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1. INTRODUCTION 
 

 

Stem cells are certain biological cells found in all multicellular organisms, with the capability 

to self-renew and differentiate to various types of cells, thus to construct tissues and organs 

(Hui et al. 2011). Different types of stem cells vary in their degree of plasticity or 

developmental versatility and they can be classified according to their plasticity and sources 

(Tab.1). 

 

 

Classification Characteristics 

Sources/types 

Embryonic stem cells 
(ESCs) 

Pluripotent stem cells derived from the inner cell mass of the 
blastocyst, an early-stage embryo. 

Adult stem cells 

Endodermal origin: Pulmonary Epithelial SCs, 
Gastrointestinal Tract SCs, Pancreatic SCs, Hepatic Oval 
Cells, Mammary and Prostatic Gland SCs, Ovarian and 
Testicular SCs. 

Mesodermal origin: Hematopoietic SCs, Mesenchymal 
Stromal SCs, Mesenchymal SCs, Mesenchymal Precursor 
SCs; Multipotent Adult Progenitor Cells, Bone Marrow SCs, 
Foetal Somatic SCs, Unrestricted Somatic Cardiac SCs, 
Satellite cells of muscle. 

Ectodermal origin: Neural SCs, Skin SCs, Ocular SCs. 

Cancer stem cells They have been identified in almost all cancer/tumour. 

Induced pluripotent 
stem cells (iPSCs) 

Type of pluripotent stem cell artificially derived from a non-
pluripotent cell, typically an adult somatic cell, by inducing a 
“forced” expression of specific genes. 

Cell potency 

Totipotent cells 
Zygote, Spore, Morula. Potential to give rise to any and all 
human cells, such as brain, liver, blood, heart cells. They can 
even generate from an entire functional organism. 

Pluripotent cells Embryonic stem cells, Callus. They can give rise to all tissue 
types, but cannot form an entire organism. 

Multipotent cells 
Progenitor cell, such as hematopoietic stem cell and 
mesenchymal stem/stromal cell. They give rise to a limited 
range of cells within a tissue type. 

Unipotent cells Precursor cells. 

Table 1. Classification of stem cells (SCs). 
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Stem cell biology has become an important field for the understanding of tissue regeneration 

and the implementation of regenerative medicine strategies. Since the discovery and 

characterization of multipotent mesenchymal stem/stromal cells (MSCs) from bone marrow, 

MSC-like populations from other tissues have now been characterized based on the “gold 

standard” criteria established for BM-MSCs (Friedenstein, Gorskaja, and Kulagina 1976).  

Nowadays, research is focused on adult stem cells because they are easily accessible and free 

from ethical issues (Moore, Mills, and Thornton 2006). Adult stem cells are a group of stem 

cells taken from mature tissue. Because of their stage of development, these cells have limited 

potential compared to those derived from embryos and foetuses. Most adult stem cells are 

lineage-restricted (multipotent) and are generally referred to by their tissue origin 

(mesenchymal stem cell, adipose-derived stem cell, endothelial stem cell, dental pulp stem cell, 

etc.) (Gronthos et al. 2000; Wagner et al. 2005; Yoder 2012). 

 

1.1 Mesenchymal stem/stromal cells (MSCs) 
In the last decade, MSCs have generated considerable excitement for their multiple properties, 

including self-renewal, colony formation, phenotypic expression pattern and differentiation 

potential (Pittenger et al. 1999). It has also been shown that the MSCs are involved in several 

physiological and pathological processes, including tissue homeostasis, aging, tissue damage 

and inflammatory diseases (Uccelli, Moretta, and Pistoia 2008; Shi et al. 2010). 

Friedenstein first described MSCs in the bone marrow as fibroblast-like colony forming units 

in late 1960 (Friedenstein, Gorskaja, and Kulagina 1976). Later, these plastic-adhering, 

extensively replicating clonogenic somatic cells were found to have a multipotent character 

both under in vitro and in vivo settings (Gronthos et al. 2000; Spath et al. 2010). 

To date, MSCs are not unique feature of the bone marrow, as they also have been found in a 

wide range of adult tissues such as lipo-aspirated adipose, dental pulp, periosteum, tendons, 

synovial membrane and skeletal muscle (T. A. Mitsiadis et al. 2011; Hatakeyama et al. 2017; 

Minteer, Marra, and Rubin 2013; J. C. Chen and Goldhamer 2003; Ferretti et al. 2015). They 

can be isolated from the umbilical cord blood, the amniotic fluid, and from placental tissues as 

well (Wagner et al. 2005; Malek and Bersinger 2011). In 2006, the International Society for 

Cellular Therapy (ISCT) described in a position article the minimal criteria for defining MSCs, 
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to diminish the ambiguity in their identification. These criteria are based on adherence to plastic 

in standard culture, expression of a specific surface antigen set (must express CD 105, CD 73 

and CD 90 and must lack expression of CD 45, CD34, CD 14, CD19 and HLA-DR), and the 

trilineage mesoderm (osteogenic, chondrogenic, and adipogenic) differentiation capability in 

vitro (Dominici et al. 2006) (Fig.1). 

It is well known that MSCs also have the ability to differentiate into non-mesodermal tissues 

(Jeon et al. 2015). Besides, the exact lineage and the set of surface antigen markers defining 

MSCs are not in concurrence, a feature largely depends on tissue source, as well as to donor 

age and gender, passage number and seeding density, etc. (S. Huang et al. 2011). However, 

these standard parameters represent a beneficial guide to investigators evaluating the extent of 

plasticity of the heterogeneous fibroblast-like cell population.  

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

 

 

Figure 1. MSCs isolated from various adult tissues. After in vitro expansion, MSCs can be authenticated 
as per the guidelines laid down by International Society of Cell Therapy (ISCT). 
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Currently, investigations on the definition of MSCs gave an overview of the recent advances 

concerning their profiling. In particular, gene expression pattern has fundamentally enhanced 

the understanding and the approach to characterizing MSCs identifying potential biomarkers, 

or determining key molecules regulating biological processes (S. Huang et al. 2011). 

MicroRNAs (miRNAs) are likely to be involved in gene regulation during the early stages of 

differentiation, which may play an important role in determining cell fate (Tab. 2). Although 

the detailed role of each miRNA in stem cell biology remains to be defined, understanding how 

miRNAs affect stem cell behaviour will advance MSC definition (Collino et al. 2011). 

 

 

Functionality MicroRNAs Publications 

Neural differentiation 
 
 
 
Adipogenic differentiation 
 
 
 
Osteogenic differentiation 
 
 
 
 
 
Chondrogenic differentiation 

miR-9,  
miR-10,  
miR-30 
 
miR-30 family, -642a-3p 
miR-143, -24, -31, -30c 
miR-21 
 
miR-27a 
miR-21 
miR-217 
miR-26a  
miR-148a 
 
miR-410 
miR-146b 
miR-214 
miR-30a 

(Kulcenty et al. 2019) 
 
 
 
(Zaragosi et al. 2011) 
(Kang and Hata 2015)  
(Kim et al. 2012) 
 
(Gu et al. 2016)  
(Yang et al. 2019) 
(Dai et al. 2019) 
(Z. Liu et al. 2018)  
(H. Liu et al. 2018) 
 
(Y. Zhang, Huang, and Yuan 2017) 
(Budd et al. 2017) 
(Roberto et al. 2018) 
(Tian et al. 2016) 

 

 

Table 2. MicroRNAs reported to be involved in the regulation of MSC fates. 
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1.1.1 MSCs in regenerative medicine 
MSCs have emerged as an attractive candidate for cell-based therapy of various conditions, 

such as cardiovascular diseases, diabetic nephropathy, and brain injuries including stroke 

(Faiella and Atoui 2016; Y. Liu and Tang 2016; Hsuan et al. 2016). Among various stem cell 

types, MSCs afford several advantages for clinical use, such as availability and ease of 

harvesting; multilinear differentiation potential; immunosuppressive effects; safety, without 

any risk of malignant transformation after infusion of allogeneic cells, which is common in the 

case of ESCs and iPSCs; and the lack of ethical issues that occur with the application of human 

ESCs.  

Regarding cellular therapy clinical research, it is very important to understand their 

immunomodulatory capabilities. Typical in vitro modulatory functions of MSCs are the 

inhibition of T and B cell proliferation, as well as dendritic cell differentiation (Ren, Roberts, 

and Shi 2011). MSCs also regulate immune responses by secreting several factors including 

Interleukin (IL) -10, indoleamine 2, 3-dioxygenase (IDO), Vascular Endothelial Growth Factor 

(VEGF), Chemokine (C-C motif) ligand (CCL)-5, prostaglandin E2 (PGE2), and nitric oxide 

(NO) (Uccelli, Moretta, and Pistoia 2008; Samsonraj et al. 2017) (Fig. 2). MSC-to-T cell 

contact induces IL-10 secretion, which attenuates T cell proliferation, and stimulates leukocyte 

antigen-G molecules (HLA-G5) secretion, which in turn inhibits activated T cells and NK-cell 

cytotoxicity (Selmani et al. 2008; Zhao et al. 2008; Nasef et al. 2008). In vivo, systemic 

administration of MSCs facilitates immunosuppression in graft-versus-host-disease (GVHD) 

models (Ren et al. 2008), multiple sclerosis, diabetes (Lee et al. 2006) as well as 

cardiomyopathies (Anzalone et al. 2010; Corrao et al. 2013). Following the successful 

outcomes from animal models, clinical trials for Crohn’s disease, acute GVHD, and severe 

osteogenesis imperfecta by allogenic biomaterials have been conducted. Trials are ongoing for 

acute myocardial infarction, aplastic anaemia, osteoarthritis, diabetes, and other conditions 

(Squillaro, Peluso, and Galderisi 2016). MSC therapy appears to be promising for treating 

immunological disorders, therefore the punctual characterization of MSC immunosuppressive 

functions will provide an important indicator for in vivo efficacy of MSCs. It is also crucial to 

note that MSCs from different sources may differ in their mechanisms and capacities for 

immunomodulation (Mattar and Bieback 2015).  



 
 
 
 
 
 
 

9 

Because of their trophic and immunomodulatory functions, MSCs are generally considered to 

possess greater advantages in cell-based regenerative medicine. However, these cells can either 

support or suppress tumorigenesis (Klopp et al. 2007). In contrast to their anti-apoptotic and 

anti-inflammatory functions, MSCs have been shown to interact with tumour cells via 

paracrine signalling and possibly increase the risk for metastasis (Costanza et al. 2017). This 

less desirable effect requires some caution in their use in circumstances of pre-existing tumour 

conditions.  

To date, much of the interest in the therapeutic application of MSCs to various disease settings 

can be linked to their immunosuppressive and anti-inflammatory properties. One of the key 

mechanisms of these effects is the secretion of soluble factors with paracrine actions. Recently, 

it has emerged that the paracrine functions of MSCs could be mediated by extracellular vesicles 

(EVs). EVs are predominantly released from the endosomal compartment and carry a complex 

cargo that includes nucleic acids, proteins and lipids from their cells of origin (Rani et al. 2015). 

MSC-EVs were first studied in 2010 by Lai et al. in a mouse model of myocardial ischemia-

perfusion injury and were thereafter investigated in several disease models (Lai et al. 2010). 

Further animal model-based studies have reported that MSC-EVs have significant potential as 

a novel alternative cell-free therapy for several pathological conditions, including 

cardiovascular, kidney, liver and neurological diseases (Jarmalavičiūtė and Pivoriūnas 2016; 

Z. Zhang et al. 2016; He et al. 2012; Sung, Kim, and Jung 2018).  

 

 

 

 

 

Figure 2. Interactions of MSC with immune cells. 
The secretion of specific secrete soluble molecules 
factors suppresses the proliferation and/or activity of 
a variety of immune cells, including T cells, B cells, 
Natural Killer cells, and dendritic cells, as well as 
activated regulatory T cells (Treg). Modified by 
Samsonraj et al., 2017. 
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1.1.2 Age-related changes in MSCs 
Despite positive outcomes derived from MSC clinical research, their properties and 

functionalities can be influenced by several intrinsic factors including ageing (Tümpel and 

Rudolph 2019). Ageing is manifested as an overall decline in organs’ functional capacity, 

which normally maintains tissue homeostasis and physiological reactions (Hennrich et al. 

2018). Age-related regressions are often gradual, mild in middle-aged patients, and become 

preeminent later in life, particularly under stressful conditions that require regenerative 

responses. The age-associated decrease in tissue cellularity and the consequent inadequate 

tissue reparative reactions are intimately linked to weak immune responses and impaired 

wound healing (Franceschi et al. 2018). MSCs extracted from young and elder individuals have 

been shown to have diverse properties. Upon isolation, MSC numbers obtained by bone 

marrow aspiration decline with donor age (A. Stolzing et al. 2008). Also, a reduction in colony 

forming efficiency, proliferative capacity and osteogenic potential has been observed in aged 

MSCs in comparison with juvenile cells (Zhou et al. 2008). 

Senescence constitutes an active mechanism that provides cellular homeostasis by blocking the 

proliferation of aberrant cells that are under stressful conditions, including aging 

(Fridlyanskaya, Alekseenko, and Nikolsky 2015; McHugh and Gil 2018). Accumulation of 

senescent cells in aged tissues may create a favourable environment for the onset and 

progression of various age-related diseases (Childs et al. 2017; Ermolaeva et al. 2018; Aramillo 

Irizar et al. 2018). 

The response to a gradual loss of genomic, proteomic and metabolic integrity in ageing MSCs 

is triggered and controlled by two main tumour suppressor pathways: p53-p21WAF1/CIP1-

retinoblastoma (RB) and p16ink4a-RB proteins (Zhou et al. 2008). Furthermore, reactive oxygen 

species and nitric oxide are thought to be involved in the ageing process, whose levels have 

been determined to be significantly higher in aged MSCs (A. Stolzing et al. 2008) and the 

induced oxidative stress can potentially impair normal biological functions of organisms 

(Alexandra Stolzing, Sethe, and Scutt 2006). The activation of chronic DNA damage response, 

telomere shortening, and upregulation of lysosomal protein levels are other typical signs of 

ageing cells (Hernandez-Segura, Nehme, and Demaria 2018). The activity of the specific 

lysosomal enzyme senescence-associated beta-galactosidase (SA-β-Gal) is widely used as 
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marker for the augmented lysosomal content of aged MSCs (Choudhery et al. 2014). 

Accumulating evidence also indicates that ageing is associated with a decrease in autophagy 

(López-Otín et al. 2013). Autophagy is a highly conserved pathway that removes redundant or 

defective organelles and protein aggregates. Its decrease in older cells has been associated with 

several age-dependent pathologies, spanning from neurodegenerative diseases to metabolic 

disorders (Martinez-Lopez, Athonvarangkul, and Singh 2015).  

Aged MSCs significantly affect their microenvironment, as they secrete pro-inflammatory and 

matrix-degrading molecules, a process known as senescence-associated secretory phenotype 

(SASP) (Childs et al. 2015). SASP includes a variety of soluble signalling factors (e.g. 

interleukins, chemokines and growth factors), secreted proteases, and insoluble extracellular 

matrix components. These molecules affect neighbouring cells by activating different cell-

surface receptors and the corresponding signal transduction pathways (Coppé et al. 2010).  

Increasing evidence suggests a role for exosomes in the establishment of age-dependent tissue 

alterations (Xu and Tahara 2013). Exosomes are nanovesicles (30-120 nm) secreted by all cell 

types and found in most of the body fluids. Along with trans-membrane proteins, they contain 

RNA material (mRNA and miRNA) and cytosolic proteins. Their active release from aged 

cells could influence the cellular microenvironment and lead to tissue degeneration and age-

related diseases (Isola and Chen 2017). MiRNAs are non-coding RNA molecules, composed 

of about 22 nucleotides, which function in RNA silencing and interference-mediated post-

transcriptional gene regulation. They are considered essential to normal cellular physiology 

and provide regulation of gene expression at the post-transcriptional level (Bartel 2018). Also 

miRNAs can directly contribute to age-related senescence by deregulating the cell cycle and 

modulating cytoskeletal dynamics (Maes et al. 2008; Li et al. 2011) (Fig. 3). 
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1.2 Tooth morphogenesis 
The development of craniofacial tissues is a unique process which occurs stepwise and is part 

of human prenatal development. During the fourth week, craniofacial development begins and 

requires many complex biological mechanisms. An important role during this process is played 

by the neural crest cells, whose migration is crucial for the development of the face and the 

teeth in craniofacial context. Tooth development progress through a series of morphological 

stages that necessitate sequential and reciprocal interactions between the oral epithelium and 

the underlying cranial neural crest-derived mesenchyme (Miletich and Sharpe 2004). 

 

I Iezzi et al.                                                                                                                  Ageing and dental pulp stem cells

179 www.ecmjournal.org

Fig. 2. ���������ȱ��������������ȱ��� ���ȱ���ȱ�ě����ȱ��ȱ������ȱ��ȱ���ȱ������ȱ����ȱ������. (a) The dental pulp 
from healthy teeth from young individuals has an appropriate volume and receives a rich vascularisation. 
�¡������ȱ��������ȱ����ȱ������ȱ����ȱ����ȱ�����ȱǻ�����Ǽȱ���������ȱ�ȱ�����ȱ������ȱ��ȱ����Ȭ����ȱ�����ȱ������¢ȱ
for age-associated diseases. (b) Age-related changes in dental pulp and DPSCs. Dental pulp volume and its 
���������������ȱ��������ȱ ���ȱ��������ȱ��ȱ���ȱ����ȱ������ȱ��ȱ¢����ȱ��������ǯȱ�ȱ��ě�����ȱ�����ę�ȱ������������ȱ
of the pulp also occurs during ageing. Telomere shortening, DNA damage, and oncogene activation are the 
������¢ȱ�������ȱ��ȱ��������¢ȱ��ȱ������ǯȱ����ȱ�������ȱ���������ȱ���ȱ��Ȧ�ŗŜȱ���� �¢�ȱ��ȱ�����ȱ����ȱ�¢���ȱ���ȱ
�������ȱ��� ��ȱ������ǰȱ�������ȱ��ȱ���Ȭ�������ȱ����ȱ����������ǯȱ���������ȱ�����ȱǻ����Ǽȱ���ȱ��������ȱ���ȱ��ȬΆȬ���ǰȱ
����������ȱ�¢�������ȱ�������ȱ������������ǰȱ���ȱ���ȱ�������������ȱ�¢ȱ�����ę�ȱ����������Ȭ����������ȱ��������¢ȱ
phenotype (SASP). SASP recruit immune cells (e.g. macrophages, neutrophils and natural killer (NK) cells) 
��ȱ������¢����ȱ���ȱ������ȱ����ǯȱ����ȱ���ȱ��ȱ����ȱ�����ȱ�������ȱ��Ě��������ȱ��ȱ������ȱ����ǰȱ����ȱ��������ȱ
multiple age-related diseases. Impairment of miRNAs may impact the chronic condition of dental pulp 
tissue (e.gǯȱ���ȬŗŞŗȱ�����¢ǰȱ���ŗśŖǰȱ���ȬśŞŚǰȱ���ŝŜŜȱ���ȱ���ȬŚřřǼǯȱ�����Ȭ�������ȱ�¡������ȱ���ȱ��������ȱ
in ageing processes and may constitute novel therapeutic tools in age-related diseases.

a

b

Figure 3. Age-related changes in MSCs. Telomere shortening, DNA damage, and oncogene activation are 
primary drivers of pathology in ageing. This process activates RB/p16 pathways to block cell cycle and 
sustain growth arrest, leading to age-related cell senescence. Senescent cells (SNCs) are positive for SA-β-
gal, indicating lysosomal content augmentation, and are characterised by specific senescence-associated 
secretory phenotype (SASP). SASP recruit immune cells to phagocytose and remove SNCs. Impairment of 
miRNAs may impact the chronic condition of several tissues. MSCs-derived exosomes are involved in ageing 
processes and may constitute novel therapeutic tools in age-related diseases. 
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1.2.1 Stages of tooth development 
After the sixth embryonic week a band of epithelial tissue arises in the more medial or buccal 

margin of the developing gingiva of both jaws, which is known as the dental lamina (Som and 

Miletich 2018). At specific intervals all along the dental lamina, the dental placodes are 

induced. They include thickened epithelium and underlying neural crest-derived 

ectomesenchyme; their reciprocal signalling will promote the development of the future tooth. 

During physiological conditions, dental placodes give rise to ten spherical tooth buds (bud 

stage) that penetrate the ectomesenchyme of both jaws thus forming deciduous teeth (Thesleff 

2014). By the eighth week, the ectomesenchyme below the tooth bud starts to condense and 

the ectodermal tooth bud extends partially around these condensed cells resulting in a cap-

shaped dental organ (cap stage). Afterword, it is possible to appreciate a clear division in two 

regions: the dental papilla and enamel organ. The ectomesenchymal tissue is the dental papilla, 

which will arise to most of the proper tooth, including dentine and dental pulp (Tziafas and 

Kodonas 2010). Instead, the enamel organ consists of inner and outer enamel epithelium. The 

first represents the ameloblastic layer, the second along with the stellate reticulum will form 

the future enamel. Moreover, between both epithelia there is the stratum intermedium, whose 

flat shaped cells may help orchestrate the progression of odontogenesis. During this stage the 

tooth acquires a bell shape, and it is referred to the bell stage (Balic and Thesleff 2015). At the 

bell stage, two mesenchymal cell populations can be distinguished: the dental follicle and 

dental pulp. Pulp cells adjacent to the dental epithelium differentiate into odontoblasts, while 

epithelial cells juxtaposing the dental pulp differentiate into ameloblasts (Thimios A. Mitsiadis 

and Graf 2009) (Fig 4). 

 

 
 
 
 
 
 

Figure 4. Morphological stages of human tooth development (dental lamina, bud stage, cap stage, bell stage). 
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1.2.2 Maturation of tooth cells  
Odontoblasts are polarized columnar cells with processes formed at their distal part. These 

processes penetrate the dentine and participate in the secretion of the dentine matrix, consisting 

of hydroxyapatite and organic matrix. The majority of organic dentine matrix is composed of 

collagen (90%) and non-collagenous proteins (NCPs), such as dentine matrix protein 1 (DMP1) 

that represent 10%, and dentine sialophosphoprotein (DSPP). NCPs play a role in transforming 

predentine to dentine and some of them promote the growth of hydroxyapatite crystals (Fig. 

5). Also, several extracellular matrix components, including proteins and lipids, are involved 

in the control of mineralization (Chaussain et al. 2013). Apatite minerals are deposited on the 

matrix by odontoblast during their maturation stage, forming the mature calcified dentine. 

Following initial dentine deposition, the ameloblasts polarize and start to secrete the enamel 

matrix along the dentine-enamel junction. The major components of enamel matrix proteins 

are amelogenins, a family of hydrophobic proteins accounting for more than 90% of the total 

proteins. Amelogenins self-assemble into supramolecular aggregates that form an insoluble 

extracellular matrix complex and operate to control the ultrastructural organization of the 

developing enamel crystallites (Lyngstadaas et al. 2009). Other hydrophobic proteins found in 

the enamel matrix include enamelin, ameloblastin (also called amelin or sheathlin), amelotin, 

apin and various proteinases as well. Although these proteins are expressed in fewer quantities, 

recent investigation confirmed their valuable roles in various aspects of periodontal 

regeneration (Miron et al. 2016). 

 

 

 

 

 
 

 

 

Figure 5. Mineralization process of odontoblasts. Dentineogenesis is initiated by the inductive influence 
of the enamel organ involving molecular signalling pathways, such as Wnt/ βcatenin, and Runx-2. 



 
 
 
 
 
 
 

15 

 

1.3 Human dental mesenchymal stem/stromal cells 
Dental tissues are specialized tissues that do not undergo continuous remodelling as shown in 

bone tissue. Therefore, differences have been noticed between the dental stem/stromal cell 

populations and BM-MSCs, since they appear to be more committed to odontogenic rather 

than osteogenic development. On the other hand, due to their embryological origin, dental 

stem/stromal cells possess characteristics akin to those of neural crest cells. These cells display 

multidifferentiative potential, with the capacity to give rise to several cell lineages, including 

osteo/odontogenic, adipogenic, chondrogenic and neurogenic (G.T.-J. Huang, Gronthos, and 

Shi 2009b). Postnatal dental pulp stem cells (DPSCs) were the first human dental MSCs to be 

identified. Gradually, other dental MSC-like populations, such as stem cells from human 

exfoliated deciduous teeth (SHED), periodontal ligament stem cells (PDLSCs), dental follicle 

progenitor cells (DFPCs), and stem cells from apical papilla (SCAP), were also reported (Egusa 

et al. 2012) (Fig. 6). 

 

1.3.1 Dental Pulp Stem Cells 
DPSCs were first isolated by enzymatic digestion from dental pulp tissue and found to express 

several surface markers, such as CD73, CD90, and CD105, but not CD14, CD34, or CD45 

(Gronthos et al. 2000; 2002). These cells showed similarities to BMSCs.  In fact, they have a 

fast population doubling time, possess immunosuppressive properties, and are prone to forming 

mineralised tissue (Peng, Ye, and Zhou 2009). Interestingly, it has been demonstrated that 

transplantation of expanded DPSC formed a dentine-pulp complex and transplantation of 

expanded BMMSCs formed ectopic bone (G. T.-J. Huang, Gronthos, and Shi 2009a; Tatullo 

et al. 2015). The tissue regeneration capability of BMMSCs and DPSCs was further examined 

by transplantation using human dentine as a carrier (Batouli et al. 2003). BMMSCs failed to 

form mineralized tissue on the surface of dentine or pulp-like tissue. On the other hand, DPSCs 

generated a reparative dentine-like structure in contact with the human dentine, indicating the 

possibility of using DPSCs in tooth repair. 
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In addition, DPSCs can differentiate in vitro into adipocytes, osteoblasts, chondrocytes, and 

myocytes, as well as neural cells, as confirmed by evaluating the expression of specific gene 

markers (d’Aquino et al. 2007; Arthur et al. 2008; Patil et al. 2014).  

One important feature of DPSCs is their odontoblastic differentiation potential. Human pulp 

cells can be induced in vitro to differentiate into cells of odontoblastic phenotype, characterized 

by polarized cell bodies and accumulation of mineralized nodules (Couble et al. 2000). If 

seeded onto dentine, some DPSCs convert into odontoblast-like cells with a polarized cell body 

and a cell process extending into the existing dentinal tubules (George T.-J. Huang et al. 2006). 

In addition, a valid in vivo regenerative and immunomodulatory potential have been assessed. 

In fact, transplanted ex vivo expanded DPSCs mixed with hydroxyapatite/tricalcium phosphate 

(HA/TCP) has been demonstrated to form ectopic pulp-dentine-like tissue complexes in 

immunocompromised mice (Batouli et al. 2003).  

 

1.3.2 Stem Cells from Human Exfoliated Teeth 
The transition from deciduous teeth to adult permanent teeth is a unique and dynamic process 

in which the development and eruption of permanent teeth are coordinated with resorption of 

the deciduous teeth roots (Parner et al. 2002). A distinct population of multipotent stem cells 

can be isolated from the remnant pulp of exfoliated deciduous teeth and expanded ex vivo, 

thereby unexpectedly providing a unique and accessible tissue source of MSCs (Miura et al. 

2003). SHED are distinct from DPSCs due to their higher proliferation rate, increased cell 

population doublings time, and ability to form sphere-like cell cluster. SHED display surface 

markers that conform to the minimal criteria for MSCs proposed by ISCT, and they also 

express the embryonic stem cell markers Oct4 and Nanog, the neural stem cell marker Nestin, 

and the stage-specific embryonic antigens SSEA-3 and SSEA-4 (Miura et al. 2003). 

 

1.3.3 Periodontal Ligament Stem Cells 
The periodontal ligament (PDL) is a soft connective tissue embedded between the cementum 

and the alveolar bone socket. Early evidence showed that PDL not only plays an important role 

in supporting teeth, but it also contributes to tooth nutrition, homeostasis, and the regeneration 

of periodontal tissue (Bartold et al. 2000). Explant cultures or enzyme digestion treatment of 
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the PDL released a population of PDLSCs, postnatal multipotent stem cells that could be 

readily expanded in vitro to generate a cementum/PDL-like complex. Additionally, PDLSCs 

are highly proliferative cells and express STRO-1 and other MSC surface markers that are also 

present on DPSCs (Seo et al. 2004). PDLSCs express a higher level of the tendon-specific 

marker scleraxis than do DPSCs, suggesting that PDLSCs might form a unique population of 

postnatal MSCs (Wada et al. 2009). 

 

1.3.4 Dental Follicle Stem Cells  
The dental follicle is an ectomesenchymal tissue that surrounds the developing tooth germ prior 

to eruption. This tissue is thought to contain stem cells and lineage committed progenitor cells 

for cementoblasts, periodontal ligament cells, and osteoblasts. Progenitor cells have typically 

been isolated from the dental follicle of human third molars (Morsczeck et al. 2005). Like other 

dental stem cells, DFPCs have an extensive proliferative ability, express similar cell surface 

antigens, and demonstrate osteogenic differentiation capacity in vitro after induction (G.T.-J. 

Huang, Gronthos, and Shi 2009). Moreover, they differentially express osteocalcin (OCN) and 

bone sialoprotein (BS) after transplantation in immunocompromised mice (Morsczeck et al. 

2005). 

 

1.3.5  Stem Cells from Apical Papilla 
The apical papilla is the soft tissue found at the apices of developing permanent teeth. In 

developing teeth, root formation begins with the apical proliferation of epithelial cells from the 

cervical loop. The dental papilla contributes to tooth formation and is eventually converted into 

pulp tissue, and an apical cell-rich zone lies between the apical papilla and the pulp (Sonoyama 

et al. 2008). A unique population of MSCs referred as SCAPs was discovered in the apical 

papilla of human immature permanent teeth. SCAPs show a higher proliferation rate and 

mineralization potential than DPSCs, and they express typical MSC markers, including STRO-

1, CD73, CD90, and CD105 (Ding et al. 2010). Similarly to DFPCs, SCAPs represent a 

population of cells from a developing tissue and might thus exhibit greater plasticity than other 

dental stem cells (DSCs). 
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1.4 DPSCs clinical potential and possible limits 
It has long been established that dental pulp possesses remarkable regenerative abilities. Upon 

tooth injury, odontoblasts, the pulp-derived cells responsible for dentine production, 

degenerate and are replaced by undifferentiated mesenchymal cells that migrate to the affected 

site from the deeper regions of the pulp (T.A. Mitsiadis and Rahiotis 2004; T. A. Mitsiadis, 

Orsini, and Jimenez-Rojo 2015). These cells differentiate into new odontoblast-like cells and 

produce reactionary/reparative dentine (Mitsiadis and Rahiotis, 2004; Mitsiadis et al., 2015; 

Orsini et al., 2018) (Fig. 7). 

To date, DPSCs have been used for tissue-engineering studies to assess their potential in pre-

clinical applications. Tissue-engineering has been defined as interdisciplinary field that applies 

the principles of life science and engineering toward the development of biological substitutes 

that restore, maintain, or improve tissue function or a whole organ (Langer and Vacanti 1993). 

In this sense, the creation of a medical device requires accessible sources of cells and 

biocompatible materials that can also carry signalling molecules. DPSCs represent a specific 

cell type that may contribute to the regeneration of several tissues due to the peculiar 

development pathway that gives rise to the dental pulp; therefore, it could be applied in 

numerous medical fields (Anitua, Troya, and Zalduendo 2018). 

Figure 6. Sources of adult stem cells in the oral region. DPSCs: dental pulp stem cells; SHED: stem cells 
from human exfoliated deciduous teeth; PDLSCs: periodontal ligament stem cells; DFSCs: dental follicle 
stem cells; TGPCSs: tooth germ progenitor cells; SCAP: stem cells from the apical papilla. Modified by 
Egusa et al., 2012. 
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1.4.1 Regeneration of oral and maxillofacial defects 
Preservation of dental pulp function is crucial for the teeth homeostasis, thus root canal therapy, 

that is necessary after the infection of pulp by caries or trauma, could lead to the loss of the 

dental piece. In early studies, Gronthos et al. demonstrated that transplantation of in vitro 

expanded DPSCs formed a dentine-pulp complex (Gronthos et al. 2002). Other results showed 

the possibility of using DPSCs in tooth repair by in vivo transplantation of stem cells or in vitro 

culture on biodegradable scaffolds and subsequent transplantation in vivo. In fact, the tissue 

regeneration capability of DPSCs was investigated using human dentine as a carrier where 

cells generated a reparative dentine-like structure directly on the surface of human dentine 

Figure 7. Schematic representation of a tooth indicating the regenerative capacity of the dentine-pulp 
complex upon a carious lesion. Reactionary dentine is deposited by odontoblasts in response to a mild 
insult, potentially including proinflammatory mediators. These molecules are in charge to activate the 
immune response against the pathogens. Reparative dentineogenesis is a more complex mechanism and 
requires the generation of new odontoblast-like cells from stem/progenitor pulp.  
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(Batouli et al. 2003). In addition, the complete in situ pulp regeneration with neurogenesis and 

vasculogenesis in an adult canine model of pulpectomy after autotrasplantation of DPSCs has 

been demonstrated (Iohara et al. 2011). In case of entire pulp tissue lost, different material 

platforms have been tested, such as PEGylated fibrin, silica bioactive glass-induced, 

collagen/chitosan hydrogel, and so on (Galler et al. 2011; Qu and Liu 2013; Ravindran et al. 

2013). Several investigations have demonstrated the importance of direct vascular supply to 

achieve de novo pulp regeneration. For example, porcine DPSCs were seeded on organic or 

synthetic scaffold and implanted as hybrid root implants in the jaw bone of minipigs. Even 

though newly formed organic matrix of pre-dentine was deposited on the root canal walls, 

necrotic tissue at the central area of some implant was observed (Kodonas et al. 2012).  

Successful reconstruction of bony defect is a difficult task in craniofacial surgery. The gold 

standard treatment consists of the autogenous bone alone or combined with other autologous 

biomaterials (Elsalanty and Genecov 2009). However, the ectomesenchymal origin of DPSCs 

gives them an osteogenic differentiation profile resulting in an emerging alternative option. A 

fully compact bone with high matrix dentistry was found in regenerated bone tissue after a 

grafting intervention with DPSCs seeded onto a collagen sponge scaffold (Giuliani et al. 2013). 

Other constructs of DPSCs and scaffolds have been assayed for calvaria defects in animal 

models with successful generation of bone  (Chamieh et al. 2016; Wongsupa et al. 2017). 

Consequently, it could be stated that an alternative option for bone tissue engineering has 

emerged. 

 
 
1.4.2 Regeneration of other tissues 
Numerous neurological disorders are characterized by the degeneration of neurons and 

consequently loss of their function, including Alzheimer, Parkinson, neurodegenerative 

disease, stroke, spinal cord injury, and peripheral nerve injury. DPSCs derive from the neural 

crest; therefore, they exhibit a high expression of several neural crest-related genes. Recently, 

several authors have demonstrated the in vitro neural differentiation potential of DPSCs using 

different approaches and methods (Arthur et al. 2008). The neuroregenerative capability of 

these cells has been also validated by in vivo works, especially for treating local sciatic damage, 

peripheral nerve lesion or spinal cord injuries (Askari et al. 2014; J. Zhang et al. 2016). 
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Vasculogenesis is a potential therapy for ischemic disease. Vessel development consists of 

complex and dynamic processes, such as ECM degradation, endothelial cell proliferation and 

migration, and tube formation and maturation into functional blood vessels. The ability of 

DPSCs for the treatment of myocardial infarction and ischemia has been evaluated in numerous 

studies (Bronckaers et al. 2013; Shen et al. 2015). Moreover, recent in vitro and in vivo 

experiments proved the regenerative potential of DPSCs on corneal and retinal degenerative 

disease. They prevent retinal ganglion cells from death and protected their axons, thus 

preserving their function (Mead et al. 2016). The efficacy of DPSCs transplantation for the 

treatment of diabetes has also been demonstrated. Currently, the expression of genes related to 

pancreatic β-cell development and function were reported after 7 days of differentiation. Also, 

the capacity of these cells to convert into insulin-producing cells was confirmed (Kanafi et al. 

2013). Furthermore, DPSCs may be a promising cell resource for liver regenerative medicine. 

Their differentiation potential into hepatocyte-like cells has been proven (Ishkitiev et al. 2012). 

A recent in vivo investigation showed that the combination of melatonin and hDPSCs 

significantly suppressed liver fibrosis and restored transaminase and ammonia levels in murine 

model (Cho et al. 2015). Additionally, the in vitro ability of hDPSCs to differentiate into 

bladder smooth muscle cells has been reported (Song et al. 2016).  Regeneration of new end 

bulbs and the creation of multiple differentiated hair fibbers have also been described after 

DPSC transplantation into surgically inactivated hair follicles (Reynolds and Jahoda 2004). 

Finally, the formation of bone, cartilage and adipose tissue, along with tendon-like tissue have 

been revealed after transplant of DPSCs cultured with basic fibroblastic growth factor in 

immunocompromised mice (Morito et al. 2009; Y.-Y. Chen et al. 2016). All these studies 

explore the potential of DPSCs as a therapy for several biomedical applications. 
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2 AIM OF THE THESIS 
 

 

General aim 

The overall aim of the work in this thesis was to deepen our knowledge about human DPSCs 

(hDPSCs) behaviour considering their clinical application in dentistry. To this aim three 

different in vitro approaches were used. 

 

 

Specific aims  

 

Study I 

Examination of senescence features of hDPSCs and their possible role in the impairment of 

multipotency and differentiation capability. 

 

Study II 

To study the impact of an age-related microenvironment on the biological performance of 

hDPSCs isolated from young and old subjects. 

 

Study III 

To investigate the effects of commonly used restorative nanofilled composites on hDPSCs in 

terms of cell proliferation, apoptosis and differentiation potential, as well as in matrix 

mineralization. 
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3 MATERIALS AND METHODS 
 
 
3.1 Dental pulp collection and DPSC culture 
In collaboration with Odontostomatological and Special Surgery Unit, Ospedali Riuniti of 

Ancona, the dental pulp was obtained from third molars of 21 individuals gender matching, 

following approved guidelines set by the Local Ethics Committee. All patients were aware of 

the voluntariness of their participation and provided informed consent in the form of verbal 

authorization.  

Extracted teeth were stored in Dulbecco’s Modified Eagle’s Medium F12 (DMEM/F12) 

supplemented with 10% Foetal Bovine Serum (FBS), 2% penicillin/streptomycin (p/s) until 

the removal of the pulp, within 24 hours. Before pulp extraction, the tooth was cleaned with a 

tissue soaked in 70% ethanol and attached tissues were removed with a scalpel. The cleaned 

tooth was wrapped into tinfoil, previously sterilized and broken in a screw clamp. After 

mechanical fracturing, the pulp was gently removed with a dentinal excavator and minced. The 

small pieces were placed for 1h at 37°C in a T25 flask with the digestion solution of 3.0 mg/ml 

type I collagenase and 4.0-mg/ml dispase for 1h. Then, the solution was filtered with a 70 μm 

cell strainer to remove non-digested tissue pieces and centrifuged at 1500 rpm for 10 min. Cells 

were transferred into T25 flask with complete culture medium DMEM/F12 added with 10% 

FBS and 1% p/s. The cultures were maintained in a 5% CO2 humidified incubator at 37°C. 

DPSCs were observed under Nikon Eclipse E600 light microscope to evaluate their 

morphologic appearance. 

 

3.1.1 First study 
In the first study 12 individuals gender matching (mean age, 43 years; range 20-64 years) were 

divided into three age groups: group Y (21 years; 20-23 years), group M (43 years; 42-45 years) 

and group O (64 years; 62-66 years). 
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3.1.2 Second study 
In the second investigation 6 subjects gender matching (mean age, 43 years; range 20-64) were 

enrolled into two age groups: group Y (21 years; 20-23) and group O (64 years; 62-66 years). 

The dental pulp cell-conditioned medium (DPC-CM) was collected as described by Ma et al., 

(Ma et al. 2009). Briefly, the culture medium of primary dental pulp cells at 70% confluence 

was changed every 24 hours until full confluence, then the supernatant was collected every day 

and filtered through a 0.22 µm Millipore strainer (TPP, Trasadingen, Switzerland), followed 

by centrifugation at 2000g for 10 minutes. The supernatant was mixed with equal volume of 

fresh complete medium (dil. 1:1) and used as DPS-CM for DPSC culture. The complete 

medium was used as control medium (group Y ctrl, group O ctrl). DPSCs of group Y were 

treated with group O DPSC-CM (group Y-test) and DPSCs of group O were treated with group 

Y DPSC-CM (group O-test). The average time period for culture was 7 days.  

 

3.1.3 Third study 
In the third research 3 individuals gender matching (mean age, 22 years; range, 20-24 years) 

have been involved and samples were divided into three groups: group A (DPSCs in culture 

with dentine pieces), group B (DPSCs in culture with composite Supreme Filtek XTE, 3M) 

and control group (DPSCs cultured on tissue culture plates, TCPs).  

Extracted third molars were chosen, stored in ethanol 70%, and fragmented accurately 

selecting only dentine. The composite pieces (1 cm2 each) were light-cured (40 s). 12 pieces 

of dentine, as well as of composite were autoclaved. 2,5 × 103 cells/cm2 were seeded in 6-well 

plates and 3 ml of basal medium were added. After 24 h a tooth piece was added to 12 wells 

(group A) and a composite piece to another 12 wells (group B), the remaining 12 wells 

representing the control. Cells were cultured for three weeks and medium was changed every 

3 days.  

 

3.2 Flow cytometric analysis 
For immunophenotyping 2.5 × 104 cells underwent flow cytometric analysis according to the 

International Society for Cellular Therapy (ISCT) for the identification of human mesenchymal 

stem cells (hMSCs; Dominici et al. 2006).  
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hDPSCs were stained for 25 min at RT with anti‐CD90, CD105, CD34, CD73, and HLA-DR 

(all from Immuno Tools, Friesoythe, Germany) for 30 min at 4°C. For isotype controls, the 

primary antibodies were used instead of FITC- or PE‐coupled nonspecific mouse 

immunoglobulin G. Cell fluorescence was evaluated in a FACSCalibur flow cytometry system 

(BD Italia, Milan, Italy) and data were analysed using FCS Express 6 Plus software (De Novo 

Software, Glendale, CA). In addition, physical parameters such as cell size (forward scatter 

[FSC]) and granularity (side scatter [SSC]) were analysed.  

 
3.3 Senescence-associated-β galactosidase assay (SA-β-Gal) 
The SA-β-Gal activity was determined using a SIGMA kit (Sigma-Aldrich, Milan, Italy) 

according to the manufacturer’s instructions. In brief, hDPSCs were cultured overnight on two-

well Lab-Tek® Chamber Slides (Sigma-Aldrich) at a density of 2 × 104 cells/cm2 and fixed 

with 4% paraformaldehyde (PFA). After overnight incubation with SA-β-Gal, cells were 

washed with phosphate-buffered saline (PBS), counterstained with hematoxylin and then 

observed under Nikon Eclipse 600 light microscope. Images were captured with a Nikon 

DSVi1 digital camera and processed with NIS Elements BR 3.22 imaging software (all from 

Nikon Instruments, Florence, Italy). The senescent cells, blue-stained, were counted in at least 

five randomly selected fields per sample and quantified as a percentage of the total counted 

cells. Mean ± SD was considered.  

 

3.4 Immunocytochemistry 
For ICC staining, 15 × 104 cells per well hDPSCs were cultured on two-well Lab-Tek® 

Chamber Slide, fixed in 4% PFA in 0.1M sodium phosphate buffer pH 7.4 for 20 min at room 

temperature (RT) and then permeabilized in 0.1% Triton X-100 in PBS for 10 min. Following 

overnight incubation at 4°C with mouse anti-human p16ink4a monoclonal antibody (1:50; Santa 

Cruz Biotechnology, Santa Cruz, CA), hDPSCs were immunostained using the streptavidin-

biotin peroxidase technique (Envision Peroxidase Kit; DakoCytomation, Darmstat, Germany). 

After the incubation with 0.05% 3,3′-diaminobenzidine (Sigma-Aldrich) in 0.05 M Tris buffer, 

pH 7.6, with 0.01% hydrogen peroxide, cells were counterstained with hematoxylin, 

dehydrated in ethanol, and cover-slipped with Eukitt mounting medium (Electron Microscopy 
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Sciences, Hatfield, PA). For negative controls, the primary antibody was replaced with 

nonimmune serum. The immunocytochemical expression of p16ink4a was evaluated under 

Nikon Eclipse E600 light microscope by two independent observers. Images were captured 

and processed as above.  

 

3.5 Population doubling time 
hDPSCs were seeded at an initial density of 5 × 104 cells/well in six-well tissue culture plates 

(VWR®, VWR International Srl, Milan, Italy). Cells were detached by trypsinization every 4 

days, counted and reseeded at the same density. To examine the time required by cells of each 

population to double, PDT was calculated according to the formula:  

PDT = T log2/(log Nf − logN0),  

where T represents the duration of cell culture (in days) and Nf and N0 the final and the initial 

concentration, respectively (Roth V. 2006).  

 

3.6 Telomere length determination 
Telomere length was assessed by Relative Human Telomere Length Quantification qPCR 

Assay Kit (ScienCellTM, Carlsbad, CA; 92011) according to the manufacturer’s instruction. 

The average telomere lengths of samples designed were directly compared by telomere primer 

set that recognized and amplified telomere sequences.  

 

3.7 In vitro cell differentiation 
For adipogenic, osteogenic, and chondrogenic differentiation, commercial kits from Life 

Technologies Corporation (Carlsbad, CA) were used according to the manufacturer’s 

instruction. For adipogenic differentiation 104 cells/cm2 were seeded in two-well Lab-Tek® 

Chamber Slide and treated with the appropriate medium (STEM- PRO® Adipogenesis Kit, 

Gibco life technologies, Grand Island, NY) for 14 days, changing the medium twice a week. 

Differentiation was assessed by Oil red staining. Briefly, cells fixed in 4% PFA were exposed 

to Oil Red O solution (0.5% in 100% isopropyl alcohol) for 30 min at RT, cleared with 

isopropanol 60%, washed in dH2O, and counterstained with hematoxylin. Cells were 

immediately observed under a light microscope to avoid stain decay and counted.  
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For osteogenesis, cells were seeded at a density of 1.5 × 103 cells/cm2 in two-well Lab-Tek® II 

Chamber Slide and treated with STEMPRO® osteogenesis medium for 3 weeks, changing the 

medium twice a week. Alkaline phosphatase (ALP) staining was performed after 1 week by 

incubating cells with a solution of 5- bromo-4-chloro-3-indolyl phosphate (BCIP) and nitroblue 

tetrazolium (NBT) alkaline-phosphate substrate (Sigma-Aldrich) in 100 mM Tris-HCl (pH 

9.5), 100 mM NaCl, 10 mM MgCl2 buffer for 1 hr at RT, and rinsed in dH2O. After 3 weeks, 

mineralization was assessed by Alizarin Red S (ARS) staining (Sigma-Aldrich). Briefly, cells 

were fixed with 4% PFA in PBS for 10 min, incubated with ARS for 30 min at RT and finally 

washed in dH2O. The reaction was observed under Nikon Eclipse 600 light microscope. To 

quantitatively determine calcium mineral deposits, ARS was extracted with 10% 

cetylpyridinium chloride in 10 mM sodium phosphate for 60 min at RT. Concentration was 

quantified spectrophotometrically at 540 nm (Secoman, Anthelie light, version 3.8; Contardi, 

Cesano Maderno, Italy).  

For chondrogenesis, hDPSCs were cultured in a pellet culture system. For the preparation of 

each pellet, aliquots of 106 cells in 1 ml of STEMPRO® Chondrogenesis Kit (STEMPRO® 

Chondrogenesis Kit. Gibco life technologies, Grand Island, NY) were spun down at 1200 rpm 

for 5 min. Pellets were cultured for 14 days, changing the medium twice a week. Pellets were 

then fixed in 4% PFA, paraffin-embedded, and sectioned. Sections were exposed to a solution 

of Alcian Blue (pH 1; Bio-Optica, Milano, Italy) for 30 min at RT and observed under Nikon 

Eclipse 600 light microscope.  

Odontogenic differentiation was obtained by seeding 2.5 × 103 cells/cm2 into six-well plates 

(VWR®) and cultured for 3 weeks in α-minimum essential medium (α-MEM) supplemented 

with 10% FBS, 1% penicillin/streptomycin, 10 mM/L β-glycerophosphate, 10 nM/L 

dexamethasone and 50 μg/ml ascorbic acid (all from Sigma-Aldrich). Differentiation was 

assessed by the detection of dentine matrix acidic phosphoprotein 1 (DMP1) and dentine 

sialophosphoprotein (DSPP).  

For cytoplasmic DMP1 detection, cell cultures underwent digestion with type I collagenase.  

Neurogenic differentiation was generated by seeding hDPSCs at a density of 2.5 × 103 cells/cm2 

into six-well plates (VWR®) in Neurobasal Medium (Gibco®, Life Technologies, Carlsbad, 

CA) supplemented with 1% penicillin/streptomycin, 1% B27 (Gibco®, Life Technologies), 
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40ng/ml fibroblast growth factor 2, and 20 ng/ml epidermal growth factor (both from Immuno 

Tools). A medium was changed every 3–4 days. Differentiation was assessed by the detection 

of nestin and β-tubulin III after 2 weeks.  

Control cultures were represented by cells maintained in an appropriate medium without 

differentiating factors for the same time.  

 

3.8 Quantitative polymerase chain reaction (qRT-PCR) 
qRT-PCR reactions were carried out in triplicate. Threshold cycle values were quantified, and 

the expression of each gene was normalized relative to that of reference genes.  

Real-time assays were performed by the Mastercycler RealPlex2 (Eppendorf GmbH) using 

SsoFastTM EvaGreen Supermix 1x, in a final volume of 10 ml. All PCRs contained 1 μl of 

complementary DNA. Each PCR assay was performed in the white plate and comprised at 

95°C for 30 s for enzyme activation and 40 cycles of denaturation at 95°C for 5 s, annealing, 

and extension at 60°C for 20 s. Every primer was used at 10 μM final concentration. Primer 

sequences were designed by Primer 3 web (Primer3Web version 4.1.0, https:// primer3.ut.ee/) 

(and their specificity was tested by BLAST to avoid any appreciable homology to pseudogenes 

or other unexpected targets). In each assay, the messenger RNA (mRNA) of both reference 

genes and each gene of interest were measured simultaneously under identical conditions. 

Primers showed the same amplification efficiency. The specificity of the PCR reactions was 

confirmed by melt curve analysis: for each amplicon, the detected melting temperature was the 

expected one.  

Each assay was performed in triplicate and threshold Cycle (Ct) values for reference genes 

were used to normalize cellular mRNA data. In this instance, normalization involved the ratio 

of mRNA concentrations for specific genes of interest (as mentioned above) to that 

corresponding to Ct medium values for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

and β-glucuronidase (GUSB; Ragni et al. 2013). The amount of each mRNA was calculated 

using the comparative Ct method with ΔCt = Ct (mRNA) − Ct (GAPDH/GUSB), and data were 

expressed as gene relative expression (2−ΔCt). Moreover, to highlight the effect of aging or 

material on cell behaviour, ΔΔCt method for the evaluation of fold-change (2−ΔΔCt) was used 

comparing values obtained in cells of test groups with those of control groups (Livak and 
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Schmittgen 2001). The qPCR efficiency in all our experiments was more than 90%. The 

difference between the actual and theoretical (100%) efficiencies would result in an 

underestimation of the mRNA concentration of all the analysed samples. Oligonucleotide 

sequences for target genes are reported in Table 3.  

 

3.9 Western blot (WB) analysis 
The expression of specific proteins was quantified by WB. In particular, in the first study 

DMP1, Nestin, and β-tubulin III were analysed in hDPSCs after odontogenic and neurogenic 

differentiation. hDPSC total proteins were extracted at the fourth passage of subculture in basal 

cultures (i.e., cells grown in DMEM/F12) and after cell differentiation toward odontoblast and 

neuron phenotypes. Moreover, to ascertain the possible natural hDPSCs differentiation a 

further control was represented by cells cultured in appropriate media without differentiating 

cues. In the third investigation DMP1 protein expression was quantified evaluating the 

mineralization capability between different biomaterials. 

Radioimmunoprecipitation assay buffer (RIPA Lysis Buffer System; Santa Cruz 

Biotechnology) was used for protein extraction. Protein concentration was determined using 

Bradford reagent (Sigma-Aldrich). Electroblotting was performed using Wet Blotting System 

(XCell II Blot Module; InvitrogenTM). Membranes were incubated overnight with primary 

antibodies anti-DMP1 (1:200, Santa Cruz Biotechnology), anti-Nestin and β-tubulin III (1:500; 

Santa Cruz Biotechnology) followed by incubation with a secondary antibody conjugated to 

horseradish peroxidase (1:1000; Santa Cruz Biotechnology). The signals were captured using 

an Alliance Mini system (UVITEC, Cambridge, UK); the DMP1, Nestin, and β-tubulin III 

bands were quantified with UVITEC software and their intensity was normalized by 

comparison to the GAPDH housekeeping, used as a loading control. The intensity of each band 

was then compared with the negative controls and any change was expressed as a ratio.  
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3.10 Immunofluorescence 
In the first study, hDPSCs were seeded at the density of 2.5 × 104 cells per well on two-well 

Lab-Tek® Chamber Slides and treated with neurogenic differentiating media for 2 weeks. For 

the detection of Nestin and βtubulin III localization IF was performed. After differentiation 

cells were fixed in 4% PFA and then permeabilised in 0.1% Triton X-100 in PBS. For 

immunofluorescence morphological analysis, samples were blocked with a 2% bovine serum 

albumin (BSA) solution in PBS for 30 min. Cells were then incubated overnight at 4°C with 

mouse anti-human-nestin or anti-human-β tubulin III (1:500; Santa Cruz Biotechnology). After 

overnight incubation, cells were stained with a goat anti-mouse FITC-conjugated secondary 

antibody (Bethyl Laboratories Inc., Montgomery, Alabama; dilution, 1:100).  

In the second investigation, to measure cell death, hDPSCs were subjected to TUNEL 

Table 3. Analysed gene description. 

Genes Primer Forward (5’->3’) Primer Reverse (5’->3’)

Sox2 ACACCAATCCCATCCACACT GCAAACTTCCTGCAAAGCTC

Oct4 AGCGAACCAGTATCGAGAAC GCCTCAAAATCCTCTCGTTG

Nanog TGAACCTCAGCTACAAACAG CTGGATGTTCTGGGTCTGGT

Klf4 CCCACACAGGTGAGAAACCT ATGTGTAAGGCGAGGTGGTC

Bmp2 CCAGCCGAGCCAACACTGTGC TCTCCGGGTTGTTTTCCCACTCG

Runx2 CTCGTCCGCACCGACAGCC TACCTCTCCGAGGGCTACCACC

β-catenin CCAATGGCTTGGAATGAGAC GTTCCATCATGGGGTCCATA

Bglap GACTGTGACGAGTTGGCTGA GCCCACAGATTCCTCTTCTG

DMP1 AGGAAGACAGTGACTCCAGC GAATGGCTTTCCTCGCTCTG

DSPP AGCAAACCACTGGAGAGACA CCCTTCTCCCTTGTGACCAT

Nestin CAATCCCTGCAAAAGGAGAA TGGAGATCTCAGTGGCTCTT

β-tubulin III AGGAAGACAGTGACTCCAG CAGGCAGTCGCAGTTTTCA

CD 105 AGTCTTGCAGAAACAGTCCA TGGACTTCAAGGATGGCATT 

CD 90 AATACCAGCAGTTCACCCAT GCTAGTGAAGGCGGATAAGT 

CD 73 AGCTTACGATTTTGCACACC ATCTGCTGAACCTTGGTGAA 

Gusb* AAACGATTGCAGGGTTTCAC TCTCGTCGGTGACTGTTCA

Gapdh* AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC

Sox2=Sex-determining region Y (SRY)-Box2); Oct4=octamer-binding transcription factor 4; Kfl4=Kruppel-like factor 4; Bmp2=bone morphogenetic protein 2;
Runx2=runt-related transcription factor 2; Bglap= osteocalcin; DMP1=Dentin matrix acidic phosphoprotein 1; DSPP=Dentin sialophosphoprotein; Gusb= beta
glucuronidase; Gapdh= glyceraldehyde-3-phosphate dehydrogenase. * reference genes
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immunofluorescence assay using the In Situ Cell Death Detection Kit (Roche Diagnostics, 

Indianapolis, IN) according to the manufacturer’s protocol. To detect cell proliferation Ki67 

antibody (Abcam, Cambridge, MA) was used on hDPSCs and countered with goat anti-mouse 

FITC-conjugated secondary antibody (Bethyl Laboratories Inc., Montgomery, Alabama; 

dilution, 1:100) to locate the primary Ab. The quantification of the TUNEL and Ki67 data were 

performed by using ImageJ 2.0.0 software on images captured at 40X magnification which 

counts the nuclei (DAPI staining) and the TUNEL and Ki67 positive cells and calculates the 

percentage of positive cells to the total number of cells.  

In all studies nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) and 

samples were mounted using Vectashield® mounting medium (Vector Laboratories Inc, 

Burlingame, CA). For negative controls, the primary antibody was replaced with nonimmune 

serum. Cells were observed with a Nikon E600 fluorescence microscope.  

 

3.11 Statistical analysis 
Statistical analysis was performed by Prisma 4 Software (GraphPad Software, La Jolla, CA). 

Mean and SD of three different experiments were reported. Data were analysed by analysis of 

variance and Bonferroni’s T-test. Statistical significance was tested at p < 0.05.  
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4 RESULTS 
 

 
 
 

4.1 First study 
This study evaluated the senescence features of hDPSCs and their possible effects in the 

impairment of multipotency and differentiation capability of cells. 

 

4.1.1 Senescent features in hDPSCs 
To ascertain the presence of age-related changes in cells derived from the three groups, we 

analysed the expression of SA-β-Gal and p16ink4a, SSC, and FSC cytofluorimetric parameters, 

as well as changes in telomere length. The positive rate of SA-β-Gal and p16ink4a was 

remarkably higher in hDPSCs of group O in comparison with cells harvested from younger 

subjects (Figure 4.1a, b). As far as p16ink4a is concerned, we detected a significantly (p < 0.05) 

higher number of positive cells in groups M (81 ± 4%) and O (97 ± 5%) in comparison to group 

Y (56 ± 3%). Flow cytometry analysis confirmed SA-β-Gal observations, evidencing an 

increase of SSC values with aging. On the contrary, no changes in cell size were observed 

(Figure 4.1c). PDT showed no differences until passage 13 of subculture. After then, cells from 

Table 4. Group abbreviations. 
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groups M and O started to slow down and at P17 hDPSCs of group O stopped their proliferation 

(Figure 4.1d).  

qRT-PCR analysis displayed changes in the expression of stemness genes in relation to age 

(Table 4.1a). Comparing gene expression of hDPSCs from groups M and O with those of group 

Y, a slight upregulation of sex-determining region Y (SRY)-Box 2 (Sox2) mRNA expression 

and downregulation of both octamer-binding transcription factor 4 (Oct4) and Nanog were 

showed. On the contrary, the expression of Kruppel-like factor 4 (Klf4) appeared 

downregulated in cells from group M and almost unchanged in hDPSCs from group O (Figure 

4.1e). 

At last, the length average of telomere of group Y was 1.1- and 1.2-fold longer than that of 

groups M and O, respectively, strengthening the features of age-related changes in our hDPSCs 

(Table 4.1b).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 4.1a. Detection of SA-β-Gal (arrowhead) in hDPSCs isolated from three different age groups.  
*p < 0.05 versus group Y, #p < 0.05 versus group M. 
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Figure 4.1b. Immunocytochemical analysis of p16ink4a in the differently aged hDPSCs. 
*p < 0.05 versus group Y, #p < 0.05 versus group M. Arrowheads show negative nuclei. 

 

Figure 4.1c. Histograms of cytofluorimetric detection of changes in cell internal complexity (SSC) and 
size (FSC). *p < 0.05 versus group Y. 
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Figure 4.1d. Histograms of the evaluation of PDT during subculturing of hDPSCs isolated from three 
different age groups. *p < 0.05 versus group Y, #p < 0.05 versus group M. 

 

Figure 4.1e. Histograms depict changes in stemness gene mRNA expression in the differently aged 
hDPSCs. Data are expressed as fold-regulation (2−ΔΔCt), the dotted black line indicates the mRNA 
expression of group Y; *p < 0.05 versus group Y, #p < 0.05 versus group M.  
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Table 4.1a. mRNA relative expression in native cells. 

 

Table 4.1b. qPCR quantification of telomere length in the three different age groups. 
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4.1.2 hDPSCs characterization and mesenchymal tissues differentiation 
hDPSCs isolated from the three groups showed no differences in their ability to adhere to 

plastic, in morphology (Figure 4.1f) and in their phenotypic profile according to ISCT criteria: 

Our cells were positive for CD73, CD90, and CD105 and negative for CD45, HLA-DR, and 

CD14 (Figure 4.1g). The analysis of their differentiation capability exhibited a reduction of the 

adipogenic and osteogenic potential in cells from group O in comparison with both groups Y 

and M, as evidenced by Oil red, ALP and ARS stainings. On the contrary, no changes in 

chondrogenic potential were observed (Figure 4.1h). Age-related modifications of genes 

involved in osteogenic differentiation were detected, with a decrease in runt-related 

transcription factor 2 (Runx2), β-catenin, and bone γ-carboxy glutamic acid-containing protein 

(BGLAP) expression (Table 4.1a). It was interesting to observe that, after 3 weeks in 

odontogenic media, the expression of mRNA for Bmp2, markedly upregulated before 

differentiation, appeared downregulated in groups M and O in comparison with group Y. On 

the contrary, no significant changes were detected for the other osteogenic genes except for 

BGLAP (Figure 4.1i and Table 4.1 c). 

 

 

 

 

 

 

 

Figure 4.1f. Representative phase-contrast images of hDPSCs isolated from the three different age 
groups (scale bars = 10 µm).  

 

Group Y Group M Group O
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Figure 4.1g. Cytofluorimetric analysis of the detection of MSC surface markers in hDPSCs isolated from 
the three groups (white plots indicate FITC and PE negative controls).  

 

Figure 4.1h. Differentiation of hDPSCs isolated from the differently aged groups toward adipocytes (Oil 
red staining; scale bars = 10 µm); osteoblasts (ARS and ALP stainings; scale bars = 50 µm), and 
chondrocytes (Alcian blue staining; scale bars = 50 µm).  
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Figure 4.1i. Histograms depict changes in mRNA expression of genes involved in osteogenic 
differentiation in the differently aged DPSCs before and after (post) odontogenic differentiation.  
Data are expressed as fold-regulation (2−ΔΔCt), the dotted black line indicates the mRNA expression of 
group Y; *p < 0.05 versus group Y, #p < 0.05 versus group M.  
 

Table 4.1c. Relative expression after odontogenic differentiation. 
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4.1.3 Odontogenic differentiation of hDPSCs 
As odontogenic differentiation is concerned, even if no significant morphological age-related 

changes were observed, ARS showed a marked increase in cells of groups M and O in 

comparison with hDPSCs of group Y (Figure 4.1j). This was sustained by the changes of 

odontogenic gene expression and DMP1 protein. After differentiation, a decrease in the 

expression of DMP1 and DSPP mRNAs was observed in hDPSCs of groups M and O in 

comparison to cells of group Y (Figure 4.1k and Table 4.1c). WB analysis showed a faint 

expression of DMP1 fragments in undifferentiated cells, except for the N-terminal one in cells 

from group M. The expression of cytoplasmic DMP1 increased in cells undergoing 

odontogenic differentiation as well as in hDPSCs cultured without an odontogenic media 

(Figure 4.1l). In hDPSCs treated with odontogenic medium, the majority of DMP1 was in the 

form of 105 kDa, while in cells cultured, without odontogenic cues, it was in the size of 37 

kDa fragments. Protein aggregates (120 kDa), accumulated on top of the sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis gel, were also present, especially in cells of group 

O cultured for 3 weeks without odontogenic induction. Mineralization nodules were detected 

only in cells treated with differentiating media, indicating that DMP1 promoted mineralization 

(Figures 4.1j, m). Moreover, ARS quantization evidenced age-related variations in the 

mineralization capability of hDPSCs after osteogenic or odontogenic stimuli (Figure 4.1n).  

 
 

Figure 4.1j. Representative images displaying the different morphology and the formation of 
mineralized nodules in hDPSCs after 3-weeks culture in odontogenic media (scale bars = 50 μm). 
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Figure 4.1k. Histograms depict changes in the expression of DMP1 and DSPP mRNAs in the differently 
aged hDPSCs before and after (post) odontogenic differentiation and in DPSCs maintained for 3 weeks 
in control media. Data are expressed as fold-regulation (2−ΔΔCt), the dotted black line indicates the mRNA 
expression of group Y. 

*

*

#*

Figure 4.1l. Western blot analysis of DMP1 protein expression; histogram depicts changes in differently 
aged hDPSCs before and after (post) odontogenic differentiation and in DPSCs maintained for 3 weeks 
in control media in comparison to group Y (dotted black line). 
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Figure 4.1m. Histogram of Alizarin red quantization in differently aged hDPSCs in (post) odontogenic 
differentiation and in hDPSCs maintained for 3 weeks in control media. 
 
 

Figure 4.1n. Histogram of Alizarin red quantization in differently aged hDPSCs after osteogenic or 
odontogenic differentiation. *p < 0.05 versus group Y, #p < 0.05 versus group Y. 
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4.1.4 hDPSCs neurogenic differentiation 
Following 2 weeks of induction with neurogenic medium, hDPSCs decreased in proliferation 

and acquired a stellate morphology with no differences among the groups (Figure 4.1o). 

qRT-PCR analysis indicated that Nestin and β-tubulin III mRNA expression profile decreased 

with aging (Figure 4.1p). WB protein expression patterns of early (Nestin) and intermediate 

(β-tubulin III) neuronal markers showed an increase of Nestin 90 kDa in hDPSCs with age, 

whilst no changes were detected for Nestin 120 kDa and β-tubulin III (Figure 4.1q). Nestin and 

β-tubulin III IF detection evidenced age-related differences in their intensity and localization 

(Figure 4.1o). 

 
 
 

 
 
 

 
 

Figure 4.1o. Representative images displaying the morphology of hDPSCs after culturing in neurogenic 
media and the immunofluorescence detection of Nestin and β-tubulin III (scale bars = 50 μm). 
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Figure 4.1p. Histogram depicts changes in the expression of Nestin and β-tubulin III mRNAs in the 
differently aged hDPSCs after neurogenic differentiation. Data are expressed as relative expression 
(2−ΔCt). 
 
 
 

Figure 4.1q. Western blot analysis of Nestin and β-tubulin III protein expression; *p < 0.05 versus 
group Y, #p < 0.05 versus group M. 
 
 
 
 
 

*
*

#

#*



 
 
 
 
 
 
 

45 

4.2 Second study 
 

In this study, we evaluated the effect of an age-related microenvironment on the biological 

performances of young hDPSCs and vice versa. 

 
4.2.1 hDPSCs Proliferative capacity and apoptosis  
To ascertain the effect of the microenvironment on differently aged hDPSC, we examined the 

density and morphological aspect of cells, as well as the proliferation and apoptosis, under a 

Nikon Eclipse E600 light microscope. Changes in hDPSCs size were observed. Cells of group 

O showed an enlarged shape in comparison to cells of group Y. No change in morphology was 

found in cells of test groups (Figure 4.2a).  

Ki67 immunofluorescence and TUNEL staining showed that the age-related 

microenvironment affected the differently aged hDPSC proliferative ability, as well as their 

apoptosis (Figure 4.2b). After the treatment with the reversed conditioned media, the cells of 

group Y-test have declined in their number, on the contrary those of group O-test grew 

considerably (Figure 4.2c). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.2a. Phase contrast representative images displaying the density and the morphology of hDPSCs 
isolated from the two different aged groups before (ctrl) and after (test) culturing in DPC-CM of group 
Y and DPC-CM of group O (scale bars = 20 μm). 
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Figure 4.2b. Representative immunofluorescence images showing proliferation (Ki67) and apoptosis 
(TUNEL staining) in differently aged hDPSCs from control and test groups (scale bars = 25 μm).   

Figure 4.2c. Histograms depict changes in hDPSC proliferation (Ki67) and apoptosis (TUNEL staining) 
rate. *p < 0.05 versus group ctrl. 

*

*
*
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4.2.2 hDPSC stemness and senescence: gene expression changes  
qRT-PCR analysis displayed modifications in the expression of MSC-specific genes in relation 

to age and microenvironment (Table 4.2). Comparing gene expression of hDPSCs from group 

Y with those of group O, downregulation of CD90, CD105, CD73 mRNA levels was shown. 

The expression of CD90 and CD105 appeared upregulated in cells of group O-test compared 

to its control group (Figure 4.2d). Also, the level of Notch3 mRNA in the cells of group Y-test 

was detected higher than in the hDPSCs of group Y ctrl (Figure 4.2e). No significant difference 

in self-renewal genes (Nanog, Oct4 and Notch2) gene expression was observed.  

As concerns senescence-specific genes, qRT-PCR analysis indicated that p16ink4a and p21 

mRNA expression profile enhanced with ageing and in group O-test compared to its control 

group (Figure 4.2f). No changes were found in p53 mRNA levels. 

  

 
 

 
 
 
 

Table 4.2. mRNA relative expression in hDPSCs of control and test groups. 
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Figure 4.2d. Histograms depict changes in the expression of MSC-specific genes in the control and test 
groups of differently aged hDPSCs. Data are expressed as relative expression (2−ΔCt); *p < 0.05 versus 
group ctrl.  
 
 

Figure 4.2e. Histograms depict changes in the expression of Notch2 and Notch3 mRNAs in the control 
and test groups of differently aged hDPSCs. Data are expressed as relative expression (2−ΔCt); *p < 0.05 
versus group ctrl. 

*

*
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4.3 Third study 
 
In the last study, we investigated the effects of commonly used nanofilled restorative 

composites on hDPSCs proliferation, apoptosis and differentiation potential, as well as in 

matrix mineralization. 

 
4.3.1 hDPSCs proliferation and apoptosis  
To assess the biocompatibility of commonly used nanofilled restorative composite (Filtek 

Supreme XTE, 3M) on hDPSCs, we evaluated cell morphology, proliferation and apoptosis 

after three weeks of in vitro culture (group B). Then, we compared results with two control 

groups: hDPSCs cultured in tissue culture plates (TCPs) (ctrl group) and presence of dentine 

(group A) for the same time. hDPSCs from the three groups were spindle-shaped and those of 

group A displayed abundance in ECM in comparison with the other two groups (Figure 4.3a). 

MTT assay evidenced that the cells of all groups possessed valid proliferation capacity.  

In particular, the proliferation decreased in hDPSCs of groups A and B in comparison to those 

of ctrl group, during the first two weeks. In the third week, the growth rate of cells from group 

Figure 4.2f. Histograms depict changes in senescence gene mRNA expression in the control and test 
groups of differently aged hDPSCs. Data are expressed as relative expression (2−ΔCt); *p < 0.05 versus 
group ctrl. 

*

*
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B remained slightly lower than those of group A (Figure 4.3b). Moreover, they showed several 

brighter nuclei suggesting the presence of apoptotic bodies (Figure 4.3a). 

 
 
 
 
 
 
 
 
 
 

 
  

 
 
 
 
 

  
 
 
 
 
 

Figure 4.3a. hDPSCs morphology after 3 weeks of culture in tissue culture plates (TCPs) (ctrl group), 
presence of dentine (group A) or composite (group B) (scale bars = 100 μm). Apoptosis detection through 
DAPI staining after 3 weeks of hDPSC cultures (scale bars = 50 μm). 

Figure 4.3b. MTT viability assay. Histograms depict modifications in the proliferation capacity of 
hDPSCs in the three groups, during the 3 weeks of culture. *p < 0.05 versus ctrl group, #p < 0.05 versus 
group A.  
 

*
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4.3.2 Odontogenic differentiation in hDPSCs 
It was interesting to observe that, after three weeks of culture with complete culture medium 

DMEM/F12, hDPSCs expressed odontogenic differentiation-related genes, such as DMP1 and 

DSPP (Table 4.3). Notably, downregulation of DSPP gene expression was found in cells of 

group B in comparison to those of the other two groups. On the other hand, no significant 

changes were detected for DMP1 mRNA levels (Figure 4.3c). 

Moreover, WB analysis revealed a pronounced expression of DMP1 protein aggregates (120 

kDa) in all groups. However, in contrast with cells of ctrl and A groups, hDPSCs cultured in 

presence of Filtek Supreme XTE composite showed no DMP1 full-length form (105 kDa) 

(Figure 4.3d).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4.3. mRNA relative expression in hDPSCs after 3 weeks of culture. 

 

CTRL Group	A Group	B

Mean SD Mean SD Mean SD

DMP1 4.44E-07 1.18E-07 5.02E-07 7.49E-08 5.42E-07 6.97E-08 
DSPP 1.23E-07 1.40E-08 1.26E-07 1.78E-08 3.16E-08 7.24E-09

DMP1=Dentin	matrix	acidic	phosphoprotein	 1;	DSPP=Dentin	sialophosphoprotein;	 n.s.=not	significant
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Figure 4.3c. Histograms depict changes in the expression of DMP1 and DSPP mRNAs in hDPSC of the 
three different groups. Data are expressed as relative expression (2−ΔCt); *p < 0.05 versus ctrl group,  
#p < 0.05 versus group A.  

Figure 4.3d. Western Blotting bands and histogram depict DMP1 protein expression changes in hDPSCs 
cultured in three different conditions after three weeks.  *p < 0.05 versus ctrl group.   

* #
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4.3.3 hDPSCs mineralization capability 
ARS staining was performed to examine the impact of the current biomaterial on hDPSCs 

mineralization. Interestingly, ARS quantization evidenced a decline in mineralization 

capability of hDPSCs from group B (Figure 4.3e).    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.3e. Alizarin Red (ARS) staining showing hDPSC mineralization capability (scale bars = 100 
μm). Histograms of ARS quantization in hDPSCs cultured in three different conditions after three weeks. 
*p < 0.05 versus ctrl group.   

*

ARS staining

CTRL Group A

Group B
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5 DISCUSSION 
 
5.1 First study 
Although great progress has been made in dentistry, the treatment of pulpitis and periodontitis 

continues to have postoperative complications. Nowadays regenerative approaches, as well as 

biomaterials commonly used in dentistry, have been considered for patients without a specific 

age target. The world’s population is ageing, and it has been appraised that by 2050 the number 

of people 65 years of age and older will reach 1.5 billion (Richard and John 2011). Hence, the 

concept of customized therapies must meet this contingency. Like others, dental pulp tissue 

undergoes age-depended changes and the decline of its regenerative capacity might be related 

to stem cell senescence (Chu 2013). Up to now, few and conflicting data are available on 

possible age-related changes in the regenerative potential of DPSCs (Chu 2013; Yi et al. 2017). 

These cells possess a great self-expansion and differentiation capabilities toward osteogenic 

(Teti et al. 2015), odontogenic (Gronthos et al. 2002) and neurogenic (Gervois et al. 2015) 

phenotypes, making them an interesting cell source for regenerating pulp and periodontal 

tissues, and in the treatment of neurodegenerative diseases.  

Based on these considerations, we investigated changes in morphology, proliferation, and in 

vitro differentiation potential in hDPSCs isolated from differently aged donors. Cells were split 

into juvenile (group Y), middle-age (group M), and aged (group O) clusters based on the 

donors’ age (Bernick and Nedelman 1975). No significant age-related morphological 

differences were detected. On the contrary, we noticed a significant increase of SA-β-Gal and 

p16ink4a nuclear expression in group O compared with both groups Y and M. SA-β-Gal is a 

lysosomal enzyme highly correlated with cellular senescence in cultured cells and in tissues 

from various animals (Dimri et al. 1995). P16ink4a is a protein involved in cell cycle progression 

(X. Feng et al., 2014), and along with SA-β-Gal activity, is an established biomarker of 

senescent cells (Dimri et al. 1995). These changes were in accordance with the cytofluorimetric 

detection of an augmented internal complexity (i.e., SSC values) with ageing. We additionally 

investigated if hDPSCs progressively modify their self-renewal gene expression during ageing, 

undergoing a dysregulation of proliferative activities and declining functional capacity as 

described for other MSCs (Oh, Lee, and Wagers 2014).  
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The evaluation of the gene expression profile of Sox2, Oct4, Nanog, and Klf4 transcription 

factors experienced changes in all age groups. These molecules are critical to preserving stem 

cell phenotype and, therefore, their impairment could be responsible for the loss of stemness 

properties and pluripotency commitment of DPSCs (Gronthos et al. 2000; C.-E. Huang et al. 

2014). The upregulation of Klf4 detected during ageing (i.e. in cells of group O) could be at 

least in part due to its role in the odontoblastic differentiation and inhibition of hDPSC 

proliferation (Lin et al. 2011), as evidenced by our results. Further confirmation of age-related 

changes in our hDPSCs was represented by the shortening of telomere length in both groups 

M and O in comparison with cells of group Y (Mokry et al. 2010). 

No changes in the expression pattern of the common ISCT markers (Dominici et al. 2006; Teti 

et al. 2015) were detected independently from the age of donors. On the contrary impaired 

osteogenic and adipogenic potentials were found in hDPSCs of groups M and O in comparison 

with group Y, noticing a marked decline in group O, as suggested by previous work (Yi et al. 

2017). Concerning odontoblastic differentiation, qRT-PCR showed a marked reduction of 

DMP1 and DSSP mRNAs in cells from aged subjects in comparison to young ones. The 

decrease in DMP1 and DSSP expression was less marked in cells cultured without odontogenic 

media in comparison to differentiated hDPSCs. DMP1 is an acidic no collagenous protein 

naturally present in bone and dentine extracellular matrix (ECM) as proteolytically processed 

fragments (Chunlin Qin et al. 2003, 20). DMP1 occurs predominantly as a C-terminal (57 kDa) 

and an N-terminal (37kDa) fragments, both promoters of HA formation and growth. Further 

aggregates occur as DMP1 proteoglycan fragment (DMP1-PG; C. Qin, D’Souza, and Feng 

2007), an inhibitor of mineralization (Gericke et al. 2010). DMP1 is implicated in a complex 

biological process: It is initially localized in the nucleus, where it acts as transcriptional factor, 

during cell maturation DMP1 is in the cytoplasm and, further, Ca2+ is responsible for its export 

into the ECM, where it regulates the nucleation of HA and the formation of calcified tissue 

(Narayanan et al. 2003). The WB of cytoplasmic DMP1 expression, showed an increase in 

DMP1 full-length form (105 kDa) and N-terminal fragment in hDPSCs after three weeks of 

culture without differentiating medium, with a marked amount in cells from group O. This 

suggests that in vitro our cells possess a spontaneous odontogenic potential, albeit  mineralized 

nodules were not evident as suggested by ARS.  
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After hDPSC odontoblastic differentiation, 37 kDa fragment of DMP1 decreased in the 

cytoplasm in support of ECM mineralization (Maciejewska et al. 2009).  

The decrease of differentiation potential toward mineralized tissues (i.e., bone and dentine) 

with age was also sustained by the changes in the expression of Bmp2, β-catenin, Runx2, and 

BGLAP (osteocalcin) after odontogenic differentiation (Ferretti et al. 2015). In hDPSCs, β-

catenin is upregulated during in vitro odontogenic differentiation (Han et al. 2014) and its 

overexpression is linked to the suppression of mineralization (Scheller, Chang, and Wang 

2008). On the contrary, Runx2 expression must be downregulated in odontoblast to reach full 

differentiation for a correct dentineogenesis (S. Chen et al. 2005). In this regard, the increase 

of mineralized nodules in hDPSCs of group B treated with odontogenic medium may be 

connected to the diffusing calcific degeneration of pulp, a pathologic condition occurring as a 

response to ageing (Piattelli and Trisi 1993).  

A vast body of evidence indicates that neural crest-derived DPSCs express specific markers of 

the neuronal cells (Arthur et al. 2008; Chai et al. 2000). Consequently, they might provide a 

promising source of stem cells for therapeutic application in neurodegenerative diseases. The 

comparison of our biological and morphological analyses evidenced not only an age-related 

decrease of markers of neurogenic differentiation (Feng et al. 2013), but also an incorrect 

localization of β-tubulin III (Martens et al. 2012).  

 

5.2 Second study 
HDPSCs undergo a decline in stemness and differentiation potential with ageing, as we 

observed in the previous study. In particular, significative differences exist between cells 

isolated from young and aged donors, in terms of proliferation and mineralization ability (Yi 

et al. 2017). These findings are of clinical relevance since the less cellularity of pulp tissue, 

along with the altered immune functioning that accompanies increasing age (Preshaw et al. 

2017), can make the tooth of old individuals more susceptible to traumatic and carious lesions 

(Kawasaki et al. 2000). Moreover, it is well known that aged cells significantly affect their 

microenvironment, as they secrete pro-inflammatory and matrix-degrading molecules, called 

senescence-associated secretory phenotype (SASP) (Childs et al. 2015). In this proposal, the 

impact of these factors on MSCs isolated from young individuals and those of young 
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microenvironment on aged cells could be interesting to examine, for better understanding the 

biological mechanisms behind hDPSCs senescence processes. 

Based on these concerns, the second study was designed to reveal in vitro the effects of an age-

related microenvironment on the biological performance of hDPSCs isolated from young and 

old subjects. Harvested cells were divided into juvenile (group Y ctrl) and aged (group O ctrl) 

groups based on the donors’ age. Then, DPSCs of group Y were treated with DPSC-CM of 

group O (group Y-test) and vice versa (group O-test). From morphological analysis significant 

differences were detected among the two control groups, as well as in test groups compared to 

their controls. Also, we noticed a significant decrease in Ki67 expression in cells of group O 

and Y-test in comparison with group Y. The Ki67 protein is a cellular marker for proliferation 

and it is strictly associated with cell grown (Scholzen and Gerdes 2000). Ki67 antigen can be 

exclusively detected within the cell nucleus, whereas in mitosis most of the protein is relocated 

to the surface of the chromosome (Cuylen et al. 2016). The variability of proliferation appears 

to reflect differences in hDPSCs apoptosis rate, using TUNEL assay. TUNEL staining is a 

method used to identify and quantify apoptotic cells by enzymatic catalysis (Kyrylkova et al. 

2012). Taken together, Ki67 and TUNEL results stated that proliferation ability underwent a 

decline with age in hDPSCs in favour of apoptosis, as confirmed by previous studies (Yi et al. 

2017). Moreover, both age-related DPC-CMs seemed to have a certain influence on the 

modulation of cell death in the two groups. Similarly to recent results on murine DPSCs, we 

also provided evidence that the aged DPC-CM negatively affect the juvenile hDPSC grown 

(Ma et al. 2009).  This phenomenon could be due to the whole set of pro-inflammatory and 

matrix-degrading molecules (SASP), along with exosomes and miRNAs existing in the aged 

MSC secretome (Childs et al. 2015; Coppé et al. 2010; Xu and Tahara 2013). 

We additionally verified if hDPSCs progressively lose their mesenchymal potential during 

ageing, otherwise after the treatment with the differently aged DPC-CMs. The hDPSCs of all 

groups expressed comparable levels of MSC-specific genes (CD90, CD105, CD73), although 

many differences existed. Despite it is well known that ageing leads to decline of hDPSCs 

properties (Iezzi et al. 2019), CD90, CD105, and CD90 mRNA levels were upregulated in cells 

of group O in comparison to those of group Y. These changes may be associated with the post-

translational gene silencing by specific miRNAs (i.e. miR-195), rather than by epigenetic 

factors (Cakouros and Gronthos 2019; Ermolaeva et al. 2018).  
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Recently, the role of miR-195 in stem cell ageing has been studied. In particular, the abrogation 

of this miRNA appears to rejuvenate MSCs from aged subjects by telomere re-lengthening and 

anti-ageing markers reactivation (Okada et al. 2016). Interestingly, the different regulation of 

Notch3 mRNA levels could be tied to the decline in cell proliferation of group Y-test. In fact, 

the expression of Notch3 has been found to activate senescence process in human cells (Cui et 

al. 2013). On the other hand, the evaluation of the self-renewal gene (Nanog, Oct4 and Notch2) 

expression showed no significant differences. 

Further confirmation of age-related changes in hDPSCs from different groups was represented 

by qRT-PCR detection of senescence-related genes. In fact, both p16ink4a and p21 mRNA levels 

displayed an increment in cells of group O in comparison to group Y. The p16ink4a and 

p21 cyclin-dependent kinase (CDK) inhibitors are known to play key roles in the onset of 

cellular senescence. Their simultaneous induction cooperatively blocks the activation of both 

cyclin D kinase (CDK4/6) and cyclin E kinase (CDK2), allowing the accumulation of the 

retinoblastoma tumour suppressor protein (pRb) and thereby causing permanent cell cycle 

arrest (Takahashi et al. 2006; Takeuchi et al. 2010). 

Finally, variations in mesenchymal potential, as well as in the expression of senescence-related 

genes in group O-test compared to its control, demonstrated that there is a positive impact of 

soluble factors secreted by the young DPC-CM on aged cells; however, the cells of group O-

test maintain the hallmark features of senescent cells.  

 
 
5.3 Third study 
During the Ph.D. abroad,  in collaboration with the Institute of Oral Biology, University of 

Zurich, my research activity was focused on the behave of hDPSCs in presence of composite 

for dental clinical use. 

Resin-based dental composites have been considered as a biological and functional acceptable 

surrogate to mercury-containing silver amalgam filling in clinical practice (Sunnegårdh-

Grönberg et al. 2009). Despite their growing use in restorative dentistry in the past decades, 

resin composites are thought to release cytotoxic components due to their degradation or 

erosion over time, such as resin monomers and ions (Moharamzadeh et al. 2007; Saxena et al. 

2012). To date, ground-breaking modifications of classic resin-based composites have been 
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performed, with the aim of minimizing polymerization shrinkage, improve marginal integrity, 

and reduce adverse biocompatibility (Schubert et al. 2019). Nanocomposites represent an 

example of new generation of resin composite and contain nanofillers ranging from 1 to 100 

nm2. Due to reduced particle size, these materials exhibit very good resistance to wear and 

fracture, along with advances in optical properties  (Pecho et al. 2016; Scribante et al. 2019). 

However, there are few and conflicting knowledge about the toxic effect of these recent 

composites on dentine-pulp complex (Putzeys et al. 2019; Schubert et al. 2019). Considering 

the key role of pulp cells in dentine regeneration processes after traumatic or carious lesions 

(Sloan 2015), we analysed the effects of a commonly used restorative nanofilled composite 

(Filtek Supreme XTE, 3M) on DPSC viability, proliferation, and mineralization ability.  

Cells were cultured on TCPs (ctrl group), presence of dentine (Group A) or composite (Group 

B) during three weeks, time required for the in vitro DPSC odontogenic differentiation (Teti et 

al. 2015; Paduano et al. 2016). We considered group A as a further control, since comparing 

our biomaterial with dentine, the natural structure in which dental pulp cells depose the new 

mineralized matrix (Arana-Chavez and Massa 2004), could result crucial. 

As concern proliferation, results appeared comparable among the three clusters, albeit cells of 

group B showed a slight decline during the third week of culture. This could be due, at least in 

part, to the increase of apoptotic activity of hDPSCs in contact with the dental composite. 

Therefore, Filtek Supreme XTE has no biotoxicity on hDPSCs, but it might act as 

environmental stressor, perhaps for containing resin monomers (i.e. Bis-GMA, TEGMA, 

UDMA) (Krifka et al. 2013; Ausiello et al. 2013). 

DPSCs produce human dentine in vitro (About et al. 2000). In addition, it is well known that 

dentine creates an in vivo favourable microenvironment for ECM production from odontoblasts 

(Arana-Chavez and Massa 2004). Our results are in line with these observations, as we detected 

an increase in cell number and matrix deposition in group A in comparison with cells cultured 

with nanofilled material. Moreover, this finding is in accordance with a previous study on 

deciduous teeth stem cells, in which low concentration of HEMA and TEGMA in dental resin 

composite can severely disrupt the normal differentiation toward odontogenic lineage 

(Bakopoulou et al. 2011). The delay in the mineralized matrix deposition was also 

accompanied by significant downregulation of DSPP gene expression.  
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Despite the fact that DSPP has been found in trace amounts in bone, it is considered a 

representative marker of odontoblastic differentiation, having an active role in the 

mineralization of dentine matrix (Chunlin Qin et al. 2002). No changes in mRNA levels of 

DMP1 were detected, although DMP1 protein expression was less marked in hDPSCs of group 

B. As we mentioned in the first study, this acidic NCP protein is naturally present in bone and 

dentine ECM as proteolytically processed fragments, C-terminal (57 kDa) and N-terminal (37 

kDa) (Chunlin Qin et al. 2003). Additional aggregates occur as proteoglycan fragment (DMP1-

PG) ranging around 200 kDa, an inhibitor of mineralization (Gericke et al. 2010). WB bands 

of cytoplasmic DMP1 indicated the absence of DMP1 full-length form (105 kDa) after three 

weeks of hDPSCs cultured in presence of composite. Together with ARS analysis, these data 

suggest that a three-week exposure of hDPSC cultures to the dental nanofilled composite could 

significantly delay the physiological differentiation and mineralization processes of these cells. 

 

6 CONCLUSION AND FUTURE PERSPECTIVES 
 

Overall our results confirmed that hDPSCs biological properties, as well as stemness and 

differentiation potential, could be differently impaired by ageing. Moreover, there are local 

factors modulating the activity of hDPSCs. In fact, cell-conditioned media of the age-related 

extrinsic microenvironment have been able to modify the biological performance of hDPSCs 

isolated from young and old subjects. These observations must be considered for the 

development of customized strategies based on the possibility to encourage osteogenesis, 

pulpogenesis, and dentineogenesis as well as for application in cell therapy to treat neurological 

disorders. DPSCs of young donors may provide an ideal source of stem cells that could extend 

their therapeutic application in oral (i.e., alveolar bone, dental pulp, and dentine regeneration) 

and neurodegenerative (i.e., Alzheimer and Parkinson) diseases. Aged DPSCs could be used 

as in vitro tool for the study of biomaterials solving the challenges of an ageing population.  

Considering the immunomodulative properties of MSCs, additional in vivo investigation also 

assessing this phenomenon in DPSCs during ageing, will be hugely important, making them 

potential novel immunotherapeutic resources in inflammatory age-related diseases. 

Furthermore, it will be of great interest to better identify the specific roles of senescence-
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associated factors that have such influence on supporting hDPSCs age-related changes or 

responses.  

Lastly, the experiments of our third investigation provide evidence that long-term exposure to 

dental restorative nanofilled composite is able to significantly delay and even disrupt the 

physiological migration, odontogenic differentiation and mineralization process of hDPSCs, 

when compared to both control groups, where the dentine-slice is added in culture as well as 

in TCPs. 

This observation is of outmost importance for clinical applications since in traumatic or carious 

lesions the pulp cells will have a decreased capability to regenerate the already vulnerable 

dental tissues. Additional studies are needed to validate safety and efficiency of the new 

composites as the golden standard in dental restorations. Finally, to further understand 

mechanisms behind the impairment of hDPSC mineralization process might be the key factor 

for developing a new generation of bioactive dental composites. 
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