.K. In vitro 

grown human ovarian follicles from cancer patients support oocyte growth. Hum. Reprod. 2009, 24, 2531ɬ2540, 

doi:10.1093/humrep/dep228. 

12. Luyckx, V.; Dolmans, M.M.; Vanacker, J.; Legat, C.; Fortuño Moya, C.; Donnez, J.; Amorim, C.A. A new step 

toward the artificial ovary: Survival and proliferation of isolated murine follicles after autologous 

transplantation in a fibrin scaffold. Fertil. Steril. 2014, 101, 1149ɬ1156, doi:10.1016/j.fertnstert.2013.12.025. 

13. Amorim, C.A.; Shikanov, A. The artificial ovary: Current status and future perspectives. Futur. Oncol. 2016, 

12, 2323ɬ2332. 

14. Vanacker, J.; Dolmans, M.-M.; Luyckx, V.; Donnez, J.; Amorim, C.A. First transplantation of isolated murine 

follicles in alginate. Regen. Med. 2014, 9, 609ɬ619, doi:10.2217/rme.14.33. 

15. Hoshiba, T.; Chen, G.; Endo, C.; Maruyama, H.; Wakui, M.; Nemoto, E.; Kawazoe, N.; Tanaka, M. 

Decellularized extracellular matrix as an in vitro model to study the comprehensive roles of the ECM in stem 

cell differentiation. Stem Cells Int. 2016, 2016, 6397820, doi:10.1155/2016/6397820. 

16. Gilpin, A.; Yang, Y. Decellularization strategies for regenerative medicine: From processing techniques to 

applications. Biomed. Res. Int. 2017, 2017, 9831534, doi:10.1155/2017/9831534. 

17. Pors, S.E.; Ramløse, M.; Nikiforov, D.; Lundsgaard, K.; Cheng, J.; Andersen, C.Y.; Kristensen, S.G. Initial steps 

in reconstruction of the human ovary: Survival of pre -antral stage follicles in a decellularized human ovarian 

scaffold. Hum. Reprod. 2019, 34, 1523ɬ1535, doi:10.1093/humrep/dez077. 

18. Rajabi-Zeleti, S.; Jalili-Firoozinezhad, S.; Azarnia, M.; Khayyatan, F.; Vahdat, S.; Nikeghbalian, S.; 

Khademhosseini, A.; Baharvand, H.; Aghdami, N. The behavior of cardiac progenitor cells on macroporous 

pericardium -derived scaffolds. Biomaterials 2014, 35, 970ɬ982, doi:10.1016/J.BIOMATERIALS.2013.10.045. 

19. Lecht, S.; Stabler, C.T.; Rylander, A.L.; Chiaverelli, R.; Schulman, E.S.; Marcinkiewicz, C.; Lelkes, P.I. Enhanced 

reseeding of decellularized rodent lungs with mouse embryonic stem cells. Biomaterials 2014, 35, 3252ɬ3262, 

doi:10.1016/j.biomaterials.2013.12.093. 

20. Lee, H.; Han, W.; Kim, H.; Ha, D.-H.; Jang, J.; Kim, B.S.; Cho, D.-W. Development of liver decellularized 

extracellular matrix bioink for three -dimensional cell printing -based liver tissue engineering. 

Biomacromolecules 2017, 18, 1229ɬ1237, doi:10.1021/acs.biomac.6b01908. 

21. Yu, Y.L.; Shao, Y.K.; Ding, Y.Q.; Lin, K.Z.; Chen, B.; Zhang, H.Z.; Zhao, L.N.; Wang, Z.B.; Zhang, J.S.; Tang, 

M.L.; et al. Decellularized kidney scaffold -mediated renal regeneration. Biomaterials 2014, 35, 6822ɬ6828. 

22. Aulino, P.; Costa, A.; Chiaravalloti, E.; Perniconi, B.; Adamo, S.; Coletti, D.; Marrelli, M.; Tatullo, M.; Teodori, 

L. Muscle extracellular matrix scaffold is a multipotent environment. Int. J. Med. Sci. 2015, 12, 336ɬ340, 

doi:10.7150/ijms.10761. 

23. Baiguera, S.; Del Gaudio, C.; Kuevda, E.; Gonfiotti, A.; Bianco, A.; Macchiarini, P. Dynamic decellularization 

and cross-linking of rat tracheal matrix. Biomaterials 2014, 35, 6344ɬ6350, 

doi:10.1016/J.BIOMATERIALS.2014.04.070. 

24. Sjöqvist, S.; Jungebluth, P.; Lim, M.L.; Haag, J.C.; Gustafsson, Y.; Lemon, G.; Baiguera, S.; Burguillos, M.A.; 

Del Gaudio, C.; Rodríguez, A.B.; et al. Experimental orthotopic transplantation of a tissue -engineered 

oesophagus in rats. Nat. Commun. 2014, 5, 3562, doi:10.1038/ncomms4562. 

25. Singh, A.; Bivalacqua, T.J.; Sopko, N. Urinary Tissue engineering: challenges and opportunities. Sex. Med. Rev. 

2018, 6, 35ɬ44, doi:10.1016/J.SXMR.2017.08.004. 

26. Kajbafzadeh, A.-M.; Khorramirouz, R.; Kameli, S.M.; Hashemi, J.; Bagheri, A. Decellularization of human 

internal mammary artery: Biomechanical properties and histopathological evaluation. Biores. Open Access 

2017, 6, 74ɬ84, doi:10.1089/biores.2016.0040. 



 
49 

 

27. Zhang, J.-K.; Du, R.-X.; Zhang, L.; Li, Y.-N.; Zhang, M. -L.; Zhao, S.; Huang, X.-H.; Xu, Y.-F. A new material for 

tissue engineered vagina reconstruction: Acellular porcine vagina matrix. J. Biomed. Mater. Res. Part. A. 2017, 

105, 1949ɬ1959, doi:10.1002/jbm.a.36066. 

28. Laronda, M.M.; Jakus, A.E.; Whelan, K.A.; Wertheim, J.A.; Shah, R.N.; Woodruff, T.K. Initiation of puberty in 

mice following decellularized ovary transplant. Biomaterials 2015, 50, 20ɬ29, 

doi:10.1016/j.biomaterials.2015.01.051. 

29. Pennarossa, G.; Ghiringhelli, M.; Gandolfi, F.; Brevini, T.A.L. Creation of a bioengineered ovary: Isolation of 

female germline stem cells for the repopulation of a decellularized ovarian bioscaffold. Methods Mol. Biol. 2021, 

2273, 139ɬ149, doi:10.1007/978-1-0716-1246-0_9. 

30. Pennarossa, G.; Maffei, S.; Campagnol, M.; Tarantini, L.; Gandolfi, F.; Brevini, T.A.L. Brief demethylation step 

allows the conversion of adult human skin fibroblasts into insulin -secreting cells. Proc. Natl. Acad. Sci. U.S.A. 

2013, 110, 8948ɬ8953, doi:10.1073/pnas.1220637110. 

31. Pennarossa, G.; Maffei, S.; Campagnol, M.; Rahman, M.M.; Brevini, T.A.L.; Gandolfi, F. reprogramming of pig 

dermal fibroblast into insulin secreting cells by a brief exposure to 5 -aza-cytidine. Stem Cell Rev. Reports 2014, 

10, 31ɬ43, doi:10.1007/s12015-013-9477-9. 

32. Brevini, T.A.L.; Pennarossa, G.; Rahman, M.M.; Paffoni, A.; Antonini, S.; Ragni, G.; deEguileor, M.; Tettamanti, 

G.; Gandolfi, F. Morphological and Molecular changes of human granulosa cells exposed to 5-azacytidine and 

addressed toward muscular differenti ation. Stem Cell Rev. Reports 2014, 10, 633ɬ642 doi:10.1007/s12015-014-

9521-4. 

33. Manzoni, E.F.M.; Pennarossa, G.; DeEguileor, M.; Tettamanti, G.; Gandolfi, F.; Brevini, T.A.L. 5-azacytidine 

affects TET2 and histone transcription and reshapes morphology of human skin fibroblasts. Sci. Rep. 2016, 6, 

37017, doi:10.1038/srep37017. 

34. Pennarossa, G.; Ledda, S.; Arcuri, S.; Gandolfi, F.; Brevini, T.A.L. A two-step strategy that combines epigenetic 

modification and biomechanical cues to generate mammalian pluripotent cells. J. Vis. Exp. 2020, 162, 

doi:10.3791/61655. 

35. Pennarossa, G.; Manzoni, E.F.M.; Ledda, S.; DeEguileor, M.; Gandolfi, F.; Brevini, T.A.L. Use of a PTFE micro-

bioreactor to promote 3D cell rearrangement and maintain high plasticity in epigenetically erased fibroblasts. 

Stem Cell Rev. Reports 2019, 15, 82ɬ92, doi:10.1007/s12015-018-9862-5. 

36. Pennarossa, G.; Santoro, R.; Manzoni, E.F.M.; Pesce, M.; Gandolfi, F.; Brevini, T.A.L. Epigenetic erasing and 

pancreatic differentiation of dermal fibroblasts into insulin -producing cells are boosted by the use of low-

stiffness substrate. Stem cell Rev. Reports 2018, 14, 398ɬ411, doi:10.1007/s12015-017-9799-0. 

37. Brevini, T.A.L.; Pennarossa, G.; Acocella, F.; Brizzola, S.; Zenobi, A.; Gandolfi, F. Epigenetic conversion of 

adult dog skin fibroblasts into insulin -secreting cells. Vet. J. 2016, 211, 52ɬ56, doi:10.1016/j.tvjl.2016.02.014. 

38. Hassanpour, A.; Talaei-Khozani, T.; Kargar-Abarghouei, E.; Razban, V.; Vojdani, Z. Decellularized human 

ovarian scaffold based on a sodium lauryl ester sulfate (SLES)-treated protocol, as a natural three-dimensional 

scaffold for construction of bioengineer ed ovaries. Stem Cell Res. Ther. 2018, 9, 252, doi:10.1186/S13287-018-

0971-5. 

39. Morris, A.H.; Stamer, D.K.; Kyriakides, T.R. The host response to naturally -derived extracellular matrix 

biomaterials. Semin. Immunol. 2017, 29, 72ɬ91, doi:10.1016/J.SMIM.2017.01.002. 

40. Healy, M.W., Dolitsky, S.N., Villancio -Wolter, M., Raghavan, M., Tillman, A.R., Morgan, N.Y., DeCherney, 

A.H., Park, S., Wolff, E.F. Creating an artificial 3-Dimensional ovarian follicle culture system using a 

microfluidic system. Micromachines 2021, 12, 1ɬ15, doi:10.3390/MI12030261. 

41. Desai, N., Alex, A., AbdelHafez, F., Calabro, A., Goldfarb, J., Fleischman, A., Falcone, T. Three-dimensional 

in vitro follicle growth: Overview of culture models, biomaterials, design parameters and future directions. 

Reprod. Biol. Endocrinol. 2010, 8, 119, doi:10.1186/1477-7827-8-119. 

42. Brevini, T.A.L.; Manzoni, E.F.M.; Ledda, S.; Gandolfi, F. Use of a Super-hydrophobic Microbioreactor to 

Generate and Boost Pancreatic Mini-organoids. Methods Mol. Biol. 2017, 1576, 291ɬ299. 

43. Mirakhori, F.; Zeynali, B.; Kiani, S.; Baharvand, H. Brief azacytidine step allows the conversion of suspension 

human fibroblasts into neural progenitor -like cells. Cell J. 2015, 17, 153ɬ158, doi:10.22074/cellj.2015.522. 

44. Tan, S.J.; Fang, J.Y.; Wu, Y.; Yang, Z.; Liang, G.; Han, B. Muscle tissue engineering and regeneration through 

epigenetic reprogramming and scaffold manipulation. Sci. Rep. 2015, 5, 16333, doi:10.1038/srep16333. 

45. #ÐÖÔÌËÌȮɯ%ȭȰɯ9ÐÕÐȮɯ-ȭȰɯ/ÐááÐÊÈÕÕÌÓÓÈȮɯ)ȭȰɯ,ÌÙÊÐÈÙÖȮɯ(ȭȰɯ/ÐááÐÊÈÕÕÌÓÓÈȮɯ&ȭȰɯ#ɀ.ÙÈáÐÖȮɯ,ȭȰɯ/ÐÈÛÛÌÓÓÐȮɯ ȭȰɯ3ÙÜÉÐÈÕÐȮɯ.ȭɯ

5-Aza exposure improves reprogramming process through embryoid body formation in human gingival stem 

cells. Front. Genet. 2018, 9, doi:10.3389/fgene.2018.00419. 

46. Brevini, T.A.L.; Pennarossa, G.; Manzoni, E.F.M.; Gandolfi, F. Safety and efficacy of epigenetically converted 

human fibroblasts into insulin -secreting cells: A preclinical study . Springer Cham 2018; 151ɬ162. 

47. Brevini, T.A.L.; Pennarossa, G.; Maffei, S.; Zenobi, A.; Gandolfi, F. Epigenetic conversion as a safe and simple 

method to obtain insulinsecreting cells from adult skin fibroblasts. J. Vis. Exp. 2016, 2016, doi:10.3791/53880. 



 
50 

 

48. Chandrakanthan, V.; Yeola, A.; Kwan, J.C.; Oliver, R.A.; Qiao, Q.; Kang, Y.C.; Zarzour, P.; Beck, D.; Boelen, L.; 

Unnikrishnan, A.; et al. PDGF-AB and 5-Azacytidine induce conversion of somatic cells into tissue -

regenerative multipotent stem cells. Proc. Natl. Acad. Sci. U.S.A. 2016, 113, E2306, doi:10.1073/pnas.1518244113. 

49. Lan, C.W., Chen, M.J., Jan, P.S., Chen, H.F., Ho, H.N. differentiation of human embryonic stem cells into 

functional ovarian granulosa -like cells. J. Clin. Endocrinol. Metab. 2013, 98, 3713ɬ3723, 

https://doi.org/10.1210/jc.2012-4302. 

50. Woods, D.C., White, Y.A.R., Niikura, Y., Kiatpongsan, S., Lee, H.J., Tilly, J.L. embryonic stem cellɬderived 

granulosa cells participate in ovarian follicle formation in vitro and in vivo. Reprod. Sci. 2013, 20, 524ɬ535. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
51 

 

3.2. Impact of Aging on the Ovarian Extracellular Matrix and Derived 3D 

Scaffolds  

Published in Nanomaterials  on 21th January 2022. 

DOI: 10.3390/nano12030345. 

 

The second study  is addressed to investigate the main ovarian age-related changes 

in ECM and to the generation of 3D ECM-based bio-scaffolds, that preserve the 

distinctive age-specific features. To this aim, ECM major components were 

quantified in young and aged ovaries, spanning from the structural network to 

gene expression modifications. In addition, the production of 3D ECM -based 

biological scaffolds, that mimic the senescent ovarian microstructure, is described 

for the first time .  

In this manuscript we describe the main age-related changes in ovarian ECM, that 

include altered concentrations of the main structural molecules, such as collagen, 

elastin, laminins, and fibronectin, parallelled by altered gene expression that 

closely reflects the post-transcriptional variations. The typical aging phenotype is 

preserved after decellularizatio n with the  creation of decellularized ECM -based 

scaffolds, that maintain intact ECM framework and well -connected and oriented 

fibers, while preserving age-associated modifications .  

Altogether, this represents an innovative tool to better characterize ovarian aging 

in a complex and physiologically relevant environment , providing the opportunity 

to carry out in vitro studies aimed at the identification of novel therapeutic targets 

against ovarian senescence, as well as potential anti-aging molecules. 
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Abstract:  Advances in medical care, improvements in sanitation, and rising living standards 

contribut e to increased life expectancy. Although th is reflects positive human development , it also 

poses new challenges. Among these, reproduc tive aging is gradually becoming a key health issue 

because the age of menopause has remained constant at ~50 years, leading women to live longer 

in suboptimal endocrine conditions . An adequate understanding of ovarian senescence 

mechanisms is essential to prevent age-related diseases and to promote wellbeing, health, and 

longevity in women. We here analyze the impact of aging on ovarian extracellular matrix  (ECM), 

and we demonstrate significant changes in its composition and organization with collagen, 

glycosaminoglycans, and laminins  significantly incremented, and elastin as well as fibronectin 

decreased. This is accompanied by a dynamic response in gene expression levels of the main ECM- 

and protease-related genes, indicating a direct impact of aging on the transcription mach inery. 

Furthermore, in order to study the mechanisms driving aging  and identify possible strategies to 

counteract ovarian tissue degeneration, we here described the successful production of a 3D ECM-

based biological scaffold that preserves the structural modifications taking place in vivo and that  

represents a powerful high predictive in vitro model for reproductive aging and its prevention.  

 

Keywords: reproductive aging; senescence; extracellular  matrix;  whole -ovary decellularization; ECM -

based bio-scaffold; porcine. 

 

1. Introduction  

In mammals, the female reproductive system is the first to show signs of physiological aging 

[1], with fertility decline and hormonal disfunctions that can, in turn, affect overall health. This 

leads to multiple medical and psychosocial problems, such as osteoporosis, cardio- vascular 

disease, autoimmune disorders, and depression [2,3]. Although medical care advances and rising 

living standards have contributed to increase lifespan, the age of menopause has remained 

constant at the age of ~50 years, leading women to live longer in suboptimal endocrine conditions 

[4]. The reproductive aging has therefore gradually become a key health issue and an adequate 

understanding of its mechanisms is essential in order to prevent age-related diseases and to 

promote health and longevity in women [5]. 

Aging is generally described as a complex, multifaceted process, characterized by a progressive 

accumulation of macroscopic and microscopic modifications, accompanied by molecular and 

cellular damages that can affect organs, tissues, cells, and subcellular organelles, causing severe 

biological degenerations and a gradual loss of organ functions [6]. Recent studies also suggest that 

the non-cellular compartment of the tissues, the extracellular matrix (ECM), may play a key role in 
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aging progression [7]. Indeed, during the last years, it has been clearly demonstrated that ECM 

contributes not only to physical scaffolding and structural support, but also provides biochemical 

and biomechanical stimuli directly influencing cell behaviour  [8]. Cells are indeed able to respond 

to physical and mechanical cues exerted by the surrounding environment modifying their own 

morphology, polarity, adhesion, migration, growth, gene expression and functions [9ɬ13]. 

However, cell ability to sense changes in ECM compliance (mechanosensation) and to transduce 

these stimuli into biochemical signals (mechanotransduction) are negatively affected by aging 

progression [6]. In addition, recent studies also suggested that aging may induce critical alterations 

in ECM composition and organization [14,15], resulting in biomechanical and biochemical ECM 

property modifications [6,16], that impact on cell-to-matrix interactions as well as on cell fate and 

behaviour . 

Reproductive biology addressed growing interest to ovarian mechanobiology in the last decade 

and, in particular, the dynamic reciprocity that exists between ovarian cells and their 

microenvironment is currently under investigation [17,18]. In this contest, follicles and oocyte 

developmental quality have been demonstrated to be strongly influenced by biochemical cues [19] 

as well as by physical ovarian microenvironment [20ɬ22]. However, at present, only scattered 

information is available in the literature regarding aging mechanobiology of the reproductive 

tissues, where several aspects still need to be elucidated. 

In the present study, we adopted the porcine as a model, based on its anatomical and 

physiological similarities with the human and we analyzed the impact of aging on ovarian ECM. 

In particular, we characterized and quantified the major ECM components, name ly collagen, 

elastin, glycosaminoglycans, fibronectin and laminins, in young and aged ovaries. We analysed the 

ECM-related gene expression pattern in the two groups. Lastly, we generated 3D ECM-based 

biological scaffolds that preserve the age-specific ovarian milieu.  

To the best of our knowledge, this is the first study  reporting  with great details the changes 

taking place in the ECM of senescent ovary, spanning from the structural remodeling to gene 

expression modifications. In addition, for the first time, the production of 3D ECM -based biological 

scaffolds that mimic the senescent ovarian micro -structure is described and represent an innovative 

tool to better characterize ovarian aging in a complex and physiologically relevant environment . 

This will in turn allow to carry out in vitro studies aimed to the identification of novel therapeutic 

targets against ovarian senescence as well as potential anti-aging agents.  

 

2. Materials and Methods  

All reagents were purchased from Thermo Fisher Scientific (Milan, Italy)  unless otherwise 

indicated.  

 

2.1. Ovary collection  

60 porcine ovaries were collected at the local slaughterhouse and transported to the laboratory 

in sterile cold PBS. Organs from individuals ranging from 2 to 6 months of age were considered 

ɁàÖÜÕÎɂɯȹÕǻƗƔȺȮɯÞÏÐÓÌɯÛÏÖÚÌɯÍÙÖÔɯƗ-5 years old animals were identÐÍÐÌËɯÈÚɯɁÈÎÌËɂɯȹÕǻƗƔȺȭ 

 

2.2. Histological Analysis  

Young and aged ovaries were fixed in 10% buffered formalin for 24 h at room temperature, 

dehydrated in graded alcohols, cleared with xylene, and embedded in paraffin. Serial microtome 

sections of 5 µm in thickness were cut, dewaxed, rehydrated, and stained with hematoxylin and 

eosin (H&E, BioOptica, Milan, Italy), in order to evaluate the general morphological aspects.  

 

2.3. Histochemical Analysis  

Collagen, elastin, and GAGs were analyzed using Masson Trichrome (Bio-optica, Milan, Italy), 

&ÖÔÖÙÐɀÚɯÈÓËÌÏàËÌ-fuchsin (Bio-optica), and Alcian blue (pH 2.5; Bio-optica, Milan, Italy) staining, 

respectively. Microtome sections (5 µm thick) were dewaxed, rehydrated, and stained following 
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Amsterdam, Netherlands), equipped with a digital camera (Nikon, Amsterdam, Netherlands). 

Pictures were acquired with NIS -Elements Software (Version 4.6; Nikon).  

 

2.4. Immunohistochemical Analysis  

Laminin subunit alpha 3 (LAMA3) , laminin subunit beta 1 (LAMB1), and fibronectin 1 (FN1) 

were characterized by indirect immunohistochemistry using the Vectastain ABC Elite KIT 

(Burlingame, CA, USA). Laminin antigen retrieval was carried out in 10 mM sodium citrate buffer 

containing 0.05% Tween20 (pH 6) at sub-boiling temperature for 10 min. Tris -Base solution 

containing 0.05% Tween20 (pH 9) in pressure cooker for 5 min was used for FN1 unmasking. After 

cooling for 20 min, sections were rinsed and immersed in 3% H2O2 for 15 min to quench the 

endogenous peroxidase. Aspecific sites were blocked with Normal Serum for 30 min. Sections were 

then incubated with 1:100 LAMA3 (SantaCruz Biotechnology, CM6, California, USA), 1:500 

LAMB1  (SantaCruz Biotechnology, LT3, California, USA), and 1:100 FN1 (Abcam, Cambridge, UK ) 

antibodies diluted in 4% BSA in PBS, for 60 min in a humidified chamber . The appropriate 

biotinylated secondary antibody was added for 30 min. Lastly, tissues were stained with avidin -

biotinylated horseradish peroxidase (HRP) complex fo r 30 min and with HRP substrate solution 

ImmPACT DAB substrate (Vector Laboratories, Burlingame, CA, USA). Sections were 

ÊÖÜÕÛÌÙÚÛÈÐÕÌËɯÞÐÛÏɯ,ÈàÌÙɀÚɯÏÌÔÈÛÖßàÓÐÕȮɯËÌÏàËÙÈÛÌËɯÈÕËɯ×ÌÙÔÈÕÌÕÛÓàɯÔÖÜÕÛÌËɯȹ!ÐÖ-Optica, 

Milano, Italy). Secondary antibody controls we re performed omitting the primary antibodies. All 

the procedures were carried out at room temperature unless otherwise indicated.  

 

2.5. Stereological Analysis  

Volume density (Vv) estimation of the ECM components was carried out on histochemical and 

immunohistochemical stained vertical sections, according to the general Delesse principle. In 

detail, the relative volume of each area of interest was calculated from the fractional area of the 

structure of interest (e.g., collagen) and the total area of the reference compartment (e.g., whole 

section). Systematic uniform random sampling was applied, and images were captured and 

superimposed with a point -count stereologic grid with equally distant test points. The points 

hitting the structure of interest and the respective reference compartment were counted, and the 

relative volume of each region of interest was then calculated from the respective quotient of points 

hitt ing these structures. Vv expressed as percentages was calculated as follows:  

 

Vv  (analysed compartment, reference compartment) ǻɯȻȊ/(analysed compartment)ɤȊ/(reference compartment)] × 100 

 

ÞÏÌÙÌɯȊ/(analysed compartment) is the number of points hitting the compartment under study, and 

Ȋ/(reference compartment) is the number of points hitting the relevant structure . 

 

2.6. ELISA test  

Quantifications of ECM components were carried out through ELISA tests using specific 

porcine ELISA kits (see Table 1). 400-500 mg of tissue were homogenized with Polytron 

(Kinematica AG, Malters, Switzerland), centrifuged at 3000 rpm for 20 min and supern atants were 

collected. Assays were carried out following the manufacture instructions and, at the end of the 

procedures, collagen content was measured at 560 nm. Elastin, GAGs, LAMA3, LAMB1, and FN1 

were quantified at 450 nm. Standard curves were constructed by plotting the mean absorbance (y-

axis) against the protein concentration (x-axis) and the best fit line was determined by regression 

analyses. Absolute quantifications were then calculated. 

Table 1. ELISA kits used to quantify the different ECM components.  

Protein Description  Cat.N. 

Collagen 
Total Collagen Assay Kit  

(Bio-Techne SRL, Milano, Italy) 
NBP2-59748 
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Elastin 
Porcine Elastin,ELN ELISA Kit  

(BT Lab, Shanghai, China) 
E0504Po-96T 

GAGs 
Porcine Glycosaminoglycans,GAGs ELISA Kit  

(BT Lab, Shanghai, China) 
E0503Po-96T 

LAMA3  
Porcine Epiligrin ELISA Kit  

(MyBioSource, San Diego, CA, USA) 
MBS019792 

LAMB1  
Porcine Laminin subunit beta -1 (LAMB1) ELISA Kit 

(MyBioSource, San Diego, CA, USA) 
MBS2613645 

FN1 
Fibronectin (FN), ELISA Kit  

(MyBioSource, San Diego, CA, USA) 
MBS2700851 

 

2.7. Gene Expression Analysis  

Young and aged ovary RNA was extracted using the TaqManGene Expression Cells to Ct kit 

ȹ ××ÓÐÌËɯ!ÐÖÚàÚÛÌÔÚȮɯ,ÐÓÈÕȮɯ(ÛÈÓàȺɯÈÕËɯÍÖÓÓÖÞÐÕÎɯÛÏÌɯÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯÐÕÚÛÙÜÊÛÐÖÕȭɯ#-ÈÚÌɯ(ɯÞÈÚɯ

added in lysis solution at a 1:100 concentration. Quantitative PCR was performed on a CFX96 Real-

Time PCR (Bio-Rad, Milan, Italy) using  predesigned gene-specific primers and probe sets from 

TaqManGene Expression Assays (see Table 2 for the primer information). ACTB and GAPDH were 

used as internal reference genes. Target gene quantification was carried out with CFX Manager 

software 18450000 (Bio-Rad, Milan, Italy). Gene expression levels are reported with the highest 

expression set to 1 and the others relative to this.  

 

Table 2. List of primers used for quantitative PCR analysis.  

Gene Description  Cat.N. 

ACTB Actin, beta Ss03376563_uH 

GAPDH  Glyceraldehyde-3-phosphate dehydrogenase Ss03375629_u1 

COL1A1 Collagen type I alpha 1 chain Ss03373341_g1 

COL3A1 Collagen type III alpha 1 chain Ss04323772_g1 

COL4A2 Collagen type IV alpha 2 chain Ss06936852_mH 

ELN Elastin Ss04955050_m1 

FN1 Fibronectin 1 Ss03373883_m1 

EMILIN1  Elastin microfibril interfacer 1  Ss06869485_m1 

LAMA3  Laminin subunit alpha 3  Ss06874585_g1 

LAMB1  Laminin subunit beta 1  Ss03375563_u1 

VCAN  Versican Ss04323138_m1 

HSPG2 Heparan sulfate proteoglycan 2 Ss06878501_m1 

CSPG4 Chondroitin sulfate proteoglycan 4  Ss03374044_m1 

ELANE  Elastase, neutrophil expressed Ss06915973_gH 

MMP1 Matrix metallopeptidase 1 Ss04245657_g1 

MMP2 Matrix metallopeptidase 2 Ss04955620_m1 

MMP3 Matrix metallopeptidase 3 Ss03375473_u1 

MMP9 Matrix metallopeptidase 9 Ss03392100_m1 

MMP12 Matrix metallopeptidase 12 Ss03386225_u1 

MMP14 Matrix metallopeptidase 14 Ss03394427_m1 

 

2.8. Whole-ovary decellularization 

Young and aged whole -ovaries were decellularized according to the protocol previously 

developed in our laboratory  [23ɬ25]. Briefly, the eÕÛÐÙÌɯÖÙÎÈÕÚɯÞÌÙÌɯÍÙÖáÌÕɯÈÛɯǸɯƜƔɯȘ"ɯÍÖÙɯÈÛɯÓÌÈÚÛɯƖƘɯ

h. They were then thawed at 37 °C in a water bath for 30 min, followed by an incubation with 0.5% 

sodium dodecyl sulfate (SDS; Bio-Rad, Milan, Italy ) in deionized water (dd -H 2O) for 3 h. Ovaries 

were then treated overnight  with 1% Triton X-100 (Sigma, Milan, Italy ) in dd -H 2O, extensively 

https://www.ncbi.nlm.nih.gov/gene/3339
https://www.ncbi.nlm.nih.gov/gene/1464
https://www.ncbi.nlm.nih.gov/gene/4312
https://www.ncbi.nlm.nih.gov/gene/4312
https://www.ncbi.nlm.nih.gov/gene/4312
https://www.ncbi.nlm.nih.gov/gene/4312
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https://www.ncbi.nlm.nih.gov/gene/4312
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washed in dd -H 2O for 9 h and, subsequently, immersed in 2% deoxycholate in dd-H 2O (Sigma, 

Milan, Italy ) for 12 h. Lastly, decellularized whole -ovaries were washed in dd-H 2O for 6 h, with 

changes every 2 h. All steps were carried out at room temperature using an orbital shaker at 200 

rpm.  

At the end of the decellularization process, age-specific ovarian ECM-based scaffolds obtained 

were subjected to histological (please see 2.2. section) and histochemical analyses (please see 2.3. 

section), ELISA tests (as described above in 2.4. section), cell density analysis, and DNA 

quantification  studies. 

  

2.9. Cell Density  

Efficient cell removal from the decellularized whole -ovaries was assessed by staining serial 

microtome sections with 40 ,6-diamidino -2-phenylindole (DAPI). Cell number was counted in 15 

DAPI -stained tissue sections obtained from each decellularized ovarian scaffold. A total of 5 

randomly selected fields at × 100 total magnifications were analysed for each section. Images were 

acquired with constant exposure parameters and analysed using the Automated Cell Counter tool  

of ImageJ software (http://rsbweb.nih.g ov/ij/index. html) , ÍÖÓÓÖÞÐÕÎɯÛÏÌɯ×ÙÖÝÐËÌÙɀÚɯÐÕÚÛÙÜÊÛÐÖÕÚȭɯ

Briefly, 8-bit images were generated, and threshold adjustments were applied. Subsequently, in 

order to remove the background and highlight the area occupied by nuclei, the images were 

segmented with a thresholding algorithm . The data obtained were then transformed in binary form  

and size and circularity parameters were set in order to automatically counted  nuclei. Cell density 

was expressed per mm2 of tissue. 

 

2.10. DNA Quantification  

Ten fragments, ranging from 10 to 24 mg, were cut from each decellularized ovarian ECM-based 

scaffold and their weights were annotated. Genomic DNA was then extracted from each fragment 

ÞÐÛÏɯÛÏÌɯ/ÜÙÌ+ÐÕÒəɯ&ÌÕÖÔÐÊɯ#- ɯ*ÐÛȮɯÍÖÓÓÖÞÐÕÎɯÛÏÌɯÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯÐÕÚÛÙuctions. The DNA 

concentration was measured with NanoDrop 8000 and normalized against the fragment weights 

previously recorded.  

 

2.11. Statistical Analysis  

Statistical analyses were performed using one-way and two -way ANOVA (SPSS 19.1; IBM). 

Data are presented as the mean ± the standard error of the mean (SEM)ȭɯ#ÐÍÍÌÙÌÕÊÌÚɯÖÍɯ×ɯȀɯƔȭƔƙɯÞÌÙÌɯ

considered significant and were indicated with different superscripts.  

 

3. Results 

3.1. Macroscopic and microscopic analysis of young and aged ovaries 

Macroscopic evaluation revealed the typical morphology of young and adult ovaries with 

numerous follicles ranging from 3 - to 8- mm in diameter (Figure 1 a). As expected, smaller follicle 

size, 3- 4- mm, were more abundant than larger ones (5- 8- mm) in  both young and aged ovaries. 

However, the rate of 3- 4-mm follicles was higher in young ovaries, while a higher  proportion of 

5- 8-mm follicles was found in aged ovaries (Figure 1 b). 

In order to evaluate the general morphological aspect of young and aged ovaries, H&E staining 

were carried out. The analyzed tissues showed the typical ovarian tissue architecture consisting of 

primordial, growing, and antral follicles, ovarian stroma and vasculature in both young and aged 

tissues. However, aged ovaries displayed a denser and more compact stromal compartment 

compared to the young ones (Figure 1c).  

 

  



 
57 

 

 

Figure 1. Macroscopic and histological evaluations of young and aged ovaries. (a) Representative 

macroscopic images illustrating young ( left  panel) and aged ovaries (right  panels); (b) 3- 4- mm and 5- 8- 

mm follicle  rate observed in young and aged ovaries, ***p<0.001; (c) H & E staining show ed the typical 

ovarian tissue architecture with primordial, growing and antral follicles, ovarian stroma and vasculature in 

both young and aged tissues. 2ÊÈÓÌɯÉÈÙÚɯǻɯƕƔƔɯϟÔ. 

 

3.2 Aging effects on ovarian extracellular matrix composition 

In order to characterize the major ECM components, we selected specific histological and 

immuno -staining. In addition, a quantitative evaluation was carried out through stereological 

analysis and ELISA tests. 

More in detail, Masson trichrome showed a robust blue staining in aged ovaries, indicating an 

increment in collagen content (Figure 2 a). This was also confirmed by stereological analysis (Figure 

2 b) as well as ELISA quantifications (Figure 2 c) that demonstrated significantly higher 

concentrations of collagen fibers in aged ovaries compared to their young counterpart.  

$ÓÈÚÛÐÕɯÚ×ÌÊÐÍÐÊɯÚÛÈÐÕÐÕÎɯ&ÖÔÖÙÐɀÚɯ ÓËÌÏàËÌɯ%ÜÊÏÚÐÕɯËÌÔÖÕÚÛÙÈÛÌËɯÈɯËÌÊÙÌÈÚÌɯÐÕɯÌÓÈÚÛÐÊɯÍÐÉÌÙɯ

content in aged samples (Figure 2 d). This is further supported by stereological analysis (Figure 2 

e) and ELISA quantifications (Figure 2 f), that indicated a significant decrease in elastic fiber 

volume density in aged ovaries.  

In contrast, Alcian blu staining (Figure 2 g) and stereological analysis (Figure 2 h) demonstrated 

an increased quantity of GAGs in aged ovaries compared to the young ones. This was also 

confirmed by ELISA tests that indicat ed significant ly  higher concentration of GAG content in aged 

ovaries (Figure 2 i). 

Immunohistochemical characterization demonstrated higher amount of LAMA3 and LAMB1 

in aged ovaries compared to the young group (Figure 2 j, m). This was confirmed by stereological 

(Figure 2 k, n) and ELISA quantifications  (Figure 2 l, o). On the other hand, FN1 staining (Figure 2 

p), stereological analysis (Figure 2 q) and ELISA tests (Figure 2 r) indicated a decreased fibronectin 

quantity  in aged ovaries.  
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Figure 2. Histochemical and immunohistochemical analysis, stereological quantification, and ELISA 

tests in young and aged ovaries. (a) ,ÈÚÚÖÕɀÚɯÛÙÐÊÏÙÖÔÌɯÚÛÈÐÕÐÕÎɯÚÏÖÞÌËɯÛÏÌɯ×ÙÌÚÌÕÊÌɯÖÍɯÊÖÓÓÈÎÌÕɯȹÉÓÜÌȺɯ

ÈÕËɯÌÓÈÚÛÐÊɯȹÔÈÎÌÕÛÈȺɯÍÐÉÌÙÚɯÐÕɯÉÖÛÏɯàÖÜÕÎɯÈÕËɯÈÎÌËɯÖÝÈÙÐÌÚȭɯ2ÊÈÓÌɯÉÈÙÚɯǻɯƕƔƔɯϟÔȰɯ(b) Stereological 

analysis demonstrated a significant increase of collagen fibers in aged ovaries compared to the young 

ones. Data are expressed as the mean. Error bars represent the standard error of the mean (SEM), 

**p<0.01; (c) ELISA quantifications indicated a significant increase of the collagen content in aged ovaries 

compared the young ones. Data are expressed as the mean. Error bars represent the standard error of 

the mean (SEM), **p<0.01; (d) &ÖÔÖÙÐɀÚɯ ÓËÌÏàËÌɯ%ÜÊÏÚÐÕ staining revealed the presence elastic fibers 

ÐÕɯÉÖÛÏɯàÖÜÕÎɯÈÕËɯÈÎÌËɯÖÝÈÙÐÌÚȭɯ2ÊÈÓÌɯÉÈÙÚɯǻɯƕƔƔɯϟÔȰɯ(e) Stereological analysis displayed a significant 

decrease of elastic fibers in aged ovaries compared to the young ones. Data are expressed as the mean. 

Error bars represent the standard error of the mean (SEM), **p<0.01; (f) ELISA quantifications confirmed 

a significant decrease of the elastin content in aged ovaries compared the young ones. Data are expressed 

as the mean. Error bars represent the standard error of the mean (SEM), **p<0.01; (g) Alcian blue staining 

ÚÏÖÞÌËɯÛÏÌɯ×ÙÌÚÌÕÊÌɯÖÍɯ& &ÚɯÐÕɯÉÖÛÏɯàÖÜÕÎɯÈÕËɯÈÎÌËɯÖÝÈÙÐÌÚȭɯ2ÊÈÓÌɯÉÈÙÚɯǻɯƕƔƔɯϟÔȰɯ(h) Stereological 
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analysis indicated a significant increase of GAGs in aged ovaries compared to the young ones. Data are 

expressed as the mean. Error bars represent the standard error of the mean (SEM), *p<0.05; (i) ELISA 

quantifications confirmed a significant increase of the GAG content in aged ovaries compared the young 

ones. Data are expressed as the mean. Error bars represent the standard error of the mean (SEM), *p<0.05; 

(j) (ÔÔÜÕÖÏÐÚÛÖÊÏÌÔÐÊÈÓɯÚÛÈÐÕÐÕÎɯÖÍɯàÖÜÕÎɯÈÕËɯÈÎÌËɯÖÝÈÙÐÌÚɯÍÖÙɯ+ , Ɨȭɯ2ÊÈÓÌɯÉÈÙÚɯǻɯƕƔƔɯϟÔȰɯ(k) 

Stereological analysis demonstrated a significant increase of LAMA3 in aged ovaries compared to the 

young ones. Data are expressed as the mean. Error bars represent the standard error of the mean (SEM), 

**p<0.01; (l) ELISA quantifications showed a significant increase of the LAMA3 content in aged ovaries 

compared the young ones. Data are expressed as the mean. Error bars represent the standard error of 

the mean (SEM), **p<0.01; (m) Immunohistochemical staining of young and aged ovaries for LAMB1. 

Scale bars = 1ƔƔɯϟÔȰ (n) Stereological analysis revealed a significant increase of LAMB1 in aged ovaries 

compared to the young ones. Data are expressed as the mean. Error bars represent the standard error of 

the mean (SEM), **p<0.01; (o) ELISA quantifications displayed a significant increase of the LAMB1 

content in aged ovaries compared the young ones. Data are expressed as the mean. Error bars represent 

the standard error of the mean (SEM), **p<0.01; (p) Immunohistochemical staining of young and aged 

ovaries for FN1. ScÈÓÌɯÉÈÙÚɯǻɯƕƔƔɯϟÔȰ (q) Stereological analysis indicated a significant decrease in FN1 

content in aged ovaries compared to the young ones. Data are expressed as the mean. Error bars 

represent the standard error of the mean (SEM), **p<0.01; (r) ELISA quantifications showed a significant 

increase of the LAMB1 content in aged ovaries compared the young ones. Data are expressed as the 

mean. Error bars represent the standard error of the mean (SEM), **p<0.01. 

3.3. Aging effects on extracellular matrix-related gene expression 

To confirm the morphological data revealing ECM composition changes with aging 

progression, we profiled expression patterns and levels of ECM-related genes (Figure 3). While no 

significant modifications in expression patterns was detected, we could assess a very dynamic 

response in the transcription levels of the genes considered. In particular, we were able to 

demonstrate a significant increased expression levels of collagens (COL1A1, COL3A1, COL4A2), 

EMILIN1  glycoprotein, laminins (LAMA3, LAMB1), and prot eoglycans (VCAN, HSPG2, CSPG4) 

in aged ovaries compared to the young ones. In contrast, down regulat ion of  elastin (ELN)and 

fibronectin (FN1)  accompanied the aging process which also caused a decreased expression of 

various proteases that hydrolyze the different ECM components, namely ELANE, MMP1, MMP2, 

MMP3, MMP9, and MMP14. Interestingly, the matrix metalloproteinase involved in elastin 

degradation, the MMP12, was upregulated in aged ovaries. 
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Figure 3. Gene expression changes of extracellular matrix-related genes in young (white bars) and aged 

ovaries (black bars). Expression levels of collagens (COL1A1, COL3A1, COL4A2), elastin (ELN), fibronectin 

(FN1), glycoprotein (EMILIN1), laminins ( LAMA3, LAMB1), proteoglycans (VCAN, HSPG2, CSPG4), and 

proteases (ELANE, MMP1, MMP2, MMP3, MMP9, MMP12, and MMP14). Data are expressed as the mean. 

Error bars represent the standard error of the mean (SEM), *p<0.05, **p<0.01, ***p<0.001.  

3.4. Whole-ovary decellularization protocol sucessufully removes cell compartment and preserves age-

specific ovarian architecture  

In order to assess the efficacy of the whole-organ decellularization protocol, macroscopic 

evaluations were carried out along the decellularization process. The results obtained 

demonstrated that both young and aged ovaries preserved their original shape and homogeneity, 
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without any deformation and maintained the age-related morphological differences already 

detectable in the native organs. In addition, comparable changes in whole organ color, turning 

from red to white, were visible in both the experimental groups (Figure 4 a). 

In addition, H&E staining were performed to evaluate the general morphological aspect of the 

decellularized whole -ovaries. The data obtained demonstrated the successful removal of the 

cellular compartment and the maintenance of general structure in both young and aged 

decellularized ovaries. More in detail, the basophilic staining, clearly visible in the native tissues, 

was absent after the decellularization processes in all sample analyzed, regardless of age (Figure 4 

b). In agreement with this, DAPI stain ing (Figure 4 c) and cell density evaluations (Figure 4 d) 

showed a significantly lower number of cell nuclei in both young and aged decellularized ovaries 

compared to the untreated tissues. This is also confirmed by DNA quantification studies indicating 

a 98.07% and a 98.22% decrease in young and aged decellularized ovaries, respectively. In 

particular, a content of 36.36±4.54 ng DNA/mg and 31.75±2.29 ng DNA/mg of tissue was measured 

in young and aged decellularized tissues vs. 1890.28±257.37 ng DNA/mg and 1789.96±313.55 ng 

DNA/mg of tissue in young and aged native controls (Figure 4 e). 

 

 

 

Figure 4. Macroscopic and microscopic evaluations of young and aged ECM-based scaffolds, cell density 

and DNA quantification.  (a) Chronological macroscopic images illustrating the decellularization process in 

young (upper panel) and aged ovaries (lower panels). Native and decellularized organs displa yed comparable 
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shapes and homogeneity, while their color turns from red to whit e along the process; (b) H & E staining 

showed the presence of both basophilic (cell nuclei) and eosinophilic (cell cytoplasm and ECM) staining in the 

control tissues (Young Native and Aged Native), while cell nuclei and the related basophilic staining were 

absent in the decellularized ECM-based scaffolds (Young Scaffold and Aged Scaffold). 2ÊÈÓÌɯÉÈÙÚɯǻɯƕƔƔɯϟÔȰ 

(c) DAPI staining display ed the presence of nuclei in native ovaries (Young Native and Aged Native), which 

disappeared after the decellularization process (Young 2ÊÈÍÍÖÓËɯÈÕËɯ ÎÌËɯ2ÊÈÍÍÖÓËȺȭɯ2ÊÈÓÌɯÉÈÙÚɯǻɯƕƔƔɯϟÔȰ (d) 

Cell density demonstrated a significantly lower number of nuclei in both young and aged decellularized ECM -

based scaffolds (Scaffold) compared to the untreated tissues (Native). Data are expressed as the mean. Error 

bars represent the standard error of the mean (SEM), ***p<0.001; (e) DNA quantification analysis showed a 

significant decrease in the DNA content of young and aged decellularized ECM -based scaffolds (Scaffold) 

compared to the native tissue (Native). Data are expressed as the mean. Error bars represent the standard 

error of the mean (SEM), ***p<0.001.  

3.5. Whole-ovary decellularization protocol maintains unaltered aged-specific extracellular matrix 

composition 

3.5.1. Histochemical characterization 

Maintenance of age specific ECM composition and organization after decellularization  was 

investigated using specific histochemical staining for collagen, elastin and GAGs were 

characterized.   

More in detail, Masson trichrome staining showed the persistence of collagen fibers in both 

young and aged decellularized ovaries, with comparable distribution between decellularized  and 

native tissues belonging to the same age. In agreement with this, at the end of the decellularization 

processes, collagen fibers maintained the age-specific organization detected in the native tissues 

(Figure 5 a). These morphological observations were also confirmed by stereological analysis, 

ÞÏÌÙÌɯÕÖɯÚÐÎÕÐŗÊÈÕÛɯËÐÍÍÌÙÌÕÊÌs were detected between native and decellularized  tissues of the 

same age (Figure 5 b). In agreement with this, the age-related differences originally identified in 

the native tissues were maintained  after the decellularization process (Figure 5 b). These data were 

further  supported by ELISA tests indicating comparable collagen content in young native and 

decellularized ovaries (35.1±4.1 µg/mg and 32.3±3.9 µg/mg of tissue) as well as in aged native and 

decellularized tissues (67.1±9.1 µg/mg and 63.2±8.9 µg/mg of tissue; Figure 5 c). 

Gomori's aldehyde-fuchsin staining demonstrated that decellularized  tissues preserved elastic 

fibers scattered throughout the ov ary, regardless of age. Consistently, decellularized young and 

aged ovaries display ed the same differences observed in the native organs (Figure 5 d). This was 

further supported by  stereological analysis displaying no significant differences between young 

decellularized and native tissue as well as between aged decellularized and native ovaries (Figure 

5 e). Similarly, elastin quan tification studies showed comparable amount of elastin before and afte r 

the decellularization process in young (46.5±3.12 µg/mg and 44.85±2.32 µg/mg) and aged 

(21.87±3.34 µg/mg and 20.09±2.01 µg/mg) tissues (Figure 5 f). 

Alcian blue staining revealed GAG retention in both  young and aged tissues, preserving the 

age-specific distribution s visible in the native ovaries (Figure 5 g). These morphological 

observations were confirmed by both stereological  analysis (Figure 5 h) and ELISA quantification 

studies (Figure 5 i), that, as seen for the others ECM components, displayed no significant GAG 

reduction  after the decellularization.  
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Figure 5. ECM microarchitecture and composition in young and aged ECM -based scaffolds. (aȺɯ,ÈÚÚÖÕɀÚɯ

Trichrome staining showed the persistence of collagen fibers (blue) and their comparable distribution between 

native (native) and decellularized ovaries (scaffold) belonging to the same age. (b-c) Stereological (b) and 

ELISA quantifications ( c) demonstrated no significant differences between native ovaries (native) and the 

decellularized ECM -based scaffolds (scaffold) in collagen content. Data are expressed as the mean. Error bars 

represent the standard error of the mean (SEM), **p<0.01; (d) GomoÙÐɀÚɯÈÓËÌÏàËÌ-fuchsin staining indicated 

that ECM-based scaffolds (scaffold) retained the elastic fibers scattered throughout the decellularized ovary, 

similar to what was visible in untreated young and aged ovaries (native). (e-f) Stereological (e) and ELISA 

quantifications ( f ) confirmed no significant differences between native ovaries (native) and the decellularized 

ECM-based scaffolds (scaffold) in elastin content. Data are expressed as the mean. Error bars represent the 

standard error of the mean (SEM), **p<0.01; (g) Alcian blue staining revealed GAG retention in young and 

aged ËÌÊÌÓÓÜÓÈÙÐáÌËɯÚÊÈÍÍÖÓËÚɯȹÚÊÈÍÍÖÓËȺȭɯ2ÊÈÓÌɯÉÈÙÚɯǻɯƕƔƔɯϟÔȰɯȹÏ-i) Stereological (h) and ELISA quantifications 

(i ) demonstrated no significant differences between native ovaries (native) and the decellularized ECM -based 

scaffolds (scaffold) in GAG content. Data are expressed as the mean. Error bars represent the standard error 

of the mean (SEM), *p<0.05. 

3.5.2. Immunohistochemical characterization 

Preservation of LAMA3, LAMB1, and FN1  in the produced bio -scaffold was investigated using 

immunohistochemical analysis. The results obtained demonstrated that d ecellularized ovaries 

maintained unaltered distribution of LAMA3, LAMB1, and FN1 compared to the untreated native  

tissues (Figure 6 a, d, g). This was confirmed by stereological analysis indicating significantly lower 

volume densit ies of LAMA3  (Figure 6 b) and LAMB1  (Figure 6 e) in both native and decellularized  

young tissues compared to their aged counterparts. In contrast, FN1 content was higher in young 
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samples as displayed by immunohistochemical staining (Figure 6 g) and stereological analysis 

(Figure 6 h). These evaluations were also supported by ELISA quantifications demonstrating 

higher amount of LAMA3 (Figure 6 c) and LAMB1 (Figure 6 f) in aged nativ e and decellularized 

tissues and lower content of FN1 (Figure 6 i). 

  

 
Figure 6. Immunohistochemical characterizations of young and aged ECM -based scaffolds. (a) LAMA3 

immunostaining displayed the persistence of the fibers after decellularization in both young and aged tissues; 

Stereological analysis (b) and ELISA quantifications (c) demonstrated no significant differences between 

native (native) and decellularized (scaffold) ovaries in LAMA3 content. Data are expressed as the mean. Error 

bars represent the standard error of the mean (SEM), **p<0.01; (d) LAMB1 immunostaining s howed the 

maintenance of the fibers at the end of the process in both young and aged organs; Stereological analysis (e) 

and ELISA tests (f ) indicated no significant differences between native (native) and decellularized tissues 

(scaffold) in LAMB1 content. Data are expressed as the mean. Error bars represent the standard error of the 

mean (SEM), **p<0.01; (g) FN1 immunostaining revealed fiber retainment in both young and aged 

decellularized tissues; Stereological (h) and ELISA analysis (i ) showed no signifi cant differences between 

native (native) and decellularized samples (scaffold) in FN1 content. Data are expressed as the mean. Error 

bars represent the standard error of the mean (SEM), **p <0.01.        

4. Discussion 

In the present work, we characterize the impact of aging on ovarian ECM and report the 

possibility to successfully apply a whole -organ decellularization technique to produce for the first 

time ECM-based scaffolds that preserve the structural modifications taking place in the senescent 

ovary.  



 
65 

 

Macroscopic and microscopic evaluations of aged ovaries reveal distinctive morphological 

features, when compared to the young counterparts. A significantly lower number of small follicles 

(3- 4- mm) and higher number of larger ones (5- 8- mm) are scored in aged ovaries. This appears to 

be strictly correlated with the age of the animals and as previously described  in several mammalian 

species, ranging from mouse [26] and cow [27] to the human [28], is likely to be associate with age-

related infertility. A fundamental difference of aged ECM structure is also represented by the 

presence of a denser and more compact stromal compartment, which suggests the possibility of 

distinct matrix re -arrangements taking place during the aging process. This hypothesis is further  

confirmed by the histochemical results that indicat e, both with Masson trichrome staining and 

stereological analysis, an increase in collagen fibers. A significantly higher quantity of coll agen is 

also demonstrated by ELISA tests, comparing aged ovaries vs. young ones. These data are in 

agreement with  recent studies, carried out on reproductively old mouse models, reporting a 

quantitative increase in ovarian stiffness due to collagen deposition [1,7,22]. It is interesting to 

remember that accumulation of collagen is an important event contributing to tissue fibrosis that 

is usually identified as one of the most common aging -associated hallmarks, exhibited by a wide 

range of tissues, including liver [29,30], heart [31,32], and lung [15], and that, in turn, induces tissue 

architecture disruption and affects organ biomechanics and functions [33]. In addition, it has also 

been demonstrated that stiffness increase may also be correlated with age- associated tumor 

development, facilitating ovarian cancer cell proliferation and aggregation  [34]. Senescence-

specific increment in matrix rigidity has been also accounted for alterations in collagen -to-elastin 

ratio and/or a general decrease in elastin content [35,36]. This fully fits with the results presented 

ÏÌÙÌȮɯÚÏÖÞÐÕÎɯÈɯÚÐÎÕÐÍÐÊÈÕÛɯËÌÊÙÌÈÚÌɯÖÍɯÌÓÈÚÛÐÊɯÍÐÉÌÙÚɯÐÕɯÈÎÌËɯÖÝÈÙÐÌÚȮɯÉÖÛÏɯÉàɯ&ÖÔÖÙÐɀÚɯ ÓËÌÏàËÌɯ

Fuchsin staining and stereological analysis, and clearly displaying a significantly lower number of 

elastic fibers in aged tissues compared to the young ones. These observations are consistent with 

the dramatic fall in elastin levels detected in menopausal women perifollicular ECM [20] and is 

well in agreement with the unbalanced collagen/elastin ratio here demonstrated with ELISA 

quantification studies in senescent ovaries. Altogether, this suggests that, similarly to what 

described in other tissues [37ɬ39], ovarian aging can be associated with a progressive elasticity 

reduction and, therefore, with a general decrement in mechanical resilience and durability. 

However, the increase in GAG content, demonstrated in the present study, indicates that these 

molecules may act to buffer the altered collagen/elastin balance, therefore, suggesting the existence 

of compensative mechanisms, possibly mitigating the decrease in tissue elasticity. 

Interestingly enough, the changes described above are accompanied by a significant increase of 

the laminins LAMA3 and LAMB1 in aged samples. Although only few data are available on 

laminin -matrix deposition mechanisms, the signaling pathways involved and t he role in specifying 

cell behaviors [40], it must be noted that several studies reported high laminin contents in senescent 

cells isolated from fibrotic tissues, including aorta [41], lung [42], and skin [43]. We may therefore 

speculate that laminin deposition may be correlated and/or contribute to age -related ECM 

modifications [44] and further studies are needed in other to better clarify these aspects and the 

related mechanisms. The increase in laminins is also paralleled by a significant reduction in FN1 

content. This is in line with Schnabl et al. and Krizhanovsky  et al. that reported a reduction in FN 

expression levels in liver fibrosis [45,46]. On the other hand, an opposite trend was described by 

other Authors that showed FN transcription upregulation in different organs [44,47,48]. We have 

no clear explanation for such discrepancies, but we may hypothesize that the different results 

obtained may be related to cell type-specific differences and/or tissue-specific responses. 

A very dynamic variation in gene transcription levels, closely reflecting the morphological data 

described above, accompanies ECM reorganization in senescent ovary, with higher expression 

levels of collagens (COL1A1, COL3A1, COL4A2), glycoprotein (EMILIN1), laminins ( LAMA3, 

LAMB1), proteoglycans (VCAN, HSPG2, CSPG4), and downregulation of elastin (ELN) and 

fibronectin (FN1). Interestingly, all the protease -related genes analyzed, namely ELANE, MMP1, 

MMP2, MMP3, MMP9, and MMP14, show significantly lower expr ession levels in aged ovaries, 

suggesting that ECM degradation and remodeling activities may decrease during senescence, 

while protein deposition mechanisms are kept active, resulting in fiber accumulation. In contrast 

to all the protease analyzed, MMP12 transcription is significantly increased in senescent ovaries. 
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Since this gene encode for a matrix metalloproteinase involved in elastin degradation, its 

upregulation may well explain the significant reduction in elastic fiber content described above. In 

our understanding the molecular results here reported demonstrat e a fine tuning in gene 

expression activity that orchestrates ECM composition changes characterizing the aging process 

and that suggests a direct impact of senescence on the transcription machinery.  

When a whole-organ decellularization protocol, previously developed in our laboratory, [23ɬ

25] was applied to aged ovaries, we were able to derive 3D ECM-based biological scaffolds that 

represent a viable alternative to the use of synthetic matrix such as hydrogels [49].The 

decellularized scaffolds preserve all the changes that are described above and that are distinctive 

of the senescent organ. Both histochemical and immunohistochemical staining demonstrate indeed 

the preservation and the quantities of collagen, elastin, GAGs, laminins, and fibronectin detected 

in aged native tissues, thus basically confirming the maintenance of the original aged organ. These 

observations suggest that the generated scaffold maintains an intact basement membrane complex 

after the decellularization process, that has been previously demonstrated to play a key role in 

modulat ing in vitro cell growth patterns  [50] . This is, to our knowledge, the first attempt to create 

a biological matrix that mimics the senescent ovarian micro-structure and offers an exciting 

opportunity to better characterize ovarian aging in vitro in a complex and physiologically relevant 

environm ent. 

 

5. Conclusions 

Significant changes take place in the aged ovarian ECM. These include altered concentrations 

of the main structural molecules, such as collagen, elastin, laminins, and fibronectin, that lead to 

tissue architecture remodeling, increment of fibrosity and red uced elasticity. Interestingly, age-

related modifications are not only the results of post -transcriptional processes, but rather has a 

direct impact on gene expression. 

The typical aging phenotype is preserved after decellularization, with the creation of  an ECM-

based scaffold that mimics the senescent ovarian micro-structure and offers an exciting 

opportunity  to better characterize ovarian aging in vitro in a complex and physiologically relevant 

environment . This, in turn, constitutes an alternative high predictive in vitro model for the research 

in the aging field , allowing for a reduction of the number of experimental animals used . At the 

same time, the bio-scaffold wilÓɯÐÕɯËÜÌɯÛÐÔÌɯÐÔ×ÓÌÔÌÕÛɯÛÏÌɯ×ÙÖËÜÊÛÐÖÕɯÖÍɯÈÕɯɁÈÎÐÕÎɯÖÝÈÙà in a dishɂɯ

model to further study the mechanisms driving aging and, when coupled with non-cytotoxic 

nanovehicles [51], may lead to the identification of possible strategies to counteract tissue 

degeneration.  
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The third study is focused on the influence of ECM age-related modifications on 

cell behaviour, taking the advantage of ECM-derived biomechanical cues to 

develop/support novel rejuvenating strategies. In this context,  young bio-matrixes 

ability to recreate an age-specific microenvironment was exploited  to examine 

whether these bio-scaffolds are able to boost, and properly maintain , the 

rejuvenated phenotype acquired by cells after miR-200 exposure. 

To this purpose, the high-plasticity state induced by miR -200b/c exposure was 

firstly  assessed, also analysing the transcription of the main aging hallmarks. In 

addition, the miR -200-treated cells were used in repopulation studies to investigate 

the role of age-associated ECM modifications in cellular senescence. 

The data reported in the following manuscript agree and expand previously 

reported data, indicating a significant reduction of aging hallmarks  in miR-200b/c-

treated cells. Interestingly, t he rejuvenated phenotype acquired was stably retained 

only when cells were engrafted onto young 3D ECM -based scaffolds, contrarily to 

what observed in standard 2D culture systems, as well as aged bio-matrixes. These 

results point out to the possibility that a young microenvironment may ex ert a 

supporting effect to stably maintain the rejuvenated phenotype induced by miR -

200b/c exposure, which would otherwise be transient and reversible. 
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Abstract 

Aging is defined as a complex, multifaceted degenerative process that causes a gradual decline of 

physiological functions and a rising mortality risk with time. Stopping senescence or even rejuvenating 

the body represent one of the long standing human dreams. Somatic cell nuclear transfer as well as cell 

reprogramming have suggested the possibility to slow or even reverse signs of aging. 

We exploited miR-200 ability to induce a transient high plasticity state in fibroblasts isolated from old 

individuals and we investigated whether this ameliorates cellular and physiological hallmarks of 

senescence. In addition, based on the assumption that extracellular matrix (ECM) provides biomechanical 

stimuli directly influencing cell behavior, we examine whether ECM -based bio-scaffolds obtained from 

young animals stably maintain the rejuvenated phenotype acquired by cells after miR -200 exposure. The 

results show the existence of multiple factors that cooperate to control a unique program, driving the cell 

clock. In particular, miR -200 family directly regulates the molecular mechanisms erasing cell senescence. 

However, this effect is transient, reversibl e, and quickly lost. On the other hand, the use of an adequate 

young microenvironment stabilizes the miR -200-mediated rejuvenating effects, suggesting that 

synergistic interactions occur among molecular effectors and ECM-derived biomechanical stimuli. The 

model here described is a useful tool to better characterize these complex regulations and to finely dissect 

the multiple and concurring biochemical and biomechanical cues driving the cell biological clock.  

 

Keywords: Aging, cellular rejuvenation, ECM -based bio-scaffolds, micro-RNA, miR -200 family, cell 

senescence 

  

 

Introduction  

Advances in medical care, improvements in sanitation, and rising living standards contribute to increase 

life expectancy. Although this reflects positive human development, it also poses new important 

challenges that will aggravate in the years to come. Among them, aging is one of the most critical and 

emerging problems in public health, due to the exponential increase of elderly patients suffering with 

chronic age-onset diseases, often with multiple co-morbidities. Aging is indeed defined as a complex, 

mul tifaceted process characterized by a progressive accumulation of macroscopic and microscopic 

modifications that are accompanied by molecular and cellular damages, negatively affecting organ, tissue, 

cell, and subcellular organelle functions [1, 2]. These senescence processes are influenced by 

environmental factors as well as by genetic and epigenetic dysregulations that induce a gradual organism 

decline [3]. In agreement with this, several studies have described a link between DNA methylation and 

aging [4ɬ7], demonstrating that around 29% of the methylation sites in the genome is modified with 

increasing age, thus reflecting the natural development of age-related phenotypes and diseases, such as 

diabetes, autoimmune and cardiovascular disorders [8].  
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The possibility to reverse aging hallmarks was suggested, for the first time, by the generation of sheep and 

mouse offspring with a normal lifespan, after adult somatic cell nuclear transfer (SCNT) [9 ɬ11]. 

Subsequently, the induced pluripotent stem cell (i PSC) technique [12]  was used to reprogram senescent 

and centenarian cells and re-differentiate them into fully rejuvenated cells [13]. During the last years, 

parallel studies reported the possibility to induce a transient high plasticity state by using a brief exposure 

to the demethylating agent 5-azacytidine (5-aza-CR) [14ɬ24]. Interestingly, 5-aza-CR treated cells 

displayed a significant decrease in global DNA methylation, paralleled by an increment in formylcytosine 

(5fC) and 5-carboxylcytosine (5caC), thus indicating that 5 -aza-CR induces both direct and indirect 

demethylating events [18]. Direct demethylation is known to be driven by the TET enzyme family 

enzymes that play a crucial role during cellular reprogramming, removing the epigenetic blocks and  re-

activating previously silenced genes [25ɬ28]. Recent studies demonstrated that TET-mediated activation 

of the miR-200 family promotes a transient high plasticity state and helps fibroblasts to overcome the 

mesenchymal-epithelial transition (MET) barrie r, facilitating iPSC generation [29]. Consistent with this, all 

members of miR-200 family, namely miR-200a, miR-200b, miR-200c, miR-141 and miR-429, are highly 

expressed in both ESCs and iPSCs, thus suggesting their involvement in pluripotency induction an d 

maintenance [29]. 

In the present work, we exploit miR -200 ability to induce a transient high plasticity state in cells isolated 

from old individuals. We investigate whether this is able to ameliorate cellular and physiological 

hallmarks of aging in senescent cells. Furthermore, we examine whether extracellular matrix (ECM) -based 

scaffolds obtained from young animals are able to boost and properly maintain the rejuvenated phenotype 

acquired by cells after miR-200 exposure.   

 

Materials and methods  

All reagents were purchased from Thermo Fisher Scientific unless otherwise indicated. 

 

Ethics statement 

Human cells were purchased from the NIGMS Human Genetic Cell Repository at the Coriell Institute for 

Medical Research (USA). Ethical approval was not required for this study because it did not involve living 

animals. All the methods in our study were carried out in accordance with the approved guidelines.  

 

Culture of human fibroblasts obtained from young and aged individuals 

Fibroblast cell lines obtained from 29-32 years old donors (Young, n=3) and from 82-92 years old 

individuals (Aged, n=3) were purchased from the NIGMS Human Genetic Cell Repository at the Coriell 

Institute for Medical Research (USA). Cells were grown in fi broblast culture medium (FCM) consisting of 

$ÈÎÓÌɀÚɯ,ÐÕÐÔÜÔɯ$ÚÚÌÕÛÐÈÓɯ,ÌËÐÜÔɯȹ,$,ȺɯÚÜ××ÓÌÔÌÕÛÌËɯÞÐÛÏɯƕƙǔɯ%ÖÌÛÈÓɯ!ÖÝÐÕÌɯ2ÌÙÜÔɯȹ%!2ȺȮɯƖÔ,ɯ

glutamine (Sigma-Aldrich), 1% antibiotic/antimycotic solution (Sigma -Aldrich), and maintained in 5% 

CO2 at 37°C. All experiments were carried out in triplicates at least three times. 

 

Fibroblast exposure to miR-200b/c 

Cells were plated at a concentration of 2.1 x 104 cells/cm2. After 24 h, they were exposed to 100nM of miR-

200b/c (predesigned mirVANA Mimics) using RNAi -MAX in Opti -MEMTM medium, following the 

ÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯÐÕÚÛÙÜÊÛÐÖÕÚȮɯÈÕËɯÐÕÊÜÉÈÛÌËɯÐÕɯƙǔɯ".ƖɯÈÛɯƗƛȘ"ɯÍor 48h.  

 

Culture of miR-200b/c treated fibroblasts onto 2D systems 

At the end of miRNA exposure, cells were returned to FCM and maintained in standard plastic dishes 

(2D) for 10 days. Cell morphology was monitored daily using an Eclipse TE200 inverted microscope 

(Nikon), connected to a Digital Sight camera (Nikon). Cultur es were arrested at day 2, 5, 7 and 10 and 

analysed as described below.  

 

Culture of miR-200b/c treated fibroblasts onto 3D ECM-based bio-scaffolds  

Generation of Young and Aged ECM-based bio-scaffolds 

18 ovaries from 6-month (n=9, Young) and 5 years old (n=9, Aged) swine were collected at the local abattoir 

and subjected to whole-organ decellularization protocol [2, 30ɬƗƖȼȭɯ!ÙÐÌÍÓàȮɯÖÙÎÈÕÚɯÞÌÙÌɯÍÙÖáÌÕɯÈÛɯǸƜƔɯȘ"ɯ

for at least 24 h, thawed in a 37 °C water bath for 30 min, treated with 0.5% sodium dodecyl sulfate (SDS; 

Bio-Rad) for 3 h, and immersed overnight in 1% Triton X -100 (Sigma-Aldrich). Ovaries were then washed 

in deionized water (DI -H2O) for 9 h and incubated with 2% deoxycholate (Sigma-Aldrich) fo r 12 h. At the 

end of the decellularization protocol, the ovarian bio -scaffold generated were extensively washed in DI-
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H2O for 6 h and sterilized with 70% ethanol and 2% antibiotic/antimycotic solution (Sigma -Aldrich) for 

30 min. All the steps described were performed at room temperature using an orbital shaker at 300 rpm. 

A fragment from each bio -scaffold was collected and analysed for evaluating the efficacy of the 

decellularization process (data not shown). 

 

Seeding and culture of miR-200b/c treated fibroblasts onto Young and Aged ECM-based bio-scaffolds 

miR-200b/c treated fibroblasts were seeded onto Young and Aged ECM-based bio-scaffolds (3D) at a 

concentration of 6.9 × 106 cells per 7 mm x 1 mm fragment, in 300 µL of FCM and maintained in a 5% CO2 

incubator at 37 °C. Half medium volume was changed every  other day. Cultures were arrested at day 2, 

5, 7, and 10, and analysed as described below. 

 

Cell growth curve  

Growth curve was assessed by plating 2.5 x 104 cells/cm2 in 4-well multidishes (Nunc). Cell number was 

counted using Hycor KOVA TM Glasstic TM (Sentinel Diagnostic) and cell viability was determined by 

trypan blue dye exclusion assay (Sigma-Aldrich). Each time point was assessed in triplicate.  

 

Cell proliferation index 

Cell proliferation index was evaluated by proliferating cell nuclear antigen (PCNA) immuno -staining. 

Cells were fixed in methanol at -20 °C for 15 min, while paraffin -embedded tissues were treated with 

10mM Sodium citrate solution (pH 6) containing 0,05% Tween-20 (Sigma-Aldrich) to unmask antigens. 

Samples were incubated in blocking solution containing 10% Goat Serum (Sigma-Aldrich) in PBS for 30 

min. Primary antibody (1:200, Sigma-Aldrich) was incubated for 1 h, followed by a suitable secondary 

antibody ex×ÖÚÜÙÌɯȹƕȯƖƙƔȮɯ ÓÌßÈɯ%ÓÜÖÙ3,ȺɯÍÖÙɯƕɯÏȭɯ-ÜÊÓÌÐɯÞÌÙÌɯÊÖÜÕÛÌÙÚÛÈÐÕÌËɯÞÐÛÏɯƘɛȮƚ-diamidino -2- 

phenylindole (DAPI, Sigma -Aldrich). Samples were observed under the Eclipse TE200 microscope 

(Nikon). All steps were performed at room temperature, unless otherwise in dicated. The number of 

immuno -positive cells was counted in 10 randomly selected fields at 100× total magnification. A minimum 

of 500 cells were scored in three independent replicates. The number of PCNA positive cells was expressed 

as a percentage of the total cell counted. 

 

1ÌÈÊÛÐÝÌɯÖßàÎÌÕɯÚ×ÌÊÐÌÚɯȹ1.2ȺɯÈÕËɯϕ-ÎÈÓÈÊÛÖÚÐËÈÚÌɯȹϕ-GAL) activity 

1.2ɯ ÈÕËɯ ϕ-GAL activities were analysed using human reactive oxygen species (MyBioSource, 

MBS166870) and Galactosidase beta ELISA kits (MyBioSource, MBS721441). Samples were sonicated at 

20kHz in ice for 20 min, homogenates were centrifuged at 3000 rpm for 20 min and supernatants were 

collected. Assays were carried out following the manufacture r's instructions and, at the end of the 

×ÙÖÊÌËÜÙÌÚȮɯÛÖÛÈÓɯ1.2ɯÈÕËɯϕ-GAL contents were quantified at 450 nm using a Multiskan FC. Standard 

curves were designed by plotting the absorbance means (y-axis) against the relative concentrations (x-

axis) and the best fit line was determined by regression analyses. Absolute quantifications were then 

calculated. 

 

Gene expression analysis 

Quantitative PCR was performed using CFX96 Real-Time PCR detection system (Bio-Rad Laboratories). 

Total RNA was extracted using the TaqManGene Expression Cells to Ct kit (Applied Biosystems) and 

DNase I was added in lysis solutions at 1:100 concentration, ÈÚɯ ÐÕËÐÊÈÛÌËɯ Éàɯ ÛÏÌɯ ÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯ

instructions. Target genes were analysed using predesigned primers and probe sets from TaqManGene 

Expression Assays (Table 1). GAPDH and ACTB were used as reference genes. Gene expression levels 

were quantified with CFX M anager software (Bio-Rad Laboratories) and here reported with the highest 

expression set to 1 and the other relative to this. 

 

DNA quantification 

Genomic DNA was extracted from fragments, ranging from 10 to 24 mg, with the PureLink® Genomic 

#- ɯ*ÐÛɯȹ(ÕÝÐÛÙÖÎÌÕȺȮɯÍÖÓÓÖÞÐÕÎɯÛÏÌɯ×ÙÖÝÐËÌÙɀÚɯÐÕÚÛÙÜÊÛÐÖÕÚȭɯ#- ɯÊÖÕÊÌÕÛÙÈÛÐÖÕÚɯÞÌÙÌɯÔÌÈÚÜÙÌËɯÞÐÛÏɯ

NanoDrop 8000 and normalized against the previously annotated fragment weights.  

 

Histological analysis 

Repopulated bio-scaffolds were fixed in 10% buffered formalin for 24 h, dehydrated in graded alcohols, 

cleared with xylene, and embedded in paraffin. Serial microtome sections (5 µm thick) were cut, dewaxed, 

rehydrated, and stained with hematoxylin and eos in (H&E, BioOptica).  
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Cell density 

5-µm-thick sections were stained with DAPI and observed under an Eclipse E600 microscope (Nikon) 

equipped with a digital camera (Nikon). Pictures were acquired with NIS -Elements Software (Version 4.6; 

Nikon), using constant exposure parameters. Five randomly selected fields at 100X magnification were 

examined for each section and analysed using the Automated Cell Counter tool (ImageJ software version 

1.53j).  Briefly, 8-bit images were created and segmented with a thresholding algorithm to eliminate the 

background and to highlight areas occupied by the nuclei. Collected data were transformed in binary 

form. Nuclei were automatically counted using previously set size and circularity parameters. Cell density 

is expressed per mm2 of tissue. 

 

Statistical analysis 

Statistical analysis was performed using two -way ANOVA (SPSS 19.1; IBM). Data are presented as the 

ÔÌÈÕɯǷɯÛÏÌɯÚÛÈÕËÈÙËɯËÌÝÐÈÛÐÖÕɯȹ2#Ⱥȭɯ#ÐÍÍÌÙÌÕÊÌÚɯÖÍɯ×ɯȀɯƔȭƔƙɯÞÌÙÌɯÊÖÕÚÐËÌÙÌËɯÚÐÎÕÐÍÐÊÈÕÛɯÈÕËɯÈÙÌɯÐÕËÐÊÈÛÌËɯ

with different superscripts.  

 

Results 

miR-200b/c exposure induces high plasticity and erase signs of senescence in fibroblasts isolated from aged 

individuals 

After miR -200b/c exposure, fibroblasts isolated from aged patients showed considerable phenotype 

changes. More in detail, the typical elongated shape, visible in untreated fibroblasts (T0, Figure 1a), was 

replaced by a stem-cell-like morphology with cells smaller in size, granular and vacuolated cytoplasm, 

and larger nuclei. In addition, miR -2020b/c treated fibroblasts rearranged in a reticular pattern and tended 

to form distinguishable aggregates (Post miR-200b/c, Figure 1a). Morphological changes were also 

accompanied by a significant increment in cell proliferation (Post miR -200b/c, Figure 1b). In agreement 

with this, Post miR -200b/c aged cells showed a growth curve comparable to that of untreated fibroblasts 

isolated from young individuals (Young, Figure  1b). PCNA immunocytochemical analysis confirmed 

these data (Figure 1c) and, in particular, its quantitative evaluation demonstrated a significantly higher 

PCNA positive cell rate after miR -200b/c exposure (Post miR-200b/c, Figure 1d).  

3ÏÌÚÌɯÊÏÈÕÎÌÚɯÞÌÙÌɯ×ÈÙÈÓÓÌÓÌËɯÉàɯÈɯÚÐÎÕÐÍÐÊÈÕÛɯËÌÊÙÌÈÚÌɯÐÕɯϕ-ÎÈÓÈÊÛÖÚÐËÈÚÌɯȹϕ-GAL) activity (Post miR -

200b/c, Figure 1e) and reactive oxygen species (ROS) levels (Post miR-200b/c, Figure 1f), with values post-

treatment comparable to those young cells (Young, Figure 1e, f).  
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Figure 1. ,ÖÙ×ÏÖÓÖÎàȮɯÎÙÖÞÛÏɯÊÜÙÝÌȮɯ/"- ɯÐÔÔÜÕÖÚÛÈÐÕÐÕÎɤ×ÖÚÐÛÐÝÌɯÊÌÓÓɯÙÈÛÌȮɯϕ-GAL and ROS activity 

quantification in miR -200b/c treated aged fibroblasts cultured in 2D systems. (a) After miR-200b/c 

exposure, fibroblasts isolated from aged individuals loss their typ ical elongated shape (T0) and become 

smaller in size with granular, vacuolated cytoplasm, larger nuclei and form distinguishable aggregates 

(Post miR-200b/c). When fibroblasts returned to FCM progressively reverted to the original phenotype 

(Day 2, day 5 and day 7) and, by day 10, exhibited small central nuclei and an elongated spindle shape. 

Scale bars: 100 m (b) miR-200b/c exposed cells (Post miR-200b/c, green line) increment proliferation rate 

immediately after treatment and gradually return comparable to untreated aged cells (Aged, orange line). 

Data are expressed as the mean. Error bars represent the standard error of the mean (SEM). *p < 0.05. (c) 

PCNA (upper panels) and DAPI (lower panels) immunocytochemical staining in untreated fibroblasts  

isolated from aged (T0), at the end of 48h miR-200b/c exposure (Post miR-200b/c) and at day 2, 5, 7, and 

10 of culture in 2D systems. Scale bars: 100 m. (d) PCNA quantitative evaluation in untreated fibroblasts 

isolated from aged (Aged, black bar) and young individuals (Young, white bars), at the end of 48h miR -

200b/c exposure (Post miR-200b/c) and at day 2, 5, 7, and 10 of culture in 2d systems. Data are expressed 

as the mean. Error bars represent the standard error of the mean (SEM). Different superscripts indicate p 

ǾɯƔȭƔƙȭɯȹÌȺɯϕ-GAL activity and (f) ROS levels in untreated fibroblasts isolated from aged (Aged, black bars) 

and young individuals (Young, white bars), at the end of 48h miR -200b/c exposure (Post miR-200b/c) and 

at day 2, 5, 7, and 10 of culture in 2d systems. Data are expressed as the mean. Error bars represent the 

standard error of the mean (SEM). *p < 0.05. 

 



 
76 

 

Gene expression analysis were consistent with the morphological observations and indicated the onset of 

the pluripotency -related genes OCT4, NANOG, REX1, and SOX2 (Post miR200b/c, Figure 2), which were 

originally undetectable in untreated fibroblasts (Aged , Young; Figure 2). 

 
Figure 2. Gene expression levels of pluripotency-related (OCT4, NANOG, REX1, SOX2) genes in untreated 

fibroblasts isolated from aged (Aged, black bars) and young individuals (Young, white bars), at the end 

of miR-200b/c exposure, in miR-200b/c treated aged fibroblasts cultured in 2D systems (2D, striped bars), 

untreated aged fibroblasts cultured onto young 3D ECM -based bio-scaffolds (w/o miR-200b/c+Young 

scaffold, dotted black bars), miR-200b/c treated aged fibroblasts cultured onto aged 3D ECM-based bio-

scaffolds (miR-200b/c+Aged scaffold, grey bars), and miR-200b/c treated aged fibroblasts cultured onto 

young 3D ECM-based bio-scaffolds (miR-200b/c+Young scaffold, dotted white bars). Data are expressed 

as the mean. Error bars represent the standard error of the mean (SEM). Different superscripts indicate 

p<0.05.  

 

 Furthermore, Post miR-200b/c significantly increased their expression of the cell proliferation marker 

MKI67  (figure 3), and the mitochondrial activity -related genes TFAM, PDHA1, and COX4I1 (Figure 4), 

picking to values comparable to young cells (Young; Figure 3 and 4). 
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Figure 3. Gene expression levels of cell proliferation (MKI67) and senescence-related (P53, P16, P21) genes 

in untreated fibroblasts isolated from aged (Aged, black bars) and young individuals (Young, white bars), 

at the end of miR-200b/c exposure, in miR-200b/c treated aged fibroblasts cultured in 2D systems (2D, 

striped bars), untreated aged fibroblasts cultured onto young 3D ECM -based bio-scaffolds (w/o miR-

200b/c+Young scaffold, dotted black bars), miR-200b/c treated aged fibroblasts cultured onto aged 3D 

ECM-based bio-scaffolds (miR-200b/c+Aged scaffold, grey bars), and miR-200b/c treated aged fibroblasts 

cultured onto young 3D ECM -based bioscaffolds (miR-200b/c+Young scaffold, dotted white bars). Data 

are expressed as the mean. Error bars represent the standard error of the mean (SEM). Different 

superscripts indicate p<0.05. 

 

 

Transcription levels of the reactive oxygen species modulator ROMO1 (Figure 4) and of the senescence-

related markers, P53, P16 and P21 (Figure 3), significantly decreased to levels distinctly of young cells 

(Young; Figure 3 and 4). 

 

 
 

Figure 4. Gene expression levels of mitochondrial activity (TFAM, PDHA1, COX4I1) and reactive oxygen 

species modulator (ROMO1) genes in untreated fibroblasts isolated from aged (Aged, black bars) and 

young individuals (Young, white bars), at the end of miR -200b/c exposure, in miR-200b/c treated aged 

fibroblasts cultured in 2D systems (2D, striped bars), untreated aged fibroblasts cultured onto young 3D 

ECM-based bio-scaffolds (w/o miR-200b/c+Young scaffold, dotted black bars), miR-200b/c treated aged 

fibroblasts cul tured onto aged 3D ECM-based bio-scaffolds (miR-200b/c+Aged scaffold, grey bars), and 

miR-200b/c treated aged fibroblasts cultured onto young 3D ECM-based bio-scaffolds (miR-200b/c+Young 

scaffold, dotted white bars). Data are expressed as the mean. Error bars represent the standard error of the 

mean (SEM). Different superscripts indicate p < 0.05.  

 

 

miR-200b/c treated fibroblasts cultured in 2D systems revert to their original phenotype  

Fibroblasts returned to FCM, after removal of miR -200b/c, progressively reverted to the original 

phenotype (Day 2, day 5 and day 7; Figure 1a) and, by day 10, exhibited small central nuclei and an 

elongated spindle shape, comparable to those of untreated aged fibroblasts (T0, Figure 1a). The 

morphological changes were also paralleled by a decrement in cell proliferation (Figure 1b). This was also 

supported by PCNA positive cell rate values that slowly decreased, returning statistically comparable to 

those of aged fibroblasts by day 10 of culture (Figure 1c, d). CoÕÚÐÚÛÌÕÛÓàȮɯϕ-GAL activity (Figure 1e) and 

ROS levels (Figure 1f) gradually incremented during the culture period, up to day 10, when the values 

detected were statistically comparable to those observed in untreated aged cells (Aged). 

Molecular analysis confirmed these data, with pluripotency -related gene OCT4, NANOG, REX1, and 

SOX2 expression undetectable by day 5 of culture in FCM. Moreover, by day 10 ROMO1, P53, P16, and 

P21 gene transcription returned statistically comparable to tha t of untreated aged cells (Aged; Figure 2, 3 
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and 4). By day 10 MKI67, TFAM, PDHA1, COX4I1 genes displayed expression levels comparable to those 

detected in untreated aged cells (Aged; Figure 3 and 4). 

 

miR-200b/c treated fibroblasts repopulate 3D ECM-based bio-scaffolds, but maintain a rejuvenated phenotype only 

on young ECM  

H & E (Figure 5a) and DAPI staining (Figure 5b) demonstrated a comparable repopulating ability in miR -

200b/c treated cells as well as in untreated fibroblasts (w/o miR-200b/c), indicating that miR-200b/c 

treatment does not affect cell engrafting ability.  Moreover, cell density analyses showed an increasing 

number of cells along the culture period in all the experimental groups (Figure 5c). Nevertheless, 

significant differences among the experimental groups were detected. Specifically, starting from day 2 o f 

co-culture and onward, cell number was significantly higher in young decellularized bio -scaffolds 

repopulated with miR -200b/c exposed fibroblasts (miR-200b/c + Young scaffold) compared to miR-200b/c 

+ Aged scaffold and the control group (w/o miR -200b/c + Young scaffold, Figure 5c). These observations 

were also confirmed by DNA quantification (Figure 5d). 

 

 
Figure 5. H&E, DAPI staining, cell density and DNA quantification in miR -200b/c treated aged fibroblasts 

cultured onto 3D ECM -based bio-scaffolds. (a) H & E and (b) DAPI staining before cell seeding (Pre-

seeding), in untreated aged fibroblasts (w/o miR-200b/c) plated onto young 3D ECM-based bio-scaffolds 

(Young scaffold) and in miR -200b/c treated aged fibroblasts (Post miR-200b/c) plated onto aged (Aged 

scaffold) or onto young 3D ECM -based bio-scaffolds (Young scaffold) at day 2, 5, 7, and 10 of culture. Scale 

bars: 100 m. (c) Cell density analyses before cell seeding in aged (Pre-seeding aged scaffold, vertical 

stripped bars) and young scaffolds (Pre-seeding young scaffold, horizontal stripped bars), in untreated 

aged fibroblasts plated onto young 3D ECM -based bio-scaffolds (w/o miR -200b/c + Young scaffold, dotted 
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black bars) and in miR-200b/c treated aged fibroblasts plated onto aged (miR-200b/c + Aged scaffold, grey 

bars) or onto young 3D ECM-based bio-scaffolds (Young scaffold) at day 2, 5, 7, and 10 of culture. Data 

are expressed as the mean. Error bars represent the standard error of the mean (SEM). Different 

superscripts indicate p < 0.05. (d) DNA quantification before cell seeding in aged (Pre-seeding aged 

scaffold, vertical stripped bars) and young scaffolds (Pre-seeding young scaffold, horizontal stripped 

bars), in untreated aged fibroblasts plated onto young 3D ECM -based bio-scaffolds (w/o miR-200b/c + 

Young scaffold, dotted black bars) and in miR -200b/c treated aged fibroblasts plated onto aged (miR-

200b/c + Aged scaffold, grey bars) or onto young 3D ECM-based bio-scaffolds (Young scaffold) at day 2, 

5, 7, and 10 of culture. Data are expressed as the mean. Error bars represent the standard error of the mean 

(SEM). Different superscripts indicate p < 0.05. 

 

 

PCNA staining reveled  immuno -positivity in all groups considered (Figure 6a). However, significantly 

high number of PCNA positive cells were scored in young scaffolds repopulated with miR -200b/c treated 

fibroblasts (miR-200b/c + Young scaffold, Figure 6ÉȺȭɯ3ÏÐÚɯÐÚɯÊÖÏÌÙÌÕÛɯÞÐÛÏɯϕ-GAL (Figure 6c) and ROS 

(Figure 6d). 

 
Figure 6. /"- ɯÐÔÔÜÕÖÚÛÈÐÕÐÕÎɤ×ÖÚÐÛÐÝÌɯÊÌÓÓɯÙÈÛÌȮɯϕ-GAL  and ROS activity quantification in miR -200b/c 

treated aged fibroblasts cultured onto 3D ECM -based bio-scaffolds. (a) PCNA immunocytochemical 

staining before cell seeding (Pre-seeding), in untreated aged fibroblasts (w/o miR-200b/c) plated onto 

young 3D ECM-based bio-scaffolds (Young scaffold) and in miR-200b/c treated aged fibroblasts (Post miR-

200b/c) plated onto aged (Aged scaffold) or onto young 3D ECM-based bio-scaffolds (Young scaffold) at 

day 2, 5, 7, and 10 of culture. Scale bars: 100 m. (b) PCNA quantitative evaluation in untreated fibroblasts 

isolated from aged (Aged, black bars) and young individuals (Young, white bars), at the end of 48h miR -

200b/c exposure (Post miR-200b/c), in untreated aged fibroblasts plated onto young 3D ECM-based bio-

scaffolds (w/o miR -200b/c + Young scaffold, dotted black bars) and in miR-200b/c treated aged fibroblasts 

plated onto aged (miR-200b/c + Aged scaffold, grey bars) or onto young 3D ECM-based bio-scaffolds 

(Young scaffold) at day 2, 5, 7, and 10 of culture. Data are expressed as the mean. Error bars represent the 

ÚÛÈÕËÈÙËɯÌÙÙÖÙɯÖÍɯÛÏÌɯÔÌÈÕɯȹ2$,Ⱥȭɯ#ÐÍÍÌÙÌÕÛɯÚÜ×ÌÙÚÊÙÐ×ÛÚɯÐÕËÐÊÈÛÌɯ×ɯǾɯƔȭƔƙȭɯȹÌȺɯϕ-GAL activity and (f) ROS 

levels in untreated fibroblasts isolated from aged (Aged, black bars) and young individuals (Youn g, white 

bars), at the end of 48h miR-200b/c exposure (Post miR-200b/c), in untreated aged fibroblasts plated onto 

young 3D ECM-based bio-scaffolds (w/o miR-200b/c + Young scaffold, dotted black bars) and in miR-

200b/c treated aged fibroblasts plated onto aged (miR-200b/c + Aged scaffold, grey bars) or onto young 3D 






























































































































































































































