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Abstract 

Regenerative medicine is a novel applied field of medical management based on the 

application of stem cell technology and tissue engineering in order to replace or regenerate 

human tissues and organs and restore their functions. The regenerative medicine has the 

prospective to help scientists and clinicians while planning early-intervention treatments for 

traumatic injury or degenerative diseases, by regrowth or replacement of cells or tissues. 

However, the challenges in this field are still countless, as (1) which type of cells are 

suitable (2) which is the best protocol to commit all the stem cells toward a specific phenotype 

with the 100% of yield, (3) drop cell manipulation.   

At the same time, physical energy were found capable to interact with cell physiology and 

increase their performance. In the clinical practice physical therapies enhance the quality and 

time of spontaneous tissues regeneration. 

 Here, I focused on the effect of physical stimuli by Radio electric asymmetric conveyor 

(REAC) and Extra corporeal shock wave (SW) and their interaction with cells or stem cell 

behaviour.  

In particular, during the modulation of the main molecular patterning controlling cellular 

senescence, differentiation toward specific phenotypes and proliferation, in order to figure 

out the targets of action, to enhance their performance for future therapeutic applications.  
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Introduction 

Regenerative medicine 

Historical background 

Regenerative medicine is an applied field of medical treatment which is based on the 

application of stem cell technology and tissue engineering in order to replace or regenerate 

human tissues and organs and restore their functions [1].The term “regenerative medicine” 

was coined by William Haseltine in 1999 during a conference on Como Lake, describing an 

emerging field, deriving from different subjects: tissue engineering (TE), cell transplantation, 

stem cell biology, biomechanics prosthetics, nanotechnology, biochemistry [2]. Historically, 

this term was found for the first time in a 1992 paper by Leland Kaiser, who listed the 

technologies which would impact the future of hospitals [3]. 

The regenerative medicine has the potential to help scientists and clinicians while planning 

early-intervention treatments for traumatic injury or degenerative diseases, by regrowth or 

replacement of cells or tissues. This branch of medicine is highly cross-disciplinary and serves 

as a bridge between basic science and clinical medicine, however the idea of the production 

of perfect tissues and organs in a dish is still a big challenge. Several studies and approaches 

were applied to follow the regeneration of tissues and organs, like growth factors in the 

damaged site, in order to stimulate the cells to regenerate the tissue, or alternatively the 

development of biomaterials for tissue engineering, as biomimetic polymers and bioactive 

three-dimensional scaffolds, capable of inducing specific cellular responses and direct the 

formation of new tissues to be implanted in vivo.  
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But, the idea of human regeneration potential was already known in ancient times since the 

old Greek culture, as demonstrated by the myth of Prometheus, whose liver was eaten by an 

eagle during the day and it completely regenerated itself overnight. 

In Nature, the regeneration of body parts is  rather common in reptiles, it is known that the 

salamander can regenerate an amputated limb in several days, or humans have this “ability” 

as well to regenerate fingertip but they lose it over the years[1]. Actually the absolute and 

applicable solution for the regeneration of tissues and organs is really long and it upon  small 

steps that will allow the achievement of amazing discoveries. 

In 1954 the transplantation of the first kidney substituted in a human between identical twins, 

in 1967 it happened the first heart transplant by Christiaan Bernand but without success, the 

patient pasted away after 18 days. However, a lot of programs directed on organ 

transplantation started during these years, paving the way to the idea that transplantation of 

organs and tissues was not absolutely an utopia, but a relevant solution to save patients. 

In 1968 the first immune deficient patient with the sibling’s bone marrow[2] was successful 

transplanted. Currently, the organ transplant is widespread and practice which deeply altered 

medicine, improving the patients' life expectancy. 

However, finding compatible donors is not easy and due to the progressively aging 

population, transplantations will progressively represent a need to replace end-stage diseased 

organs injured by age-related diseases. That reason encouraged the researchers to direct their 

force to find a parallel solution besides the organ transplantation and regeneration of damaged 

tissues.  



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

10	

Relatively at the same time, in 1978 stem cells were isolated for the first time in human cord 

blood [3], opening a novel  chance for patients with leukemia and anemia.  

In 1981 for the first time a stem cell line (embryonic) from mice was cultivated in  vitro[4]. 

That pioneering works, paved the way to the world of regenerative medicine and its 

application with the principal aim to find a solution to organs replacements from donors. The 

first “product” of application of cells for regenerative medicine was published in 1981 by 

Burk which using cells seeded on biomaterial composed by collagen, created the first 

“acceptable bilayer artificial skin” for the treatment of extensive burn injury. Moreover in 

1998, Thompson isolated the first human embryonic stem cells from blastocysts showing the 

ability of these cells to differentiate in the three  germs layers[5]. In 1999, in a paper published 

on the Lancet, the implantation of a laboratory-grown bladder implanted in a patient suffering 

from myelomengicocele [6] using as scaffolds homologous decellularised bladder submucosa 

with muscle cells isolated from the same patient, was described. 

In 2004, the group directed by Raya-Rivera performed the first study on reconstruction and 

implantation of urine in five boys, showing that already after 3 months after implantation the 

engineered grafts developed a normal architecture with normal physiological functions in 

patients[7], strongly supporting tissue engineering as an effective solution for recovering lost 

physiological conditions.  

In 2006, Takahashi and Yamanaka announced the discovery of the a induction of pluripotency 

in adult unipotent fribroblast from mouse, recovering an embryonic-like state by introducing 

four factors, Oct3/4, Sox2, c-Myc, and Klf4. The IPS (induced pluripotent stem) exhibit the 

morphology and growth properties of ES cells and express ES cell marker genes,  absolutely 
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a revolutionary discovery for the applied research in regenerative medicine, introducing the 

concept of reprogramming, otherwise the possibility to set stem cells back to the embryonic 

state, by using  a few defined factors.  

Unlimited studies regard the approaches and methodologies applied to regenerative medicine 

have been made, like the suitable types of cells to be used, how to isolate and manipulate 

them, how to obtain the organized tissues, which materials are safe for the patient, which is 

the best material on for seeding cells, which cells are ethically feasible, a number of questions 

that still do not have a clear and dogmatic answer. However, in  regenerative medicine many 

questions are still endless. 

Strategies used in regenerative medicine 

There are different strategies used in regenerative medicine 

1. Cell-based therapy 

 2. Use of materials able to increase repairing processes, cell growth and migration 

3. 3D printing cells 

4. Use of biophysical stimuli on cells or tissue 

1.Cell-based therapy 

The multicellular organisms are organized by several types of cells specialized in particular 

functions, originate from a single cell called “zygote”; during development, all the cells 

differentiate progressively and acquire specific phenotype, losing their capability to 
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differentiate into other cells. The ability to differentiate into other cell types is defined as “cell 

potency or plasticity” and is typical particular cells called “stem cells”.  

For this reason, stem cells represent the main tool in regenerative medicine due to their 

extensive ability to self-renew and to generate differentiated progeny.  

Stem cells (SC) can divide and differentiate into different specialized cell types and can self-

renew to produce more stem cells. They are capable to develop into organized tissues in the 

body during early life, and to handle tissue growth and homeostasis during the all life. When 

a stem cell divides, each new cell has the potential either to remain a stem cell or become 

another type of specialized and unipotent cell. In particular, stem cells can be identified by 

special properties that characterized them, as self-renewal, unspecialized nature and 

differentiation. They can replicate many times, or proliferate. This particular type of division 

is called “asymmetric division[8].  
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Classification of Stem cells 

	

Fig.1 Hierarchic representation of stem cell organization  

Classification based on potency  

We could classify the different stem cells basically on the ability to differentiate into other 

cell types. Etymologically, the potency is taken from the Latin term "potens" which means 

"having power”, due to this physiological property, the stem cells are the main actors in the 

theatre of regenerative medicine. 

• Totipotent stem cells can differentiate into embryonic and extraembryonic cell types. 

These cells are produced from the fusion of an egg and sperm cell and develop into a 
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cell called zygous. The totipotent stem cells give rise to somatic stem/progenitor cells 

and primitive germ-line stem cells[9] 

• Pluripotent stem cells are the descendants of totipotent cells and can differentiate into 

nearly all cells derived from any of the three germ layers, but not in foetal annexes. 

These pluripotent cells are characterized by self-renewal and a differentiation potential 

for all the cell types of the adult organism[10]. 

• Multipotent stem cells cells can differentiate into a number of cells, but only those of 

a closely related family of cells. These are true stem cells but can only differentiate 

into a limited number of types. For example, the bone marrow contains multipotent 

stem cells that give rise to all the cells of the blood but not to other types of cells. Adult 

Haematopoeitic Stem Cells are multipotent as well the Adipose tissue is a source of 

multipotent stem cells. 

• Oligopotent stem cells can differentiate into only a few kind of cells, such as lymphoid 

or myeloid stem cells. For examples the corneal epithelium is a squamous epithelium 

that is constantly renewing, because is constantly exposed to damages, and is 

Oligopotent [11]. 

• Unipotent cells can produce only one cell type, their own, but have the property of 

self-renewal, which distinguishes them from non-stem cells. Most epithelial tissues 

self-renew throughout adult life due to the presence of unipotent progenitor cells[12]. 

It is even possible, classify stem cell by their origin: 
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Types of stem cells 

The embryonic stem (ES) derived from embryos at an early developmental stage (day 5–8, 

called blastocysts) after implantation [5], are considered as totipotent [13] because they have 

the ability to differentiate into all cell types in the body give rise to cells of all the three 

embryonic germ layers like ectoderm, mesoderm and endoderm, even after being grown in 

culture for a long time.  

The human ES cell lines (SSEA)–3, SSEA-4, TRA-l-60, TRA-1- 81, and alkaline phosphatase 

expressed cell surface markers, and are able to produce teratomas after injection [5], this is 

even an important parameter for testing the potency status. It is known that ESs express high 

levels of telomerase activity, a ribonucleoprotein involved in maintaining telomere length, 

which plays an important role in replicative life-span and senescence.  

The ES pre-implantation epiblast have an active epigenetic regulation program, which is 

essential for maintaining pluripotency. They define the cellular epigenetic mechanisms that 

produce persistent effects in the biological system, without, however, altering the genome 

sequence. The epigenetic hence enables the modulation of the expression of DNA or 

structures associated with it by means of special processes, such as DNA methylation and the 

associated action of Methyl Binding Proteins (Mbds), the modification of histones with 

proteins belonging the Polycomb Group (PcG) and Trithorax Group (TrxG), the chromatin 

remodeling [14]. Specifically, the extra- and intra-cellular signals can stimulate the specific 

signal "propagators"inside the cells, which, can in turn activate defined pathways, producing 
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long lasting effects, although not altering the genomic sequence. The chromatin structure of 

mouse ES has been demonstrated to be hyperdynamic, with increased global levels of 

trimethylated lysine 9 H3 (TriMeK9 H3), a heterochromatic histone modification linked to 

gene repression, and decreased levels of acetylated histones H3 and H4 (AcH3 and AcH4), 

modifications linked to euchromatin and the permissively of gene expression. Analyses of 

global histone modification patterns in ESC has previously suggested that the ESC genome 

is subject to generalised histone acetylation and lysine 4 H3 methylation[15]. ESC  have to 

act not only to silence such genes in order to maintain totipotency, but also to allow them to 

remain poised for transcription, so they can be rapidly activated upon the differentiation- 

induced silencing of NANOG, SOX2 and OCT4. These genes able to interact with epigenetic 

modifiers, including Polycomb Group (PcG), moreover  it was recently discovered that ESCs 

have a high rate of methylation at CpG site level in Low density CpG promoters (LCPs), 

usually associated with tissue-specific gene expression. The regulation of these genes occurs 

upon methylation / demethylation of distal regulatory elements, enhancers or silencers, during 

the dynamic process of differentiation of ESCs in different phenotypes by the action of active 

DNA methyltransferases (DNMTs): DNMT1, which is largely responsible for the 

maintenance of DNA methylation over replication, and DNMT3A and DNMT3B, which 

generally perform de novo methylation of either unmethylated DNA or hemimethylated DNA 

to assist in maintenance[16].  

However, the overexpression of the pluripotent pathway of Oct-3/4 a master regulator of 

lineage commitment  with SOX2 and Nanog [13],  combined with the absence in vitro of LIF 

(Leukemia Inhibitor Factor)[17] a member of the interleukin-6 family of cytokines that bind 
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to the gp130 receptor, by activating the Jak/Stat and Ras/MAPK signal transduction pathways 

of FGF-5 and BMP4 increase the differentiation toward the germinal layers.  

Foetal Stem Cells  

Foetal stem cells are primitive cell types found in the organs of foetus. The Foetal stem cells 

can be isolated from foetal blood and bone marrow as well as from other foetal tissues, 

including liver and kidney[18] The developing baby is referred to as a foetus from 

approximately 10 weeks of gestation. Most tissues in a foetus contain stem cells that are 

pluripotent and drive the rapid growth and development of the organs. Foetal blood is a rich 

source of haemopoietic stem cells, which proliferate more rapidly than those in cord blood or 

adult bone marrow[19]. Like adult stem cells, fetal stem cells are generally tissue-specific, 

and generate the mature cell types within the particular tissue or organ in which they are 

found.  

The adult stem cells are Mesenchymal stem cells (MSCs) are adult stem cells which can be 

isolated from several sources such as bone marrow, adipose tissue[20][21], amniotic 

fluid[22], endometrium, dental pulp and ligament, umbilical cord, Wharton’s jelly, epidermis, 

liver and intestine[23], most of these sources are considered wasting materials after clinical 

practice but a treasure for regenerative purposes. Adult stem cell are resident in specific zone 

of the body called “niche”,	 highly dynamic, mainly implicated in the regeneration and 

homeostasis of the tissues, and have been best characterized in tissues that have a rapid rate 

of cell turnover. 
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The easily isolation, selection, characterization, expansion in vitro and the relative easily 

capability to differentiate into mesodermal lineage such as osteocytes, adipocytes and 

chondrocytes as well as ectodermal (neurocytes) and endodermal lineages (hepatocytes)[23] 

endorsed them to become a main candidate for regenerative medicine.  

The International Society for Cellular Therapy has proposed minimum criteria to define 

MSCs, These cells should exhibits plastic adherence, possess specific set of cell surface 

markers like (CD)73, D90, CD105 and lack expression of CD14, CD34, CD45 characteristic 

for hematopoietic linages, as  human leucocyte antigen-DR (HLA-DR) and must  have the 

ability to differentiate in vitro into adipocyte, chondrocyte and osteoblast. Probably the best 

efficient population of MSCs has been reported with these features is from bone marrow[24], 

however the isolation process from the iliac crest is absolutely invasive and comprise several 

risks for the patient.  

The adult stem cell are able to differentiate into adipocytes, osteocytes and chondrocytes, 

confirmed in vitro, by production of oil droplet, formation of mineralized matrices and 

expression of type II collagen.  

Induced pluripotent Stem cells 

The study of adult stem cells and mostly the embryonic stem cell, in term of transcriptomic 

and gene expression allowed the achievement a revolutionary discovery in the field of 

regenerative medicine, Takahashi and Yamanaka in 2006 announced the discovery of the 

combination of a “cocktail of genes” involved in cell reprogramming in adult fibroblast from 

mice[25].  
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Induced pluripotent Stem cells (iPSC) are created by inducing the expression of genes that 

are usually present in embryonic stem cells and that control cell functions. IPS cells are a 

powerful method for creating patient- and disease-specific cell lines for research and maybe 

for future application in regenerative medicine.  These are not adult stem cells, but rather 

reprogrammed cells with pluripotent capabilities. Using genetic reprogramming [25][26] cells 

through the introduction of Oct3/4, Sox2, c-Myc, and Klf4[25], involved in maintaining cell 

pluripotency at that time by retrovirus[27], actually with episomes[28] or miRNA[29], 

pluripotent stem cells equivalent to embryonic stem cells have been derived from human adult 

tissues. A new frontier using this methodology pave the way to the optimization of the use of 

wasting biological material like urine [30] or from easily isolation material like frozen blood 

samples[31], opening a new avenue for suitable application. iPSCs are useful tools for drug 

development and modeling of diseases, and scientists hope to use them in transplantation 

medicine, however the capability to derive in all cells even to teratomas need to be carful[32]. 

iPSCs are derived from somatic cells, epigenetically reprogrammed to lose tissue-specific 

features and gain pluripotency. Similar to hESCs, they can theoretically differentiate into any 

type of cells[33]. The concept of induced pluripotent stem cells remains an important area of 

focus for future research and has serious implications for the stem cell cancer theory [32]. 

The minimal criteria to define a IPs is the expression of pluripotency-related factors, 

endogenous Oct3/4, Nanog, FoxD3, Rex1, Dnmt3b, and Abcg2[34] as well markers as the 

protein antigens CD9, Thy1 (CD90), tissue-nonspecific alkalinephosphatase (Tra-2-49 and 

Tra-2-54), class-1 human leukocyte antigen, and podocalyxin (GCTM2), the globoseries 

glycosphingolipid antigens stage-specific embryonic antigen (SSEA)-3 and SSEA-4, and the 

carbohydrate epitopes recognition by the monoclonal antibodies Tra-1-60 and Tra-1-
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81[35][26]. IPS must be able to generate teratome in vivo, and develop all cell types. The 

creation of pluripotent stem cells from adult cells by the introduction of reprogramming 

transcription factors absolutely raised new hope for future applications like in the production 

of new disease models and in drug development as well as in transplantation medicine.  

Cell in the body or cell in the dish? 

The role of cell niche in regenerative medicine 

The term ‘niche’ was first used by Schofield in 1978 to explain the variation in the self- 

renewal capability of an apparently pure populations of HSCs following transplantation in 

mice. He hypothesized that the capability of stem cells to self-renew and retain their identity 

depends on the environment provided by neighbouring, components of the niche,  including 

direct interactions between stem cells and neighbouring cells, secreted factors, inflammation 

and scarring, extracellular matrix (ECM), physical parameters such as shear stress and tissue 

stiffness, and environmental signals such as hypoxia and ROS. The niche have been described 

in a variety of adult tissues, including skin[36], intestine[37] and nervous system[38].  

In many adult tissues, the stem cell niche contains a variety of cell types, each with a distinct 

function. Communication between stem cells and niche cells is either direct, through physical 

interactions, or indirect, through secreted factors that mediate communication between cells 

that are not in direct contact by cell-cell adhesion molecules and receptors with membrane-

bound ligands [39]. Indirect communication between stem cells and niche cells is mediated 

by secreted factors. In the clinical practice this phenomenon is routinely exploited, like the 
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use of granulocyte colony-stimulating factor (G-CSF) or granulocyte-macrophage colony-

stimulating factor (GM-CSF) to support treatment of haematological malignancy. 

Although every stem cell niche is dynamic and exhibits cell turnover, it is useful to distinguish 

between niche cells that are ‘permanent residents’ and cells that occupy the niche transiently. 

Permanent residents include endothelial cells, nerve cells and fibroblasts, the transient ones 

include immune cells and cells that respond to tissue damage like pathogens or to promote 

healing.  

Another fundamental component in the tissue and in the niche is the extra cellular matrix 

(ECM) which exhibit an important role, in fact the ECM not only anchors stem cells but also 

directs their fate[39], the most important ECM receptors are integrins, and their functions can 

be modulated by biochemical  stimuli, such as antibodies, small- molecules as drugs or by 

biophysical stimuli[40]. The later carry out an important and fundamental role during cell fate 

and development,  as demonstrated  there is a systematic relationship between tissue 

mechanics and differentiation [41] thus modulating the stem cell niche. All these finding in 

term of regenerative medicine suggest that finding a methods able to interfere with the 

activation, modulation, fate, differentiation of the cells resident in the niche could open new 

hopes for the patients.  
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Fig.2 Sources of stem cells 

Activation of stem cells and cells 

Tissue injury is an inevitable part of life. It is becoming clear that following damage, stem 

cells	 switch to producing an excess of proliferating daughters until the wound is sealed, 

exhibiting high plasticity in their behaviour[42]. There are several studies reporting that stem 

cells populations respond to injury before turning to the activation of quiescent stem cells in 

tissues bearing a low turnover of cell proliferation. In fact, in tissues with minimal cell 

turnover, stem cells are actively maintained in a quiescent state and conditionally activated, , 

but it is well known and proved that paracrine signalling in the stem cells microenvironment,  

physical stimuli, hormones are able to switch this behaviour. For example, it was observed 
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that epidermal stem cells secreted both Wnt ligands and Wnt inhibitory Dkk proteins, 

resulting in the activation of Wnt target genes in basal cells, and the Wnt/β-catenin signaling 

is a central regulator of adult stem cells mostly in term proliferation[43]. Autocrine Wnt 

signalling is thus an essential part of the stem cell niche, allowing permission to cell 

proliferation [44], while the inhibition of Wnt signals induce cell cycle arrest [43]. Recent 

studies also demonstrated that stem cells niche is exposed to paracrine signals like the Wnt 

that mainly regulate the fate of the cells.  

Other interesting studies consider the response and activation of the cell is correlated to pro-

inflammatory cytokines release as IL-1α, IL-13, TNF-α, and IFN-γ, secreted by T cells in 

vivo on satellite cells[45]. So far, understanding how cells response to intrinsic factors, 

hormones, cytokine,  cell-intrinsic physical stimuli is not already well understood thus 

elucidating these mechanism will give new insights in stem cell application in vivo. 

In fact the cells, upon an injury or a paracrine signal, or a physical stimuli react by leaving  

their quiescent status and start to proliferate. The biological mechanism of proliferation is 

based on cell cycle activation.  

Cell cycle 

Cell division consists of two consecutive processes, mainly characterized by DNA replication 

and segregation of replicated chromosomes into two separate cells. Cell cycle is a fine 

regulated physiological process that can be dived in different phases. Originally, the cell cycle 

was divides in two stages: mitosis the process of nuclear division and the interphase. But, 

clear evidence has shown that this process cannot be represented by only two phases. In fact, 

only the mitosis is composed by different stages that include prophase, metaphase, anaphase 
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and telophase, as well the interphase (probably the most complicated an delicate phase for the 

life of the cell) includes G1, S and G2 phases and then S phase, in a perfect and organized 

cycle [46]. 

S phase is preceded by a gap called G1 during which the cell is preparing for DNA synthesis 

and is followed by a gap called G2 during which the cell prepares for mitosis. G1, S, G2 and 

M phases are the traditional units of the standard cell cycle. 

However, the cells can be in a not-cycle state state called G0, characterized by not growing, 

not proliferating cells. The multicellular organisms base their life on the perfect control and 

regulation of the unit that compose them, the cell. The evolution gives them a sophisticate 

system in order to continue their development, the organization in tissues, in organs, in the 

life. Regulation of cell cycle, maybe is one of the most important process for the life, and it 

cannot be regulated only by activation or deactivation of a gene or by translation in a protein; 

it must be controlled by a precise mechanism, like a Swiss watch. During cell cycle process, 

there are many actors, that can be dived in agonist and antagonist. In each phase, defined 

factors are finely coordinated. These are the cyclin-dependent kinases (CDK), a family of 

serine/threonine protein kinases that are activated at specific points of the cell cycle. Until 

now, five CDK, acting during the cell cycle are well known, as cCDK4, CDK6 and CDK2 

during G1  CDK2 in S phase and CDK1 during the G2 and M.  

CDK protein levels remain stable during the cell cycle, in contrast to their activating proteins, 

the cyclins, whose levels can rise and fall during the cell cycle[47]. The different cyclins are 

expressed during the cell cycle phases, the three D type cyclins (cyclin D1, cyclin D2, cyclin 

D3) bind to CDK4 and to CDK6 in order to entry in G1,  cyclin E is associates with CDK2 
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to regulate progression from G1 into S phase[48] and cyclin A bind CDK2 during S 

phase[49]. In late G2 and early M, cyclin A complexes with CDK1 promote entry into  

Mitosis is further regulated by cyclin B in complex with CDK1. The activation of the CDKs 

is based on phosphorylation that induce conformational changes and enhance the binding of 

cyclins[50]. 

CDK activity can be counteracted by cell cycle inhibitory proteins, called CDK inhibitors 

(CKI) which bind to CDK alone or to the CDK-cyclin complex and regulate CDK activity. 

Two distinct families of CDK inhibitors have been discovered, the INK4 family and Cip/Kip 

family[51]. The INK4 family includes p15 (INK4b), p16 (INK4a), p18(INK4c), p19 (INK4d), 

which specifically inactivate G1 CDK (CDK4 and CDK6). These CKI form stable complexes 

with the CDK enzyme before cyclin binding, preventing association with cyclin D[52]. 

The second family of inhibitors, the Cip/Kip family, includes p21 (Waf1, Cip1), p27 (Cip2), 

p57 (Kip2). These inhibitors inactivate CDK-cyclin. However, p21 is a “famous” protein, that 

can also inhibits DNA synthesis by binding nuclear complexes. Every time that p21 is 

expressed, another impotant protein is correlated, p53 the “guardian” of the DNA integrity. 

In fact,  the expression of p21 is under transcriptional control of the p53 tumour suppressor 

gene. The p21 gene promoter contains a p53-binding site, that allows p53 to transcriptionally 

activate the p21 gene[53].  

During cell cycle, there are restriction point even called ckeck point, that control the 

commitment of the cell throw the phases. If the DNA for example is demaged, checkpoints 

arrest the cycle in order to provide time for DNA repair. Usually, DNA damage checkpoints 

are positioned before the cell enters S phase (G1-S checkpoint) or after DNA replication (G2-
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M checkpoint). At the G1/S checkpoint, cell cycle arrest induced by DNA damage is p53-

dependent, Usually, the level of p53 is low but DNA damage can induce upregulation[54]. 

Moreover, the cell cycle mechanism is finely regulated by an epigenetic control involved in 

regulation of the genes mentioned upon, by activation of  chromatin remodelling complexes 

SWI/SNF (SWItch/Sucrose Non-Fermentable) [55], histones modification as methylation by 

methylases(HMTs ) and demethylases(HDMTs)[56], acetylation histone acetyltransferases 

(HATs) and histone deacetylases (HDACs), phosforilation by histone kinases [57][58], 

control promoter areas (CpG island) by specific DNA metyl transferases (DNMTs)[59]. 

These last one, the DNMTs play a predominant role during the cell cycle control. 

The DNA methyltransferases (DNMTs) are particular proteins that are involved in the 

establishment and maintainment of methylation in the fifth carbon of cytosine residues in 

DNA CG dinucleotides (CpG islands) patterns at specific regions in the genome for the 

regulation (contribute) of gene expression. Easily, we could consider them as “writers of 

epigenome”. DNMT1 is implicated in maintenance of methylated status, while DNMT3a and 

DNMT3b are recruited for de novo methylation [60]. Recent observations, showed the 

relevant role of  DNMTs during the behaviour of cells. In fact, as observed by Robertson and 

colleagues, the mRNA levels of all three DNMTs change during the cell cycle, with DNMT1 

and DNMT3b decreasing in G1 as well DNMT3a. During G0 phase, conversely the cells 

expressed high mRNA level of DNMT3a, DNMT3b and DNMT1[61]. 

The regulation of cell cycle, with its fine and elegant machine represent perhaps, one of the 

most interesting challenge to understand cell biology and its applications and solutions.    
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Cell polarity 

Adult somatic stem cells have a central role during the homeostasis in the tissues presenting 

a high cellular turnover like the skin, intestine, and the hematopoietic system. It is thought 

that polarity is particularly important with respect to fate decisions on stem cell division 

(symmetric or asymmetric) as well as for the maintenance of stem cell adhesion and 

quiescence (interaction with the niche). Embryonic and adult stem cells can use their polarity 

to generate cell diversity by asymmetric cell division, whereas differentiated cells use their 

polarity to execute specific functions, like epithelial cells that have apical and basolateral 

cortical domains to  guarantee the barrier maintenance, or the fibroblasts that  have actin-rich 

leading edge during cell migration, or the neurons with their axonal and dendritic portion are 

able to convey  the signal[62]. 

Finding a concise and clear definition about polarity is not easy, however it represent a main 

characteristic of the behaviour  of a cell. In fact, a cell can be defined  polarized when the 

organelles, proteins, RNAs, inside are distributed and maintained in a asymmetrical 

organization[63]. The polarization can occur in response to extracellular stimuli that induce 

a redistribution of cellular components to comply a functional need during adhesion, 

migration, or cell division. During cell migration, the symmetric arrangement is broken, 

which may be accomplished by (1) repositioning the centrosome, (2) by adding an 

asymmetric microtubule nucleation site, (3) by reorganizing the microtubules network, or (4) 

by altering microtubules dynamics [64].The orientation of the polar axis in   a cell can be 

determined by the shape of the cell, the direction of cell protrusions, the orientation of 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

28	

microtubule and actin networks; for example during migration the protruding front, a 

retracting rear, and the cell polarity axis is oriented in a define direction[ 23].  

Many recent studies have demonstrated that plasma membrane domains with specialized lipid 

commonly enriched in cholesterol are distributed asymmetrically in polarized cells. For 

example, during the migration in lymphocytes it was observed that the membrane-anchored 

cell surface receptors Inter-cellular adhesion molecule (ICAM) with lipid rafts, together with 

their respective signal transduction pathway	regulate extravasation and crawling.  

 One obvious hypothesis currently supported by experimental evidence is that polarity 

establishment during mitosis regulates the mode/outcome (symmetric vs. asymmetric) of 

stem cell divisions and it is hypothesized that during the mitosis in stem cells, only one 

daughter cell remains in contacts with the niche, maintaining the ability to self-renew. In a 

review, Florian explained how Dpp and Hh, the bone-morphogenic protein (BMP)2/4 homo- 

released from the niche/hub cells are involved in regulating the mode of division and polarity 

of the cells[63]. It was also recently demonstrated that a planar cell polarity pathway is 

activated by Wnt receptor Fzd7 and that its candidate ligand Wnt7, controls the homeostatic 

level of satellite stem cells hence regulating the regenerative potential of muscle [65].  

Even the cytokine release is correlated with cell division, by activation of receptors that 

activate a multitude of intracellular signalling cascades [66].  

Recent data indicate a correlation between altered stem cell polarity and stem cell aging. The 

first pioneering studies were done on animal models, in aged drosophilae, shown a disoriented 
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centrosomes and thus altered polarity relative to their niche cells. This was correlated with a 

reduced self-renewal activity caused by aging[67], even in another model. 

In yeast the same behaviour was linked to high activity of Cdc42[68]. In the human stem 

cells, the altered polarity is correlated with aging and with an alteration of cell mobilization, 

homing, engrafting, and lineage choice[69]. 

Methodology for stem cell differentiation 

Concept of plasticity  

Since year, scientists have postulated that some cells in the body appear to participate in the 

formation of new cells to replace injured, aged, or infected cells in tissues and organs.  The 

cell population which constitutes an organ can be divided into three groups: (static) somatic 

cells, differentiated, produced during development, which have also lost the minimum 

proliferative capability, in a slow decay process during adult life; (Transit) cells that produce  

precursors of differentiated cells, that have a relatively short period of existence in the organ, 

and their life usually is determined by a suicide at the end of maturation process (apoptosis); 

(Stem) a type of cells present in a predefined microenvironment, with extensive proliferative 

capability and plasticity to differentiate. 

The current knowledge about the factors that control the biology of a stem cell, or the self-

renewal, the maintenance of the undifferentiated state and the ability to take symmetric or 

asymmetric divisions, are still rather limited. The molecular pathways of stem cells are 

controlled genetically and epigenetically, so depend on mechanisms able to turn on or off 

specific genes. The shift in the balance between stem cell and differentiation is influenced by 
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intrinsic and extrinsic factors that can induce stem cell differentiation or maintenance. Watt 

proposed that stem cells contribute to the maintenance of homoeostasis, with an average of 

50% for the retention of progeny and 50% for the differentiation.  

Since years researches in the regenerative field are trying to control in vitro the plasticity and 

differentiation of stem cells. The numbers of papers produced since the fist discovery of stem 

cells and their possible management and control in vitro in exponentially growing. It is 

known, that there are several ways to interact with the commitment and differentiation of the 

cells throw the different linages (mesoderm, ectoderm, endoderm), below will discuss the 

principals.   

Chemical induction 

Mesodermal linages 

Differentiation of MSCs into adipocytes is induced by proper media supplementations, which 

activate transcription factors (genes) responsible for adipogenesis. or adipogenesis, MSCs 

were cultured in growth medium supplemented with dexamethasone, indomethacine, insulin 

and isobutyl methyl xanthine for 3 weeks, cells are then analysed by accumulation of lipid 

droplets and expression of adipocytes-specific genes as peroxisome proliferator- activated 

receptor γ (PPARγ ), adipocyte protein 2(ap2) and lipoprotein lipase (LPL) genes. Adipogenic 

differentiation is characterized by two phases, during the first one, cells are committed toward 

pre-adipocytes showing a fibroblast-like morphology thus being difficult to be distinguished 

from the MSCs, during the second phase  pre-adipocyte become mature adipocytes with lipid 

droplets while changing their morphology.  
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The most common methodology to differentiate MSCs into osteocytes is based on culturing 

the cells with ascorbic acid, β-glyceralphosphate and dexamethasone for 3 weeks in growth 

conditioned media; in a recent work[70] our group described that MSCs isolated  from adult 

dental pulp hDPSCs and exposed to a mixture of hyaluronic, butyric, and retinoic acids (HA 

+ BU + RA) in combination with melatonin exhibited the transcription of genes involved in 

osteogenesis,  as VEGF A, which orchestrate osteogenesis trough by modulating both 

ZBTB16 and NR4A3 gene expression. The osteogenic differentiation of MSCs in vitro 

continue with an increase in the expression of osteogenic genes as runt-related transcription 

factor 2 (Runx2), osteonectin, bone morphogenic protein 2 (BMP2), mineral aggregation, 

exhibiting an increase in alkaline phosphatase activity at the end of differentiation.  

Many investigators have reported that a correlation exists between adipogenesis and 

osteogenesis [71][72], in fact PPARγ, a key transcription factor implicated in adipogenesis, 

lipid metabolism, and glucose homeostasis, has shown to promote osteogenesis through 

enhanced osteoblast formation, by the pathways of Hedgehog, NEL-like protein 1 (NELL-1) 

[72] and β catenin- dependent Wnt[73][74], the latter being a Wnt glycolipoproteins directly 

affecting cell proliferation, cell polarity and cell fate determination during embryonic 

development, tissue homeostasis, and during differentiation toward the in cardiogenic 

lineages.  

According to the standard protocol for chondrogenesis, it is possible induce using  insulin 

transferrin selenium, linoleic acid, selenious acid, pyruvate, ascorbate 2-phosphate, 

dexamethasone and transforming growth factor-β III (TGF-βIII) in culture medium. The 

commitment toward the chondrogenic phenotype resulted in the formation of pre-
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chondrocytes which expressed type I and type II collagens, then the pre-chondrocytes 

differentiate into mature chondrocytes, expressing the typical transcription factors like Sox9, 

L-Sox5 and Sox6[75]andTGF-β1,the latter interacting with Wnt/β- catenin pathway 

inhibiting osteoblast differentiation while promoting chondro-differentiation.  

MSCs, embryonic and iPS can even differentiate into other mesodermal lineages, the pioneer 

work by Wakatani on bone marrow derived MSCs from mouse showed the effect of 5-

azacytidine cardiogenic commitment [76], moreover recent works show how it is possible to 

commit stem cells from amniotic fluid (hAFSCs) toward the cardiovascular phenotype in the 

presence of a mixture of hyaluronic (HA), butyric (BU), and retinoic (RA) acids[77] in human 

mesenchymal stem from placenta (FMhMSCs) and mouse embryonic stem (ES) cells[78] by 

an activation on Smad1/4 pathway. However, the most common protocol for cardiac 

commitment is based on the addition of specific growth factors important for cardiovascular 

development like fibroblast growth factor 2 (FGF2), transforming growth factor β (TGFβ) 

Activin A and BMP4, vascular endothelial growth factor (VEGF), and the Wnt inhibitor 

DKK-1[79].  

Ectodermal linages 

Despite the mesodermal origin, hMSCs displayed the capability to trans-differentiate into 

cells from ectodermal lineages. In fact it was demonstrated that trans-differentiation into 

neuronal cells can occur upon stem cells are exposed to a neural induction media 

supplemented with cocktails of growth factors, as the nerve growth factor (NGF, able to 

induce BMSC transdifferentiation into cholinergic phenotype[80], or the sonic hedgehog 

(SHH) and fibroblast growth factor 8 (FGF8 basic fibroblast growth factor (bFGF) , which 
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can induce neuronal plasticity and dopamine release [81]. Many other studies have shown 

that factors like insulin, retinoic acid, bFGF, EGF, valproic acid, BME and hydrocortisone 

support adipose derived stem cells neuronal differentiation [82][83], as well as glial cell line-

derived neurotrophic growth factors (GNDF), brain-derived neurotrophic factors (BDNF), 

retinoic acid, 5-azacytidine, isobutyl- methylxanthine (IBMX) and indomethacin are able to 

enhance the MSCs differentiation into mature neuronal cells[84]. The dental derived MSCs 

even called dental pulp stem cells (DPSCs) which originate from neural crest, successfully 

differentiate into mature neuronal cells [85].  

Even the embryonic stem cells as well the IPs are able to commit toward the neuronal linage, 

because both use the same transcriptional network to generate neuro- epithelia and 

functionally appropriate neuronal types over the same developmental time course in response 

to the same set of morphogens treatment as SHH and Wnts[86], or their agonists/antagonists 

[87]. 

Endoderm Linages 

The differentiation of endodermal linages, is already a challenge for researches, however a 

lot of protocols and studies comes out during the last years. The discovery that even the MSCs 

have the capability to trans-differentiate into hepatocytes and pancreatic cells upon induction 

with conditioned media supplemented with EGF, bFGF and nicotinamide followed by 

stimulation with dexamethasone insulin, transferrin, selenium [88]; In other studies, it was 

shown that valproic acid, which is histone deacetylase inhibitor, up-regulated the expression 

of hepatic marker through activation of protein kinaseB(AKT) and extracellular signal-

regulated kinases (ERK)[89].  
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Physical energies induction 

Recently, alongside the conventional methodologies largely studied by researchers using 

chemical inductors mentioned upon, new strategies were applied to commit specific cellular 

phenotypes. Since years, the scientific community, tried some how to reproduce the 

physiological behaviour of organ, tissue and organs, by physical devices, able to generate 

specific energies.  

In 1974, the group direct by Nucitelli studied the endogenous ionic current and the electric 

field in multicellular animal tissues, aiming at proving that electric field was able to influence 

the physiological functions in living organism[90]. Many following studies supported these 

observations and many protocols were published. Magnetic fields, commonly showed to 

affect cell proliferation and growth factor expression [91]–[97]. Extremely low frequency 

(ELF)-PEMF applied to MSCs were able to commit the adipogenic, osteogenic, neural, and 

glial linage together with conditioned media [98], Moreover pulsed electromagnetic fields 

(PEMFs) were proved to have a regulatory role in bone marrow derived stem cells (BMSCs) 

and in adipose derived stem cells (ASCs) differentiation toward the osteogenic phenotype 

[99]. As well, PEMF of different intensities as 1, 2, and 5mT with a modulation frequency of 

750 Hz,  a carrier frequency 75Hz and a duty ratio of 0.8, 3 h/day for 4 weeks were able to 

optimize the process of in vitro endochondral ossification Other study showed how the 50 

Hz, 1mT ELF-MFs 5-day exposure implemented  NGF-induced PC12 cells neuronal 

differentiation [97]. [97]. Ventura’s group demonstrated that the extremely low frequency 

(ELF) pulsed magnetic fields (PMF) affected opioid peptide gene expression and opioid 

dependent signalling pathways in adult ventricular myocytes [100]. Other devices able to 
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modulate the behaviour of the cells were projected, as the REAC (Radio electric asymmetric 

conveyor) which produce extremely low-intensity electromagnetic energy circuit, conveyed 

directely to the tissue or the cell culture,  with a frequency of 2.4 GHz and power of only 

2mW. It was observed that REAC elicited human embryonic mouse cells differentiation 

toward , cardiac, neuronal, and skeletal muscle lineages[101]. Even on Lipogems-derived 

hASCs the radioelectric asymmetric conveyer (REAC) remarkably enhanced the transcription 

of prodynorphin, GATA-4, Nkx-2.5, VEGF, HGF, vWF, neurogenin-1, and myoD, indicating 

the commitment toward cardiac, vascular, neuronal, and skeletal muscle lineages 

respectively[102]. The light therapy, light-emitting diode (LED) at 620 nm and 2 J/cm2 can 

modulate the fate of human umbilical cord mesenchymal stem cells (hUMSCs) cultured in 

osteogenic differentiation medium, in term of  proliferation and increase of yield of 

osteogenic differentiation[103], Other studies showed that the modulation of genes involved 

in osteogengesis in vitro, depended on the LED length frequency used(680-nm, 760-nm and 

830-nm)[104]. On human skin-derived fibroblast LED induced an increase in cell behaviour 

as, proliferation, viability, migration speed and reactive oxygen-species (ROS) 

generation[105].  

The 532 nm green light LLLT performed with KTP laser at 4 J/cm2 influenced the  

osteoblastic differentiation of mesenchymal stromal cells [106]. 

However, the basic physics behind al of these instrument is almost the same: a modulation of 

an electromagnetic signal or a radiofrequency signal that can interact with the biological 

behaviour of the cells. 
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On the other hand, the Extra Corporeal Shock Wave (ECSW or SW) technology, is based on 

another principle, the ultra sound and cavitation.  ECSW have been clinically introduced for 

lithotripsy since the 1980s. At the beginning, the aim was to brock up the urinary stones by 

high-energy pulses[107], then several findings demonstrated that changing the modulation of 

energetic intensity, different  effect on tissues can be observed. In particular , SW could affect 

wound healing with an increase of angiogenesis[108], resolution of tendinitis[109][110] and 

bone repair increase[111]. SW modulate the differentiation of hASCs toward 

myofibroblasts[112]	

Problems with stem cells 

Ethical problems 

Scientists plan to differentiate pluripotent cells into specialized cells that could be used for 

transplantation.  However, human stem cell (hSC) research also raises sharp ethical and 

political controversies because it involves the destruction of human embryos, in fact  

totipotent stem cell lines can be derived from the inner cell mass of the 5- to 7-d-old 

blastocyst[113][114]. On the other hand the new discovery by Yamanaka [26] of induced 

pluripotent stem cells (IPS) has paved the way to new hopes for regenerative medicine and 

clinical application, because are ethically unproblematic and acceptable to  use in humans. 

Even though IPS cells still exhibit some problems that the researcher are trying to solve, like 

the possibly tumour formation, immunological reactions, unexpected behaviour of the cells, 

and unknown long-term health effects[115], based on retroviral integration into the host 

genome that can create spontaneous and directed differentiations in the expression pattern 

[116] that cannot really be controlled by researchers.  
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On the other hand, the MSCs are easier to isolate from many tissues[117],  are able to 

differentiate into many cell types thus representing  a starting point of many novel therapies, 

especially in tissue engineering. 

Technical problems 

Currently, MSC clinical applications requires the use of high cellular doses (up to several 

million cells/ patient body weight) together with efficient expansion protocols to generate a 

large number of cells based on traditional culture techniques[118],  meaning culturing MSCs 

into plastic tissue flasks, a limited process in terms of cell productivity involving at least 2 to 

3 cell passages to achieve a clinically relevant cell numbers in an acceptable period of time. 

On the other hand the effects of extended ex-vivo MSC cells obtained by consecutive cell 

passaging during long-term cultivation may lead to a senescent state of the cultured cells  

ultimately compromising clinical safety and efficacy[117]. It is known that after 7 passages 

BM-MSCs, the proliferative and clonogenic potential is seriously affected, as well as their 

proteome profile, like cell cycle regulation and apoptosis. [119].  

Nevertheless, in practice, cell transplantation does have a number of limitations, adult stem 

cells or iPSCs, are expensive and need an intensive work, moreover they require specialized 

facilities for cell collection, expansion, quality control and transplantation as mentioned 

ATMP standards parameter[120]. 

Senescence in cells in vivo and in vitro 

To maintain tissue homeostasis, stem cells have developed strictly regulatory mechanisms to 

self-renew, differentiate, and prevent premature senescence and apoptosis. Since years the 
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researchers observed a limitation of the normal cells unlimitedly proliferation in vitro, 

showing that human fibroblasts post-isolation stages in culture, at the beginning exhibit a 

strong proliferation rate, gradually decreasing during passages, and progressively losing the 

ability to divide[121][122]. That phenomena, at a later time, was called “senescence” by 

Haflick, who demonstrated  that the mechanism  was correlated to stressors forces causing 

the cellular senescence. These stressors factors include dysfunctional telomeres, genotoxic 

stresses/DNA damage, perturbations to chromatin organization, and strong mitogenic signals. 

Based on this observation, the scientific community, at that time, proposed two important 

hypotheses. The first one assumed that the senescence mechanism was a way of the body and 

the cell to prevent aberrant proliferation like cancers, so was proposed senescence as a 

beneficial event in order to protect unregulated cell proliferation. The second hypothesis, 

stated senescence as a phenomenon related to the progressive decline in  tissue regeneration 

and repair, with age,  together with then loss of regenerative capability of cells in vivo. 

Nevertheless, the understanding of the senescence processes grew and these two hypotheses 

combined together, brought new insights to the fields of cancer, ageing and regeneration. In 

the field of regenerative medicine, the senescence is considered a problem, because for stem 

cell-based therapies a substantial number of cells are needed, requiring extensive ex vivo cell 

expansion with many related problems.  

The primary cells do not grow indefinitely , but only for a limited number of cell division 

[122]. On the other hand cell therapy protocols usually require hundreds of million cells per 

treatment, with the need to be expanded in vitro several passages before implantation 

(http://www.clinicaltrials.gov). 
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Cell senescence is strictly dependent on another important factor, the patient. It is known, in 

fact, that the age, together with  genetic patterns strongly the quality of the obtained cells, and 

the of the lifespan in vitro[123][124]. SCs senescence could affect the clinical therapeutic 

potential, immunomodulatory activity, differentiation potential, and cell migration 

ability[125]. It was found that senescent cells exhibit striking changes in the expression of 

genes, as cell cycle activators [126][127] including the cyclin-dependent kinase inhibitors 

(CDKIs) p21 (also termed CDKN1a, p21Cip1, Waf1 or SDI1) and p16 (also termed CDKN2a 

or p16INK4a),. These CDKIs are components directly regulated by the p53 and 

retinoblastoma (pRB) proteins respectively,  involved in growth arrest control during 

senescence. Senescent cells repress genes encoding proteins that stimulate or facilitate cell-

cycle progression,  as c-FOS, cyclin A, cyclin B and PCNA[128] by modulating, the 

transcription factor E2F, that is which is in turn inactivated by pRB. In some senescent cells, 

E2F target genes are silenced by a pRB-dependent reorganization of chromatin. 

The senescence can be induced by many stimuli: 

• Telomere-dependent senescence 

Telomeres are the last part of a linear chromosome and are characterized by the 

repetition of 5-TTAGGG-3�(in vertebrates) which are associated proteins that have 

the main role to protect them from degradation or fusion by DNA-repair processes 

(during replicative event)[129]. The precise telomeric leght sequence is not known and 

structurally  present in the end  a large circular structure like a  t-loop[130]. During 

replicative event in S phase of the cell cycle polymerases loose 50–200 base pairs of 

telomeric DNA [131] the length of telomere decrease, that is one of the reason why 
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cells do not proliferate indefinitely. Another event inducing senescence, is the double-

strand breaks (DSBs) in telomere; in fact, after a telomere break, the cell can arrest 

cell-cycle progression and try to repair the damage, otherwise if it is not senescence 

[132][133].  

However, physiologically the end-replication problem can be avoided in cells a 

particular enzyme, the telomerase. This enzyme contains a catalytic protein component 

(telomerase reverse transcriptase; TERT) and a template RNA component, that adds 

telomeric DNA repeats directly to the chromosome ends. The activity of telomerase is 

strictly correlated with the senescence in cells.  

• DNA-damage induced senescence 

Severe DNA damage that occurs anywhere in the genome, causes in many type of cells 

senescence, it was observed that DNA and telomerase damages increase cell 

senescence through the activation of p53, that in turn up regulate p21 thus causing G1 

phase arrest [134][135].  

• Senescence caused by chromatin perturbation 

The chromatin state determines the extent of  genes which are active (chromatin) or 

silent (heterochromatin), and depends mainly on epigenetic control by histone 

modifications as acetylation, methylation and remodelling of chromatin associated 

complexes. Recent observation, demonstrated that chemically-induced inhibition of 

histone deacetylase (HDAi), which promotes euchromatin formation, induces cell 

cycle arrest and senescence in fibroblast[136] because HDAi induces p21 and p16 

expression and in turn p53 up regulation.  
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• Oncogene-induced senescence 

During cancer transformation, some genes show mutations, thus increasing the 

seriousness of cellular deregulation. These mutated genes, typical of cancerous cells 

are known as oncogenes. Usually,  cells respond to cancer transformation by activating 

senescence or apoptosis pathways. For examples oncogenes molecularly activate cell 

senescence. This phenomenon was first observed when an oncogenic form of RAS, a 

cytoplasmic transducer of mitogenic signals, was expressed in normal human 

fibroblasts together with an up regulation of p53 and p16(INK4a)[137]. These finding 

clearly highlight a defence mechanism established by the cells, in the attempt to 

counteract abnormal growth c stimulation and cancer formation[138]. 

• Stress and other inducers of senescence 

There are a lot of observations that stressor event as oxidative condition in the cells or 

chronic inflammatory states induced by cytokines, such as interferon-β may induce a 

senescent state together with cell growth arrest. Chronic stimulation by transforming 

growth factor-β in epithelial cell induces senescence by promoting p16–pRB-dependent 

target genes [139]. 

In conclusion, cell senescence still represent a problem in the field of regenerative medicine 

because influences the therapeutic potential of human stem cell that can be used for 

transplantation by influencing many cellular features as migratory ability, differentiation, 

immunomodulation ability, cell expansion and cell quality[140].  

Tissue engineering and Market 
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Most cell-based therapies are currently experimental, with a few exceptions such as 

haematopoietic stem cell (HSC) transplantation which is already a well-established treatment 

for blood related disorders[141],  or the transplantation of cultured sheets of autologous 

epidermal or corneal cells to repair burn injuries[142], the used transplantation of ex vivo–

expanded autologous chondrocytes to repair cartilage defects[143]in clinical practical, or 

experimental trials like transplantation of embryonic stem cells for treatment of spinal cord 

injuries[144] a pilot trial conduct in Australia called Geron Phase 1 or the application of 

pluripotent stem cells for treatment of blindness on a Japanese woman by Masayo Takahashi 

group.  

Conventionally, cell therapies can be classified by the therapeutic indication and the aim to 

address (neurological, cardiovascular etc.) or by where are from like the same individual 

(autologous) or derived from a donor (allogeneic) or most commonly by the cell types, often 

using the EU regulatory classification, the EU regulatory classification of cell-based therapies 

discriminates between minimally manipulated cells for homologous use (transplants or 

transfusions) and those regulated as medicines which are required to demonstrate quality, 

safety and efficacy standards to obtain a marketing authorization before becoming 

commercially available (referred to as Advanced Therapy Medicinal Products; ATMPs) 

which are subdivided into somatic cells, gene therapy and tissue engineered products [145]. 

However, the majority of cell-based therapies till now are an early stage of development 

(clinical trial Phases I and II focused on demonstration of safety and early indication of 

efficacy) with relatively few reaching the later stages of clinical trial and marketing 

authorization [146]. 
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However, since tissue engineering and regenerative medicine emerged as an industry about 

two decades ago, a number of therapies have received Food and Drug Administration (FDA) 

clearance or approval and are commercially available[147].	Carticel, the first FDA-approved 

biologic product in the orthopaedic field, uses autologous chondrocytes for the treatment of 

focal articular cartilage defects autologous chondrocytes are harvested from articular 

cartilage, expanded ex vivo, and implanted at the site of injury, resulting in recovery 

comparable with that observed using micro fracture and mosaicplasty techniques [148]. Other 

examples include laViv, which involves the injection of autologous fibroblasts to improve the 

appearance of nasolabial fold wrinkles, or Epicel that are autologous keratinocytes  used for 

severe burn wounds. Tissue engineering includes  materials that are often an important 

component of current regenerative medicine strategies because the material can mimic the 

native extra cellular matrix (ECM) of tissues and direct cell behavior, contribute to the 

structure and function of new tissue, and locally present growth factors[149]. Decellularized 

donor tissues are also used to promote wound healing (Dermapure, a variety of proprietary 

bone allografts)[150] or as tissue substitutes the CryoLife and Toronto’s heart valve 

substitutes and cardiac patches[151]. These products provide benefit in terms of healing and 

regeneration but are unable to fully resolve injuries or diseases[152].  

2.Use of materials able to increase the repair processes and cell growth and migration 

Tissues generally consist of cells and extracellular matrix (ECM). The main role of 

biomaterials is mimicking the ECM, giving both structural and functional support. During the 

last few years, ECM has been shown to play a key role in many different functions, such as 

gene expression, survival, death, proliferation, migration, differentiation. Therefore, all of 
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them should be reproduced by biomaterials enriched with bioactive factors, such as growth 

factors and cytokines.  

The biomaterials, called “scaffold” in regenerative medicine, can be either natural or synthetic 

with different advantages and disadvantages. Synthetic materials can be identically 

reproduced on a large scale with specific properties of microstructure, and degradation rate. 

However, they still have some problems of biocompatibility with cells. That problem should 

be solved using natural biomaterial from living organism, able to integrate themselves with 

cells, creating decellularized tissue matrices[153], but unfortunately even acellular tissue 

matrices are not so easy to obtain large quantities according to good manufacturing practice 

and ATMP standards parameter [120] and in some cases they present cellular components 

which may induce an immune response [153]. 

The ideal biomaterial should be biocompatible and biodegradable at the same rate as 

regeneration well porosity, which allows the exchange of nutrients and wastes, not toxic, not 

inflammative and may help regeneration in term of time and quality.  

3.3D printing cells 

The new era of regenerative medicine is trying to solve the problems concerning the use of 

cells and the biomaterials directly printing all together. The biofabrication technique[154], 

for example,  is based on a photo-induced solidification process, which uses soft 

biocompatible hydrogels containing living cells and forms one layer of solid structure at a 

time[154], but in a continuous fashion, by shining light on a selected area of a solution 

containing photo-sensitive biopolymers and cells Organovo is a medical start-up aiming at 
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delivering bioprinted organs, like liver, for surgical therapy and transplantation. Cytofuse is 

a Japanese company that without biopolymer directly prints in 3D articular cartilage and 

subchondral, starting from 3D adipose tissue-derived mesenchymal stem cells[155]. 

Principle aim and challenges in regenerative medicine  

Stem cells have the capability to differentiate into a wide range of adult cells, the discovery 

and isolation of them paved the way to new hopes in the regenerative field. But most of the 

applications of stem cells directly on patient are still under experimental trial phase, except 

for some procedures actually used in clinical practice (bone marrow transplantation in 

haematology). Even tissue engineering, one of branch of the regenerative medicine based on 

the regeneration of novel tissues from cells with the aid of biomaterials and growth factors 

still have some problems. The regenerated tissues usable by the patients are still very limited, 

as skin, bone, cartilage, capillary and periodontal tissues. 

One of the reason which strongly prevents the use of stem cells to regenerate organs and 

tissues deal with the need of a large number of stem cells as MSCs for clinical applications. 

 Most of the time the isolation of tissue could be dangerous and painful for the patient.  Then, 

a proper set up of in vitro MSCs expansion and subsequent cryopreservation and banking are 

necessary to establish safety and efficacy in transplanted patients. And is well known that 

expansion of primary cells is strongly influenced by senescence problems, which represent 

also one of the challenges in the application of tissue engineering.  The artificial tissue 

engineered still have some limitations correlated to the dimensions of the construct, that can 

not be used for the recovery of serious defects. The other problem is correlated with the 
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architecture and tridimensional structure, actually the only usable engineered tissues are vases 

or cave structure like the trachea [156], or tissues not physiologically scattered because the 

viability of cells seeded on a scaffold gradually decrease with the thickness. On the other 

hand, the use of growth factors alone or associated with the 3D construct are still not 

considered completely safe, since it is unknown the the influence that they could have on the 

environment of the donors. All of these items need to be addressed before cells or engineered 

constructs can be used routinely in the clinical setting. 

The challenges in regenerative medicine are still countless, (1) the safely, for instance the use 

of stem cell that can differentiate in all types of mature cells include cancer cell, (2) the use 

of a method that can commit all the stem cell toward a specific phenotype with the 100% 

yield of final differentiation, (3) the use of a population of cells that can be fast and easily 

isolated and with high quantity, and safe for the patient. Also for tissue engineering some 

clues are still open, (4) find the best scaffold, (5) the best bioreactor (6) the best solution for 

seeding different population in order to have a relevant mature material implantable on 

patients.  

However, since years other technologies were tested on patients in order to modulate some 

physiological behaviour involved in the homeostasis of tissue and activation of niche.  

 

4.Use of biophysical stimuli on cells or tissue 
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The modulation of the stem cell niche can influence the function of stem cell population, 

based on this idea since years the regenerative medical techniques have been improved and 

focused on the implementation of biophysical stimuli[96].  

Physical factors within the local cellular microenvironment, including cell shape and 

geometry, matrix mechanics, external mechanical forces, and nanotopographical features of 

the extracellular matrix, can all have strong influences in regulating stem cell fate[157][158]. 

There are several evidence that regulation of stem cell fate is strongly influenced by the 

coexisting insoluble adhesive, mechanical, and topological cues contained and dynamically 

regulated in the stem cell niche[93][159]. Biophysical stimuli can be sensed and transduced 

into intracellular biochemical and functional responses by stem cells, a process known as 

mechanotransduction [93]. The sensory machinery of stem cells can sense and integrate 

multiple signals simultaneously from their niche and convert them into a coherent 

environmental signal to regulate downstream gene expression and stem cell 

fate[93][40][160][110]. 

There are several devices able to interact with cell fate in vivo, directly on patients, on animal 

models and in vitro on the cells. 

Physical devices used in regenerative medicine 

For years’ scientists tried to drive stem cell fate through the use of chemistry, increase the 

proliferation using growth factors or fabricate 3D constructs using the combination of stem 

cell or mature adult cells on natural, artificial polymers. 
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But  only relative recently,  some research groups have shown the possibility to use physical 

stimuli directly on patients, tissue and  cells [91].  

The use of physical energies for therapeutic purpose is well known, approved by FDA 

committee and used on patients. Several devices based on different physical mechanisms were 

studied and observed directly on patients with beneficial effects. The idea behind the use of 

physical stimuli on tissue and bodies, was proposed already in 1974 by Nucitelli who gained 

evidence on endogenous ionic current and interaction with electric field in multicellular 

animal tissues[90]. Nowadays it is possible to explain changes in cellular behaviour, 

following electro magnetic stimulation, considering an effect on cell polarity [161] and on 

stem cell niche in the body [39]. 

In fact, recent evidence highlighted that the regulation of cell fate by physical stimuli 

influence the coexisting insoluble adhesive, mechanical, and topological cues inherently 

contained and dynamically regulated in the stem cell niche. Since then, the use of physical 

treatment in regenerative medicine progressively raised as an alternative solution.  

 The Ultrasound energies were used for medical purposes since the 1950s for physical 

therapy in some pathological situations as tendinitis or bursitis[162].  

Even the use of extremely low-frequency electromagnetic fields (ELF-EMFs) with 

frequency lower than 100 Hz and magnetic field intensity ranging from 0.1 to 20 mT  became 

a useful therapy for fracture repair, osteoporosis treatment [163] and soft tissue regeneration, 

like wound healing. The mechanism of action of ELF is not already clear, however several 

evidence showing that the electric currents can accelerate cell activation [94], and influence 
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epigenetic remodelling. In particular the use of 50Hz ELF- on GC-2 cell lines decreased 

genome-wide methylation and the expression of DNMTs [164], in neural stem cells (NSCs) 

isolated from the hippocampi of newborn mice, moreover the ELF irradiation at 1 mT 50 Hz 

for 12 days enhances their proliferation and neuronal cell-fate specification by a Cav1-

channel-dependent regulation and modification of the histones[165], that result provide a 

possible correlation with an epigenetic regulation by physical stimuli on fate of cells.  

Radio Electric Assimetric Conveyor (REAC) 

The REAC is a medical device that generates an emission of microwaves of very weak 

intensity(2 mW at the emitter and 2.4 or 5.8 GHz frequency), this technology was designed 

in order to convey asymmetrically radioelectric frequency and microcurents on body. The 

energy emitted from REAC is resulting from the interaction between the weak 

electromagnetic field produced by the device and the the cells, like an organized loop auto 

calibrating (asymmetric). The auto calibration of the signal is permitted by an intern antenna 

that capture the micro currents produced by cells and re-convey forward them by a probe in 

a concentrated way.  Interestedly, the REAC showed a remarkable biological effects for the 

improvement of pathological neuroinflammation in mouse model[166], as well in rats model 

was showed the different neuromodulation in the thalamocortical region after REAC 

treatment[167][168], in another randomized double-blind study was evaluated on adult 

patients the effect of 250 milliseconds pulse emitted with radio-electric asymmetric conveyer 

(REAC) showed cerebellar and ponto-mesencephalic activation in treated patients[169] As 

well that REAC provided an effect in the resolution of wound healing[170]. In in vitro 

experiment the application of 2.4 GHz radiofrequency enhanced the yield commitment 
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towards myocardial, neuronal, and skeletal muscle differentiation in both mouse ES cell[101] 

and human adipose-derived mesenchymal stem cells (hADSCs)[102], for the first time 

exposure of hADSCs to REAC-conveyed radioelectric fields was able to counteract the 

senescence in vitro after several passaging, absolutely a important result for the regenerative 

applications, but more studies must be perform in order to understand the details of the 

mechanism of action of REAC.   

Extra corporeal shock Waves therapy (ESWT) 

Extracorporeal Shock Wave Therapy (ESWT) is another type of biophysical stimuli in the 

field of regenerative medicine, that could be classify  as “mechanotherapy”. Initially, in the 

80’s Shock wave was used in urology (lithotripsy) to disintegrate renal stones[107]. In later 

times, Shock wave were applied in other fields, showing promising hopes for the treatment 

of healings and pathological disorders. One of the first applications were in the orthopedic 

field, but with another purpose. In fact, was not used to disintegrate tissues, rather to induce 

neovascularization, improve blood supply and tissue regeneration. Gradually, this technology 

was introduced for the treatment of musculoskeletal disorders[110], tendon pathologies, bone 

healing disturbances, vascular bone diseases[171], dermatology for the wound healing 

disturbances, ulcers[172]. However till now the exact biological mechanism of action is 

unknown. Several studies conducted in vitro,  proving the effect of Shock Waves (SW), on 

the modulation and stimulation of the cells through “mechano-transduction”. In a recent 

study, was provided that SW could activate ADSCs through MAPK, PI-3K/AKT and NF-κB 

signaling pathways[112], as well in HUVEC cells exposed to SW (1 Hz at an energy level of 

0.03 mJ/mm2) was found a upregulation of the expression of angiogenic factor, and caveolin-
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1, a constitutive protein of caveolae, has been implicated in the regulation of cell growth, lipid 

trafficking, endocytosis, and cell migration[108]. The SW treatment act in is dose dependent 

on the behavior of cells.  In a work published by Zhang was found that the cells exposed to 

low energy (0.04 e 0.13 mJ/mm2) improved the expression of some angiogenic factors, such 

as eNOS, Ang-1, and Ang-2, on the other hand a high increase of energy reduced the 

expression of angiogenic factors and increased apoptosis[173]. That findings suggest that the 

biological effects of shock is strongly correlated with the intensity of energy give on cells, 

that therefore mechanic-force apply to the cells.  

PRINCIPLE OF SHOCK WAVE 

Shock waves are generated by an electrohydraulic device that produce underwater high-

voltage condenser spark discharge, convoyed by an elliptical reflector on tissue or cells.  

There are three main techniques through which shock waves can be generated generated. 

These are the electrohydraulic, electromagnetic, and piezoelectric. The first one was the first 

generation devices, the electromagnetic technique is based on electric current passing through 

a coil to produce a strong magnetic field generating the shock wave, the last one the 

piezoelectric technique involves a large number (usually > 1000) of piezocrystals mounted in 

a sphere and receives a rapid electrical discharge that induces a pressure pulse in the 

surrounding water steepening to a shock wave.  
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Fig.3 Types of SW generator  

However, all these devices maintain the same parameters, that can be modulate or change, 

base on the needs. That are the pressure distribution, energy density and the total energy at 

the second focal point. The Shock waves can be convoyed in a specific zone of body, or tissue 

or cell culture by a applicator. 
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Fig.4 Shock Waves  applicator 

The “mechanical” waves produced by SW device, are sonic pulsation characterized by 

biphasic behavior,  an initial positive very rapid phase, of high amplitude more than 100 MPa 

(500 bar), followed after 10 µs and a negative pressure (- 10 MPa),  in a frequency spectrum  

range of 16 to 20 MHz[174]. 

 

Fig.5 Typical “biphasic” form of the therapeutical extracorporeal shock waves. (from: Odgen JA, Toth-Kischkat A, 
Schulteiss R. Principles of Shock Wave Therapy. Clinical Orthopedic and Related Research, 2001; 387: 8 e 17) 
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AIM OF THE PROJECT 

The use of direct physical stimuli on tissues, as well on cells, is a novel and suitable 

method to interact with and control cell fate. Over the years, several studies have 

demonstrated the ability of Physical stimuli to modulate cells behaviour, including cells that 

are resident in the niche, activating or changing their physiology.  

Physical stimuli, by interacting with cells or stem cell in the niche, modulate  their polarity, 

their thermodynamic status, driving the complex processes of adhesion, proliferation and 

differentiation toward specific phenotypes promoting tissue regeneration. 

However, an understanding of the molecular mechanisms governing such processes is still 

lacking. 

Even if a therapeutic effect is clear to clinicians in applied medicine, the physiological 

mechanisms behind the effects these stimuli have on tissues and cells remain both unclear 

and enthralling.  

This was the main focus of my PhD project, to try to figure out how biophysical stimuli 

on cells has an effect on physiological and molecular pathways. I focussed on two devices, 

the REAC and the extracorporeal shock wave machines.  

For years, regenerative medicine has been trying to find a way to obtain the best possible 

regeneration of tissues or organs that have been severely damaged by chronic inflammatory 

diseases, tumours or severe trauma. More than three decades have passed from the first 

suggestion that cells may be grown outside the body, from the moment that, for the first time, 
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a cell was isolated and grown in an artificial environment, from the moment that researchers 

tried to create tissues by in vitro seeding on 3D supports called scaffolds, and from the 

discovery of recombinant proteins and growth factors able to increase cells performance in 

term of proliferation and differentiation. More than thirty years and researchers still are 

running for the win. However, the path is still long and the panacea for all ills has not yet 

been found.  

Nevertheless, the idea of taking advantage of the intrinsic properties of cells and tissues 

in order to control or improve their physiology has always been an objective of researchers. 

The basic idea was to find a method, as minimally invasive as possible for the patient that 

could drive tissues towards self-healing. Physical therapies are a well proven reality in routine 

medicine. The beneficial effect they have on patients has been known for a long time, whether 

their mechanism is physical, electromagnetic, radio-electric or micromechanical. 

At the beginning of my PhD, when shortly after my graduation I “arrogantly” thought that 

I had learned enough about biology from my university exams, I approached the world of 

biophysical therapies. Initially I was incredulous; I could not understand how "something that 

could not be seen and touched" could interact on a finely tuned system that evolution had 

refined over millions of years. 

The aim of this thesis is to demonstrate the effect of physical stimulation on “in vitro” cell 

systems. Specifically, I wanted to analyse some critical points and mechanisms that still create 

problems in regenerative medicine, with the hope to clarify them and try to find a solution. I 

will focus on the senescence pathway and its modulation after physical stimuli with REAC. 
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As well, I will try to prove the efficacy of REAC during neuronal commitment in PC12, as 

well the combination of REAC treatment and chemical inductors in urine-derived stem cells 

toward cardiomyocyte like cells. In the second session, I will try to prove the modulation of 

cell proliferation and activation after extracorporeal shock wave (ECSW) treatment. The basic 

hypothesis  is that the cells stimulated through a physical stimulus react to it as a 

differentiation or replication signal, changing the cell polarity. Perhaps acting at the molecular 

level and on the intrinsic polarity of the cell, this type of allowing cells to be more active and 

responsive. For convenience I divided this thesis in chapters, based on the different devices 

applied on the cells. 
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REAC SECTION 

REAC and senescence 

One of the most important challenge in regenerative medicine is the use of stem cells for cell 

therapy or for tissue engineering. It is known that the number of stem cells necessary for bone 

morrow transplantation is in the order of billions (www.clinicaltrials.gov), moreover if we 

want to use stem cells from another source like dental pulp, adipose tissue, placenta etc. we 

will found several troublesome. The quantity of stem cells resident in the tissues or in the 

niche is limited by many factors. One factor should be correlated to the quantity and the 

quality of the biopsy that we take from the patient, that could be limited if the starting material 

is poor. The other could be correlated to the variability between patients in term of gender, 

physiology, genomic or age. Even the yield of a pure stem cell population isolated from 

biopsy could be compromised by the presence of other cells. Therefore, prior to be used in 

translational medicine, even in research the primary cells culture need to be expanded and 

immune selected. But this actually represent a manipulation and could give rise to secondary 

issues. The prolonged, expansion of cells in vitro could induce the senescence in them. The 

senescent cells cannot be used in clinical transplantation because they cannot be proved to be 

safe, do not reply to self-renewal , stay in a quiescent state and lose the ability to differentiate.  

In previous works, my group found that radioelectric irradiation by REAC technology, 

influenced the gene expression profiles controlling stem cell differentiation in Adipose 

derived stem cells as well in mouse embryonic stem cells [102][101]. We proved that in 
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senescent Adipose derived stem cells, aged by multiple passaging in vitro, REAC 

counteracted the induced senescence phenotype [175], by the modulation of the molecular 

pattern mediated by p16INK4, ARF, p53, and p21CIP1. The beta-galactosidase staining 

assays showed a decrease in the number of positively stained  cells. Moreover REAC was 

also able to preserve the pluripotency of Adipose derived stem cells , as assessed by the yield 

of  the adipogenic, osteogenic, and vasculogenic differentiation obtained in REAC-treated 

cells as compared to control untreated cells belonging to the same culturing passage. We 

supposed that one of the main mechanism of REAC effect is based on the modulation of cells 

polarity. Cell polarity is involved in a plethora of physiological cell behaviour, such as 

potency, plasticity, metabolism, activation of the cells, epigenetic changes and senescence. 

Based on these issues we tried to figure out some possible REAC target in the stimulated 

cells. In particular we focused on the expression of BMI, a Polycomb and Trithorax member 

of the group of repressors, which has been recently shown to be an essential factor for the 

self-renewal of adult murine hematopoietic stem cells, and neuronal stem cells, acting as a 

repressor of senescence[176][177]. 

It is already known, that hyaluronic acid (HA) plays a fundamental role in cell polarity and 

hydrodynamic processes [178], in this section I will describe  the effect of REAC on the 

modulation of senescence pathways and in term of cell polarity modulation using an inhibitor 

of HAS2 (hyaluron sintase 2), in order to demonstrate a possible target mechanism  of REAC 

in counteracting cell senescence.  
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MATERIALS AND METHODS 

Isolation and culture of hADMSCs 

According to the policy approved by the local Ethical Committee from University of Bologna, 

all tissue samples were obtained after informed consent.  

We isolated the cells from  human biopsy of subcutaneous adipose tissue obtained from 

lipoaspiration/liposuction procedures. We choose Adipose derived stem cells (ADhMSC), 

because actually they represent a promising cellular type in the field of regenerative medicine 

due to easy procedure of tissue harvesting and their level of multipotency.  

 After washing, we proceed with enzymatic isolation.   The lipoaspirates were digested with 

0.2% collagenase A type I solution (Sigma-Aldrich), under gentle agitation for 45 min at 

37°C, and centrifuged at 2000 rpm for 10 min to separate the stromal vascular fraction (SVF) 

from adipocytes. We even treated this fraction with red blood cell lysis buffer for 5 min at 

37°C, in order to obtain a pure population without erythrocytes that could be toxic for the 

cells and interfere with the isolation protocol, then we centrifuged again the solution. The 

supernatant was discarded, and the cell pellet was re suspended and seeded in culture flasks 

in DMEM- low glucose (Lonza) supplemented with 20% heat inactivated FBS, 1% penicillin-	

streptomycin, 2 mML-glutamine, and incubated at 37° C in a humidified atmosphere with 5% 

CO2. 

When the cultures reached 80% of confluence, cells at passage 5,10,15,20 and 30, were 

detached by treatment with trypsin-EDTA, and seeded in six-well tissue culture plates. The 

REAC device was placed into incubator and was set at 2.4 GHz. The signal was conveyed by 
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electrodes for 4,8 or 12 hours to the cells at the different passages. We decided to expose cells 

for 6, 8 and 12 hours, following  previous observation[101] showing that the effect of  REAC 

was time dependent.  

Culture of hADMSCs with 4-MU 

For the experiment in the presence of the 4-methylumbelliferone (4-MU) , a HAS2 inhibitor 

cells were seeded in culture flasks in DMEM- low glucose (Lonza) supplemented with 20% 

heat inactivated FBS, 1% penicillin-	streptomycin, 2 mML-glutamine, and incubated at 37° 

C in a humidified atmosphere with 5% CO2. 

As for the previous set of experiments we cultured cells for 5,10,15,20 and 30 passages in 

order to induce the senescence in vitro. The REAC apparatus was positioned into the CO2 

incubator and set at 2.4 GHz, and its probes were immersed for 12 hours into the culture 

medium at each indicated passage, in the absence or presence of 1 mM 4-MU (Sigma-

Aldrich). 

REAC SETTING DETAILS 

The REAC was set for radio frequency burst of 250 ms with an off interval of 2.5 s. The 

REAC apparatus, was placed into a CO2 incubator, was used at a frequency of 2.4 GHz, and 

its conveyer electrodes were immersed into the culture medium of hADSCs. REAC radiated 

power is about 2 mW, electric field E=0.4 V/m, Magnetic field 1 mA/m, specific absorption 

rate (SAR) 0.128 µW/g; the density of radio-electric current flowing in the culture medium 

during the REAC single radio frequency burst is J=30 µA/cm2. 
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Fig.6 Prospect of REAC and cells inside incubator. REAC(A) was allocated inside the incubator (E), the cells cultivated  
inside dedicated tissue culture plate(C) were exposed to REAC by specific probes(B) directly inside the medium culture. 
A particular antenna (D) detected the frequencies emitted by cells.  (F)power supply cable feed of REAC. 

SA-b-Gal staining 

SA-b-Gal staining was performed using a ‘‘Senescence-associated b-Galactosidase Staining 

Kit’’ (Cell Signaling). Briefly, ADhMSCs cultured at passages 5, 10, 15, 20, 25 and 30 were 

exposed for 12 hours in the absence or presence of REAC in 6-well plates . After treatment 

with REAC or not, cells were fixed with fixative solution and then processed according to the 

manufacturer’s instructions. The cells were then photographed under an inverted microscope 

at 10X magnification for qualitative detection of SA-bGal activity. The number of positive 

(blue) and negative cells was counted in five random fields under the microscope at 20X 

magnification and bright field illumination, and the percentage of SA-bGal- positive cells was 

calculated as the number of positive cells divided by the total number of counted cells. 
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Analysis of gene expression 

Total RNA was isolated using Trizol reagent, according to the manufacturer’s instruction 

(Life Technologies). Total RNA was dissolved in RNAase- free water and. Then quantified 

using Nanodrop.  For reverse Transcription (controlla bene questo termine) PCR, 1 µg of total 

RNA was used  and cDNA was synthesized in a 50-µl reaction volume with MuMLV reverse 

transcriptase (RT) according to the instruction kit provided (Life Technologies). Quantitative 

real-time PCR was performed using an iCycler Thermal Cycler (Bio-Rad). Two µl of the 

cDNA solution were amplified in 50-ml reactions using Platinum Supermix UDG (Life 

Technologies), 200 nM of each primer, 10 nM fluorescein (BioRad), and Syber Green. After 

an initial denaturation step at 94 C for 10 min, temperature cycling was initiated. Each cycle 

consisted of 94°C for 15 s, 55–59°C for 30 s and 60°C for 30 s, the fluorescence being read 

at the end of this step. To evaluate the quality of product of real-time PCR assays, melting 

curve analysis was performed after each assay. Relative expression was determined using the 

‘‘delta-CT method’’ with hypoxanthine phosphoribosyltransferase 1 (HPRT1) as 

housekeeping gene. The mRNA levels of control and REAC-exposed ADhMSCs were 

expressed as fold of change (2-ΔΔCt), relative to RNA levels of the ADhMSCs at passage 5 

before starting the REAC treatment (time 0).  We used the primer mentioned in table.1 

Immunoblotting analysis 

To analyse  the protein level and confirm the data observed by gene expression analysis we 

performed the immunoblot analysis. The cells, were cultured as previously described, at 
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passages 5, 10, 15, 20, 25 and 30 and then were exposed for 12 hours in the absence or 

presence of REAC in 6-well plates. From total cell lysates proteins were isolated, then 

quantified using BCA assay.  The SDS-page was performed on 10% Novex Tris-glycine 

polyacrylamide gels (Invitrogen, CA), in MOPS SDS Running Buffer, using an XCell 

SureLockTMMini-Cell, according to the instruction provided by the kit. After protein transfer 

to nitrocellulose membranes (Life Technologies), we saturated the membrane using a solution 

of PBS-3%BSA, for the washing solution we used PBS-Tween 20 1% , the immunoreaction 

was carried out for 1 hour at room temperature in the presence of the primary antibody Oct4 

(Santa Cruz), Sox2 (Sigma) and GAPDH (Santa Cruz). After additional washing, membranes 

were incubated with anti-rabbit horseradish peroxidase (HRP) conjugated with secondary 

antibody (PIERCE). Targeted protein expression was assessed by a chemioluminescence 

detection system (ECL Western blotting detection reagents were from Amersham 

Biosciences). 

Assessment of telomere length. Genomic DNA was extracted, using Qiamp DNA blood 

mini kit (Qiagen), from ADhMSCs at passages 5, 15, 20, 25 and 30 cultured in the absence 

(control) or presence of REAC stimulation for 4, 8 and 12 hours. Telomere length was 

determined using the Telo TAGGG telomere length assay kit51(Roche), according to the 

manufacturer’s instructions. Briefly, genomic DNA was digested with a mixture of frequently 

cutting restriction enzymes, digested DNA fragments were then separated by gel 

electrophoresis and transferred to a nylon membrane by Southern blotting. The blotted DNA 

fragments were hybridized to a Dygoxigenin (DIG)-labeled probe, specific for telomeric 

repeats and incubated with a DIG-specific antibody covalently coupled to alkaline 
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phosphatase. The alkaline phosphatase on the antibody metabolizes CDP-star, a highly 

sensitive chemioluminescent substrate: this produces a visible signal that indicates the 

location of immobilized telomere probe (and hence	the terminal restriction fragment (TRF) 

on the blot). The average TRF length has been determined by comparing the position of the 

TRF on the membrane relative to a molecular weight standard present in the kit. 

Chemioluminescent signal has been acquired using a BioRad VersaDoc Imaging System. 

Mean TRF length has been defined according to the following formula: 

TRF~S(ODi)positive control (cell at passage1) S(ODi=Li) 

Where ODi is the chemioluminescent signal and Li is the length of TRF at position 

Assessment of telomerase activity. Telomerase activity was investigated by the aid of 

TRAPEZE-RT (Millipore, Bedford, MA). This assay quantifies telomerase activity by 

measuring real-time fluorescence emission with quantitative PCR. Briefly, cells were lysed 

in 200 µl of CHAPS buffer. Aliquots of cell lysate (1 µ g of protein/well) were assayed in a 

96-well quantitative PCR plate. Further wells were set for the generation of the standard curve 

(TSR8 control template), negative control (no sample), and a PCR amplification efficiency 

control (TSK, K1). Telomerase activity (total product generated) was calculated by 

comparing the average Ct values from the sample wells against the standard curve generated 

by the TSR8 control template 17,52. Assays were carried out with a CFX-96 quantitative PCR 

apparatus (Bio-Rad).  

Data analysis Statistical analysis was performed by using the IBM- SPSS Statistics, version 

22. Non-parametric Friedman and Wilcoxon Signed Rank tests were used to investigate, 
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respectively, differences in treatments across multiple test attempts, and to evaluate, in the 

same group, the differences (Delta CT) between the data collected over an observational 

period correlated with treated or non-treated cells. A P value less than 0.05 has been 

considered as statistically significant. 

RESULTS 

We cultivated the adipose derived stem cells (hADSCs) for 5, 10, 15, 25, 30 in order to induce 

the senescence in vitro. Confirming our previous observation [175] REAC remarkably 

influenced cell the senescence status of the cells during in vitro induced cellular aging.  The 

number of SA-β-Gal- stained cells (blue) was already significantly reduced at passage 15 in 

REAC treated cells, as compared to control untreated cells at the same passage. Moreover the 

effect of rEAC on the number of senescent positive cells, was also confirmed in cells cultured 

for 20, 25 and 30 passages, corresponding to a culturing period of almost 50-days.  

BETA GALACTOSIDASE ASSAY 
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Fig.7  SA-b-Gal staining along multiple culturing passages 

 

Fig.8 SA-b-Gal staining along multiple culturing passages. ADhMSCs at passages 1, 5, 10, 15, 20, 25 and 30, reaching 80% 
confluence, were exposed for 12 hours in the absence or presence of REAC (panel A, representative of six separate experiments). The 
percentage of cells positively stained (blue color) for SA-b-Gal was assessed as described in the Methods section below ( mean6S.E.; 
n56; P,0.05). 

 

the figure 8 shows the number of SA-b-gal stained cells in REAC exposed ADhMSCs.  
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Already at passage 10° senescent cells were already detectable. The numbers of positive cells 

was significantly reduced along all the culturing passages in these cells that received a REAC 

treatment for 12 hours as compared to control untreated cells. In particular this differences 

between the two cell populations become more evident at late passages (25–30), when the 

untreated cells showed a 80% of blu positivity for Beta galactosidase, while in REAC treated 

cells the senescence was reduced at 55%.  

GENE EXPRESSION ANALYSIS 

We performed the gene expression analysis on Bmi1, genes controlling pluripotency and Tert. 

In order to have a general vision on the molecular mechanism induced by a 4, 8, or 12h of 

REAC stimulation. 
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Fig.9 Effect of REAC on the expression Bmi1. ADhMSCs at passages 5 (panel A), 10 (panel B), 15 (panel C), 20 (panel D), 25 (panel E) and 
30 (panel F), the cells were exposed for 4, 8 or 12 hours in the absence or presence of REAC. The amount of Bmi1 mRNA from control or 
REAC-treated cells was normalized to HPRT1, and was plotted as fold change relative to the mRNA expression at time 0, defined as 1. All the 
REAC-treated cells at each time point were significantly different from each control untreated cells. (mean 6 S.E.; n 5 6) (P , 0.05). 
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We studied more in detail, the activation of BMI in ADhMSCs at passages 5, 10, 15, 20, 25 

and 30.that had been exposed to REAC for 4, 8 or 12 hours or not (control untreated cells).. 

The transcript levels of all the investigated genes progressively declined over the culturing 

time. On the contrary, REAC treatment significantly counteracted the passage-dependent 

down-regulation of Bmi1 transcription, at all the investigated passages (Figure 9). The use of 

the different time point exposition differently interact with the expression of BMI during the 

passages. According to the principle that the senescence status of stem cells decreases their 

potency, and plasticity, we analysed the gene expression profile of the pluripotency related 

genes.  
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Fig.10 REAC treatment modulates the gene expression of Oct4. ADhMSCs at passages 5 (panel A), 10 (panel B), 15 (panel C), 20 (panel D), 
25 (panel E) and 30 (panel F) all cells were exposed for 4, 8 or 12 hours in the absence or presence of REAC. The amount of Oct4 mRNA from 
control or REAC-treated cells was normalized to HPRT1, and was plotted as fold change relative to the mRNA expression at time 0, defined 
as 1. All the REAC-treated cells at each time point were significantly different from each control untreated cells (mean 6 S.E.; n 5 6) (P 00.05). 
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Fig.11 Gene expression of Sox2 with or without REAC treatment. ADhMSCs at passages 5 (panel A), 10 (panel B), 15 (panel C), 20 (panel 
D), 
25 (panel E) and 30 (panel F) for  4, 8 or 12 hours in the absence or presence of REAC. The amount of Sox2 mRNA from control or REAC-
treated cells was normalized to HPRT1, and was plotted as fold change relative to the mRNA expression at time 0, defined as 1. All the REAC-
treated cells at each time point were significantly different from each control untreated cells (mean 6 S.E.; n 5 6) (P , 0.05) 

4 8 12
0.0

0.5

1.0

1.5

2.0

Hours

FO
LD

 O
F 

C
H

A
N

G
E

SOX2 5°Passage

CTR
REAC

A

4 8 12
0

10

20

30

Hours

FO
LD

 O
F 

C
H

A
N

G
E

SOX2 15°Passage

CTR
REAC

C

4 8 12
0

10

20

30

Hours

FO
LD

 O
F 

C
H

A
N

G
E

SOX2 25°Passage

CTR
REAC

E

4 8 12
0

2

4

6

8

Hours

FO
LD

 O
F 

C
H

A
N

G
E

SOX2 10°Passage

CTR
REAC

B

4 8 12
0

2

4

6

8

Hours

FO
LD

 O
F 

C
H

A
N

G
E

SOX2 20°Passage

CTR
REAC

D

4 8 12
0

2

4

6

8

Hours

FO
LD

 O
F 

C
H

A
N

G
E

SOX2 30°Passage

CTR
REAC

F



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

72	

 

 
 
Fig.12 Nanog Expression. ADhMSCs at passages 5 (panel A), 10 (panel B), 15 (panel C), 20 (panel D), 25 (panel E) and 30 (panel F), the 
cells were exposed for 4, 8 or 12 hours in the absence or presence of REAC. The amount of Nanog mRNA from control or REAC-treated cells 
was normalized to HPRT1, and was plotted as fold change relative to the mRNA expression at time 0, defined as 1. All the REAC-treated cells 
at each time point were significantly different from each control untreated cells (mean 6 S.E.; n 5 6) (P , 0.05). 
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Fig.12 Gene expression of cMyc. ADhMSCs at passages 5 (panel A), 10 (panel B), 15 (panel C), 20 (panel D), 25 (panel E) and 30 (panel 
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F), after  4, 8 or 12 hours in the absence or presence of REAC. The amount of cMyc mRNA from control or REAC-treated cells was normalized 
to HPRT1, and was plotted as fold change relative to the mRNA expression at time 0, defined as 1. All the REAC-treated cells at each time 
point were significantly different from each control untreated cells (mean 6 S.E.; n 5 6) (P , 0.05). 
  

Transcriptional analysis of OCT4, SOX2, NANOG and cMyc have shown that REAC 

exposure for 4, 8 and 12 hours was able to finely tune the transcription of master stemness 

regulators. In particular, during a 4- to 12-hour-treatment, Oct4, Sox2, Nanog, and cMyc gene 

expression was significantly increased in REAC-exposed ADhMSCs at all passages (10, 15, 

20, 25 and 30) as compared to unexposed cells . 

This observation was further confirmed by western blot analysis. The modulation of potency 

in the cells in correlated with the senescence status. In cells cultured for more than 10° 

passages the level of OCT4 and NANOG proteins progressively declined along the different 

passages. However cells treated with REAC for 12h hours exhibited higher level of OCT4 

and NANOG proteins, as compared to untreated cells at the same culturing passages. 

 

Fig. 13 Effect of REAC on protein expression  Oct4 and Sox2. Total proteins  were isolated from ADhMSCs REAC exposed for 12 hours in 
th (+R) or not exposed (-R). The cells were at passages 5, 10, 15, 20, 25, and 30. The  polyclonal antisera against Oct4, Sox2 and GAPDH 
was used. The sizes of the bands were determined using prestained marker proteins seeblu.. The data presented are representative of five 
separate experiments. 
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Fig.14 Gene expression of Tert. ADhMSCs at passages 5 (panel A), 10 (panel B), 15 (panel C), 20 (panel D), 25 (panel E) and 30 (panel F), 
after  4, 8 or 12 hours in the absence or presence of REAC. The amount of cMyc mRNA from control or REAC-treated cells was normalized 
to HPRT1, and was plotted as fold change relative to the mRNA expression at time 0, defined as 1. All the REAC-treated cells at each time 
point were significantly different from each control untreated cells (mean 6 S.E.; n 5 6) (P , 0.05). 
 

In order to define a possible molecular mechanism through which REAC could exert its effect 
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on in vitro-induced cell the expression of the Tert was tested. The TERT as well known as 

telomerase reverse transcriptase is the catalytic subunit of the enzyme telomerase, which, 

together with the telomerase RNA component (TERC), comprises the most important unit of 

the telomerase complex.  

The gene expression of the catalytic subunit of telomerase (TERT) was assessed by real-time 

PCR in ADhMSCs cultured at passages 5, 10, 15, 20, 25, and 30 in the absence or presence 

of REAC energy for 4, 8 or 12 hours respectively. In control cells TERT gene expression 

progressively decreased throughout the culturing passages. On the other hand, cells exposed 

to REAC exhibited a different behaviour, with the levels of TERT mRNA being higher as 

compared to control cells at the same passages. In particular a 4 hour REAC-exposure was 

not able to induce any effect on TERT gene expression. Nevertheless, at late passages, 

including passages 25 and 30, a more prolonged, 8–12- hour REAC-exposure was required 

to achieve the highest enhancement in TERT transcription.  

 

 
 
Fig.15 Telomere length, the cells at passages 5 (lanes 3, 4), 15 (lanes 5, 6), 20 (lanes 7, 8), 25 (lanes 9, 10), and 30 (lanes 11, 12), were 
exposed (+REAC) or not (-REAC) for 12 hours with REAC. Lanes 1 and 13 are  molecular weight markers (MWM). Lane 2, telomere length 
assessed at basal conditions (defined as ADhMSCs cultured at passage 1) This figure representative of 6 individual experiments.  
 

Telomere length was determined using the TeloTAGGG telomere length assay kit,  based on 
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Southern blotting methodology. The membrane with digested telomere DNA fragments 

shows the difference in length during different passages in culture, it is normal that the 

telomerase length decrease during cell aging. That it due to the continues DNA replication 

during cell growing and replication that affect telomere reduction[121].  In this figure 15 

control DNA in untreated ADhMSCs (line 3,5,7,9,11) underwent a progressive reduction in 

telomere length along the different passages, as compared to ADhMSCs cultured at passage 

1 (defined as ‘‘basal conditions’’, line 2). Telomere length declined in both untreated and 

REAC exposed cells between passages 5 and 20 as expected.  However, cells at passages 20°, 

25° and 30°, exposed to REAC for 12 hours, exhibited higher telomere length as compared 

to control untreated cells.  

REAC SENESCENCE AND HYALURON SINTETASES II 

As described above we demonstrated that REAC physical treatment was able to counteract 

the biochemical and morphological changes occurring in stem cells during aging [175] mainly 

acting on specific mediator genes, including p16INK4, ARF, p53, and p21CIP1.  

Here, in the experiments described below we want to investigate if the effect of REAC on 

cellular senescence could be exerted by acting on cell polarity. Recent findings demonstrated 

that in senescent cells there is a down regulation of type 2 hyaluronan synthase (HAS2), that 

provide a subsequent decrease in Hyaluronic synthesis (HS)[178]. HS  plays a fundamental 

role in cell polarity and hydrodynamic processes that characterized young cells.   

In order to demonstrate a possible involvement of REAC on the type 2 hyaluronal synthase 

(HAS2)-dependent pathway, and thus its related effect on cellular senescence,  we stimulated 

ADSCs at different passages (5, 10, 15, 20, 25, 30), with REAC in the presence of the 4-
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methylumbelliferone (4-MU), a potent inhibitor of type 2 HA synthase and endogenous HA 

synthesis. 

 

RESULTS 

 

Fig.16 SA-Gal staining in the presence of REAC and 4-MU.  ADhMSCs were exposed for 12 hours in the absence (Control) or presence of REAC 
(REAC treated), or they were subjected to a 12-hour REAC treatment in the presence of 1 mM 4-MU (HAS2 inhibitor) (REAC treated + 4-MU) during 
the different passages 5°, 10°, 15°,20°, 25° and 30°.  SA-β -Gal staining positive are blue. 

 

 Fig.17 Percentage analysis of positively stained cells under each experimental condition, CONTROL gray line, REAC 
orange line, REAC+I (4-MU) green line.  (mean ± S.E.; n = 6; P < 0.05) 
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Upon prolonged expansion for 5 to 30 passages, ADhMSCs underwent replicative 

senescence, as confirmed by the expression of senescence associated β-galactosidase (SA-β -

Gal). We confirmed, that the senescence status was detectable already after 15° Passage, and 

that REAC already at 20°passage provided a beneficial anti-senescence effect, mostly evident 

during the 30°passage, both in cells cultured in the absence or presence of 4-MU.  

GENE EXPRESSION ANALYSIS ON BMI AND PLURIPOTENCY GENES 

  

Fig.18 Effect of REAC treatment on the transcription in presence or absence of 4-MU (inhibitor). At each indicated 
passage, ADhMSCs were exposed to REAC treatment for 12 hours  in the absence (orange line) or presence of 1 mM 4-
MU (green line). The mRNA levels of BMI (a), Oct4 (b), Sox2 (B), or Nanog (C) were normalized to HPRT1 and were 
expressed as fold of change relative to mRNA level at time 0 (unexposed cells at passage 5) black line, defined as 1.. 
(mean ± S.E.; n = 6; P < 0.05). 

Figure 18 shows that in ADhMSCs cultured up to 30° passage BMI gene expression 

progressive declined during multiple passages in vitro. BMI is member of a polycomb group 

(PcG) of repressor, and known as a transcriptional regulator of p16arf and telomere-
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independent mechanism involved in senescence,. As previously observed, the REAC 

treatment, based the on irradiation of radiofrequency at 2.4 GHz, conveyed in an asymmetric 

loop, was able to interact at the transcriptional level thus interfering with the molecular 

pathway controlling cellular senescence[175], expression of p16, p53, and p21CIP1. In 

Physiological conditions, these genes control cell senescence and growth arrest, through their  

up regulation [179], strictly related to a decrease in BMI gene expression. The REAC 

treatment, counteracted the BMI-dependent senescence pathway (orange line) , as shown by 

the upregulation of BMI gene expression both in cells exposed to REAC in the presence or 

absence of 4-MU BMI (fig.18). 

During senescence as well, the pluripotent markers and the potency force turn into drop [121], 

[138], [179], in previous work we demonstrated that REAC had an effect on OCT3, SOX, 

NANOG and c-myc [175] gene expression, thus influencing the yield of the adipogenic, 

condrogenic and osteogenic differentiation processes. In the present work, we attempted at  

demonstrating the effect of REAC on the preservation of pluripotency markers, in the 

presence of the HAS2 inhibitor 4-MU. The inhibition of HAS2 is associated with a decrease 

in HA synthesis in cells, changes in cell polarity, plasticity, potency and associated 

senescence[178].  

As previously described, we observed that the senescence-associated decrease in the 

pluripotent markers gene expression, was already evident at 10° passage in control adipose 

derived stem cells, while remaining high in REAC treated cells. Interestingly in cells cultured 

for multiple passages and exposed to REAC, the presence of 4MU was not able to abolish 

this effect.  
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In a second step, we tried to further infer the effect of REAC on the telomerase-associated  

senescent pathway, by analysing telomerase activity. 

 

Fig.19 Telomerase activity. TRAPEZE-RT assay was performed in control untreated cells (black bar) or ADhMSCs or 
REAC treated  for 12 h at the indicated passages in the absence (green bar)  or presence of 1 mM 4-MU (orange bar). 
All data from REAC-treated cells at each time point were significantly different from those in control untreated cells. 
(mean ± S.E.; n = 6; P < 0.05) 

Telomerase activity from cells at different passages that had been exposed to REAC in the 

presence of 4-MU was significantly lower than the enzyme activity detected in REAC-treated 

cells in the absence of the HAS2 inhibitor. As expected, even with this trapeze test based on 

fluorescence quantification of telomerase enzyme, the activity decreased during the cell 

passaging and the advance of cellular senescence. These results confirm the strong 

modulation of cell polarity and of the molecular  pathways of senescence, by REAC induced 

microcurrents and radiofrequency, and highlight a potential role of HAS2 in this anti aging 

circuit elicited by the machine. 

DISCUSSION REAC AND SENESCENCE 
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One of the most important problem during the regenerative process in vivo and the 

homeostasis of  tissues, in physiological condition is correlated with the wellness of the cells. 

Several studies demonstrated that senescent cells and stem cells resident in the niche lose their 

ability to self- renew, to differentiate in specific cell type, and to migrate to the damaged 

tissues [124], [140], [179]. It is well established that the regenerative capability of stem cells 

isolated from old patients is lower as compared to cells from younger donors [180]. In the last 

decades, there has been an increasing effort in exploiting the therapeutic potential of stem 

cells for the treatment of irreversibly damaged tissues that could not be rescued even by the 

most advanced pharmacological or surgical treatments. Nevertheless, for the clinical 

application in regenerative medicine, in cell therapy or tissue engineering, there are still open 

issues, one of which is the number of cells needed. In fact, in most clinical trials stem cells 

(mesenchymal stem cells) are exposed to long-term expansion ex vivo, in order to obtain a 

high yield of viable elements eventually committed toward specific phenotypes with various 

strategies. However stem cell culturing for multiple passages actually represent a risk because 

become senescent and lose their peculiar properties. Within this context, the development of 

innovative approaches capable of counteracting senescence during stem cell expansion in 

vitro may pave the way to future clinical applications. Identifying a strategy that could revert 

the molecular cues controlling stem cell senescence in vitro may represent an important 

progress for future application. In a previous work published by Maioli et al.[175] the effect 

of REAC technology in modulating stem cell senescence was largely demonstrated. The 

innovative founding showed that the aging process could be reverted without the aid of viral 

vectors. The REAC in fact, was able to counteract the biochemical and morphological 

changes occurring in stem cells during aging[175], as well as to preserve the multilineage 
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differentiating potential of hADSCs  even at late passages. These observation demonstrated 

that REAC treatment  regulated the expression of p16INK4, ARF, p53, and p21CIP1. The 

inhibition of p16INK4 and ARF is directly correlated with the activity of cyclin-dependent 

kinase 4 and 6, essential for the G1 progression through the cell cycle, while p53 regulates 

the expression of p21 CIP1, which inhibits cyclin-dependent kinase2, a regulator of the S 

phase progression. These evidence, even strongly demonstrated by beta galactosidase assay, 

opened the path to investigated more in detail the molecular connection and interaction 

between REAC and cell metabolism during in vitro senescence. The hypothesis behind, is 

based on a fine epigenetic regulation elicited by REAC on the  policomb and tritorax gene 

expression during the senescence pathway activation [181]. Bmi-1 is a transcriptional 

repressor belonging to the Polycomb group gene family, the Polycomb group of proteins, and 

the Trithorax group of proteins, are crucial for maintaining proper gene expression patterns 

during development and cell growth[182], controlling INK4a locus, which encodes for the 

p16 and p19ARF (p14ARF in humans)[183].  )[182].  In  recent findings the expression of 

BMI-1 resulted essential for the maintenance of plasticity in epithelia cells [184] and in cell 

fate and polarity[185]. 

REAC stimulation for 4,8 and 12 hours was able to antagonize the down-regulation of Bmi1 

transcription during multiple ADhMSC passages in vitro. That findings suggest the possibility 

to use a physical milieu to control a part of the molecular patterning that regulates cell 

senescence throughout the chromatin remodelling processes.  

During the senescence process stem cells decrease their ability to differentiate toward the 

different lineages. It was recently shown that MSCs during senescence, undergo a  progressive 
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decline in the expression of early mesenchymal stem cell markers strongly correlated with 

BMI, p53, p19ARF and the activity of telomerase[186]. 

Confirming our previous observations in mouse embryonic stem cells, REAC modulated the 

expression of Nanog, Sox2, Oct4, and cMyc even in ADSCs cultured for passages 5, 10, 15, 

20, 25, 30[101]. In particular even in cells at late passages REAC positively modulated the 

pluripotency markers.  These observations indicate that the REAC technology can actively 

interfere with a complex molecular circuitry responsible for stem cell self-renewal and cell 

pluripotency.  

Several studies on senescence, control of pluripotency, growth arrest, quiescence in cells 

demonstrated that a decrease in TERT expression and activity is correlated with a decreased 

proliferation, and differentiation[187][186], for instance TERT expression and activity is 

involved in neuronal differentiation during development . Here, we show that REAC exposure 

during the first passages does not increase dramatically TERT transcription, while a 

significant increase could be observed at late passages (20–30) as compared to the untreated 

cells. Interestingly REAC exposure, while not exerting an appreciable effect on the telomere 

shortening that spontaneously occurs at early passages, was conversely able to counteract the 

telomere shortening that progresses at late passages, when cell senescence in culture becomes 

more marked. This behaviour again, could be correlated with the modulation of cell polarity 

exerted by REAC. Cell polarity could be defined as an asymmetric organization and 

distribution of biomolecules (proteins, lipids, mRNAs), cellular components (membrane rafts, 

organelles) and structures (cytoskeletal filaments )and is strongly correlated with 

differentiation, proliferation, protrusion, motility and cell migration changes[188]. We 
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believe, that the Radio frequencies emitted from REAC, are able to act on the polarization 

level of protein, transcription factor, enzymes in the cells. All the molecules, proteins, 

nucleotides, membranes, organelles in the cells have a chemical charge and electrical 

properties[189], [188], that could be modulated by energetic forced directly modulated.  

For these reason we decided to figure out the possible role of REAC in the modulation of cell 

polarity during senescence. In particular we dissected a possible involvement of Radio 

frequency, on the Hyaluronic acid (HA) homing, that plays a fundamental role in cell polarity 

and hydrodynamic processes, affording significant modulation of proliferation, migration, 

morphogenesis and senescence[190]. We believe that the modulation of HAS2, the enzyme 

that produce HA in cells, is correlated with cell polarity and modulation of senescence by 

REAC.  

It is well known, that HAS2 plays a pivotal role in preventing cell senescence, acting as a 

downstream target at which multiple signaling pathways converge to afford growth factor-

mediated maintenance of cell differentiation[191]. For instance, in recent studies it was 

observed that impairment of differentiation in senescent cells is largely dependent upon the 

lack of growth factor-mediated induction of type 2 hyaluronan synthase (HAS2), with the 

subsequent decrease in HA synthesis, and the differentiation potency loss of cells has been 

shown to be significantly restorable by HAS2 overexpression[192]. HA-mediated signalling 

is also involved in the regulation of cell polarization which occurs in response to stimuli that 

promote non-symmetrical subcellular organization to fulfil functional requirements emerging 

during migration, adhesion, or mitotic spindle orientation[193]. 
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For this purpose, the effect of REAC technology was assessed in ADhMSCs expanded in 

vitro up to the 30th passage in the absence or presence of 4-methylumbelliferone (4-MU), a 

powerful inhibitor of HA synthesis acting through HAS2 repression, in order to figure out the 

implication of REAC in stem cells senescence modulation during HA synthesis control.  

According to previous results, REAC was able to modulate the pathway involved in BMI, 

p53, p16, as well the telomerase activity (TERT) during the aging-induction in Adipose 

derived stem cells. The strong evidence that REAC can interact with cell fate, plasticity by 

modulation of cell polarity may disclose unprecedented perspectives to preserve a delicate 

intracellular nanotopography and revert substantial traits of stem cell aging and disease. This 

studies shows that REAC technology has an evident force even in the presence of hyaluron 

synthase 2 inhibitor, and interesting slow down stem cell senescence.  

That findings on REAC technology and interaction with the cells in vitro may be useful to 

counteract the physiological aging in the cells cultured in vitro for clinical application. As 

well the use of physical stimuli, an absolutely not invasive technology could be directly 

applied to patient in order to interact on intracellular niche level of stem cell regulation during 

regenerative processes, even in these old patients  which have lost their regenerative 

capability.  
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STEM CELL DIFFERENTIATION AND REAC 

Previously, we demonstrated the effect of REAC on the Adipose derived stem cells during 

the senescence pathways. Showing an interesting interaction in the modulation of BMI, TERT 

activity and preserving the pluripotency expression even in these cells in which senescence 

was induced with prolonged culturing passages. It was even observed that one of the main 

modulation acted by REAC was at the cell polarity level. 

Cell polarity carry out a fundamental role during cell fate, in terms of proliferation, migration, 

senescence and differentiation [67], mostly during stem cell differentiation is involved in self-

renew, activation and differentiation [68]. One of the most important issue, in regenerative 

medicine is the proper use of stem cells. For clinical application, there are still countless 

questions concerning the best type of cells that could be used for clinical purposes. Some 

studies in animals have shown the usefulness of directly transplanted stem cells, while other 

studies displayed the possibility to use stem cells previously committed toward a specific cell 

lineage of interest. Within this context during the years many protocols were developed, in 

order to obtain a high yield of cell differentiation, with minimal manipulation of the cells, 

thus minimizing the risks related to prolonged culturing .  The way to commit cells to specific 

pathways are different, and most of the technics are based on the use of chemical inductors 

or viral vectors. However, other studies demonstrated how the use of physical energies could 

heavily increase the differentiation of stem cells. For instance, the use of extremely low 

frequency (ELF)-PEMF was able to commit MSCs toward the adipogenic, osteogenic, neural, 

or glial linage together with the dedicated media[98], moreover a 50 Hz, 1mT ELF-MFs 5-

days treatment induced PC12 cells neuronal differentiation [97]. Ventura’s group even 

demonstrated that the extremely low frequency (ELF) pulsed magnetic fields (PMF) affected 
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opioid peptide gene expression its related signalling pathways in adult ventricular 

myocyte[100]. Also the radiofrequency circuit elicited by REAC devices was able to induce 

the cardiac, neuronal, and skeletal muscle lineages in embryonic mouse cells [101]. Even on 

Lipogems-derived hASCs the radioelectric asymmetric conveyer (REAC) remarkably 

enhanced the transcription of prodynorphin, GATA-4, Nkx-2.5, VEGF, HGF, vWF, 

neurogenin-1, and myoD, indicating the on commitment toward cardiac, vascular, neuronal, 

and skeletal muscle lineages respectively [102].  

To the evidence of these findings, in this part of the thesis I will show how the Radio 

frequency stimuli can be used to induce specific phenotype, increasing the cell proprieties 

and the yield of differentiation.  

REAC AND PC12 NEURONAL DIFFERENTIATION 
	

To better figure out the REAC effects on stem cells or on cells that have the ability to 

transdifferentiate toward another phenotype, PC 12 were use as a cellular model. This model 

was widely used to study neuron functions and to understand the physiology of central 

dopamine (DA) neurons. PC12 cells are a rat pheochromocytoma tumor cell line, that respond 

to nerve growth factor (NGF) by differentiating to sympathetic neurons. After differentiation 

toward neuronal linage, extend neurites, become electrically excitable and express neuronal 

markers, and cease division[194]. The PC12 are still considered a  valuable model through 

which it is possible to study the mechanism underlining neuronal differentiation. With this 

claim, radiofrequency produced by REAC were applied, in order to figure out the possible 
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implication of this device during the commitment toward the neuronal linage, without the 

interference of other lineages[101], [102]. 

MATERIALS AND METHODS 

PC12 cell culture. 

PC12 cells were cultured in tissue plates in Dulbecco’s modified Eagle’s Medium F12 

(DMEM) with 10% HS, 5% FBS and a 1% of Streptomycin/Penicillin, inside the incubator 

in  humidified atmosphere of 5% CO2 at 37 °C. In a separate incubator, with the same 

characteristics, PC12 were exposed to REAC for 24, 48, 72, 96, 120, 144, 168 or 192 hours, 

in order to evaluate a possible effect of REAC on the different stages of the differentiation 

process.   

REAC SETTING 

The cells were put at a distance of 35 cm from the 2.4 GHz. emitter, we measured a radiated 

power of approximately 400 µ W/m2. Electric field E = 0.4 V/m, magnetic field = 1 mA/m. 

Specific absorption rate (SAR) = 0.128 µ W/g. The REAC electromagnetic quantities have 

been measured with the spectrum analyzer Tektronix model 2754p (TekNet Electronics, Inc., 

Alpharetta, GA, USA), orienting the receiving antenna for maximum signal. 

Cell Viability Assays. PC12 cells were seeded in 24-well plates (60 × 103 cells per well) and 

then treated or not (control) for 24 h and 8 days (192 h) with REAC. Experiments were done 

in technical replicates. Cell viability was assessed by the 3-(4, 5-dimethyl- thiazol-2-yl)-2, 5, 

diphenyltetrazolium bromide (MTT) assay. We are able to evaluate viable cells by using a 

test based on the conversion of the soluble dye MTT to insoluble (in aqueous media) blue 
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formazan crystals. Briefly, 1 mg of MTT (200 µ l of a 5 mg/ml stock solution in phosphate 

buffered saline (PBS)) was added per ml of medium , then incubated at 37 °C for 4 hours. 

The MTT was removed and the cells were washed with PBS, the supernatant was dissolved 

in isopropanol an after 5 min the color was read at 600 nm using a Bauty Diagnostic 

Microplate Reader. 

Morphological analysis. Microphotographs of PC12 cells from untreated cultures (control) 

and from treated ones were taken aſter 96 hours of REAC TO-RGN treatment to track any 

morphologic changes. Collected images were loaded into ImageJ (National Institute of 

Health, USA) and analyzed to measure neurite length. 

Gene expression analysis. PC12 cells were cultured in the absence or presence of REAC for 

24, 48, 72, 96, 120, 144, 168, 196 hours. Total RNA was isolated using Trizol reagent 

according to the manufacturer’s instructions (Invitrogen). Total RNA was dissolved in 

RNAase-free water and, for RT- PCR, cDNA was synthesized in a 50-µ l reaction volume 

with 1 µ g of total RNA using Superscript Vilo cDNA synthesis kit, according to the 

manufacturer’s instruction (Life Technologies). Quantitative real-time PCR was performed 

using an iCycler Thermal Cycler (Bio-Rad). Two µ l of cDNA were ampli- fied in 50-µ l 

reactions using Platinum Supermix UDG (Invitrogen), 200 nM of each primer, 10 nM flu- 

orescein (BioRad), and SYBR Green. Aſter an initial denaturation step at 94 °C for 10 min, 

temperature cycling was initiated. Each cycle consisted of 94 °C for 15 s, 55– 59 °C for 30 s, 

and 60 °C for 30 s, the fluorescence being read at the end of this step. To evaluate the quality 

of product of real-time PCR assays, melting curve analysis was per-formed aſter each assay. 
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Relative expression was determined using the “delta-CT method” with glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) as reference gene. 

Primers used for the analysis of neurogenesis (Neurogenin-1 and beta 3 tubulin) and nerve 

growth factor (NGF) were specific and spanning exons, are reported table 1. 

Immunocytochemistry. Cells were cultured for 7 days with or without treatment on glass 

coverslips (Falcon) coated with 0.2% type III Collagen at low density to allow visualization 

of individual cells. Aſter 7 days, cells were fixed for 20 min in 4% paraformaldehyde (Life 

Technologies). The cells were washed 3 times with phosphate-buffered saline (PBS) with 

0.1% Triton X-100 in order to permit the permeabilization, and then incubated with the 

primary antibody overnight at 4 °C. The cells were then incubated with the secondary 

antibody for 1 hour at room temperature. To verify differentiation toward a dopaminergic 

neuronal phenotype, the following antibodies were used: mouse monoclonal anti-ß-3 tubulin 

(Santa Cruz Biotechnology); rabbit polyclonal anti- tyrosine hydroxylase (Santa Cruz 

Biotechnology). The secondary antibodies used in this study were: Alexa 594-conjugated 

goat-anti-rabbit IgG (1:400; Life Technologies) and anti-Mouse IgG (whole molecule) − 

TRITC antibody produced in goat (Sigma-Aldrich). All microscopy was performed with a 

Leica confocal microscope (LEICA TCSSP5). DNA was visualized with 1µ g/ml 4’,6-

diamidino-2-phenylindole (DAPI). 

Western blotting. PC12 were cultured in the presence or absence of REAC for 24, 48, or 72 

hours and for 7 days in 100 mm tissue culture plates. Total proteins isolated with RIPA buffer, 

were quantified using BCA assay (Roche).  40 ug of proteins were electrophoresed on 10% 

Novex Tris-glycine polyacrylamide gels (Invitrogen) in MOPS sodium dodecyl sulfate 
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running buffer using an XCell SureLock™ Mini-Cell (Invitrogen) according to the 

instructions provided by the manufacturer. Aſter protein transfer to polyvinylidenedifluoride 

membranes (Invitrogen) by iBlot (invitrogen) the membrane was saturated with 3% BSA-

PBS solution and then washed 3 times with PBS-1%tween 20. The incubation of the 

membrans with specific antibody, antisera against β Tubulin isotype III (Cell Signaling 

technology), NGF (Santa Cruz Biotechnology, Inc.), TH (Santa Cruz Biotechnology, Inc), 

Neurogenin (Santa Cruz Biotechnology, Inc), and GAPDH (Santa Cruz Biotechnology, Inc.) 

diluted to 1:1000 was carried out for one hour at room temperature. Aſter additional washing, 

membranes were incubated with secondary anti- rabbit (NGF ,GAPDH) or antimouse (β 

Tubulin isotype III) or antigoat (Neurogenin). Targeted protein expression was assessed using 

a chemoluminescence detection system (ECL Western blotting detection reagents were from 

Amersham Biosciences Corporation, Piscataway, NJ, USA). 

Statistical analysis. Statistical analysis was performed using the soſtware package SPSS 

(Statistical Package for Social Science) version 13.0. For this study, were applied to the data 

collected, the nonpara- metric Kruskal-Wallis test, Jonckheere-Terpstra and Wilcoxon test: 

the first two to assess the adequacy of treatment, i.e. the differences (DeltaDelta CT) between 

the data collected in treated and in control. The Wilcoxon test was applied to assess the 

adequacy of the data of each group in the different observation times. The tests and results 

with p < 0.05 were considered statistically significant. For the adequacy of the data, the results 

of the Wilcoxon test showed a high statistical significance in all observations (Asymp. Mr. 2-

tailed < 0.05). For the congruity of the treatments, the tests were applied to 3 sets, in eight 

moments of observation, aſter the treatment and control conditions. The analysis shows a 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

93	

statistical significance p < 0.05 in the treated (Kruskal-Wallis test: Asymp. Sig. 2-tailed < 

0.417 and Jonckheere-Terpstra test: Asymp. Sig. 2-tailed < 0.295) and p > 0.05 in controls. 

(Kruskal-Wallis test: Asymp. Sig. 2-tailed = 0.7 and Jonckheere-Terpstra test: Asymp. Sig. 

2-tailed > 0.75). 

RESULTS 

Morphology of PC12 

A morphological study of PC12 cells was performed after 96 hours and 192 hours of REAC 

exposure, unconditioned PC12 cells didn’t show any significant change in morphology, 

during 96 and 192 hours, on the other hand the REAC treatment enhanced neurite-like 

outgrowth processes. The REAC-exposed group had longer neurite outgrowths and more 

neurite bearing cells, as compared PC12 control cells, already visible after 4 day under 

treatment. 

The lenght neurites analysis performed with ImageJ showed and increase in neurite length by 

the fourth day in treated cells compared to untreated cells. Indeed starting from the fourth day 

of treatment these cells exhibited longer cellular processes (neurites)(P < 0.05) than those 

eventually present in the untreated cells, that evidence could be correlated with the different 

changes in cell polarity elicited by REAC. 
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Fig.20 Morphology of PC12  in phase-contrast microscope picture (already published on SCIREP DOI: 
10.1038/srep10439) The picture  shows untreated cells (-REAC) and treated cells with neurites at 96 hours(+REAC) . In 
the right, the Neurite length was measured. The morphological changing as neurite growth is shown in control (black 
bars) and REAC treated cells (green bars) aſter 96 and 192 hours. 

 

Fig.21 MTT on proliferative cell during differentiation. Cell proliferation analysis were performed 24 and 192 hours 
after culturing PC12 cell,  control (black bars) and REAC treated cells (green bars).  

The MTT analysis for the 24 hours, didn’t show significant difference in the cell viability and 

growing, however shows that REAC treatment is not toxic for PC12 (fig.21). After 192 hours 

the number of PC12 treated with REAC, were significantly less compared to controls. That 

behaviour is strictly connected with the number of cells that are differentiating toward 

neuronal linage, in fact a decrease in the proliferation activity, is associated with an increase 

in differentiated cells, as demonstrated in another study, performed on PC12 treated with  

physical energy force (ELF) with low electromagnetic 11 mT and 50 Hz frequency[97].  
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Fig.22 PC12 differentiation toward neural phenotype. Expression of β -3-tubulin and Tyrosine Hydroxylase were 
assessed in cells cultured in the absence or presence of REAC TO-RGN treatment, for 168 h (7 days). Nuclei are labeled 
with DAPI (blue). Scale bars are 40 µ m. Representative of five separate experiments. For each differentiation marker, 
fields with the highest yield of positively stained cells are shown (already published on SCIREP DOI: 10.1038/srep10439)	

The immunocytochemistry analysis revealed that PC12 cells treated with REAC, expressed 

the neuronal marker β3- tubulin and the tyrosine hydroxylase, even when cultured in the 

absence of NGF, after 7 days. These two enzymes are essential for catecholamine biosynthesis 

and for the neuronal differentiation, however a weak expression of this markers was revealed 

even in control untreated cells, that finding indicate that pc12 exhibit an intrinsic trend  to 

commit toward the neuronal phenotype. However, the positively for β3- tubulin and the 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

96	

tyrosine hydroxylase markers in PC12 treated was dramatically higher as compared to the 

controls. 

 

Fig.23 Gene expression during different time point in  neuritogenesis regulating genes in PC12 cells. Cells were exposed 
from 1 (24 h) to 8 days (192 h) in the absence (black bars) or presence (green  bars) of REAC. The amounts of β-3 tubulin 
(a), neurogenin-1(b) NGF(c) and tyrosine hydroxylase (TH) (d)  mRNA from REAC or untreated cells were normalized 
to GAPDH, and the mRNA expression was plotted at each time point as fold of change relative to the expression in PC12 
untreated cells cultured for 24 hours defined as 1 (mean ± S.E.; n = 6). All the REAC  treated cells at each time point 
were significantly different from each control untreated cells (mean ± S.E.; n = 6; P < 0.05). 

After morphologic analysis, the neuritis formation, typical of the differentiated cells, was 

observed in cells treated with REAC. In order to confirm the real differentiation of PC12 the 

expression of beta-tubulin and tyrosine hydroxylase, the most important markers during 
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neuronal differentiation, was assayed by immunoisthochemistry. Interesting, we found an 

increase in the expression of these proteins in the cells that received the biophysical stimuli. 

However, the gene expression analysis during the different experimental time points, shows 

and confirm the expression of the neurogenic phenotype associated genes β 3-tubulin and 

neurogenin-1. The Beta 3-Tubulin expression was higher in cells treated with REAC already 

after 96 hours, as well the level of TH mRNA was detectable higher 48 hours and 192 hours 

after REAC radio frequency energy irradiation. The expression of the other most important 

neuro-markers, NGF and Neurogenin were investigated, in order to strongly corroborate the 

previous observations. 

Nerve growth factor (NGF), is a neurotrophic factor and neuropeptide involved in the 

regulation of growth, maintenance, proliferation and survival of neurons, first described by 

Italian nobel prize Rita Levi-Montalcini in 1956[195]. It was found that NGF,  was 

significantly up regulated in  PC12 cells exposed to REAC for 24 h (1 day) to 192 h (8 days), 

as  compared to the control. Moreover the neurogenin-1, a transcription factor involved in 

neurogenesis and neuronal differentiation, was significantly increased in treated as compared 

to untreated cells, already after 48 hours until 96 hours. That behaviour is typical of the 

neurogenic commitment, where Neurogenin drives toward neuronal differentiation.  

 

 

 

 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

98	

 

 

PROTEOMIC VALIDATION 

	

Fig.24 Western blot analysis on total  proteins isolated in PC12 cells. Total lysates were isolated from PC12 cells 
exposed for 24, 48, or 72 hours and for 7 days in the absence (− R) or presence of REAC (+ R). The antibodies used were 
tyrosine hydroxylase (TH), NGF, neurogenin 1 (NGN), ß-3 tubulin and GAPDH. The sizes of the bands were determined 
using prestained marker proteins. The data presented are representative of five separate experiments. Two different 
membranes were incubated with antirabbit (NGF ,GAPDH) or antimouse (β Tubulin isotype III) or antigoat 
(Neurogenin). (already published on SCIREP DOI: 10.1038/srep10439). 

In order to verify the protein level translated western blotting analysis was performed on the 

same genes analysed by Real-time PCR.   Tyrosine Hydrosilase and NGF were expressed at 

24, 48, 72, 162 hours in both REAC-treated and untreated cells, however in  REAC-exposed 

cells the protein expression was higher. The β 3-tubulin was detected already after 24 hours, 

strengthening that REAC acted by increasing neuronal differentiation, during  the early phases 

of the neural commitment. Neurogenin (NGN), whose gene expression was higher already 
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after 48 hours in REAC-treated cells, exhibited even higher protein level at 48 hours of REAC 

exposure.  

DISCUSSION  

In several published studies, the use of physical energies and mostly electromagnetic field 

radiation has been reported to modulate adult neurogenesis and central nervous and 

neuroendocrine functions [196][197], In addition it was demonstrated the implication of 

physical stimuli during neuronal differentiation at epigenetic level by the modulation of 

histones modification and of the transcription factor cAMP response element-binding protein 

(CREB), NeuroD1 and Neurogenin1[165]. In addition, magnetic fields have been shown to 

induce neurite outgrowth and neuronal differentiation in PC12[198][199]. 

Even the radio electric asymmetric conveyor (REAC) technology, was able to induce 

neurogenic cell differentiation both in cultures of murine embryonic cells [101] and in adipose 

derived stem cells [102]. In this work we show the effect of REAC effect on PC12, a model 

cell able to differentiate in neuronal cells, in order to study more in details the neuronal 

differentiation induced by REAC without other interferences. 

Here we demonstrated that PC12 REAC exposure primes cell commitment toward a 

neurogenic phenotype and induced the appearance of neuron-like cells. The neuritogenesis 

was more visible in cells treated with REAC, this behaviour could be linked with the 

microcurrents produced by the device, that in somehow implemented cell polarity 

organization in cells. The neurogenesis was more relevant in these cells that received the 

physical stimuli, as demonstrated by gene expression analysis which highlighted higher 
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mRNA levels neurogenin-1, an important transcription factor regulating neurogenesis[200] , 

of the specific markers for neuronal phenotype,  β 3-tubulin, of TH a specific enzyme involved 

in the dopaminergic pathway, and of NGF , the latter being the most important neuronal 

growth factor involved in the viability, maintenance and survival of neuronal cells. 

The expression of this neural specific genes, was confirmed by proteomic analysis and   

assessed by immunofluorescence. Neuronal differentiation, was even associated with another 

interesting observation in term of cell proliferation.  

The number of cell differentiated to neuronal-like cell was related to the increase of NGF, as 

and inversely related to the number of proliferative cells. In fact, the cells that undergo neural 

differentiation, decrease their capacity to replicate.  This behaviour is strictly connected with 

neuronal physiology.  

The data collected in this study, confirm the effect of the REAC treatments on neuronal 

differentiation, previously observed in the induction of specific differentiation processes in 

stem cells[101], [102]. Furthermore, the results obtained in this study, might suggest a 

possible future application of REAC on the control or increase of the  yield of neuronal 

differentiation in stem cells in vitro, or for therapeutic future application, or to finely tune 

neuron differentiation used as models to test drug or study the development.   

 As well this results  could open the path for clinical application of REAC as adjuvant for the 

treatment of neurodegenerative diseases directly on patients.  

REAC AND CARDIAC COMMITMENT ON UIPSCs 
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Radio Electric Asymmetric Conveyer (REAC) has already been shown to enhance the 

transcription of stemness genes and consistently induce cardiogenesis, neurogenesis and 

skeletal myogenesis in mouse embryonic stem (ES) cells[101] in  human adipose derived 

mesenchymal stem cells (ADhMSCs)[102], as well the neurogenesis in PC12 cells.  This 

application directly on cells, provide an evident action and modulation of their fate. REAC 

strongly interact during the differentiation of stem cells, modulating the principal pathways 

involved during commitment. Based on this evidence, in the present study a possible role of 

REAC as positive enhancer toward a specific phenotype was investigated. For this reason we 

used a combination with specific chemical inductors. The iPS cells represented  a perfect 

candidate for this type of experiments.  The induced pluripotent stem cells (iPSCs)[25], infact 

has notably transformed the vision and the future application of stem cell in regenerative 

medicine. Since this discovery,  many investigators have focused their efforts on developing 

strategies to efficiently and reliably direct stem cell differentiation towards the different 

linages, toward  specific cells of interest, using many strategies based on the use of chemical 

inductors, as repressor of specific pathways, or agonist of specific proteins, or biological 

strategies using viruses, retroviruses, plasmids in order to induce the expression of specific 

protein involved in the commitment. The use of specific miRNA, or episome are strongly 

demonstrating that can have an effect in the control of stem cells, and IPS differentiation.  

However most of the protocols published cannot provide a 100% yield of differentiation, this 

could rise several issues for cells therapy and regenerative medicine. 

 In fact, the use of IPs cells, that are not completely differentiated should implicate important 

risks for patients. The IPs cells,  are amazing and promising cells that have the ability to 
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differentiate into all lineages[25], but can also induce teratome formations [113]. Based on 

this important point, the control of yield and stability of cells and mostly IPS cells during 

differentiation is one of the most important issue [146] for future clinical trials and 

application.  

Previous studies, directed on the modulation of physiological behaviour of cells, during 

senescence and mostly on differentiation, showed the ability of physical devices as ELF and 

REAC, to commit mouse embryonic stem cells[101] and adipose derived stem cells into 

heterogenic population  composed by cardiac, neuronal and skeletal myogenic lineages. As 

well, here in this thesis I have show the capability of REAC to increase the differentiation of 

PC12 cells toward dopaminergic neurons, able to produce typical dopaminergic enzyme as 

Tyrosine hydrosilase (TH), as well as neurogenin 1 and nerve growth factor.  

The present study aims at investigating the effect of REAC technology, in combination with 

WNT-ihibitor, BMP4, activin A [201] during iPSC commitment into cardiomyocite-like 

cells, in order to obtain a high-throughput and highly reproducible differentiating outcome, 

that can be usable in the modulation and control of IPS differentiation.  

MATERIAL AND METHODS 

hUiPSC culture 

The hUiPSC line was developed from urine-derived cells in EverCyte lab according with the 

published protocol[202]. Cells were routinely grown on Matrigel Matrix (Invitrogen) in 

mTeSR_1 medium (STEMCELL Technologies) at 37°C degree in an incubator with 5% CO2 
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and 3% O2. Cells were subcultured using STEMPRO ACCUTASE (Life Technologies) and 

ROCK-Inhibitor Y-27632 (Enzo Life Sciences).  

Cardiomyocyte differentiation. 

Undifferentiated hUiPSCs were digested into smaller clusters using ACCUTASE and seeded 

onto Matrigel-coated plates at 3 · 105 cells/10 cm2 in mTeSR1 medium until they reached 

80%–90% confluence. Thereafter, the cells were digested into single-cell suspensions and 

seeded into ultralow-attachment six-well plates (Corning) and cardiac differentiation was 

induced as described in Weng protocol[201]. Briefly, cells were kept for 24 hours in mTeSR1 

medium with Matrigel (40 mg/mL), BMP4 (1 ng/mL; Invitrogen) and Rho kinase inhibitor 

(ROCK) (10 mM; R&D) under a hypoxic condition with 5% O2. Then, the first group of cells 

was washed and replaced in cardiogenic medium (Medium C -REAC), containing: 

StemPro34 SFM (Invitrogen) with ascorbic acid (AA, 50 mg/mL; Sigma), 2mM Gluta-MAX-

1 (Invitrogen), BMP4 (10 ng/mL), and human recombinant activin-A (10 ng/mL; Invitrogen). 

The second group of cells (Medium C+REAC) was replaced in the presence of the 

cardiogenic medium and additionally exposed to REAC for 72 hours. On day 4 both groups 

of cells were incubated with IWR-1, a Wnt inhibitor (5 mM; Enzo Life Sciences). On day 8, 

all cells were transferred to a normoxic environment and maintained in cardiogenic medium 

until the end of experiment (day 14). Cardiac mesodermal cells organized in functional 

contracting clusters were detected as early as day 8. 

RNA extraction, cDNA synthesis, and gene expression analysis by real-time PCR. 
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Total RNA was isolated using Trizol reagent according to the manufacturer’s instructions 

(Sigma). Total RNA was dissolved in RNAase-free water and quantitated using a Nanodrop. 

A twenty-µl reaction volume containing 1 µg total RNA was reverse transcribed using 

HiCapacity cDNA reverse transcription kit (Applied Biosystem) with oligo (dT) primers. 

qPCR reaction was performed using Rotorgene machine (Qiagen) with EvaGreen mix 

(Biolab).   

After an initial denaturation step at 95°C for 15 min, temperature cycling was initiated. Each 

cycle consisted of 95°C for 15 sec, 53-59°C for 30 s, and 72 °C for 15 sec, the fluorescence 

being read at the end of this step. All primers used in this work were from Invitrogen and are 

listed in Table 1. PCR products were confirmed by melting curve analysis and electrophoresis. 

All measurements were done as technical quadruplicate of biological triplicates. Biological 

replicates were obtained from independent differentiation setup. Relative expression was 

determined using “2^ΔΔCt method” with glyceraldehyde 3-phospate dehydrogenase 

(GAPDH) as normalizing expression levels. 

Immunostaining. 

hUiPSCs (Embryo bodies clusters), cultured in the cardiogenic medium with or without 

REAC exposure for the first 72 hours, were disaggregated at day 14  by collagenase 1 

(Invitrogen) for 1 hour at 37°C, and the resulting suspension was cultured at low density to 

visualize individual cells. The cultures were fixed with absolute methanol for 30 min and 1 

hour at -80°C. Cells were then exposed to antibodies against α-sarcomeric actinin (Mouse, 

Sigma, Clone EA-53), Cardiac troponin T (Mouse,Thermo scientific, 1F11) GATA4 (Mouse, 
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Santa Cruz, sc-25310), MEF2C (Rabbit, Thermo scientific, PA5-28247) or to TBX5 (Rabbit, 

Thermo scientific, PA5-29845) for 1 hour at 37°C cells, followed by staining with the 

respective secondary antibodies anti mouse Alexa fluor 594 or anti rabbit Alexa fluor 498 at 

37°C for 1 h. All microscopy was performed with a Leica confocal microscope (LEICA 

TCSSP5). DNA was visualized with DAPI (1 µg/ml). 

Counting of beating cells 

Cells seeded in ultra low-attachment six-well plates (Corning) aggregated in EBs clusters 

were examined under an inverted live microscope (Leika) at 37°C at different time points. In 

each well (9.5 cm2) total EBs were counted at a field with an area of 1 mm2. Ten to fifteen 

fields in each well were randomly chosen and counted.  The percentage of contractile EBs 

was determined as the number of EBs that showed spontaneous contraction divided by the 

total number of EBs plated. 

RESULTS 

MORPHOLOGY 
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Fig.25 UiPSCs morphology during different time point observation, in cells treated with MEDIUM C+ REAC, and 
without REAC. 

UiPSCs changed their morphology when cultured with differentiation medium with or 

without REAC exposure, that cells cultured for a period of 14 days progressively changes 

their morphology, and develop clusters of cardiomyocyte like cells. The morphology of the 

cells treated with the cardiogenic medium and REAC (Medium C+REAC) appeared brighter 

and with homogenous size during the first days of embryoid body formation. The beatings 

clusters were observed at day 8, the cells treated with Medium C+REAC appeared 

morphologically different in the beating cluster zone as compared to cells treated with 

Medium C alone, this behaviour could be correlated with microcurrents emitted by REAC 

that could modulate the polarity inside the cells. 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

107	

Fig.26 Percent of total  beating cluster cells for ultra low 30 mm well.   The percentage of contractile EBs was determined 
as the number of EBs that showed spontaneous contraction divided by the total number of EBs plated. Medium C+ REAC (Red 
line) are the UiPSCs exposed to REAC for 72 hours and then observed during the different days, Medium C- REAC are 
UiPSCs without REAC treatment (grey line). 
REAC treatment maximizes the yield of spontaneously beating cardiomyocytes-like 

cells. 

The cells, were cultured in the same condition and medium in order to drive the cells toward 

cardiomyocyte differentiation.  The chemical inductors, WNT inhibitor, BMP4 synergic  

committed the UiPSCs to the cardiac phenotype[79], [201], that behavior was detectable in 

autonomous contraction of Embryoid bodies. However the yield of differentiation in the two 

population of cells appeared significantly different since the 7th day.  

 The number of beating clusters were consistent along with the days of culturing under the 

differentiation stimuli. In particular, at 10th day, more than 65% of beating cluster for well 

were observed in Medium C plus REAC-stimulated cells (red line). On the contrary, as shown  

in figure 26 the UiPSCs cultured in Medium C without physical treatment (Grey line) 

exhibited less beating clusters as compared to cells cultured in medium C together with REAC 
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. That finding demonstrated that the only use of chemical inductors are able of course to 

induce the cells to specific phenotype, but the combination with a physical stimulation, that 

might mimic somehow the physical behavior and physiology of this type of cells, can 

absolutely enhance the final yield of differentiation Interestingly,  we found that the cluster 

of cells treated with REAC, beated in a organized and synchronic way as compared to the 

untreated cells.  That findings, could suggest that the REAC could be able to drive the UiPSCs 

to a specific cardiac phenotype, even though further investigation are needed to confirm these 

results. 

GENE EXPRESSION  

Fig.27 Effect of REAC on early cardiogenic gene markers in hUiPSCs supplemented with defined medium. Cells 
cultured in cardiogenic conditioned medium (Medium C) were exposed for 72 h, in the absence (grey bars) or presence 
(red bars) of REAC. The amount of GATA4 (a), Nkx-2.5(b), Tbx5(c) and Mef2C(d) mRNA was assayed during 3,7 and 14 
days and was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The data were plotted as fold change 
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relative to the mRNA expression in hUiPSCs at day 0. All the REAC treated cells at each time point were significantly 
different from REAC untreated cells (mean ± S.E; n=4) (P<00.5). 

 

REAC enhances the expression of the cardiogenic and cardiac specific genes. 

In hUiPSCs the presence of Medium C enhanced in both cells, +REAC (red bars) and –REAC 

(grey bars) the transcription of Nkx2.5 and GATA4, encoding a homeodomain and a zinc 

finger essential in early cardiogenesis, respectively.  However the mRNA levels of both of 

them during cardiogenic commitment was dramatically higher in cells which have been 

exposed to REAC radiofrequencies for the first 72 hours of cardiac commitment. The same 

figure shows that the gene expression levels of both T-Box protein 5 (TBX5) and MADS box 

transcription enhancer factor 2 (MEF2), encoding pivotal proteins during cardiogenesis, were 

also strongly increased in hUiPSCs that had been cultured in Medium C in the presence of 

REAC. 
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Fig.28 Effect of REAC on later cardiogenic gene markers  in hUiPSCs supplemented with defined medium. Cells 
cultured in cardiogenic conditioned medium (Medium C) were exposed for 72 h, in the absence (grey bars) or presence 
(red bars) of REAC. The amount of ACTN2(e),MHC (f) and  cTNT(g) mRNA was assayed during 3,7 and 14 days and 
was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The data were plotted as fold change relative 
to the mRNA expression in hUiPSCs at day 0. All the REAC treated cells at each time point were significantly different 
from REAC untreated cells (mean ± S.E; n=4) (P<00.5). 

As well, during the later differentiation phases, the combination of radio frequency and the 

Medium C described by Weng, supplemented with WNT inhibitor, activin A and BMP4[201] 

on hUiPSC consistently enhanced the transcription of genes underlying a terminal cardiac 

differentiation. 

 ACTN2, encoding an actin-binding protein, was strongly expressed already after 7 days in 

cells treated with physical stimuli, at 14th day actin-binding protein, in REAC exposed cells 

was four times higher than control without REAC. As well, the other most important genes, 

involved in the maturation of cardiomyocites, Alpha-myosin heavy chain (MHC) and the 

Troponin complex (cTnT), encoding two major cardiac sarcomeric proteins, according with 
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the other observation exhibited higher expression in cells treated with the combination of  

physical and chemical stimuli. These effects were detected as early as 72 hand  and peaked 

after 14 days. 

Fig.29 Effect of REAC on pluripotent markers  in hUiPSCs supplemented with defined medium. Cells cultured in 

cardiogenic conditioned medium (Medium C) were exposed for 72 h, in the absence (grey bars/line) or presence (red 

bars/lines) of REAC. The amount of OCT4(a), SOX2 (b) and  NANOG(c) and cMyc(d) mRNA was assayed during 3,7 

and 14 days and was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The data were plotted as fold 

change relative to the mRNA expression in hUiPSCs at day 0. All the REAC treated cells at each time point were 

significantly different from REAC untreated cells (mean ± S.E; n=4) (P<00.5). 

As expected during cardiogenic commitment, induced in hUiPSCs using MEDIUM C with 

or without the combination of radiofrequency energies for 72 hours, pluripotent genes mRNA, 

gradually decreased in both populations of cells (+REAC and –REAC), being directly 
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correlated with the up regulation of cardiac specific markers.  According to previous 

observations REAC was able to modulate in a biphasic reversible way the expression of  

pluripotent genes after 72 hours[105], here we further confirm that REAC treatment can 

enhance, the expression of the pluripotency genes OCT4, Sox2, Nanog and cMyc during  the 

first 72 hours of treatment,   

On the other hand, according to the physiologic behavior of cells during the differentiation, 

the pluripotency genes were gradually down regulated. 

IMMUNOFLUORESCENCE ANALYSIS 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

113	

 

Fig. 30 Immunofluorescence analysis with confocal microscope on cardiac specific proteins at day 14. hUiPSCs 
exposed for 72 hours to conditioned medium in the absence (Medium C-REAC) or presence of REAC (Medium C+REAC) 
were fixed after 14 days from time 0 (undifferentiated hUiPSCs) and processed for immunostaining using specific 
antibodies directed: Troponin complex (cTnT), MADS box transcription enhancer factor 2 (MEF2C), GATA binding 
protein 4 (GATA4), alpha sarcomeric actin (A-Sarc) and T-Box protein 5 (TBX5). Confocal microscopy analysis was 
performed with Leica confocal microscope (LEICA TCSSP5). Nuclei were labeled with DAPI (blue). The yellow scale 
bars are 100 µm. 

The immunofluoscencence analysis on hUiPSCs was performed at day 0 as negative control 

(first column) when the cells were in the pluripotent status (UiPS) and after 14 day, in 

conditioned media (MEDIUM C) specific for cardiac differentiation, exposed (MEDIUM 
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C+REAC) or not (MEDIUM C-REAC) to radio asymmetric energy. This protein  analysis 

inferred what previously observed in gene expression analysis on the early cardiac markers 

GATA 4, MEF2C and on the mature cardiac markers cTNT, alfa-sarcomeric and TBX5. 

The influence of REAC on  cardiogenic commitment on hUiPSCs was strongly relevant. 

Interestingly, REAC exposure resulted in a consistent increase in the yield of cells positively 

stained for the cardiac specific marker proteins cTnT, MEF2C, α-sarcomeric and TBX5, as 

compared to cells that had been cultured with Medium C alone, that showed a weak positively 

staining. Moreover, the expression of GATA4, an early cardiogenic transcription factor, was 

only faintly detectable in REAC exposed cells.  

DISCUSSION 

Self-renewable human induced pluripotent stem cells (hiPSCs) obtained from unipotent cells 

represent a potential unlimited ex vivo source of human cells for cell-based disease modeling 

and therapies. The principal characteristic of induced pluripotent stem cells is the ability to 

propagate indefinitely, as well as give rise to every other cell type in the body (such as 

neurons, cardiomyocyte, epatocytes ect.)[25], however the published protocols till now, never 

shown a 100% yield of differentiation.  

In fact, the ability of these cells to differentiate toward all phenotypes, rise also considerable 

problems for the control to a specific cell population. During the years, researchers have 

published a large number of protocols for differentiation into ectodermal, endodermal and 

mesodermal line. The principle underlying, is in the use of molecules able to miming or 

activate specific pathways by the use of inhibitors on common routes, or by the increase only 

one. For istance, in the protocol proposed by Weng was shown the ability of WNT inhibitor 
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in combination with BMP4, and activin 4 during the differentiation of IPS towards cardio 

myocyte[201], all molecules that miming or push a specific pathway. Other protocols use 

recombinant proteins or induce the expression of specific gene by genetic engineering 

methods with viruses, plasmids or through specific miRNA. 

The main topic of my research group, is the studying how physical energy waves act and 

interact with cellular systems. It has been shown that the low frequency electromagnetic 

waves increase cardiac differentiation in murine embryonic cells, as well as the use of radio 

frequencies to 2.4GHz were able, to induce more phenotypes together in embryonic stem cells 

of mice and of adipose derived stem cells[101]. The hypothesis is that the application of 

physical energies, like electromagnetics or radiofrequencies are able to interact directly[90] 

with the cells that are in "unstable" and “immature” condition, like stem cell, and as much 

this condition is strong (potency force), is possible use the physical energies to commit the 

cells to a high yield of differentiation.  That behaviour, could be explained if we think about 

the role that has the polarity[68], [69], [188], [189] during activation and differentiation in 

the cells.  

On this point, this work was carried out to evaluate the efficiency of REAC waves in 

combination with Wnt1 ihnibitor, activin A and BMP4 during cardiac differentiation on 

hUIPSc. In order to evaluate how and when the REAC can provide strong advantage during 

differentiation. The use of physical stimuli on cardiomyocytes was used since long time, it 

was observed that these ELF stimuli were able to increase the potential performance of this 

type of cells defined “excitable”, it was clear described how a proper electromagnetic  

irradiations on mouse embryonic stem cells interacted with β-adrenergic signalling, 
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indispensable for modulating heart frequency[203], as well was described that 

electromagnetic fields (EMF) affect intracellular calcium levels in many types of cells[204].In 

our observation, in this experiment, as well was found that the combinatory use of chemical 

inductors and physical energies, used during the embryo body formation and for 72 hours 

constantly, provided significant cardiogenic enhancement. The early cardiac genes GATA4 

and nkx 2.5, were already up regulated at 3rd day more in these cells treated with the physical 

stimulation, that find suggest the importance that the physical stimuli have during the early 

phases of differentiation as well during the development[205]. The use of physical treatment 

mostly in IPS strongly commit the unipotent differentiation. As well after the expression of 

early and inducible cardiac specific genes, the stability of cardiomiocyte derived UiPSCs 

apperead more strong in these cells treated  with REAC, the cTNT  that is protein integral to 

muscle contraction,  in skeletal muscle and cardiac muscle was strongly expressed since 7th 

day and decrease till 14th day observation. MEF2C and Sarcomeric protein alfa, was strongly 

regulated positively in REAC treated cells. That two proteins, MADS box transcription 

enhancer factor 2 (MEF2), that play a role in maintaining the differentiated state of muscle 

cells as well alpha actinin, that is a protein expressed in both skeletal and cardiac muscles 

differentiated cells, was strongly up regulated after physical treatment. The number of beating 

clusters, were dramatically more in cells treated with REAC than the other ones, even some 

changes in morphology, like sharps formation in EBs were detect in these cells treated with 

REAC. That morphology, could be linked to a polarized disposing of organelles or molecules 

after REAC treatment, that could be correlate with a change in polarity. All this evidence, 

regarding the influence that the physical stimuli have on  cells, could prompt other researchers 

to use them in order to influence the cellular behaviour.  
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EXTRA CORPOREAL SHOCK WAVE THERAPY (ECSWT) SECTION 

EXTRA CORPOREAL SHOCK WAVE THERAPY AND CELL PROLIFERATION 

Another physical stimuli, that stimulated interest for my project  was the Extra Corporeal 

shock wave therapy. Even trough the physical principle behind the SW is completely different 

from REAC, many evidence provided common point in the behaviour of cells after both 

treatments. 

 The REAC, based its technology on the modulation emitted signal by auto calibration on the 

frequencies detected from cells, which in turn conveys in asymmetrical manner on them, 

creating an auto calibrated loop. SW are physical stimuli that act quite differently on cellular 

systems. In fact, although it is also an electronic device, therefore able to produce 

electromagnetic energy, SW  based its technology on the production of small pressure-

acoustic waves that interact directly on cells by mechanotrasduction[174]. Extracorporeal 

shock wave therapy (ESWT or SW) initially were used to disintegrate renal stones [107], 

however in later time the use of SW was completely revolutionized into a pro regenerative 

treatment able to modulate musculoskeletal disorders [206], soft tissue wounds 

repairment[110], neurological pathologies[207]. It is proposed that shock waves could 

promote tissue regeneration through mechanotransduction [208]. However the mechanism of 

action of SW on cells is still unknown and many researchers are working on. One of the most 

important and common  point in the published works about SW, is the pro-activator effect 

that have on cells. For instance, physical shock wave mediates membrane hyperpolarization 

and Ras activation for osteogenesis in human bone marrow stromal cells[209], as well provide 

an activation in macrophages [210], and up-regulation of angiogenesis by the activation of 
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vascular endothelial growth factor (VEGF), endothelial nitric-oxide synthase, hypoxia-

inducible factor 1a, and CD31[211], or as well shown that SW were implicated in the 

expression of cytokines, chemokines, and matrix metalloproteinases with proangiogenic 

promoting wound healing [212] and in ligament fibroblast depending on the dose SW changed 

completely the viability and secretion of of IL-6, IL-8, MCP-1, and TNF-a[213].  

In a recent study published by Wheis et al,  the SW treatment with different dosage on 

C3H10T1/2 murine mesenchymal progenitor cells, primary human adipose tissue-derived 

stem cells and human T cell line was able to increase extracellular ATP released Erk1/2 and 

p38 MAPK pathways, and enhanced cell proliferation. All evidence that suggest the important 

implication of physical stimuli on activation and modulation of cellular behaviour[214], for 

instance in another study it was demonstrated the implication of MAPK activation pathway 

in mesenchymal stem cells, immune cells, and osteoblasts, resulting in osteogenic 

differentiation, increase of angiogenesis and T cell proliferation[215].  
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MATERIAL AND METHODS 

Adipose stem cells isolation and cell culture 

We received lipospirate biopsy from 2 different consentient donors, from red cross in Linz.  

After washing, we proceeded with enzymatic isolation.  The lipoaspirates were digested with 

0.2% collagenase A type I solution (Sigma-Aldrich), under gentle agitation for 45 min at 

37°C, and centrifuged at 2000 rpm for 10 min to separate the stromal vascular fraction (SVF) 

from adipocytes. We even treated this fraction with red blood cell lysis buffer for 5 min at 

37°C, in order to obtain a pure population without erythrocytes that could be toxic for the 

cells and interfere with the isolation protocol, then we centrifuged the solution again. The 

supernatant was discarded, and the cell pellet was resuspended and seeded in culture flasks in  

EGM-medium with supplement (Lonza) supplemented with 5% heat inactivated FBS, 1% 

penicillin-	streptomycin, and incubated at 37° C in a humidified atmosphere with 5% CO2. 

All the cells were used to passages 1-6.  

HFF1 cell culture 

HFF1 are Foreskin fibroblast cells type 1, purchased from ATCC (Usa). Cells were cultured 

and expanded in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% 

fetal bovine serum (FBS), 400mM Glutammine, 100 U/ml penicillin and 100 µg/ml 

streptomycin at 37°C in a humidified atmosphere containing 5% CO2. In the present study 

cells from passage 2-9 were used. The cell culture medium was refreshed every 3 days. 

Additional cell group of HFF1 were treated with 1ng/ml LPS (Sigma-Aldrich), as a powerful 

positive inflammatory inducer representing positive control of an inflammation-induced cell 

behaviour. 
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Characterization of Adipose derived stem cells 

Flow cytometry analysis was exploited to assess the percentage mesenchymal markers and 

the purity of population isolated. After a fixation/permeabilization step, cells were incubated 

with a primary antibody directed against CD73, CD90 (BD Biosciences, San Jose, CA, USA), 

CD105(Santa Cruz Biotechnology, Heidelberg, Germany), CD45 and CD31 (Sigma- Aldrich) 

(all at 1 µg/106cells) for 1 h at 4°C and with 1 µg of fluorescein isothiocyanate (FITC)-

conjugated secondary antibody for 1 h at 4°C in the dark. After washing, cells were analysed 

on a flow cytometer (CytoFlex, Backman Coulter) by collecting 10,000 events.   

Synchronization of cells 

In order to test the effect of SW on cell cycle progression, proliferation, ADSC cells were 

first deprived of serum and all supplements contained in EGM-Medium for 24 h, to induce 

the synchronization in G0/G1. After that time, normal medium EGM with supplements and 

FBS was added. Then cells received (0,19 mJ/mm2 100 pulses) or not (CTR) SW treatment. 

Shock Wave setting and cell treatment 

Shock wave device used was Ortho-Gold100 (Tissue Regeneration Technologies, LLC, 

manufactured by MTS Europe GmbH). Cells, after synchronization were detached and a 

number of 1x 106 for each population (control/ SW-treated) were placed inside 1 ml medium 

in a  15-ml poly-propylene tube (falcon 15),  shock wave treatment was performed using a 

water bath setup at 37°C in order to preserve aberrant changes in cellular behaviour.  The 

distance between the shock wave applicator and the 15 ml tube containing the cells were 5 

cm. The control group were allocated in a separate water bath without SW applicator, with 
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the same temperature condition. For SW treatment cells were applied a 100 pulses of shock 

waves using energy flux densities between 0.03 and 0.19 mJ/mm2 at 3 Hz were applied, 

according to previous experiments and in vivo studies[214], [215]. 

 

Fig 30 Shock wave device representation. The cells inside polipropylen tube 15 ml (C), in 1 ml medium were allocated 
inside the water bath (B) at 37°C. Shock waves device (A) conduct the energy by the applicator connect to water bath, 5 
cm far from tube.  

Cell Proliferation with Propidium iodide, flow cytometry analysis 

DNA staining was used to specifically determine the amount of cells undergoing S phase, or 

G1 phase. Cells were detached  using  trypsin for 5 minutes, then deactivated using medium.  

The cells were fixed adding ice-cold 85% EtOH during vortexing. Samples were stored at -

20 °C for 24 hours.  After washing, DNA was stained with 0.25 mg/ml propidium iodide for 

30 minutes, cells were washed again and resuspended in 300 ul flowcitrometry load solution.  

Viability assay by EZ4U and BRdU assay 
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EZ4U cell viability assay was performed after 6 and 24 hours of SW treatment. Briefly 

according to the manufacturing protocol, EZ4U is based on 3-(4, 5-dimethyl- thiazol-2-yl)-2, 

5, diphenyltetrazolium bromide (MTT) assay, but could be used and detected directly on the 

cells. 100 ul of EZ4U solution was added to wells in cells treated or not with SW, after 2 hour 

of incubation the absorbance at 450 nm was detected. 

A BrdU cell proliferation assay (Roche, Germany) was performed 6h and 24h after 

irradiation. According to the manufacturing protocol, BrdU labelling solution was added to 

the cell cultures exposed or not to SW at a final concentration of 10µM and incubated for 2 

hours.  This was followed by 90 minutes incubation in diluted peroxidase-conjugated anti-

BrdU antibody. Absorbance was measured with a photometer (Spectra Thermo, TECAN 

Austria GmbH, Austria) at a wavelength of 450nm. 

Reactive Oxygen Species Production – Electron Paramagnetic Resonance on HFF1 

HFF1 Cultures were treated with or without 0.19 mJ/mm2 100 pulses Shock Waves, 

contemporary a positive control group of HFF1 was treated for 24 hours with 1 ng/ml LPS. 

After treatment cells were seeded in TC 24 well, with final volume of 250 ul. The cells were 

observed at 1, 4, 8, 12, 24, 48 hours. 10 minute before every measurement PPH (1-Hydroxy-

4-phosphono-oxy-2,2,6,6-tetramethyl-piperidine), a ROS detector, was added at a final 

concentration of 500µM.  50µl of medium were put into oxygen permeable capillary tubes 

(Noxygen Science transfer and Diagnostics, Germany) and measured at room temperature 

with e-scan EPR spectrometer (Bruker, Germany) with following settings: microwave 

frequency: 9.762741 GHz, modulation frequency: 86.00 GHz,  modulation amplitude: 1.4 
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GHz,  centre field: 3487.920 G, sweep width: 200 G, microwave power: 54.10 mW, number 

of scans: 1, receiver gain: 2.24 x10. 

 

ATP Release in HFF1 

Immediately after shock waves pulses  or after 15, 30, 60 and 120 minutes’ cells were lysed. 

Lysates were pipetted into a 96 microplate  and 100uL ATP Assay reagent (Promega 

CellTiter-Glo Luminescent Cell Viability Assay, Austria) were added and shaken for 2 

minutes. Lysates were left on a stationary surface to incubated for further 10 minutes, after 

which samples luminescence weremeasured by a photometer (SPECTRAstar Omega, 

Germany). Sample concentrations were compared to an ATP standard calibration standard.  

Enzyme-linked immunosorbent assay (ELISA) on HFF1 

HFF1 were cultured for 24h in presence or not of LPS in order to induce inflammation to be 

used in comparison to SHOCK WAVES cells treated. After SW treatment, cells were seeded 

in TC24 plate in a final volume of 250 ul. The culture medium was collected at different time 

points (1, 4, 8, 12, 24, 48 hours) for the ELISA analysis. The levels of IL-6 and IL-8, MCP-1 

and TGF-alpha released into the culture supernatant were measured using human Ready-SET-

Go, eBioscience. Respectively, and according to the manufacturer’s protocol. 

RNA extraction, cDNA synthesis, and gene expression analysis by real-time PCR. 

Total RNA was isolated using Trizol reagent according to the manufacturer’s instructions 

(Sigma). Total RNA was dissolved in RNAase-free water and quantified using a Nanodrop. 
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A twenty-µl reaction volume containing 1 µg total RNA was reverse transcribed using 

HiCapacity cDNA reverse transcription kit (Applied Biosystem) with oligo (dT) primers. 

qPCR reaction was performed using i5 Biorad with kapa green (Biolab).   

After an initial denaturation step at 95°C for 15 min, temperature cycling was initiated. Each 

cycle consisted of 95°C for 15 sec, 53-59°C for 30 s, and 72 °C for 15 sec, the fluorescence 

being read at the end of this step. All primers used in this work were from Invitrogen and are 

listed in Table 1. PCR products were confirmed by melting curve analysis and electrophoresis. 

All measurements were done as technical quadruplicate of biological replicates. Biological 

replicates were obtained from independent cell culture samples at different passages. Relative 

expression was determined using “2^ΔΔCt method” with glyceraldehyde 3-phospate 

dehydrogenase (GAPDH) as normalizing gene. 

Immunostaining 

Adiposed derived stem cells cultured in EGM medium with or without SW 100 pluses 0,019 

mJ/mm2 exposure were seeded in chamber slide and after 24 hours were analyzed. The 

cultures were fixed with absolute methanol for 30 min and 1 hour at -80°C. Cells were then 

exposed to antibodies against DNMT1(Mouse, Santa Cruz), DNMT2a (Rabbit, Thermo 

scientific) or DNMT2b (Rabbit, Santa Cruz) for 1 hour at 37°C cells, followed by staining 

with the appropriate secondary antibodies anti mouse Alexa fluor 594 or anti rabbit Alexa 

fluor 498  at 37°C for 1 h. All microscopy was performed with a Leica confocal microscope 

(LEICA TCSSP5). DNA was visualized with DAPI (1 µg/ml). 

RESULTS 
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Immuno characterization of Adipose stem cell isolated 

 
Fig. 31 Mesenchymal surface markers tested in flowcitometry. CD73, CD90 and CD105 were significantly expressed, 
contrarily CD45 and CD31 typical hematopoietic markers. 

According to the International Society for Cellular Therapy that identity MSC markers, here 

we wanted to be sure that adipose derived stem cells isolated were a pure population. As 

expected only Adipose derived stem cells were isolated. The CD73, CD90, and CD105, 

typical mesenchymal markers were positively expressed, while not detected the markers 

CD31 and CD45 typical for the haematological linage were not detectable.  
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 Fig. 32 ADSC Cell proliferation analysis with EZ4U were performed at 6 and 24 hours 
aſter SW treatment 100 pulses with different energy, CTR (green bars), cells treated with 0,07 
mJ/mm2 (Yellow bars), 0,13 mJ/mm2 (orange bars), 0,19 mJ/mm2 (Red bars). 

 

Analysis of viability and proliferation on ADSC. 

Adipose derived stem cells, were treated with different doses of SW in order to evaluate how 

the power influence could the proliferation cell viability. At 6 hours after shock waves 

treatment we could not see any difference between treated and untreated cells. But this 

behaviour could be explained with the physiological cell cycle time, the normal cells cannot 

increase their proliferation in 6 hours. However, this data shows the not toxicity of SW on 

cells. Interestingly after 24 hours comparing the viability between cells treated with different 

doses of SW, the 0,13 mJ/mm2 and 0,19 mJ/mm2  dose elicited a better response as compared 

to control cells or to cells treated with 0,07 mJ/mm2. That finding however confirm previous 

observation[173]. 
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Fig. 33 ADSC cells were synchronized in G0/G1 phase. Then cells were treated or not with 100 shock wave pulses at 
0,19 mJ/mm2 were observed at T0, 6h,12h and 24h.. Untreated cells were treated identically except they did not receive 
shock wavetreatment. 

Cells were harvested for 24 hours, then treated or not with 100 pulses at 0,19 mJ/mm2 and 

then seeded in culture flasks and cultured for additional 6h, 12h and 24h. The ADSC were 

stained with propidium iodide and assessed using flow cytometric analysis (Fig.33 ). After 12 

hours the cell cycle profiles revealed more cells in the S phase in the samples treated with 

shock waves as compared to control untreated cells.  

 

 

GENE EXPRESSION ANALYSIS 
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Fig. 34 Effect of Shock wave 100 pulses on cyclin expression  in Adipose derived stem cells (ADSC). Cells were starves 
for 24 hours without FBS and EGM-supplement, then  were exposed (Bordeaux bars) or not (black bars) to 100 pulses 
0,19 mJ/mm2 Shock and cultured in normal growth medium .The amount of CCND1(a), CCNE2 (b), CCNA(c) and 
CCNB2(d) mRNA was assayed during 1,6,12, 24 and 48 hours and was normalized to glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH). The data were plotted as fold change relative to the mRNA expression in control cell t0. 
Statistical analysis was performed with t-test and ANOVA o.w (mean ± S.D; n=6) (P<00.5). 

The gene expression analysis of the main cyclins involved in the cell cycle, confirm previous 

observations derived from viability test EZ4U as well as from flow citometry analysis. The 

Adipose derived stem cells were synchronized 24 hour before treatment and then exposed or 

not to 100 pulses 0,19 mJ/mm2 energy. After 1 hour the mRNA levels of CCD1, CCNE2, 

CCNA and CCNB2 were detected, and, according to the normal behaviour of synchronized 

cells, mRNA was extremely low in both cells. After 6 hours the expression of CCND1, 

CCNE2 and CCNA was increased in both SW treated or untreated cells, a typical behaviour 

of cells entering in cell cycle[46], interestingly we observed that the SW treatment improved 

the cell cycle regulation, by acting on cyclin gene expression . Cyclin D1, ususally express in 
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the cells that are entering in G1 phase, in SW cell treated was more expressed and detectable 

already after 6 hours culturing following shockwave treatment and then gradually decreases. 

Cyclin E, also involved in the progression of G1 to S phase in cells was higher  expressed in 

cells treated with SW as compared to control cells, and its expression was retained higher 

until 24 hours. Cyclin A, as shown cooperate with Cyclin E to the promotion of Synthesis 

phase in cells, here according to the previous observations, SW-treated ADSC exhibited 

higher expression levels of this cyclin as compared to control. The same result was also 

obtained for Cyclin B.  

 

Fig. 35 Effect of Shock wave 100 pulses on DNA Damage markers  in Adipose derived stem cells (ADSC). Cells were 
starves for 24 hours without FBS and EGM-supplement, then  were exposed (Bordeaux bars) or not (black bars) to 100 
pulses 0,19 mJ/mm2 Shock and cultured in normal growth medium .The amount of p53(a), p19(p14 ARF) mRNA was 
assayed during 1,6,12, 24 hours and was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The data 
were plotted as fold change relative to the mRNA expression in control cell t0. Statistical analysis was performed with t-
test and ANOVA o.w (mean ± S.D; n=6) (P<00.5). 

During cell cycle, there are restriction points even called ckeck points, that have the role to 

decide the progression of the cells during the different phases. Usually, DNA damage 

checkpoints are located before the cell enters S phase (G1-S checkpoint) or after DNA 

replication (G2-M checkpoint). At the G1/S checkpoint, cell cycle arrest induced by DNA 

damage is p53-dependent activation pathway[46], [51]. Here we analysed the expression of 

p53 and p19 in order to confirm the relation between cyclin expression and progression 
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through cell cycle. Interestingly, in adipose derived stem cells exposed to 0.19 mJ/mm2 100 

pulses energy, an increase of this two genes could not be detected, while after 12 hours after 

treatment the expression of both genes was less as compared to the control. Noteworthy p53 

and p19 mRNA levels were not increased after SW treatment, indicating that the treatment 

doesn’t damage the integrity of cells and DNA, even “strong” force is applied. 

 

Fig. 36 Effect of Shock wave 100 pulses on DNA methyltransferase in Adipose derived stem cells (ADSC). Cells were 
starves for 24 hours without FBS and EGM-supplement, then  were exposed (Bordeaux bars/Bordeaux line) or not (grey 
bars/black line) to 100 pulses 0,19 mJ/mm2 Shock and cultured in normal growth medium .The amount of DNMT1(a), 
DNMT3a (b) and DNMT3b (c) mRNA was assayed during 1,6,12, 24 hours and was normalized to glyceraldehyde 3-
phosphate dehydrogenase (GAPDH). The data were plotted as fold change relative to the mRNA expression in control 
cell t0. Statistical analysis was performed with t-test and ANOVA o.w (mean ± S.D; n=6) (P<00.5). 

Recent observations, showed the relevant role of  DNMTs during cellular behaviour. As  

observed by Robertson and colleagues, the mRNA levels of DNA methyltransferase 

(DNMTs) change during the cell cycle, with DNMT1 and DNMT3b decreaseing in G1 as 

well as DNMT3a. During G0 phase, conversely the cells expressed high mRNA level of 

DNMT3a together with DNMT3a and DNMT1. Here we show how in both cells SW-treated 
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or not the mRNA levels of DNMTs changed during cell cycle progression, and in these cells 

treated with SW stimuli, already after 6 hours culturing following shockwave treatment a 

decrease could be detected as compared to the controls.  

 

Fig. 37 Immunofluorescence analysis with confocal microscope on DNMTs.  ADSC cells were starves for 24 hours 
without FBS and EGM-supplement, then  were exposed to 100 pulses SW 0,19 mJ/mm2, seeded in chamber slide and 
after 24h processed for immunostaining using specific antibodies directed:DNMT1, DNMT3a,DNMT3b. Confocal 
microscopy analysis was performed with Leica confocal microscope (LEICA TCSSP5). Nuclei were labeled with DAPI 
(blue).  

Immunofluorescence analysis on Adipose derived stem cells after 24 hours of Shock waves 

treatment showed low positivity for DNMT1, DNMT3a and DNMT3b as compared to the 
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control cells that did not received Shock wave stimulation. However, in both cells DNMTs 

was expressed, and as shown in figure 37 SW-treatment could strongly modulate the 

expression of all DNMTs. That behaviour again, could be connected with the increase in cell 

cycle progression, induced by Shock wave stimulation. 

SHOCK WAVE TREATMENT AND CELL ACTIVATION BY PRO-INFLAMMATORY 

INDUCTION 

SW are “mechanical” waves, characterized by an initial positive very rapid phase, of high 

amplitude, followed BY negative pressure, producing a “micro-explosion” that can be 

directed on a target zone (body, tissue or cells) in order to stimulate or modify the cells in 

their behaviour. Since years is known the effect of this type of physical stimuli on body and 

cells, moreover it was previously described the effect of shock waves on the cyclins activation 

and proliferation. Furthermore, the exact mechanism through which cells convert mechanical 

signals into biochemical responses is not clear yet. Interestingly it was described the 

mechanism mediated by ATP release and P2 receptor activation that foster cell proliferation 

and tissue remodelling via Erk1/2 activation[216][108][215], as well PI-3K/AKT and NF-κB 

signalling pathways[217] and the implication of TLR3 signalling and subsequent TLR4 in 

SW treatment[207]. Recently the effects of Shock Waves on Expression of IL-6, IL-8, MCP-

1, and TNF-a in human periodontal ligament was recently described by Cay and colleagues 

[213]. 

Unwittingly, in the same time some experiments concerning cytokine production in human 

fibroblast exposed to shock waves energies were performed. Even if most of the literature 

prove the anti-inflammatory effect of SW treatment in Vivo[109], [110], [110], [171], [206], 
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[218], nobody before have shown the pro-inflammatory effect of SW on cells in vitro, as a 

pro-activator event mediated by cytokine and chemokine expression. It was supposed that the 

shock wave impulses on cells were able to create in the cells a pro-inflammatory milieu, 

mediated by mechanotransduction [216], similar to pro-inflammatory activation mediated by 

LPS[219]. Lipopolysaccharide (LPS) is a component of the outer membrane of Gram-

negative bacteria, implicated in the induction of a strong immune response in normal animals. 

LPS exerts its biological effects on the host by binding to Toll-like receptor 4 (TLR4), a 

pattern recognition receptor (PPR) that is widely distributed among lung parenchyma cells, 

including macrophages, epithelial cells, and fibroblasts[219], In a recent study it was shown 

that LPS was able to directly induce secretion of collagen in primary cultured mouse lung 

fibroblasts via TLR4-mediated activation of the phosphoinositide3-kinase-Akt (PI3K-Akt) 

pathway thus increasing the proliferation rate[220]. Here we will analyse the effect of Shock 

wave and LPS in human foreskin fibroblast in terms of proliferation, cytokine production, 

ATP release and ROS production.    

RESULTS 

Proliferation assa 
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Fig. 38 HFF1 Cell proliferation analysis with BrdU were performed at 24 hours aſter SW 0,19 mJ/mm2 treatment 100 
pulses (orange bars) or not (grey bars) LPS control (white bars) are positive control. Statistical analysis was performed 
with GraphPad using ANOVA o.w (mean ± S.D; n=8) (P<00.5) 

To investigate the effect of Shock wave in comparison to LPS on fibroblast proliferation, the 

BrdU assay was performed to temporally quantify DNA synthesis in HFF1 after to Shock 

wave 0,19 mJ/mm2 treatment or and LPS exposure. The amount of DNA synthesis in both 

HFF1 treated with SW or LPS was significantly increased during the following  24 hours as 

compared to the negative control group. According to previous observations, even SW treated 

HFF1 exhibited an increase in their proliferation rate as compared to untreated cells. 

Interestingly, we found that LPS-inflammatory-induced  events in HFF1 were able to increase 

their proliferation. That finding was already showed by He group, who observed the 

significant proliferation in lung fibroblast exposed to LPS.  
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ATP RELEASE AFTER SHOCK WAVE TREATMENT 

Fig. 39 ATP concentrations in HFF1 supernatants were determined after 5,10,15,30, 60 120 minutes aſter SW 0,19 
mJ/mm2 treatment 100 pulses (orange bars) or not (grey bars) , LPS control (white bars) are positive control. Statistical 
analysis was performed with GraphPad using ANOVA o.w (mean ± S.D; n=6 in triplicate) (P<00.5) 

In other studies the ability of SW to induce the ATP release after SW treatment [209], [214], 

[221], which in turn activates Erk1/2, an upstream effector Mek1/2, and p38 MAPK, was 

strongly demonstrated. Several other evidence show that lipopolysaccharide promote ATP 

release as well [222] by the activation of macrophage cells. Here we found that LPS can 

promote the increase of ATP release in HFF1. Shock waves treatment caused a significant 

release of ATP during the different experimental time points.  
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REACTIVE OXYGEN SPECIES (ROS) PRODUCED IN HFF1 

 

Fig. 40 HFF1 ROS measurement analysis with Electron spin resonance using PPH was performed at 0,1,4,8,12,24 
and 48 hour aſter SW 0,19 mJ/mm2 treatment 100 pulses (orange bars) or not (grey bars) LPS control (white bars). 
Statistical analysis was performed with GraphPad using ANOVA o.w (mean ± S.D; n=6) (P<00.5) 

Reactive oxygen species (ROS) have an established role in inflammation, ROS have been 

implicated in the activation of signalling pathways such as mitogen-activated protein kinases 

(MAPK), NF-kB, and guanylate cyclase[223]. Recently, a role for ROS arises also in the 

activation of the NLRP3 inflammasome, one pathway for generation of active caspase-1 and 

secretion of mature IL-1[224]. Here we analyze the hypothesis that activation of HFF1 depend 

on the pro-inflammatory reaction modulated by SW. ROS were released soon after 1 hours, 

increasing at 4 hours till 8 hours, then gradually decreased. LPS-treated cells positively 

modulated ROS release, SW was able to induce more ROS production as compared to the 

negative control and than positive control. 
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Fig. 41 Effect of shock wave treatment on cytokines production in HFF1 during different time points (1, 4, 8,12 
and 24 hours) in response to shock wave treatment. The levels of IL-6 (A) and IL-8 (B), MCP-1 (C) were measured in 
cell supernatants using ELISA.  
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Cytokines are hormone-like proteins which mediate and regulate inflammatory and immune 

responses, ILs are produced by numerous cell types, including macrophages, monocytes, 

fibroblasts, endothelial cells, and smooth muscle cells. Here we supposed that SW modulated 

fibroblast proliferation trough a pro-inflammatory induction already after 4hours culturing 

following shockwave treatment. The mechanic-forces by SW 0,19 mJ/mm2 may induce the 

HFF1 activation. Here the cytokine production in cells modulated by mechanotransdution 

was analysed. To be sure about Cytokines production we decided to use LPS at  final 

concentration of 1 ng/ml[225]as positive control.  

TGF-alpha was measured on supernatant of confluent HFF, but was not found any differences 

in cells treated with SW or LPS as compared to controls, (data not shown). Whereas, 

according to previously published observations[213], [225], [226] IL-6 was detected already 

after 4 hours in cells treated with LPS, interestingly at that time any significant difference 

could be detected between SW treated and negative control, nevertheless IL-6 level was up 

regulated in cells treated with SW after at 8 hours, similarly to what observed in LPS control.  

The level of IL-8, was up regulated already after 4 hours of LPS treatment , as well as in cells 

that received SW treatment, however IL-8 modulation in cells treated with SW was not 

significant during the other experimental time points as compared to both positive or negative 

controls. 

MCP-1, Monocyte chemoattractant protein-1, similarly to what observed for  IL-8 and IL-6 

at 4 hours in cells treated with LPS, in SW treated cells a minimal difference was observed 

with the negative control, but other analysis must be performed 
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GENE EXPRESSION ANALYSIS 

Fig. 42 Effect of Shock wave 100 pulses on IL-8 and MCP-1 gene expression on human foreskin fibroblast (HFF1). 
Cells were exposed (orange bar) or not (grey bars) to 100 pulses 0,19 mJ/mm2, cell treated with 1 ng/ml LPS are positive 
control (white bar).The amount of IL-8(a), MCP-1 (b) mRNA was assayed during t0,4,8,12 24 hours and was normalized 
to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The data were plotted as fold change relative to the mRNA 
expression in control cell t0. (mean ± S.D; n=3). 

In order to evaluate the behaviour of HFF1 exposed to 100 pulses 0,19 mJ/mm2 in term of 

gene expression activation, cytokines mRNA level was quantified on HFF1.  IL-8 was 

strongly expressed in LPS treated cells during 4, 8, 12 and 24 hours, while in SW treated cells 

IL-8 mRNA levels progressively decline fro 4-24 hours, although being up-regulated, as 

compared to control untreated cells. MCP-1 gene expression was strongly increased mainly 

at 4 hours, being upregulated in LPS positive control cells, than SW treated and control.  
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Fig. 43 Effect of Shock wave 100 pulses on HSPs gene expression on human foreskin fibroblast (HFF1). Cells were 
exposed (bordeaux bar) or not (grey bars) to 100 pulses 0,19 mJ/mm2, cell treated with 1 ng/ml LPS are positive control 
(white bar).The amount of HSP90(a), HSP27 (b) HSP60(c) and HSP70 (d)mRNA was assayed during t0,4,8,12 24 hours 
and was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The data were plotted as fold change 
relative to the mRNA expression in control cell t0. (mean ± S.D; n=3). 

Heat-shock proteins (HSPs), also known as chaperones or stress-induced proteins, have a 

crucial roles during proteins folding/unfolding, assembly multiprotein complexes, 

transport/sorting of proteins into correct subcellular compartments[227]–[229]. HSPs are 

involved also in cell-cycle control and signalling, and protection of cells against 

stress/apoptosis. HSPs are often classified based on their molecular weight: hsp27, hsp60, 
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hsp70, hsp90 etc. In particular HSP90 is associated with proteins of the mitogen-activated 

signal cascade, particularly with the Src kinase, with tyrosine receptor kinases, with Raf and 

the MAP-kinase activating kinase (MEK) (MEK)[229]. Here we found that, the mRNA level 

of the different HSPs were differently modulated by LPS and by SW. The Hsp90 system is a 

complicated machinery that is co-activated by Hsp70 and by a large number of cofactors 

[229], however other studies showed that it can also be modulated alone. Interestingly, HSP90 

and HSP60 gene expression exhibited an increase during 4 and 8 hours; HSP90 was increased 

after 4 hours in HFF1 cells treated with SW as compared to LPS control and tonegative 

controls, in the other experimental time points HSP90 progressively decreased to a basal 

expression. Concerning HSP60 expression the SW stimuli provided an up regulation during 

the first 4 hours, then similarly to what observed for HSP90 expression, progressively 

decreased.   A similar behaviour was detected for HSP27, however the strongly down 

regulation detected after 12 hours in both LPS and SW treated cell populations need to be 

investigated more in details. On the other hand, HSP70 did not show any significant change 

during the experimental time, perhaps this HSPs is not activated by SW during the early times, 

however in cells treated with LPS, an increase at 12 and 24 hours could be observed. That 

finding, show how SW are involved in the modulation of HSPs pathways, and how a physical 

stimuli can interact with cellular behaviour similarly to a biochemical compound like LPS, in  

inducing cell activation and modification. Obviously the physical energy are acting generally 

on cell structure, while LPS binding to a specific receptors. The HSPs study is one of the most 

important pathway regulated by SW, however more evidence and experiments must be 

performed to further clarify these correlations. 
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DISCUSSION 

If the effectiveness of Shock wave is clear in the clinical application on patients, the 

mechanism of action of shock wave stimuli on cells is still unknown. However, interesting 

founding encourage the researcher to continue in the study of physical stimuli on stem cells. 

Recently it was demonstrated the effect of shock waves  on membrane hyperpolarization and 

Ras activation in human bone marrow stromal cells[209], and in macrophages activation 

[210], in HUVEC cells promoted the angiogenesis by the activation of vascular endothelial 

growth factor (VEGF), endothelial nitric-oxide synthase, hypoxia-inducible factor 1[211]. 

Wheis and colleagues demonstrated  that the effect of SW treatment on C3H10T1/2 murine 

mesenchymal progenitor cells, primary human adipose tissue-derived stem cells and human 

T cell line, dose-dependently undergo the promotion of cell proliferation and the increase in 

extracellular Erk1/2 and p38 MAPK-dependent ATP release. Based on these observations, 

we used the same parameters on Adipose derived stem cells, in order to investigate more in 

detail the effect of SW during cell cycle activation. The viability analysis by EZ4U as well as 

the cell cycle detection were confirmed, with the maximum effect at high intensity, 0,19 

mJ/mm2 for 100 pulses. The gene expression measurement on cyclins  provided more 

evidence on the effect of SW treatment on adipose derived stem cells compared to control 

cells that did not receive any physical treatment. The cyclines,  were finely regulated during 

cell cycle progression. The p53 and p19 were inversely expressed, according with cell cycle 

[52], [54]. Recent observations, showed the relevant role of  DNMTs during cellular 
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behaviour. In fact, as observed by Robertson and colleagues, the mRNA levels of all three 

DNMTs change during the cell cycle progression, with DNMT1 and DNMT3b decreasing in 

G1 as well DNMT3a. During G0 phase, conversely cells express high mRNA level of 

DNMT3a, DNMT3b and DNMT1[61], here was found that physical treatment on Adipose 

derived stem cells interact with DNMTs protein profile, as well on gene expression. After 24 

hours post treatment, SW-treated cells exhibited a significant decrease on DNA methyl 

transferase activation. That finding could be linked to the promotion of  proliferation by SW 

energy, perhaps correlated with the activation of  Erk1/2 and p38 MAPK previously observed 

in other studies[214], [221]. 

However, the main hypothesis is that the physical stimuli, shock wave, can activate the 

cellular metabolism, by a mechanic-transduction mechanism [216] at cellular level. In a 

second experiment, it was decided to use the fibroblasts cells (HFF1) to demonstrate that one 

of the basic mechanisms of shock wave, underlining cellular activation is based on the pro 

inflammatory-like pathway. It is known that during a stress, cells respond with various 

reactions. These include the inflammation. So we tried to figure out how the shock waves 

could activate cells through this induction. It was used a positive control with inflamed cells 

induced by the LPS, as found in the literature[219], [220]. Recently, it was published the 

effect of  Extracorporeal shock wave therapy on the modulation of interleukin-6 (IL-6), 

interleukin-8 (IL-8), monocyte chemotactic protein 1 (MCP-1), and tumour necrosis factor- 

alpha (TNF-a) in ligament fibroblast[213]. Moreover TLR3 stimulation and downstream 

signalling leads to the production of cytokines and chemokines that in turn modulate a 

macrophage-mediated inflammatory response [230]. In the present in vitro experiments, we 
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hypothesized that SW 0,19 mJ/mm2 may modulate early pro-inflammatory response 

(initiation phase). According to previous observation we found that SW mainly enhanced cell 

proliferation, acting on ATP release[214]. Reactive oxygen species (ROS) that 

physiologically play a role as secondary messengers during the repairing process, and appear 

to be important in coordinating the recruitment of white blood cells during healing[231]. The 

term ‘ROS’ describes molecules containing O2 but which have been reduced with added 

electrons to become highly reactive. Endogenous cellular ROS can arise from mitochondrial 

oxidative phosphorylation during ATP production from the endoplasmic reticulum or from a 

class of enzymes known as oxidoreductases[231], here we believe that the increase in reactive 

oxygen species levels detected in SW treated cells could be correlated with ATP release and 

cell proliferation, trough the pro-inflammatory activation pathway. That finding were further 

inferred by the cytokine detected during the different experimental time points, in term of 

protein as well as gene expression. We believe that the mechanism by which cells convert 

mechanical signals into biochemical responses, by mechanosensitive molecules recruits the 

heat shock proteins, that are differently regulated after Shock wave treatment. HSP60 and 

HSP90, 4 hours after SW treatment were up regulated; it was recently shown that HSP60 

plays a regulatory role during pro-inflammatory activation via TLR4-p38 MAPK axis[232], 

as well HSP90[229]. That findings again, could be strictly correlated with the previous 

observations rconcerning the involvement of SW in the Erk1/2 and p38 MAPK activation 

pathways [214], [215], [221] and with the modulatory action of SW on the plasticity of 

TLRs[230]. 
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 However, many other papers describe the main action of SW on patients as an anti-

inflammatory treatment [108], [173], [211], [214], [230]. Here we just suggest a hypothesis 

of SW action on in vitro model during early time after SW treatment. Other studies must be 

performed in order to prove the anti-inflammatory effect of SW on cells after longer time 

following SW treatment. No matter how the science must be unique and reproducible, we 

need model to answer to the infinitive questions. Nevertheless, we have to keep in mind that 

“in vitro model” is always a model, which cannot be totally superimposable to the complex 

system that is human body. However, for the basic studies it is necessary to use them in order 

to figure out in a controlled behaviour what is going on.  

CONCLUSION  

Regenerative medicine for years aimed at finding new solutions for the regeneration of tissues 

and organs functioning in clinical practice in these patients with pathological degenerative 

diseases, with organs defects, tumours or with several traumas. However, till now many 

concerns are still unresolved. The cell transplantation protocols used are still a consolidated 

reality only in the haematological practice. The engineering of tissues still, proposed during 

this years, already suffers from many problems such as the type of cells to be used, and the 

suitable amount needed. All issues which turn to affects the quality of final product. 

Nowadays in fact, it is still not possible to produce organized tissues, with suitable dimensions 

applicable for the regeneration of severe trauma or to replace complete organs. The same use, 

of cell therapy is limited to haematological practice, the other applications are limited by 

issues including the amount of cells needed, their manipulations before implanting in patients, 

ethical concerning and safely guarantee. However, the first trials started a couple of years 
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ago, as well as the development of new technologies with 3D printing, that directly use cells 

like polymers to print tissues. These finding and new proposals, are opening up new hopes 

for the regeneration of tissues and organs, but still, there are many questions and problems to 

solve. 

However, in parallel, in regenerative medicine field are studying other methods based on 

cellular stimulation with physical energy, which interacts with cellular systems increasing 

their performance. For a long time, researchers have observed that the cell itself, was perfectly 

organized in a perfect thermodynamic system, which enthalpy and entropy cooperate to 

support life. Each molecule, protein, nucleic acid is arranged in a specific order, now 

definable “polarization”.  The organization on various levels, from the cell, to the tissue, to 

the niche, to the body is based polarization. Finding then, a system that can interact with the 

cells, the tissues, the niches is a goal sought for long time. Over the years have been used and 

applied several physical stimuli ranging from the use of electromagnetism, ultrasound, 

photons, shock waves, radio waves. That have shown that after a specific stimulus, the cells, 

the tissues, healthy or pathological responded. Therefore, the main objective chased was and 

is the spontaneous induction of regeneration in the body, limiting so the manipulation in vitro 

of cells and tissues. 

The scientific literature shows that physical stimuli make changes in term of physiological 

cell improvement. The electromagnetic energies, radio frequencies, as well as the shock 

waves, are able to increase the regeneration of wounds, fractures. The main question that 

arises is, how is possible interact in a targeted manner with cellular systems? With the tissues? 

In this thesis was analysed the effect of radiofrequency during modulation of aging in adipose 
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stem cells, we observed that the physical stimulus was able to interfere with aging at the 

molecular level by acting on gene expression into specific pathways, as well as on the 

epigenetic level and in the proteins involved in chromatin remodelling. it was also noted that 

radio frequencies are able to promote the differentiation of "instable cells" such as PC12, 

differentiated into dopaminergic neuronal phenotype. IPS along with specific chemical 

inducers towards cardiomiocyte phenotype, with an high yield of differentiation. Probably 

the physical waves interacting with the polarity inherent in every cell, promote towards a 

more stable state.  

In the second session was studied another type of physical stimuli, which are based on 

mechanotransduction. This type of stimulus, shock wave, is used for years in clinical practice 

with success. Its efficacy was observed during induction of regeneration in various tissues 

and in several pathologies. However, it was not yet fully demonstrated its mechanism of 

action. On the “in vivo” cellular level promotes the proliferation, as well in our experimental 

study was observed that SW was able to increase cell proliferation in dish. The final 

hypothesis is that these stimuli creating a micro-trauma on cells, induce activation via a pro-

inflammatory pathway, at least on the initial phase. Other studies have shown its anti-

inflammatory effect during long time. In our studies we focused only on the early post-

treatment stages.  

On tissue level, we hypothesize, that this type of stimuli probably acts on the cells resident in 

the niches, activating them. Or probably, inducing the activation of cells that composed the 

tissue by inducing a number of secondary messengers such as ATP, ROS and cytokines that 

communicating with other cells promote the activation and initiate the regenerative process. 
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The study of the mechanism of action of physical stimuli on cellular systems, tissues or body 

will permit to figure out the targets of action, usable for enhancing performance in a specific 

way for future applications. Physical stimuli are an excellent solution for regenerative 

medicine toward spontaneous enhancement of regeneration compare the use of engineered 

material, or use of chemical or viral compounds on manipulated cells cultivated in vitro. 

However, the road is still long and the work is still much to do. Evolution has given us almost 

perfect body and control of physiological processes, the modulation of them is not easy, but 

it deserves to be studied. Nevertheless, the cooperation of new technologies, tissue 

engineering, cell transplantation and physical stimuli will pave the way finally at new suitable 

solution for helping patients. 

 

 

 

 

 

 

 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

149	

BIBLIOGRAPHY 
	

[1] C. M. Illingworth, “Trapped fingers and amputated finger tips in children,” J. Pediatr. 

Surg., vol. 9, no. 6, pp. 853–858, 1974. 

[2] T. E. Starzl, “History of clinical transplantation,” Surg. Basic Sci. Clin. Evid. Second 

Ed., vol. 24, no. 7, pp. 1681–1704, 2008. 

[3] G. Prindull and B. Prindull, “Haematopoietic stem cells (CFUc) in human cord 

blood,” Acta Paediatr., vol. 67, pp. 413–416, 1978. 

[4] M. J. Evans and M. H. Kaufman, “Establishment in culture of pluripotential cells 

from mouse embryos.,” Nature, vol. 292. pp. 154–156, 1981. 

[5] J. A. Thomson et al., “Embryonic Stem Cell Lines Derived from Human Blastocysts,” 

Adv. Sci., vol. 282, no. 5391, pp. 1145–1147, 1998. 

[6] O. W. Hakenberg, “Re: Tissue-Engineered Autologous Bladders for Patients Needing 

Cystoplasty,” Eur. Urol., vol. 50, no. 2, pp. 382–383, 2006. 

[7] A. Raya-Rivera, D. R. Esquiliano, J. J. Yoo, E. Lopez-Bayghen, S. Soker, and A. 

Atala, “Tissue-engineered autologous urethras for patients who need reconstruction: 

An observational study,” Lancet, vol. 377, no. 9772, pp. 1175–1182, 2011. 

[8] H. Bindu A and S. B, “Potency of Various Types of Stem Cells and their 

Transplantation,” J. Stem Cell Res. Ther., vol. 1, no. 3, pp. 1–6, 2011. 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

150	

[9] I. L. Weissman, “Stem cells: units of development, units of regeneration, and units in 

evolution.,” Cell, vol. 100, no. 1, pp. 157–168, 2000. 

[10] M. Horie, A. Ito, and Y. Kawabe, “A Genetically Engineered STO Feeder System 

Expressing E-Cadherin and Leukemia Inhibitory Factor for Mouse Pluripotent Stem 

Cell Culture,” J. Bioprocess. Biotech., vol. 1, no. 3, pp. 1–7, 2011. 

[11] F. Majo, A. Rochat, M. Nicolas, G. A. Jaoudé, and Y. Barrandon, “Oligopotent stem 

cells are distributed throughout the mammalian ocular surface.,” Nature, vol. 456, no. 

November, pp. 250–254, 2008. 

[12] J. M. Chalovich and E. Eisenberg, “NIH Public Access,” Biophys. Chem., vol. 257, 

no. 5, pp. 2432–2437, 2005. 

[13] H. Niwa, J. Miyazaki, and A. G. Smith, “Quantitative expression of Oct-3/4 defines 

differentiation, dedifferentiation or self-renewal of ES cells.,” Nat. Genet., vol. 24, no. 

4, pp. 372–376, 2000. 

[14] S. Atkinson and L. Armstrong, “Epigenetics in embryonic stem cells: Regulation of 

pluripotency and differentiation,” Cell Tissue Res., vol. 331, no. 1, pp. 23–29, 2008. 

[15] T. I. Lee et al., “Control of Developmental Regulators by Polycomb in Human 

Embryonic Stem Cells,” Cell, vol. 125, no. 2, pp. 301–313, 2006. 

[16] J. Liao et al., “HHS Public Access,” vol. 47, no. 5, pp. 469–478, 2015. 

[17] B. Mcfadden and L. Heitzman-powell, “The regulation of leukemia inhibitory factor,” 

vol. 8, no. 12. pp. 1699–1712, 2015. 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

151	

[18] K. O’Donoghue and N. M. Fisk, “Fetal stem cells,” Best Pract. Res. Clin. Obstet. 

Gynaecol., vol. 18, no. 6, pp. 853–875, 2004. 

[19] P. V. Guillot, K. O’Donoghue, H. Kurata, and N. M. Fisk, “Fetal stem cells: Betwixt 

and between,” Semin. Reprod. Med., vol. 24, no. 5, pp. 340–347, 2006. 

[20] W. Wagner et al., “Comparative characteristics of mesenchymal stem cells from 

human bone marrow, adipose tissue, and umbilical cord blood,” Exp. Hematol., vol. 

33, no. 11, pp. 1402–1416, 2005. 

[21] D. W. Green, G. Li, B. Milthorpe, and B. Ben-Nissan, “Adult stem cell coatings for 

regenerative medicine,” Mater. Today, vol. 15, no. 1–2, pp. 60–66, 2012. 

[22] P. S. In ’t Anker et al., “Amniotic fluid as a novel source of mesenchymal stem cells 

for therapeutic transplantation [1],” Blood, vol. 102, no. 4, pp. 1548–1549, 2003. 

[23] I. Ullah, R. Baregundi Subbarao, and G.-J. Rho, “Human Mesenchymal Stem Cells - 

Current trends and future prospective.,” Biosci. Rep., vol. 35, no. 2, p. e00191, 2015. 

[24] M. Pittenger and M. Mackay, “Multilineage potential of adult human mesenchymal 

stem cells.,” Science (80-. )., vol. 284, no. 5411, pp. 143–7, 1999. 

[25] K. Takahashi and S. Yamanaka, “Induction of Pluripotent Stem Cells from Mouse 

Embryonic and Adult Fibroblast Cultures by Defined Factors,” Cell, vol. 126, no. 4, 

pp. 663–676, 2006. 

[26] K. Okita and S. Yamanaka, “Induction of pluripotency by defined factors,” Exp. Cell 

Res., vol. 316, no. 16, pp. 2565–2570, 2010. 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

152	

[27] Y. Fujie. et al., “New type of sendai virus vector provides transgene-free iPS cells 

derived from chimpanzee blood,” PLoS One, vol. 9, no. 12, pp. 1–19, 2014. 

[28] H. Y. Park, E. H. Noh, H. M. Chung, M. J. Kang, E. Y. Kim, and S. P. Park, 

“Efficient Generation of Virus-Free iPS Cells Using Liposomal Magnetofection,” 

PLoS One, vol. 7, no. 9, 2012. 

[29] J. Chen et al., “Synergetic cooperation of microRNAs with transcription factors in iPS 

cell generation,” PLoS One, vol. 7, no. 7, pp. 1–13, 2012. 

[30] J. Yang et al., “Generation of Induced Pluripotent Stem Cells from Conjunctiva.,” 

Graefe’s Archive for Clinical and Experimental Ophthalmology, vol. 252, no. 3. pp. 

423–431, 2014. 

[31] J. Staerk, M. M. Dawlaty, Q. Gao, D. Maetzel, J. Hanna, and A. Cesar, 

“Reprogramming of peripheral blood cells to induced pluripotent stem cells,” Cell 

Stem Cell, vol. 7, no. 1, pp. 20–24, 2010. 

[32] J. Li, “The Contribution of Next Generation Sequencing Technologies to Epigenome 

Research of Stem Cell and Tumorigenesis,” Hum. Genet. Embryol., vol. 1, no. S2, pp. 

1–10, 2013. 

[33] C. S. Ku, N. Naidoo, M. Wu, and R. Soong, “Studying the epigenome using next 

generation sequencing,” J. Med. Genet., vol. 48, no. 11, pp. 721–730, 2011. 

[34] S. Wakao et al., “Morphologic and Gene Expression Criteria for Identifying Human 

Induced Pluripotent Stem Cells,” PLoS One, vol. 7, no. 12, 2012. 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

153	

[35] S. Natunen et al., “The binding specificity of the marker antibodies Tra-1-60 and Tra-

1-81 reveals a novel pluripotency-associated type 1 lactosamine epitope,” 

Glycobiology, vol. 21, no. 9, pp. 1125–1130, 2011. 

[36] El. Fuchs, “Finding One ’ s Niche in the Skin,” Cell Stem Cell, vol. 4, no. 6, pp. 499–

502, 2009. 

[37] D. W. M. Tan and N. Barker, Intestinal Stem Cells and Their Defining Niche, 1st ed., 

vol. 107. Elsevier Inc., 2014. 

[38] J. C. Conover and R. Q. Notti, “The neural stem cell niche,” Cell Tissue Res., vol. 

331, no. 1, pp. 211–224, 2008. 

[39] S. W. Lane, D. a Williams, and F. M. Watt, “Modulating the stem cell niche for tissue 

regeneration.,” Nat. Biotechnol., vol. 32, no. 8, pp. 795–803, 2014. 

[40] C. Ventura and L. Tavazzi, “Biophysical signalling from and to the ( stem ) cells : a 

novel path to regenerative medicine,” pp. 9–11. 

[41] J. Swift et al., “Nuclear Lamin-A Scales with Tissue Stiffness and Enhances Matrix-

Directed Differentiation,” Science (80-. )., vol. 341, no. 6149, pp. 1240104–1240104, 

2013. 

[42] D. P. Doupé et al., “A single progenitor population switches behavior to maintain and 

repair esophageal epithelium.,” Science, vol. 337, no. 6098, pp. 1091–3, 2012. 

[43] Y. S. Choi et al., “NIH Public Access,” vol. 13, no. 6, pp. 720–733, 2014. 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

154	

[44] J. Frede and P. H. Jones, “Permission to Proliferate,” Science (80-. )., vol. 342, no. 

6163, pp. 1183–1184, 2013. 

[45] X. Fu et al., “Combination of inflammation-related cytokines promotes long-term 

muscle stem cell expansion.,” Cell Res., vol. 25, no. 6, pp. 655–73, 2015. 

[46] C. Norbury and P. Nurse, “Animal cell cycles and their control.,” Annu. Rev. 

Biochem., vol. 61, pp. 441–70, 1992. 

[47] T. EVANS, E. T. ROSENTHAL, J. YOUNGBLOM, D. DISTEL, and T. HUNT, 

“Cyclin - a Protein Specified By Maternal Messenger-Rna in Sea-Urchin Eggs That Is 

Destroyed At Each Cleavage Division,” Cell, vol. 33, no. 2, pp. 389–396, 1983. 

[48] M. Ohtsubo,  a M. Theodoras, J. Schumacher, J. M. Roberts, and M. Pagano, “Human 

cyclin E, a nuclear protein essential for the G1-to-S phase transition.,” Mol. Cell. 

Biol., vol. 15, no. 5, pp. 2612–24, 1995. 

[49] F. Girard, U. Strausfeld,  a Fernandez, and N. J. Lamb, “Cyclin A is required for the 

onset of DNA replication in mammalian fibroblasts.,” Cell, vol. 67, no. 6, pp. 1169–

1179, 1991. 

[50] A. G. Paulovich and L. H. Hartwell, “A checkpoint regulates the rate of progression 

through S phase in S. cerevisiae in Response to DNA damage,” Cell, vol. 82, no. 5, 

pp. 841–847, 1995. 

[51] C. J. Sherr and J. M. Roberts, “Inhibitors of mammalian cyclin-dependent kinases,” 

Genes Dev., pp. 1149–1163, 1995. 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

155	

[52] E. T. Cánepa et al., “INK4 proteins, a family of mammalian CDK inhibitors with 

novel biological functions.,” IUBMB Life, vol. 59, no. 7, pp. 419–426, 2007. 

[53] W. S. El-Deiry et al., “WAF1, a potential mediator of p53 tumor suppression,” Cell, 

vol. 75, no. 4, pp. 817–825, 1993. 

[54] A. J. Levine, “P53, the Cellular Gatekeeper for Growth and Division,” Cell, vol. 88, 

no. 3, pp. 323–331, 1997. 

[55] A. V Probst, E. Dunleavy, and G. Almouzni, “Epigenetic inheritance during the cell 

cycle,” Nat Rev Mol Cell Biol, vol. 10, no. 3, pp. 192–206, 2009. 

[56] F. Lan and Y. Shi, “Epigenetic regulation: Methylation of histone and non-histone 

proteins,” Sci. China, Ser. C Life Sci., vol. 52, no. 4, pp. 311–322, 2009. 

[57] H. Denis, M. N. Ndlovu, and F. Fuks, “Regulation of mammalian DNA 

methyltransferases: a route to new mechanisms,” EMBO Rep, vol. 12, no. 7, pp. 647–

656, 2011. 

[58] A. J. Bannister and T. Kouzarides, “Regulation of chromatin by histone 

modifications.,” Cell Res., vol. 21, no. 3, pp. 381–395, 2011. 

[59] E. Hervouet, A. Nadaradjane, M. Gueguen, F. M. Vallette, and P.-F. Cartron, 

“Kinetics of DNA methylation inheritance by the Dnmt1-including complexes during 

the cell cycle.,” Cell Div., vol. 7, p. 5, 2012. 

[60] W. Reik, W. Dean, and J. Walter, “Epigenetic Reprogramming in Mammalian 

Development,” Science (80-. )., vol. 293, no. 2001, pp. 1089–1093, 2013. 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

156	

[61] K. D. Robertson, K. Keyomarsi, F. A. Gonzales, M. Velicescu, and P. A. Jones, 

“Differential mRNA expression of the human DNA methyltransferases (DNMTs) 1, 

3a and 3b during the G(0)/G(1) to S phase transition in normal and tumor cells.,” 

Nucleic Acids Res., vol. 28, no. 10, pp. 2108–13, 2000. 

[62] S. E. Siegrist and C. Q. Doe, “Microtubule-induced cortical cell polarity,” Genes 

Dev., vol. 21, no. 5, pp. 483–496, 2007. 

[63] M. C. Florian and H. Geiger, “Concise review: Polarity in stem cells, disease, and 

aging,” Stem Cells, vol. 28, no. 9, pp. 1623–1629, 2010. 

[64] T. Vinogradova, P. M. Miller, and I. Kaverina, “Microtubule network asymmetry in 

motile cells: Role of Golgi-derived array,” Cell Cycle, vol. 8, no. 14, pp. 2168–2174, 

2009. 

[65] F. Le Grand, A. E. Jones, V. Seale, A. Scimè, and M. A. Rudnicki, “Wnt7a Activates 

the Planar Cell Polarity Pathway to Drive the Symmetric Expansion of Satellite Stem 

Cells,” Cell Stem Cell, vol. 4, no. 6, pp. 535–547, 2009. 

[66] M. Endele, M. Etzrodt, and T. Schroeder, “Instruction of hematopoietic lineage 

choice by cytokine signaling,” Exp. Cell Res., vol. 329, no. 2, pp. 207–213, 2014. 

[67] J. Cheng, N. Türkel, N. Hemati, M. T. Fuller, A. J. Hunt, and Y. M. Yamashita, 

“Centrosome misorientation reduces stem cell division during ageing.,” Nature, vol. 

456, no. 7222, pp. 599–604, 2008. 

[68] H. Geiger, A. Koehler, and M. Gunzer, “Stem cells, aging, niche, adhesion and 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

157	

Cdc42: A model for changes in cell-cell interactions and hematopoietic stem cell 

aging,” Cell Cycle, vol. 6, no. 8, pp. 884–887, 2007. 

[69] R. G. Hawley, A. Ramezani, T. S. Hawley, and Irina Klimanskaya and Robert Lanza, 

“Hematopoietic Stem Cells,” vol. Volume 419, no. 2, pp. 149–179, 2006. 

[70] M. Maioli et al., “Osteogenesis from Dental Pulp Derived Stem Cells: A Novel 

Conditioned Medium Including Melatonin within a Mixture of Hyaluronic, Butyric, 

and Retinoic Acids,” Stem Cells Int., vol. 2016, 2016. 

[71] L. Pei and P. Tontonoz, “Fat ’ s loss is bone ’ s gain,” J. Clin. Invest., vol. 113, no. 6, 

2004. 

[72] A. W. James et al., “Additive effects of sonic hedgehog and Nell-1 signaling in 

osteogenic versus adipogenic differentiation of human adipose-derived stromal 

cells.,” Stem Cells Dev., vol. 21, no. 12, pp. 2170–2178, 2012. 

[73] C. N. Bennett et al., “Regulation of osteoblastogenesis and bone mass by Wnt10b.,” 

Proc. Natl. Acad. Sci. U. S. A., vol. 102, no. 9, pp. 3324–9, 2005. 

[74] Bryan T. MacDonald; Keiko Tamai and Xi He, “NIH Public Access,” Dev. Biol., vol. 

17, no. 1, pp. 9–26, 2010. 

[75] T. Ikeda et al., “The combination of SOX5, SOX6, and SOX9 (the SOX trio) provides 

signals sufficient for induction of permanent cartilage,” Arthritis Rheum., vol. 50, no. 

11, pp. 3561–3573, 2004. 

[76] S. Wakitani, T. Saito, and A. I. Caplan, “Myogenic cells derived from rat bone 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

158	

marrow mesenchymal stem cells exposed to 5-azacytidine,” Muscle a d Nerve, vol. 

18, no. 12, pp. 1417–1426, 1995. 

[77] M. Maioli et al., “Amniotic fluid stem cells morph into a cardiovascular lineage: 

Analysis of a chemically induced cardiac and vascular commitment,” Drug Des. 

Devel. Ther., vol. 7, pp. 1063–1073, 2013. 

[78] M. Maioli et al., “Hyaluronan esters drive smad gene expression and signaling 

enhancing cardiogenesis in mouse embryonic and human mesenchymal stem cells,” 

PLoS One, vol. 5, no. 11, 2010. 

[79] X. Lian et al., “Directed cardiomyocyte differentiation from human pluripotent ste 

cells by modulating Wnt/beta-catenin signaling under fully defined conditions,” Nat. 

Protoc., vol. 8, no. 1, pp. 162–175, 2013. 

[80] M. Naghdi, T. Tiraihi, S. A. Mesbah-Namin, and J. Arabkheradmand, “Induction of 

bone marrow stromal cells into cholinergic-like cells by nerve growth factor,” Iran. 

Biomed. J., vol. 13, no. 2, pp. 117–123, 2009. 

[81] I. Datta, S. Mishra, L. Mohanty, S. Pulikkot, and P. G. Joshi, “Neuronal plasticity of 

human Wharton’s jelly mesenchymal stromal cells to the dopaminergic cell type 

compared with human bone marrow mesenchymal stromal cells.,” Cytotherapy, vol. 

13, no. 8, pp. 918–932, 2011. 

[82] E. Anghileri et al., “Neuronal differentiation potential of human adipose-derived 

mesenchymal stem cells.,” Stem Cells Dev., vol. 17, no. 5, pp. 909–916, 2008. 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

159	

[83] A. Schäffler and C. Büchler, “Concise review: adipose tissue-derived stromal cells--

basic and clinical implications for novel cell-based therapies.,” Stem Cells, vol. 25, 

no. 4, pp. 818–827, 2007. 

[84] G. Moussavou et al., “Role of gangliosides in the differentiation of human 

mesenchymal-derived stem cells into osteoblasts and neuronal cells,” BMB Rep., vol. 

46, no. 11, pp. 527–532, 2013. 

[85] J. Wang et al., “Stem Cells from Human-Exfoliated Deciduous Teeth Can 

Differentiate into Dopaminergic Neuron-Like Cells,” Stem Cells Dev., vol. 19, no. 9, 

pp. 1375–83, 2010. 

[86] B.-Y. Hu et al., “Neural differentiation of human induced pluripotent stem cells 

follows developmental principles but with variable potency.,” Proc. Natl. Acad. Sci. 

U. S. A., vol. 107, no. 9, pp. 4335–40, 2010. 

[87] K. Osafune et al., “Marked differences in differentiation propensity among human 

embryonic stem cell lines.,” Nat. Biotechnol., vol. 26, no. 3, pp. 313–315, 2008. 

[88] K.-D. Lee et al., “In vitro hepatic differentiation of human mesenchymal stem cells.,” 

Hepatology, vol. 40, no. 6, pp. 1275–1284, 2004. 

[89] S. Y. An et al., “Valproic acid promotes differentiation of hepatocyte-like cells from 

whole human umbilical cord-derived mesenchymal stem cells.,” Tissue Cell, vol. 46, 

no. 2, pp. 127–35, 2014. 

[90] R. Nuccitelli, “Endogenous ionic currents and DC electric fields in multicellular 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

160	

animal tissues,” Bioelectromagnetics, vol. 13, no. 1 S, pp. 147–157, 1992. 

[91] C. Ventura, M. Maioli, G. Pintus, G. Gottardi, and F. Bersani, “Elf-pulsed magnetic 

fields modulate opioid peptide gene expression in myocardial cells.,” Cardiovasc. 

Res., vol. 45, pp. 1054–1064, 2000. 

[92] M. H. Repacholi, “Low-level exposure to radiofrequency electromagnetic fields: 

health effects and research needs,” Bioelectromagnetics, vol. 19, no. 1, pp. 1–19, 

1998. 

[93] D. Dado, M. Sagi, S. Levenberg, and A. Zemel, “Mechanical control of stem cell 

differentiation,” Futur. Med., vol. 7 (1), pp. 101–116, 2012. 

[94] M. S. Markov, “Magnetic Field Therapy: A Review,” Electromagn. Biol. Med., vol. 

26, no. 1, pp. 1–23, 2007. 

[95] J. Luukkonen et al., “Modification of p21 level and cell cycle distribution by 50 Hz 

magnetic fields in human SH-SY5Y neuroblastoma cells,” Int. J. Radiat. Biol., vol. 0, 

no. 0, pp. 1–9, 2016. 

[96] C. Ventura, F. Bianchi, C. Cavallini, E. Olivi, and R. Tassinari, “The use of physical 

energy for tissue healing,” Eur. Hear. J. Suppl., vol. 17, no. suppl A, pp. A69–A73, 

2015. 

[97] I. S. Jung, H. J. Kim, R. Noh, S. C. Kim, and C. W. Kim, “Effectsof extremely low 

frequency magnetic fieldson NGF induced neuronal differentiation of PC12 cells,” 

Bioelectromagnetics, vol. 35, no. 7, pp. 459–469, 2014. 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

161	

[98] L. Ferroni et al., “Pulsed magnetic therapy increases osteogenic differentiation of 

mesenchymal stem cells only if they are pre-committed,” Life Sci., vol. 152, pp. 44–

51, 2016. 

[99] A. Ongaro, A. Pellati, L. Bagheri, C. Fortini, S. Setti, and M. De Mattei, “Pulsed 

electromagnetic fields stimulate osteogenic differentiation in human bone marrow and 

adipose tissue derived mesenchymal stem cells,” Bioelectromagnetics, vol. 35, no. 6, 

pp. 426–436, 2014. 

[100] C. Ventura et al., “Turning on stem cell cardiogenesis with extremely low frequency 

magnetic fields,” vol. 10, no. 7, pp. 1–10, 2004. 

[101] M. Maioli et al., “Radio Frequency Energy Loop Primes Cardiac, Neuronal, and 

Skeletal Muscle Differentiation in Mouse Embryonic Stem Cells: A New Tool For 

Improving Tissue Regeneration,” Cell Transpl., vol. 21, pp. 1225–1233, 2011. 

[102] M. Maioli et al., “Radio Electric Asymmetric Conveyed Fields and Human Adipose-

Derived Stem Cells Obtained With a Non-Enzymatic Method and Device: a Novel 

Approach To Multipotency.,” Cell Transplant., vol. 23, no. 35, pp. 1–34, 2013. 

[103] D. Yang, W. Yi, E. Wang, and M. Wang, “Effects of light-emitting diode irradiation 

on the osteogenesis of human umbilical cord mesenchymal stem cells in vitro,” Sci. 

Rep., vol. 6, no. May, p. 37370, 2016. 

[104] R. Chintavalakorn, T. Tanglitanont, A. Khantachawana, K. Viravaidya-Pasuwat, and 

P. Santiwong, “The effect of light-emitting diode irradiation at different wavelengths 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

162	

on calcification of osteoblast-like cells in 3D culture,” Proc. Annu. Int. Conf. IEEE 

Eng. Med. Biol. Soc. EMBS, vol. 2015–Novem, pp. 3513–3516, 2015. 

[105] S. Collection, “HHS Public Access,” vol. 8, no. 5, pp. 583–592, 2016. 

[106] E. Merigo, S. Bouvet-Gerbettaz, F. Boukhechba, J. P. Rocca, C. Fornaini, and N. 

Rochet, “Green laser light irradiation enhances differentiation and matrix 

mineralization of osteogenic cells,” J. Photochem. Photobiol. B Biol., vol. 155, pp. 

130–136, 2016. 

[107] A. Effects, “Conferences and Reviews Extracorporeal Shock Wave Lithotripsy of 

Urinary Calculi Theory , Efficacy , and Adverse Effects,” pp. 65–69, 1990. 

[108] K. Hatanaka et al., “Molecular mechanisms of the angiogenic effects of low-energy 

shock wave therapy: roles of mechanotransduction.,” Am. J. Physiol. Cell Physiol., 

vol. 311, no. 3, pp. C378-85, 2016. 

[109] V. Pavone, L. Cannavo, A. Di Stefano, G. Testa, L. Costarella, and G. Sessa, “Low-

Energy Extracorporeal Shock-Wave Therapy in the Treatment of Chronic Insertional 

Achilles Tendinopathy: A Case Series.,” Biomed Res. Int., vol. 2016, p. 7123769, 

2016. 

[110] C. Speed, “A systematic review of shockwave therapies in soft tissue conditions: 

focusing on the evidence.,” Br. J. Sports Med., pp. 1–6, 2013. 

[111] L. Gerdesmeyer et al., “Osteogenetic effect of extracorporeal shock waves in human,” 

Int. J. Surg., vol. 24, pp. 115–119, 2015. 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

163	

[112] L. Rinella et al., “Extracorporeal shock waves modulate myofibroblast differentiation 

of adipose-derived stem cells,” Wound Repair Regen., vol. 24, no. 2, pp. 275–286, 

2016. 

[113] B. Lo and L. Parham, “Ethical issues in stem cell research,” Endocr. Rev., vol. 30, no. 

3, pp. 204–213, 2009. 

[114] R. L. Gardner, “Stem cells and regenerative medicine: principles, prospects and 

problems,” Comptes Rendus - Biol., vol. 330, no. 6–7, pp. 465–473, 2007. 

[115] I. Hyun et al., “New ISSCR Guidelines Underscore Major Principles for Responsible 

Translational Stem Cell Research,” Cell Stem Cell, vol. 3, no. 6, pp. 607–609, 2008. 

[116] S. P. Medvedev, A. I. Shevchenko, and S. M. Zakian, “Induced Pluripotent Stem 

Cells: Problems and Advantages when Applying them in Regenerative Medicine.,” 

Acta Naturae, vol. 2, no. 2, pp. 18–28, 2010. 

[117] C. Raggi and A. C. Berardi, “Mesenchymal stem cells, aging and regenerative 

medicine.,” Muscles. Ligaments Tendons J., vol. 2, no. 3, pp. 239–42, 2012. 

[118] K. Le Blanc et al., “Mesenchymal stem cells for treatment of steroid-resistant, severe, 

acute graft-versus-host disease: a phase II study.,” Lancet, vol. 371, no. 9624, pp. 

1579–1586, 2008. 

[119] A. Madeira, C. L. da Silva, F. dos Santos, E. Camafeita, J. M. S. Cabral, and I. Sá-

Correia, “Human mesenchymal stem cell expression program upon extended ex-vivo 

cultivation, as revealed by 2-de-based quantitative proteomics,” PLoS One, vol. 7, no. 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

164	

8, 2012. 

[120] A. Terzic, M. A. Pfenning, G. J. Gores, and C. M. Harper, “Regenerative Medicine 

Build-Out.,” Stem Cells Transl. Med., vol. 4, no. 12, pp. 1373–9, 2015. 

[121] J. Campisi and F. d’Adda di Fagagna, “Cellular senescence: when bad things happen 

to good cells.,” Nat. Rev. Mol. Cell Biol., vol. 8, no. 9, pp. 729–740, 2007. 

[122] L. Hayflick, “The limited in vitro lifetime of human diploid cell strains,” Exp. Cell 

Res., vol. 37, no. 3, pp. 614–636, 1965. 

[123] P. a Sotiropoulou, S. a Perez, M. Salagianni, C. N. Baxevanis, and M. Papamichail, 

“Characterization of the optimal culture conditions for clinical scale production of 

human mesenchymal stem cells.,” Stem Cells, vol. 24, no. 2, pp. 462–71, 2006. 

[124] S. Duggal and J. E. Brinchmann, “Importance of serum source for the in vitro 

replicative senescence of human bone marrow derived mesenchymal stem cells,” J. 

Cell. Physiol., vol. 226, no. 11, pp. 2908–2915, 2011. 

[125] V. Turinetto, E. Vitale, and C. Giachino, “Senescence in human mesenchymal stem 

cells: Functional changes and implications in stem cell-based therapy,” Int. J. Mol. 

Sci., vol. 17, no. 7, pp. 1–18, 2016. 

[126] J. G. Jackson and O. M. Pereira-Smith, “p53 is preferentially recruited to the 

promoters of growth arrest genes p21 and GADD45 during replicative senescence of 

normal human fibroblasts,” Cancer Res., vol. 66, no. 17, pp. 8356–8360, 2006. 

[127] B.-D. Chang, M. E. Swift, M. Shen, J. Fang, E. V Broude, and I. B. Roninson, 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

165	

“Molecular determinants of terminal growth arrest induced in tumor cells by a 

chemotherapeutic agent.,” Proc. Natl. Acad. Sci. U. S. A., vol. 99, no. 1, pp. 389–94, 

2002. 

[128] M. Narita et al., “Rb-mediated heterochromatin formation and silencing of E2F target 

genes during cellular senescence,” Cell, vol. 113, no. 6, pp. 703–716, 2003. 

[129] F. D’Adda Di Fagagna, S. H. Teo, and S. P. Jackson, “Functional links between 

telomeres and proteins of the DNA-damage response,” Genes Dev., vol. 18, no. 15, 

pp. 1781–1799, 2004. 

[130] J. D. Griffith et al., “Mammalian telomeres end in a large duplex loop,” Cell, vol. 97, 

no. 4, pp. 503–514, 1999. 

[131] “harley1990.pdf.” . 

[132] F. d’Adda di Fagagna et al., “A DNA damage checkpoint response in telomere-

initiated senescence,” Nature, vol. 426, no. 6963, pp. 194–198, 2003. 

[133] M. Piast, I. Kustrzeba-Wójcicka, M. Matusiewicz, and T. Banaś, “Molecular 

evolution of enolase,” Acta Biochim. Pol., vol. 52, no. 2, pp. 507–513, 2005. 

[134] A. Di Leonardo, S. P. Linke, K. Clarkin, and G. M. Wahl, “DNA damage triggers a 

prolonged p53-dependent G1 arrest and long-term induction of Cip1 in normal human 

fibroblasts,” Genes Dev., vol. 8, no. 21, pp. 2540–2551, 1994. 

[135] U. Herbig, W. A. Jobling, B. P. C. Chen, D. J. Chen, and J. M. Sedivy, “Telomere 

shortening triggers senescence of human cells through a pathway involving ATM, 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

166	

p53, and p21CIP1, but not p16INK4a,” Mol. Cell, vol. 14, no. 4, pp. 501–513, 2004. 

[136] V. V Ogryzko, T. H. Hirai, V. R. Russanova, D. A. Barbie, and B. H. Howard, 

“Human fibroblast commitment to a senescence-like state in response to histone 

deacetylase inhibitors is cell cycle dependent.,” Mol. Cell. Biol., vol. 16, no. 9, pp. 

5210–8, 1996. 

[137] M. Serrano, A. W. Lin, M. E. McCurrach, D. Beach, and S. W. Lowe, “Oncogenic ras 

provokes premature cell senescence associated with accumulation of p53 and 

p16(INK4a),” Cell, vol. 88, no. 5, pp. 593–602, 1997. 

[138] R. A. Woo and R. Y. C. Poon, “Activated oncogenes promote and cooperate with 

chromosomal instability for neoplastic transformation,” Genes Dev., vol. 18, no. 11, 

pp. 1317–1330, 2004. 

[139] K. Vijayachandra, J. Lee, and A. B. Glick, “Smad3 regulates senescence and 

malignant conversion in a mouse multistage skin carcinogenesis model,” Cancer Res., 

vol. 63, no. 13, pp. 3447–3452, 2003. 

[140] J. C. Sepúlveda et al., “Cell senescence abrogates the therapeutic potential of human 

mesenchymal stem cells in the lethal endotoxemia model.,” Stem Cells, vol. 32, no. 7, 

pp. 1865–77, 2014. 

[141] I. L. Weissman and J. A. Shizuru, “TWeissman, I. L., & Shizuru, J. A. (2008). The 

origins of the identification and isolation of hematopoietic stem cells, and their 

capability to induce donor-specific transplantation tolerance and treat autoimmune 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

167	

diseases. Blood, 112(9), 3543–3553. http:/,” Blood, vol. 112, no. 9, pp. 3543–3553, 

2008. 

[142] G. Pellegrini, P. Rama, A. Di Rocco, A. Panaras, and M. De Luca, “Concise review: 

Hurdles in a successful example of limbal stem cell-based regenerative medicine,” 

Stem Cells, vol. 32, no. 1, pp. 26–34, 2014. 

[143] R. A. Oldershaw, “Cell sources for the regeneration of articular cartilage: The past, 

the horizon and the future,” Int. J. Exp. Pathol., vol. 93, no. 6, pp. 389–400, 2012. 

[144] F. Bretzner, F. Gilbert, F. Baylis, and R. M. Brownstone, “Target populations for 

first-in-human embryonic stem cell research in spinal cord injury,” Cell Stem Cell, 

vol. 8, no. 5, pp. 468–475, 2011. 

[145] N. M. Mount, S. J. Ward, P. Kefalas, and J. Hyllner, “Cell-based therapy technology 

classifications and translational challenges.,” Philos. Trans. R. Soc. Lond. B. Biol. 

Sci., vol. 370, no. 1680, p. 20150017-, 2015. 

[146] M. D. Li, H. Atkins, and T. Bubela, “The global landscape of stem cell clinical 

trials.,” Regen. Med., vol. 9, no. 1, pp. 27–39, 2014. 

[147] A. S. Mao and D. J. Mooney, “Regenerative medicine: Current therapies and future 

directions,” Proc. Natl. Acad. Sci., vol. 112, no. 47, pp. 14452–14459, 2015. 

[148] A. K. Dewan, M. A. Gibson, J. H. Elisseeff, and M. E. Trice, “Evolution of 

autologous chondrocyte repair and comparison to other cartilage repair techniques,” 

Biomed Res. Int., vol. 2014, no. Table 1, 2014. 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

168	

[149] N. Huebsch and D. J. Mooney, “Inspiration and application in the evolution of 

biomaterials.,” Nature, vol. 462, no. 7272, pp. 426–32, 2009. 

[150] J. J. Song and H. C. Ott, “Organ engineering based on decellularized matrix 

scaffolds,” Trends Mol. Med., vol. 17, no. 8, pp. 424–432, 2011. 

[151] J. B. Chambers, H. M. Rimington, R. Rajani, F. Hodson, and F. Shabbo, “A 

randomized comparison of the Cryolife O’Brien and Toronto stentless replacement 

aortic valves,” J. Thorac. Cardiovasc. Surg., vol. 133, no. 4, pp. 1045–1050, 2007. 

[152] T. O’Brien and F. P. Barry, “Stem Cell Therapy and Regenerative Medicine,” Mayo 

Clin. Proc., vol. 84, no. 10, pp. 859–861, 2009. 

[153] J. E. Arenas-Herrera, I. K. Ko, A. Atala, and J. J. Yoo, “Decellularization for whole 

organ bioengineering,” Biomed. Mater, vol. 8, no. 1, pp. 14106–9, 2013. 

[154] A. P. Zhang et al., “Rapid fabrication of complex 3D extracellular microenvironments 

by dynamic optical projection stereolithography,” Adv. Mater., vol. 24, no. 31, pp. 

4266–4270, 2012. 

[155] D. Murata et al., “A preliminary study of osteochondral regeneration using a scaffold-

free three-dimensional construct of porcine adipose tissue-derived mesenchymal stem 

cells,” J. Orthop. Surg. Res., vol. 10, no. 1, p. 35, 2015. 

[156] J. X. Law, L. L. Liau, B. S. Aminuddin, and B. H. I. Ruszymah, “Tissue-engineered 

trachea: A review,” Int. J. Pediatr. Otorhinolaryngol., vol. 91, pp. 55–63, 2016. 

[157] U. K. H. Fertilisation, H. Majesty, S. Office, and T. Council, “- - - f,” vol. 2, pp. 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

169	

1427–1430, 1999. 

[158] Y. Sun, C. S. Chen, and J. Fu, “Forcing stem cells to behave: a biophysical 

perspective of the cellular microenvironment.,” Annu. Rev. Biophys., vol. 41, pp. 519–

42, 2012. 

[159] D. E. Discher, D. J. Mooney, and P. W. Zandstra, “NIH Public Access,” Growth 

(Lakeland), vol. 324, no. 5935, pp. 1673–1677, 2010. 

[160] L. Tavazzi and C. Ventura, “‘ Observational medicine ’: registries and Electronic 

Health Recording for science and health systems governance,” pp. 93–95. 

[161] I. G. Macara and S. Mili, “Polarity and Differential Inheritance-Universal Attributes 

of Life?,” Cell, vol. 135, no. 5, pp. 801–812, 2008. 

[162] D. L. Miller et al., “Overview of therapeutic ultrasound applications and safety 

considerations.,” J. Ultrasound Med., vol. 31, no. 4, pp. 623–34, 2012. 

[163] N. M. Shupak, “Therapeutic Uses of Pulsed Magnetic-Field Exposure: A Review,” 

Radio Sci. Bull., vol. 1, no. 307, pp. 9–32, 2003. 

[164] Y. Liu et al., “Effect of 50 Hz Extremely Low-Frequency Electromagnetic Fields on 

the DNA Methylation and DNA Methyltransferases in Mouse Spermatocyte-Derived 

Cell Line GC-2,” Biomed Res. Int., vol. 2015, pp. 1–10, 2015. 

[165] L. Leone et al., “Epigenetic modulation of adult hippocampal neurogenesis by 

extremely low-frequency electromagnetic fields,” Mol. Neurobiol., vol. 49, no. 3, pp. 

1472–1486, 2014. 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

170	

[166] L. Luca et al., “REAC technology modifies pathological neuroinflammation and 

motor behaviour in an Alzheimer’s disease mouse model,” Sci. Rep., vol. 6, no. 

October, p. 35719, 2016. 

[167] A. G. Zippo et al., “Electrophysiological effects of non-invasive Radio Electric 

Asymmetric Conveyor (REAC) on thalamocortical neural activities and perturbed 

experimental conditions,” Sci. Rep., vol. 5, no. December, pp. 1–12, 2015. 

[168] S. Rinaldi, L. Calzà, L. Giardino, G. E. M. Biella, A. G. Zippo, and V. Fontani, 

“Radio electric asymmetric conveyer: A novel neuromodulation technology in 

Alzheimer’s and other neurodegenerative diseases,” Front. Psychiatry, vol. 6, no. 

FEB, pp. 1–4, 2015. 

[169] S. Rinaldi, M. Mura, A. Castagna, and V. Fontani, “Long-lasting changes in brain 

activation induced by a single REAC technology pulse in Wi-Fi bands. Randomized 

double-blind fMRI qualitative study,” Sci. Rep., vol. 4, pp. 1–5, 2014. 

[170] A. Castagna, V. Fontani, S. Rinaldi, and P. Mannu, “Radio electric tissue 

optimization in the treatment of surgical wounds.,” Clin. Cosmet. Investig. Dermatol., 

vol. 4, pp. 133–7, 2011. 

[171] A. Notarnicola and B. Moretti, “The biological effects of extracorporeal shock wave 

therapy (eswt) on tendon tissue,” Muscles. Ligaments Tendons J., vol. 2, no. 1, pp. 

33–37, 2012. 

[172] R. Saggini, A. Figus, A. Troccola, V. Cocco, A. Saggini, and N. Scuderi, 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

171	

“Extracorporeal Shock Wave Therapy for Management of Chronic Ulcers in the 

Lower Extremities,” Ultrasound Med. Biol., vol. 34, no. 8, pp. 1261–1271, 2008. 

[173] X. Zhang, X. Yan, C. Wang, T. Tang, and Y. Chai, “The dose-effect relationship in 

extracorporeal shock wave therapy: The optimal parameter for extracorporeal shock 

wave therapy,” J. Surg. Res., vol. 186, no. 1, pp. 484–492, 2014. 

[174] C.-J. Wang, “An overview of shock wave therapy in musculoskeletal disorders,” 

Chang Gung Med. J., vol. 26, no. 4, pp. 220–32, 2003. 

[175] M. Maioli et al., “Anti-senescence efficacy of radio-electric asymmetric conveyer 

technology,” Age (Omaha)., vol. 36, no. 1, pp. 9–20, 2014. 

[176]  a When, A. Fdc-m, B. Dickinson, A. Pro, M. Fdcs, and F. Lt, “Letters To Nature,” 

October, vol. 425, no. October, pp. 1–6, 2003. 

[177] I. Park et al., “Bmi-1 is required for maintenance of adult self-renewing 

haematopoietic stem cells.,” Nature, vol. 423, no. 6937, pp. 302–305, 2003. 

[178] M. Russell et al., “Age-related changes in pericellular hyaluronan organization leads 

to impaired dermal fibroblast to myofibroblast differentiation.,” Am. J. Pathol., vol. 

175, no. 5, pp. 1915–1928, 2009. 

[179] I. Guney and J. M. Sedivy, “Cellular senescence, epigenetic switches and c-Myc,” 

Cell Cycle, vol. 5, no. 20, pp. 2319–2323, 2006. 

[180] L. Lapasset et al., “Rejuvenating senescent and centenarian human cells by 

reprogramming through the pluripotent state,” Genes Dev., vol. 25, no. 21, pp. 2248–



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

172	

2253, 2011. 

[181] K. Itahana et al., “Control of the Replicative Life Span of Human Fibroblasts by p16 

and the Polycomb Protein Bmi-1,” Mol. Cell. Biol., vol. 23, no. 1, pp. 389–401, 2003. 

[182] V. Pirrotta, “Polycombing the genome: PcG, trxG and chromatin silencing,” Cell, vol. 

93, no. 3, pp. 333–336, 1998. 

[183] J. J. Jacobs, K. Kieboom, S. Marino, R. a DePinho, and M. van Lohuizen, “The 

oncogene and Polycomb-group gene bmi-1 regulates cell proliferation and senescence 

through the ink4a locus.,” Nature, vol. 397, no. 6715, pp. 164–168, 1999. 

[184] E. Torr, M. Heath, M. Mee, D. Shaw, T. V Sharp, and I. Sayers, “Expression of 

polycomb protein BMI-1 maintains the plasticity of basal bronchial epithelial cells.,” 

Physiol. Rep., vol. 4, no. 16, 2016. 

[185] D. Coradini, P. Boracchi, F. Ambrogi, E. Biganzoli, and S. Oriana, “Cell polarity, 

epithelial-mesenchymal transition, and cell-fate decision gene expression in ductal 

carcinoma in situ,” Int. J. Surg. Oncol., vol. 2012, 2012. 

[186] W. Klapper, R. Parwaresch, and G. Krupp, “Telomere biology in human aging and 

agingsyndromes,” Exp. Gerontol., vol. 122, pp. 695–712, 2001. 

[187] T. a Rando, “Stem cells, ageing and the quest for immortality.,” Nature, vol. 441, no. 

7097, pp. 1080–1086, 2006. 

[188] A. Budovsky, V. E. Fraifeld, and S. Aronov, “Linking cell polarity, aging and 

rejuvenation,” Biogerontology, vol. 12, no. 2, pp. 167–175, 2011. 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

173	

[189] S. Haltiwanger, “The electrical properties of cancer cells,” Wind Power, 17.06, 2010. 

[190] J. Bakkers, C. Kramer, J. Pothof, N. E. M. Quaedvlieg, H. P. Spaink, and M. 

Hammerschmidt, “Has2 is required upstream of Rac1 to govern dorsal migration of 

lateral cells during zebrafish gastrulation.,” Development, vol. 131, no. 3, pp. 525–37, 

2004. 

[191] M. A. Solis, Y. H. Chen, T. Y. Wong, V. Z. Bittencourt, Y. C. Lin, and L. L. H. 

Huang, “Hyaluronan regulates cell behavior: A potential niche matrix for stem cells,” 

Biochem. Res. Int., vol. 2012, 2012. 

[192] M. Russell et al., “Age-related changes in pericellular hyaluronan organization leads 

to impaired dermal fibroblast to myofibroblast differentiation.,” Am. J. Pathol., vol. 

175, no. 5, pp. 1915–1928, 2009. 

[193] P. Alstergren, B. Zhu, M. Glougauer, T. W. Mak, R. P. Ellen, and J. Sodek, 

“Polarization and directed migration of murine neutrophils is dependent on cell 

surface expression of CD44,” Cell. Immunol., vol. 231, no. 1–2, pp. 146–157, 2004. 

[194] L. A. Greene, A. S. Tischlert, and S. W. Kuffler, “Establishment of a noradrenergic 

clonal line of rat adrenal pheochromocytoma cells which respond to nerve growth 

factor (sympathetic neurons/cell culture/catecholamines/differentiation/neurites),” 

Cell Biol., vol. 73, no. 7, pp. 2424–2428, 1976. 

[195] P. E. Cloud, G. R. Licari, L. A. Wright, and B. W. Troxel, “a Nerve Growth-

Stimulating Factor Isolated From Snake Venom,” Proc. Natl. Acad. Sci., vol. 62, no. 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

174	

3, pp. 623–630, 1969. 

[196] B. Czéh et al., “Chronic psychosocial stress and concomitant repetitive transcranial 

magnetic stimulation: Effects on stress hormone levels and adult hippocampal 

neurogenesis,” Biol. Psychiatry, vol. 52, no. 11, pp. 1057–1065, 2002. 

[197] O. Arias-Carrión et al., “Neurogenesis in the subventricular zone following 

transcranial magnetic field stimulation and nigrostriatal lesions,” J. Neurosci. Res., 

vol. 78, no. 1, pp. 16–28, 2004. 

[198] Y. Zhang, J. Ding, W. Duan, and W. Fan, “Influence of pulsed electromagnetic field 

with different pulse duty cycles on neurite outgrowth in PC12 rat pheochromocytoma 

cells,” Bioelectromagnetics, vol. 26, no. 5, pp. 406–411, 2005. 

[199] C. Morabito, S. Guarnieri, G. Fanò, and M. A. M. A. Mariggiò, “Effects of Acute and 

Chronic Low Frequency Electromagnetic Field Exposure on PC12 Cells during 

Neuronal Differentiation,” Cell. Physiol. Biochem., vol. 26, no. 6, pp. 947–958, 2011. 

[200] Y. Sun et al., “Neurogenin promotes neurogenesis and inhibits glial differentiation by 

independent mechanisms,” Cell, vol. 104, no. 3, pp. 365–376, 2001. 

[201] Z. Weng et al., “A Simple, Cost-Effective but Highly Efficient System for Deriving 

Ventricular Cardiomyocytes from Human Pluripotent Stem Cells,” Stem Cells Dev., 

vol. 23, no. 14, pp. 1704–1716, 2014. 

[202] T. Zhou et al., “Generation of human induced pluripotent stem cells from urine 

samples,” Nat Protoc, vol. 7, no. 12, pp. 2080–2089, 2012. 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

175	

[203] M. Cornacchione et al., “??-Adrenergic response is counteracted by extremely-low-

frequency pulsed electromagnetic fields in beating cardiomyocytes,” J. Mol. Cell. 

Cardiol., vol. 98, pp. 146–158, 2016. 

[204] J. Wei, J. Sun, H. Xu, L. Shi, L. Sun, and J. Zhang, “Effects of extremely low 

frequency electromagnetic fields on intracellular calcium transients in 

cardiomyocytes.,” Electromagn. Biol. Med., vol. 8378, pp. 1–8, 2014. 

[205] D. Ellison et al., “Cell-cell communication enhances the capacity of cell ensembles to 

sense shallow gradients during morphogenesis,” Proc. Natl. Acad. Sci. U. S. A., vol. 

113, no. 6, pp. E679–E688, 2016. 

[206] P. Romeo, V. Lavanga, D. Pagani, and V. Sansone, “Extracorporeal shock wave 

therapy in musculoskeletal disorders: A review,” Med. Princ. Pract., vol. 23, no. 1, 

pp. 7–13, 2013. 

[207] D. Lobenwein et al., “Shock Wave Treatment Protects From Neuronal Degeneration 

via a Toll-Like Receptor 3 Dependent Mechanism: Implications of a First-Ever 

Causal Treatment for Ischemic Spinal Cord Injury,” J. Am. Heart Assoc., vol. 4, no. 

10, p. e002440, 2015. 

[208] M. C. d’Agostino, K. Craig, E. Tibalt, and S. Respizzi, “Shock wave as biological 

therapeutic tool: From mechanical stimulation to recovery and healing, through 

mechanotransduction,” Int. J. Surg., vol. 24, pp. 147–153, 2015. 

[209] F. S. Wang, C. J. Wang, S. M. Sheen-Chen, Y. R. Kuo, R. F. Chen, and K. D. Yang, 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

176	

“Superoxide mediates shock wave induction of ERK-dependent osteogenic 

transcription factor (CBFA1) and mesenchymal cell differentiation toward 

osteoprogenitors,” J. Biol. Chem., vol. 277, no. 13, pp. 10931–10937, 2002. 

[210] N. G. Sukubo, E. Tibalt, S. Respizzi, M. Locati, and M. C. d’Agostino, “Effect of 

shock waves on macrophages: A possible role in tissue regeneration and remodeling,” 

Int. J. Surg., vol. 24, pp. 124–130, 2015. 

[211] D. Hayashi et al., “Low-energy extracorporeal shock wave therapy enhances skin 

wound healing in diabetic mice: A critical role of endothelial nitric oxide synthase,” 

Wound Repair Regen., vol. 20, no. 6, pp. 887–895, 2012. 

[212] A. Stojadinovic et al., “Angiogenic response to extracorporeal shock wave treatment 

in murine skin isografts,” Angiogenesis, vol. 11, no. 4, pp. 369–380, 2008. 

[213] Z. Cai, F. Falkensammer, O. Andrukhov, J. Chen, R. Mittermayr, and X. Rausch-Fan, 

“Effects of Shock Waves on Expression of IL-6, IL-8, MCP-1, and TNF-α Expression 

by Human Periodontal Ligament Fibroblasts: An In Vitro Study.,” Med. Sci. Monit., 

vol. 22, pp. 914–21, 2016. 

[214] A. M. Weihs et al., “Shock wave treatment enhances cell proliferation and improves 

wound healing by ATP release-coupled Extracellular signal-regulated Kinase (ERK) 

activation,” J. Biol. Chem., vol. 289, no. 39, pp. 27090–27104, 2014. 

[215] Y. J. Chen et al., “Activation of extracellular signal-regulated kinase (ERK) and p38 

kinase in shock wave-promoted bone formation of segmental defect in rats,” Bone, 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

177	

vol. 34, no. 3, pp. 466–477, 2004. 

[216] D. E. Ingber, “Cellular mechanotransduction: putting all the pieces together again.,” 

FASEB J., vol. 20, no. 7, p. 27, 2006. 

[217] L. Xu et al., “Defocused low-energy shock wave activates adipose tissue-derived 

stem cells in vitro via multiple signaling pathways,” Cytotherapy, vol. 18, no. 12, pp. 

1503–1514, 2016. 

[218] R. Mittermayr et al., “Extracorporeal shock wave therapy (ESWT) for wound healing: 

Technology, mechanisms, and clinical efficacy,” Wound Repair Regen., vol. 20, no. 

4, pp. 456–465, 2012. 

[219] Z. He et al., “Lipopolysaccharide induces lung fibroblast proliferation through toll-

like receptor 4 signaling and the phosphoinositide3-kinase-Akt pathway,” PLoS One, 

vol. 7, no. 4, pp. 1–7, 2012. 

[220] Z. He, Y. Zhu, and H. Jiang, “Toll-like receptor 4 mediates lipopolysaccharide-

induced collagen secretion by phosphoinositide3-kinase-Akt pathway in fibroblasts 

during acute lung injury,” J Recept Signal Transduct Res, vol. 29, no. 2, pp. 119–125, 

2009. 

[221] B. Qi et al., “Shock wave-induced ATP release from osteosarcoma U2OS cells 

promotes cellular uptake and cytotoxicity of methotrexate.,” J. Exp. Clin. Cancer 

Res., vol. 35, no. 1, p. 161, 2016. 

[222] B. Sperlágh, “ATP released by LPS increases nitric oxideproduction in raw 264.7 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

178	

macrophage cell line viaP2Z P2X7 receptors,” Neurochem. Int., vol. 33, no. 3, pp. 

209–215, 1998. 

[223] H. Kamata, S. I. Honda, S. Maeda, L. Chang, H. Hirata, and M. Karin, “Reactive 

oxygen species promote TNF??-induced death and sustained JNK activation by 

inhibiting MAP kinase phosphatases,” Cell, vol. 120, no. 5, pp. 649–661, 2005. 

[224] R. Zhou, A. Tardivel, B. Thorens, I. Choi, and J. Tschopp, “Thioredoxin-interacting 

protein links oxidative stress to inflammasome activation,” Nat Immunol, vol. 11, no. 

2, pp. 136–140, 2010. 

[225] L. W. Kent, F. Rahemtulla, R. D. Hockett, R. C. Gilleland, and S. M. Michalek, 

“Effect of lipopolysaccharide and inflammatory cytokines on interleukin-6 production 

by healthy human gingival fibroblasts.,” Infect. Immun., vol. 66, no. 2, pp. 608–614, 

1998. 

[226] R. Debets, J. P. Hegmans, W. A. Buurman, R. Benner, and E. P. Prens, “Expression 

of cytokines and their receptors by psoriatic fibroblasts. II. decreased TNF receptor 

expression,” Cytokine, vol. 8, no. 1, pp. 80–88, 1996. 

[227] I. Horváth, G. Multhoff, A. Sonnleitner, and L. Vígh, “Biochimica et Biophysica Acta 

Membrane-associated stress proteins : More than simply chaperones,” vol. 1778, pp. 

1653–1664, 2008. 

[228] S. Hsps, “Heat-Shock Proteins,” pp. 1–6, 2003. 

[229] H. Wegele and J. Buchner, “Hsp70 and Hsp90—a relay team for protein folding,” no. 



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

179	

January, pp. 1–44, 2004. 

[230] J. Holfeld et al., “Shockwave Therapy Differentially Stimulates Endothelial Cells : 

Implications on the Control of In fl ammation via Toll-Like Receptor 3,” vol. 37, no. 

1, pp. 65–70, 2014. 

[231] C. Dunnill et al., “Reactive oxygen species (ROS) and wound healing: the functional 

role of ROS and emerging ROS-modulating technologies for augmentation of the 

healing process.,” Int. Wound J., pp. 1–8, 2015. 

[232] S. Swaroop, N. Sengupta, A. R. Suryawanshi, Y. K. Adlakha, and A. Basu, “HSP60 

plays a regulatory role in IL-1 β - induced microglial inflammation via TLR4- p38 

MAPK axis,” J. Neuroinflammation, pp. 1–19, 2016. 

 

 

	

	

	

	

	

	



	
Valentina Basoli, STUDY OF MOLECULAR PATTERNING IN STEM CELLS EXPOSED TO 
BIOPHYSICAL STIMULI: A NEW VISION OF REGENERATIVE MEDICINE. PhD school in Biomedical 
Science/Biotechnology University of Sassari/BOKU Vienna 

180	

1.Table primers used 

PRIMER NAME REVERSE FORWARD 

REAC     

OCT 3 GAGGAGTCCCAGGACATCAA CATCGGCCTGTGTATATCCC 

sox 2 CAACGGCAGCTACAGCATGATGC CCGTTCATGTAGGTCTGCGAGCTG 
Nanog  CATGAGTGTGGATCCAGCT CCTGAATAAGCAGATCCAT 
cMyc TCTGCCCATTTGGGGACAC GCACCGAGTCGTAGTCGAG 
P16 INK4 CAACGCACCGAATAGTTACGG AACTTCGTCCTCCAGAGTCGC 
P19 ARF 1 GCCTTCGGCTGACTGGCTGG TCGTCCTCCAGAGTCGCCCG 
P53 TGGCCTTGAAACCACCTTTT AACTACCAACCCACCAGCCAA 
Bmi 1  GCCAACAGCCCAGCAGGAGG TTGGTGGTTACCGCTGGGGC 
HTert  GACGTGGAAGATGAGCGTG GACGACGTACACACTCATC 
P21 CAAAGGCCCGCTCTACATCTT AGGAACCTCTCATTCACCCGA 
ACTN2 ACCAGTTTCACCCCTTTGCT CGCCATGAACCAGATAGAGCC 
GATA4 CTCAGATCCTTAGGTGCTAGA TCCTCTTGCCTGGTAATGACTCC 
hMEF2C  AGTGAGCTGACAGGGTTGCT  GCCCTGAGTCTGAGGACAAG 
hMHC  TTTGATGCGCCCGAACTCTT  GAGGAAATGAGGGACGAGAGG 
nkx2.5 TAATCGCCGCCACAAACTCTCC TATAACGCCTACCCCCGCCTAT 
TBX5  GTGGGGAGCCATGGTTGGCC  CAGAGTCGGCACAGCGGCAA 
cTnT CGTCTCTCGATCCTGTCTTTG CATGGAGAAGGACCTGAATGA 
SHOCK WAVES     
CCNE2 (cyclin E2) CCG AAG AGC ACT GAA AAA CC  GAA TTG GCT AGG GCA ATC AA 
CCNB2 (cyclin B2) ACT GCT CTG CTC TTG GCT TC  TTT CTC GGA TTT GGG AAC TG  
CCND1 (cyclin d1) GCCGTGGTGTTTCTAGGGAT GGGGGTTGGGAGTTCGTTAC 
CCNA CTGACTGAGCTGCTGGCTAA CTCACAGGTCGATATCCCGC 
DNMT1 CTCCTTGGGCCGCGCATCAT GACGTCCGCAGCGTCACACA 
DNMT3a CAGCCGCTCTCTTGTGCGCT CCAAGGCCGTGGAGGTGCAG 
DNMT3b CGGGCGTAGGGGGTACTGCT GGCCGCAACCATGTGGACGA 
HSP27 AAGCTAGCCACGCAGTCCAA  CGACTCGAAGGTGACTGGGA  
Hsp70  ATGTCGGTGGTGGGCATAGA  CACAGCGACGTAGCAGCTCT 
HSP60  TAAAAGGAAAAGGTGACAAGG  GGGCATCTGTAACTCTGTCTT  
Hsp90-beta  AGTTGGAATTCAGGGCATTG  TTTCTCGGGAGATGTTCAGG  
IL-8 GAACTGAGAGTGATTGAGAGT CTTCTCCACAACCCTCTG 
MCP-1 TCTGACTCTAAGTGGCATTC ATTGTAGCAATGATCTCAACAC 

HPRT1  AGCCCTGGCGTCGTGATTA TGGCCTCCCATCTCCTTCA 
GAPDH GACAAGCTTCCCGTTCTCAG GAGTCAACGGATTTGGTCGT 
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