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Adult stem cells, also known as somatic stem cells, reside in
specific tissues and possess fundamental properties of stem
cells, that is, self-renewal capacity and, though limited in
magnitude, multipotency. Generally, these primitive cells are
stored in a specialized environment called niche, where they
are connected to supporting cells, protected from external
harmful stimuli, and kept quiescent until the arrival of an
appropriate activating signal. In accordance with the demand
of the organ, tissue-specific adult stem cells proliferate,
migrate to leave the niche, and differentiate to replace senescent or deteriorated cells, maintaining the organ structure
and function. Also, they are known to repair mild injuries in
various organs including the skin, liver, intestine, kidney, and
bone marrow. Such endogenous regenerative mechanisms,
however, appear insufficient to cope with severe damage,
as in the case of myocardial infarction [1, 2] or cerebral
ischemia [3], in which the damage is mostly irreversible
despite the presence of local stem cells. Possibly, tissuespecific biological cues that determine the fate of adult
stem cells and their committed progenitors in normal and
pathological conditions pose limits to cell differentiation and
survival in vivo.
While our knowledge on adult stem cells is expanding,
the abundance and ever growing number of original research
articles, which often raise new questions rather than yield
conclusive answers, are a call for the need to summarize
information and gather the perspective necessary to focus
the interests and direct future scientific efforts toward the
clinical application. Such was the purpose of this special
issue, composed of both the original research papers, dealing
with current stem cell therapy approaches, and the concise

review articles, summarizing the current notion of tissue
regeneration and reporting up-to-date knowledge on topics
related to adult tissue-specific stem cells.
The special issue opens with a review by A. Klimczak
and U. Kozlowska, which gives an overview of the current
knowledge of biology of adult mesenchymal stem and progenitor cells in organs such as bone marrow, liver, skeletal
muscle, skin, heart, and lung. Importantly, the authors stress
that both stem cell differentiation capabilities and paracrine
influence on other tissue-resident cells could be considered
as a trigger for organ regeneration and function maintenance.
The following reviews are dedicated each to a specific organ
or tissue, namely, liver, heart, dental pulp, and skin.
First, G. Carpino et al. describe the hierarchical structure
of the adult stem cells and their respective niches in the liver;
there are at least three distinct niches, although their relationship is yet to be demonstrated. In this review, the possible
role of stem/progenitor cells in the physiological cell turnover,
liver, and biliary disease progression and regenerative activity
and the potential strategy for cell therapy are discussed.
Second, M. I. Schaun and colleagues summarize the
current experience with myocardial regeneration by stem
cell transplantation. Interestingly, the authors argue that both
pharmacological and nonpharmacological approaches to cell
and their microenvironment modification should be taken
in consideration when attempting to enhance cell survival,
migration, and maturation.
Next, E. Ledesma-Martı́nez et al. shed light on dental
pulp stem cells. These cells, derived from deciduous teeth, can
generate structures such as dentin, periodontal ligament, and
dental pulp, but they can also be considered a cell source for
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orthopaedic and maxillofacial reconstruction. The authors
describe the state-of-the-art in isolation, characterization,
and use of this cell population in tissue regeneration in
preclinical and clinical setting.
In the final review of the series, D. Chen et al. explore
the role of adult mesenchymal stem cells in wound healing,
focusing in particular on their contribution to reepithelialization. While undoubtedly the paracrine angiogenic and antiinflammatory action of stromal cells can be a determinant of
proper wound healing, there is also evidence that these cells
can differentiate into keratinocytes. The authors mention also
yet another approach to adult organ regeneration, namely, tissue engineering, with the use of skin-compatible biomaterials
seeded with mesenchymal stem cells.
The original research papers included in the present
special issue are relevant to the current problems that science
and medicine still cope with in the attempt to induce tissue
regeneration. Unsurprisingly, the availability and ease of
isolation of cells are determined by their source; hence, the
mesenchymal stem cells of blood, bone marrow, and adipose
tissue origin are the most studied populations of adult stem
cells. In this regard, N. Zhu and colleagues investigate human
mesenchymal stem cells resident in the bone marrow; in their
original research article, they depicted the pivotal role of a
nuclear receptor NR2F2 in the stemness of these cells. Next, V.
Angelou et al. present evidence that autologous mesenchymal
stem cells derived from adipose tissue facilitate regeneration
in chronic scar lesions to the vocal folds. Last, R. Stojko et al.
compare stem cells derived from umbilical cord blood and
bone marrow. They report differences in the gene expression
of the components of a number of signaling pathways,
providing a reference database for successive researchers.
In summary, our understanding of adult tissue-specific
stem cell biology can provide the basis for experimental
and therapeutic tissue regeneration. Moving on to a clinical
setting, the application of tissue-specific adult stem cells is in
many regards more acceptable and safer than embryonic/fetal
or induced pluripotent stem cells and thereby closer to
the medical application. Still, only established and verified
protocols for cell isolation, expansion, modification, and
transplantation should be introduced in the clinic together
with the ethical and legal norms regulating the use of human
tissue.
Stefania Montagnani
Maria A. Rueger
Toru Hosoda
Daria Nurzynska
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Niches containing stem/progenitor cells are present in different anatomical locations along the human biliary tree and within liver
acini. The most primitive stem/progenitors, biliary tree stem/progenitor cells (BTSCs), reside within peribiliary glands located
throughout large extrahepatic and intrahepatic bile ducts. BTSCs are multipotent and can differentiate towards hepatic and
pancreatic cell fates. These niches’ matrix chemistry and other characteristics are undefined. Canals of Hering (bile ductules)
are found periportally and contain hepatic stem/progenitor cells (HpSCs), participating in the renewal of small intrahepatic bile
ducts and being precursors to hepatocytes and cholangiocytes. The niches also contain precursors to hepatic stellate cells and
endothelia, macrophages, and have a matrix chemistry rich in hyaluronans, minimally sulfated proteoglycans, fetal collagens, and
laminin. The microenvironment furnishes key signals driving HpSC activation and differentiation. Newly discovered third niches
are pericentral within hepatic acini, contain Axin2+ unipotent hepatocytic progenitors linked on their lateral borders to endothelia
forming the central vein, and contribute to normal turnover of mature hepatocytes. Their relationship to the other stem/progenitors
is undefined. Stem/progenitor niches have important implications in regenerative medicine for the liver and biliary tree and in
pathogenic processes leading to diseases of these tissues.

1. Introduction
The biliary tree is a complex network of interconnected ducts,
which drain bile into the duodenum [1]. It can be divided
into intrahepatic and extrahepatic portions. The intrahepatic
biliary tree is composed of small (canals of Hering, bile
ductules, interlobular ducts, and septal ducts) and large (area
and segmental) bile ducts (BDs) [2, 3].

Cholangiocytes are specialized and heterogeneous epithelial cells, lining BDs [4]. In particular, small cholangiocytes line small intrahepatic BDs, while large cholangiocytes
line large intrahepatic and extrahepatic BDs [4]. Interestingly,
small and large cholangiocytes differ on the basis of their
dimensions, ultrastructure (absence or presence of primary
cilia), functions, and proliferative capabilities [4–7]. In
addition, small and large ducts have a separate embryological

Stem Cells International

CK7

NUCLEI Sox9 CK7

2

(a)

(b)

Figure 1: Embryology of stem/progenitor cell niches within the biliary tree. (a) Human fetal livers (20th week gestational age).
Immunohistochemistry for cytokeratin (CK) 7. The ductal plate is present around portal tracts and contains CK7+ cells (arrows). Original
Magnification: 10x. (b) Human fetal hepatic duct at the liver hilum (20th week gestational age). Immunofluorescence for Sox9 and CK7.
Peribiliary glands (green arrows) derive from outpouches of the surface epithelium (red arrows) of the hepatic duct. Original Magnification:
20x.

origin. Ductal plates, found in fetal and neonatal livers, give
rise to small intrahepatic BDs, whereas the elongation and
molding of the hepatic diverticulum give rise to the large
intrahepatic and extrahepatic BDs (Figure 1) [2, 8].
In adults, there are multiple niches of stem/progenitor
cells residing in different locations along the human biliary tree and niches found within the liver parenchyma.
Those within the biliary tree are found in peribiliary glands
(PBGs) and contain especially primitive stem cell populations, expressing endodermal transcription factors relevant
to both liver and pancreas, pluripotency genes, and even
markers indicating a genetic signature overlapping with that
of intestinal stem cells [9]. The biliary tree stem/progenitors
(BTSCs) support the renewal of large intrahepatic and extrahepatic BDs [1]. Canals of Hering (bile ductules), the smaller
branches of the biliary tree, are niches containing hepatic
stem/progenitors (HpSCs) and participating in the renewal
of the small intrahepatic BDs and in the regeneration of liver
parenchyma [10, 11]. A third set, found pericentrally within
the liver acinus, is newly discovered and is comprised of
Axin2+ unipotent hepatocytic progenitors that are linked on
their lateral borders to the endothelia forming the central
vein and constitute precursors to the mature hepatocytes in
normal liver turnover and mild regenerative responses [12].

2. Biliary Tree Stem/Progenitor Cells (BTSCs)
Beside HpSCs within the smaller branches of the biliary
tree, a second stem/progenitor cell niche is located along
large intrahepatic and extrahepatic BDs [13]. BTSCs represent
a stem/progenitor cell compartment located within PBGs
(Figure 2) [14]. PBGs are located in the lamina propria of
large intrahepatic and extrahepatic BD walls and are communicating with the duct lumen [2, 15]. BTSCs are composed
of heterogeneous populations characterized by phenotypic
traits of ventral endoderm, expressing typical transcription
factors (SOX9, SOX17, and PDX1), surface (EpCAM, LGR5,
and/or CD133), and cytoplasmic markers (CK7, CK19) [1].

As a restricted population, a subset of the BTSCs (nearly
10%) expresses pluripotency markers such as OCT4, SOX2,
NANOG, SALL4, and KLF 4/5 and their in vitro capabilities
qualify them as primitive true stem cells [13]. BTSCs have
multipotent capabilities and can differentiate towards functional hepatocytes, mature cholangiocytes, and pancreatic
endocrine cells [14]. Whether or not they can give rise to
acinar cells is yet to be determined.
The distribution of PBGs is not uniform, varying along
the biliary tree: PBGs are mostly found in the hepatopancreatic ampulla and are less numerous in common bile duct [13,
14]. PBGs are not present in gallbladder, but a BTSC-like compartment is located in the epithelial crypts [16]. Interestingly,
a proximal-to-distal axis in a maturational lineage is found
along the biliary tree [13, 17]. The highest numbers of the very
primitive BTSCs, ones that are precursors to both pancreas
and liver, are located primarily within PBGs near the hepatopancreatic ampulla; with progression towards the liver
and intrahepatic BDs, there is a decline in the numbers of
these very primitive BTSCs and gradual increase in stem/
progenitors for cells with hepatic fates [13].
Furthermore, the PBG niches are characterized by the
presence of a radial axis in maturational lineages [13]: the
more undifferentiated and proliferating cells are located at
the bottom of the glands, near the fibromuscular layer at the
centers of the ducts; the cells with a committed phenotype are
found in the middle and the fully differentiated cells are in
continuum with the surface epithelium [13].
Recently, several lines of evidence in rodents and in
humans indicate that BTSCs and their niches are implicated
in the turnover of the surface epithelium of large intrahepatic
and extrahepatic BDs [18, 19]. An experimental mouse model
confirmed the existence within the PBGs of multiple cell
lineages and the proliferation of cells within PBGs after duct
injury [18]. Moreover, in human extrahepatic BDs affected by
cholangitis, proliferating progenitor cells were mainly located
in PBGs, which can be considered a local stem/progenitor cell
niche [19].
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Figure 2: Peribiliary glands (PBGs) are the niche of Biliary Tree Stem Cells (BTSCs). (a) PBGs are glands located within the lamina propria of
the extrahepatic and large intrahepatic bile ducts (yellow arrows). PBG distribution varies along the biliary tree, and PBGs are mostly found
in the hepatopancreatic ampulla (white stars) and in branching sites of the biliary tree. PBGs are not present in gallbladder, but a BTSClike compartment is located in the epithelial crypts (gray arrows). PBGs are composed of Sox9+ BTSCs. (b) Primary sclerosing cholangitis is
characterized by the inflammation of duct walls (red asterisks) and PBG hyperplasia (yellow arrows). PBGs are involved in biliary fibrosis and
are surrounded by 𝛼-smooth muscle actin (𝛼-SMA) fibrogenetic cells (white asterisks). Immunohistochemistry for Epithelial Cell Adhesion
Molecule (EpCAM) was counterstained with Periodic acid-Schiff (PAS). Immunofluorescence for cytokeratin (CK) 7, Sox9, and 𝛼-SMA are
included.

Accordingly, the ischemia-reperfusion injury of the
PBGs during liver transplantation procedures is associated with the loss of epithelial cells and the development of non-anastomotic biliary strictures [20]. Furthermore, PBGs are activated in primary sclerosing cholangitis

(Figure 2(b)) and their hyperplasia has a key role in progression of biliary strictures [21]. Interestingly, proliferating BTSCs can produce Fas-Ligand and modulate inflammatory response by inducing “premature” T-cell apoptosis
[22].
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BTSC niches extend towards the pancreatic duct system
and pancreatic duct glands (PDGs) located along larger
pancreatic ducts. The PDGs represent the counterpart of
PBGs along the biliary tree [17] and contain a population of
committed pancreatic progenitor cells [17, 23]. The anatomical features shared by biliary tree and pancreatic duct system
are in touch with the similarities in pathologies affecting
these organs, thus suggesting a novel approach to the study
of biliary tract’s pathophysiology [24].

3. HpSCs Participate in the Regeneration of
Liver Parenchyma
Hepatoblasts (HBs) and their precursors, hepatic stem cells
(HpSCs), in humans and rodents, and rodent HpSC descendants, called oval cells (Figure 3(a)), are capable of differentiating to mature hepatocytes and cholangiocytes [25].
During embryological development, a ring of cells called the
ductal plate forms around the periportal mesenchyme at the
portal triads and consists of HpSCs (SOX9+, SOX17+ CK19+,
EpCAM+, NCAM+, and AFP−) and HBs (SOX9+, CK19+,
EpCAM+, ICAM-1+, and AFP+) [26]. Ductal plate cells have
stem cell properties (self-renewal and differentiative capabilities) [27]. The ductal plates transition to become the canals of
Hering in pediatric and adult liver and represent the HpSCs
niche [28]. Ductal plate cells give also rise to cholangiocytes
of interlobular BDs and to diploid hepatocytes [28]. Interestingly, bile duct formations started with asymmetrical ductal
structures, partly lined by cholangiocytes and by HBs [29];
then, the HBs lining asymmetrical ducts differentiated to
cholangiocytes, with the formation of symmetrical ducts
lined only by cholangiocytes [29] and small numbers of HBs
tethered to or adjacent to the canals of Hering [27].
In pediatric and adult livers, the normal turnover is
accomplished by a combination of diploid adult hepatocytes
and cholangiocytes. Interestingly, Axin2+ hepatocytic progenitors found pericentrally participate in the physiological
turnover of hepatocytes in mice in quiescence or following
minor injuries resulting in mild regenerative demands [12].
On the other side, a preexisting population of Sox9+ periportal hepatocytes (so-called hybrid hepatocytes) can undergo
extensive proliferation and replenish liver mass after chronic
injuries [30]. Therefore, distinct subpopulation of adult hepatocytes contribute to hepatic regeneration in both homeostasis and injury [31]. In keeping, any participation/activation
of HpSCs or BTSCs is sufficiently minor as to be invisible
in analyses of homeostatic maintenance of liver parenchyma
[32].
Using an inducible Cre technology under the control
of the Sox9 transcriptional control elements, Furuyama et
al. found that Sox9-positive stem/progenitor cells indeed
participate in mouse liver homeostatic regeneration [33]. By
contrast, other authors using Cre technologies with other
genes and in all murine models found that experimental
injuries resulted in regenerative demands that cause the
stem/progenitors to give rise to only a few percent of
the adult parenchymal cells, ones always in the periportal
area [34–36]. In particular Español-Suñer et al. [34] and
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Rodrigo-Torres et al. [36] traced HpSCs in several experimental models of liver injuries in mice using Osteopontin
(OPN) or hepatocyte nuclear factor (HNF)1𝛽, respectively.
Both manuscripts demonstrated that HpSCs contribute minimally to parenchymal turnover during choline-deficient,
ethionine-supplemented diet (CDE) while they do not contribute at all in other models of liver injury such as 2/3 partial
hepatectomy, bile duct ligation (BDL), carbon tetrachloride
intoxication, and 3,5-diethoxycarbonyl-1,4-dihydrocollidine
diet (DDC). Moreover, the clonal analysis of Sox9+ cells
demonstrated that Sox9+ ductal progenitor cells give rise to
clonal oval cells but rarely produce hepatocytes in murine
models of liver injuries [37]. In keeping, parallel studies using
a hepatocyte fate-tracing model based on transthyretin (TTR)
gene demonstrated that mature (TTR+) hepatocytes are the
main cells responsible for replacing damaged hepatocytes in
experimental injuries [35, 38]. The results were confirmed
by genetic and nucleoside analog-based studies to mark and
track the origin and contribution of various cell populations
to liver regeneration [39]. Interestingly, mature hepatocytes
can undergo reversible ductal metaplasia in response to
injury and contribute to restoration of the hepatocyte mass
[40, 41].
We hypothesize that the remarkably high levels of polyploidy in 3-4-week-old mice, levels of 95–97% or more, with
ploidy profiles from 4N to 32N in the liver plates, may restrict
the contributions by the BTSCs and HpSCs to the small
numbers of diploid cells, all of them located adjacent to the
biliary tree. In addition, there is a new report showing that
there are committed progenitor niches located pericentrally
and containing diploid, Axin2+ hepatocytic progenitors that
contribute to normal liver turnover by replacing senescing,
mature, polyploid hepatocytes [12]. The relationship of these
cells to those of BTSCs and HpSCs is yet to be defined.
This new study overcomes the past ones that suggested that
newly formed hepatocytes derived only from preexisting
hepatocytes [38–41]. Instead, it is now plausible that the interpretations will be altered to give recognition to the Axin2+
unipotent hepatocytic progenitors. A similar reinterpretation
is likely for the prior report that hepatocytes can undergo
reversible ductal metaplasia, expand as ducts, and contribute
to the restoration of the hepatocyte mass in response to
injury [42]. Increasingly, the findings are coalescing and
reinforcing the prevailing concept that stem/progenitors are
the major sources of turnover in mild to extensive forms of
liver regeneration.
These past controversies were due in part to the potential
pitfalls in lineage tracing that include the choice of which
gene is used for lineage tracing, now shown to be critical in
defining the results [43], in the dominance in murine livers of
highly polyploid hepatocytes [44], and in experimental injury
models (such as partial hepatectomy and choline-deficient,
ethionine supplemented diet), which do not determine a
complete blockade of hepatocyte replication [45, 46]. In this
latter regard, an elegant model in zebrafish demonstrated
that the extent of hepatocyte injury is fundamental to recruit
biliary cells participating in parenchymal recovery after
injuries; severe hepatocyte ablation is necessary to elicit the
extensive contribution of cells of biliary origin to hepatocyte
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Figure 3: Niche of hepatic stem/progenitor cells (HpSCs). (a) The cartoon shows the HpSC niche in adult liver. The HpSC niche is located
within the smaller branches of biliary tree at the interface between portal tract and hepatic parenchyma. The niche is composed of the stem
cells in combination with hepatic stellate cell precursors and Kupffer cells (resident macrophages). In the right side image, normal adult
human liver: immunofluorescence for Sox9 and cytokeratin (CK) 7 (Original Magnification: 20x); CK7+/Sox9+ HpSCs (arrows) are present
in canals of Hering and bile ductules. BD: bile duct; HA: hepatic artery; PV: portal vein. (b-c) Cartoons showing HpSC niche activation in
liver diseases. (b) The HpSC response is surrounded by a specialized niche, composed of precursors to hepatic stellate and to endothelial
cells and macrophages and of a matrix rich in laminin, hyaluronans, types III and IV collagens, and minimally sulfated proteoglycans. The
microenvironment of such a niche maintains the stem/progenitor/biliary phenotype and inhibits hepatocyte differentiation; the transition
of the niche matrix environment to one with minimal hyaluronans, less laminin, and an increase in more highly sulfated proteoglycans is
a necessary step to start the differentiation into a hepatocyte (or cholangiocyte) phenotype. Cells of mesenchymal origin and macrophages
can produce a variety of signals able to drive HpSC responses. Inflammatory macrophages can secrete TNF-like weak inducer of apoptosis
(TWEAK) sustaining the expansion of undifferentiated HpSCs; contrarily, tissue-repairing macrophages are able to activate canonical Wnt
pathway in HpSCs, triggering their differentiation towards hepatocytes. Activated hepatic stellate cells can secrete Jagged1, thus activating
Notch signaling in HpSCs, and also release type I collagen promoting biliary specification. (c) Cartoon showing the profibrogenic loop induced
by HpSC activation. HpSCs could activate the liver MF pool via Hedgehog (Hh) pathway, Osteopontin (OPN), and transforming growth
factor-𝛽1 (TGF-𝛽1), thus inducing collagen-I deposition.

mass restoration [42]. Recently, Lu and associates developed a
mouse model in which the E3 ubiquitin ligase Mdm2 deletion
in hepatocytes causes apoptosis, necrosis, and senescence in
nearly all hepatocytes [43]. In this model, a florid HpSC
activation appeared and was necessary for survival and
complete functional liver reconstitution [43].
Complementing these findings are those by Kaneko et
al. in which the biliary tree was shown to possess unique

architectural and structural flexibilities and responses contributing to maintaining liver homeostasis and in reactions
to injuries [44]. Thus, liver injuries determine dynamic
structural remodeling of the biliary tree, which corresponds
to the pattern of parenchymal cell damage [44]. Chronic
damage of pericentral hepatocytes triggers the expansion of
biliary branches from the periportal zone towards the injured
pericentral area [44]. Future studies are required to learn
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if biliary tree responses give rise to the Axin2+ hepatocytic
progenitors found pericentrally.
Functionally, HpSCs have been further investigated by
several in vitro assays, which have provided strong evidences
of stemness and differentiative potentiality [45]. In this
regard, HpSCs were isolated from fetal and adult human
livers on the basis of Epithelial Cell Adhesion Molecule
(EpCAM) expression [27, 46]. Moreover, HpSCs can be
distinctly separated from hepatoblasts by sorting for cells
coexpressing EpCAM and neural cell adhesion molecule
(NCAM), whereas, HBs are selectively isolated by coexpression for EpCAM and intercellular adhesion molecule
(ICAM) [26, 27]. More recently, a single Lgr5+ hepatic
stem cell expanded to form epithelial spheroids in vitro and
was able to differentiate into functional hepatocytes in vitro
and in vivo [47]. Organoids, floating aggregates of epithelia
and mesenchymal cells, containing Lgr5+ cells were able
to be expanded ex vivo and to give rise to hepatocytes
and cholangiocytes [48]. In parallel, long-term expansion ex
vivo of adult bile duct-derived stem/progenitors yielded cells
able to lineage restrict into hepatocytes, cholangiocytes, and
pancreatic islets [13, 14, 17]. Their potential for giving rise to
acinar cells is yet to be examined.

4. Role of HpSCs in Human
Liver Regeneration
If Axin2+ hepatocytic progenitor niches exist in humans,
whatever distinctions they have functionally with HpSC
niches in human livers remain to be clarified, and the HpSCs
have already been shown actively to contribute to liver
regeneration in human diseases [49]. This is due, in part, to
the fact that human liver diseases are characterized by a severe
and progressive impairment of hepatocyte or cholangiocyte
proliferation [50]. Proliferative capabilities of mature liver
parenchymal cells are limited and become exhausted due
to chronic damage and prolonged cell death [50]. This
is in accordance with the increase of proliferative cellular
senescence commonly described in hepatocytes [51] in endstage chronic liver pathologies. Moreover, specific insults
lead to the arrest of the hepatocyte cell cycle, such as iron
loading in hemochromatosis [52] or oxidative stress in nonalcoholic fatty liver disease (NAFLD) [51, 53]. In parallel,
apoptosis of cholangiocytes [54], cellular senescence [55], and
a senescence-associated secretory phenotype [56] lead to the
production of proinflammatory cytokines and chemokines
that may modify the milieu of the bile duct and then trigger
fibroinflammatory responses in human cholangiopathies.
Consequently, the HpSC compartment is activated and cells
proliferate in all human liver diseases [50].
Under pathological conditions (Figures 3 and 4), unique
epithelial cell populations emerge and give rise to the socalled ductular reaction (DR) [57]. DR represents a transamplifying population consisting of strings of cells with
irregular lumina (reactive ductules) and a highly variable
phenotypical profile [58, 59]. Virtually all chronic liver diseases (viral hepatitis, alcoholic/non-alcoholic steatohepatitis,
hemochromatosis, and primary biliary cirrhosis) and acute
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(or acute-on-chronic) liver failure are characterized by the
emergence of DRs [50].
Variable phenotypes depend on the etiology and are correlated with the progression of the disease [50, 59]. In chronic
biliary diseases such as primary biliary cirrhosis (PBC) and
primary sclerosing cholangitis (PSC), DRs are prominent and
composed mostly of cells expressing biliary (Cytokeratins 7
and 19), neuroendocrine (NCAM, Chromogranin A), and
stem cell markers (Sox9, CD133) [50, 59]. On the other
hand, in liver diseases of nonbiliary origin, the cells within
reactive ductules show hepatocyte-like features (intermediate
hepatocytes) [50, 59]. Interestingly, in viral and alcoholic
cirrhosis, newly generated hepatocytes derive from DR and
represent the progeny of the HpSCs [60]. These newly
generated hepatocytes progressively lose biliary markers but
maintain EpCAM (stem/progenitor cell marker) expression
[60]. Moreover, the stem/progenitor pathway participates in
the formation of human cirrhotic nodules with the morphological sequence of bud maturation [61]. Progeny of the bud
sequence may represent up to 70% of hepatocytes in cirrhotic
livers [61]. However, bud number is typically reduced in
biliary disease in association with duct loss and cholestatic
destruction of nascent buds [61].
The most prominent DRs can be encountered in acute
massive hepatocellular necrosis (fulminant hepatitis), where
DR cells are highly proliferating [59, 62]. In general, signs
of differentiation toward hepatocytes are minimal in acute
liver failure patients [63] and, when present, are a negative
prognostic factor [62]; this is due to the fact that, in acute liver
failure, activation of HpSCs is secondary to mature hepatocyte proliferation [63]. Moreover, in acute hepatitis, HpSCs
predominantly proliferate rather than differentiate [59], and
their differentiation starts not earlier than 1 week after the initial liver injury [63]. Interestingly, in acute-on-chronic liver
failure, HpSC activation and differentiation are more prominent in comparison with acute liver failure and in decompensated cirrhosis [63].
Finally, several lines of evidence have indicated that HpSC
activation takes part in the regenerative response in alcoholic
liver disease [64, 65] and NAFLD [25]. Both in adult [51]
and pediatric [53, 66] patients with NAFLD, DR is prominent
in steatohepatitis but not in simple steatosis. DR appearance
and signs of differentiation are associated with hepatocyte cell
cycle arrest and apoptosis, and DR extension is correlated
with portal fibrosis [51, 53], inflammation [67], and clinical
parameters [68]. In alcoholic hepatitis (AH), HpSC activation
is correlated with a favorable clinical outcome [65]. In AH
patients, the extent of HpSC expansion is associated with
liver disease severity [65]. Interestingly, alcohol abstinence
induces a clinical improvement that positively correlates with
the expansion of the HpSC pool [65]. Unexpectedly, in the
natural course of AH, HpSCs do not differentiate into mature
hepatocytes due to signals coming from their niche [64].
Clarification of this is given below.

5. HpSC Activation Is Driven by
a Specialized Niche
In chronic liver injuries (Figures 3 and 4), the stem/progenitor cell response is surrounded by a specialized niche
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Figure 4: Activation of hepatic stem/progenitor cell (HpSCs) niche in liver diseases. (a) Primary biliary cirrhosis. Immunofluorescence
for cytokeratin (CK) 7 and 𝛼-smooth muscle actin (𝛼-SMA); Original Magnification: 10x. The activation of HpSCs is characterized by the
appearance of ductular reactions (DR); DR consists of string of cells with irregular lumina (reactive ductules) composed of CK7+/Sox9+
HpSCs (yellow arrow). (b) Primary biliary cirrhosis; immunofluorescence for CK7 and 𝛼-SMA; Original Magnification: 10x. CK7+ DR is
surrounded by activated (fibrogenetic) hepatic stellate cells (red arrows).

[69]. This niche furnishes several key signals driving HpSC
activity (Figure 3(b)). In the hepatic stem cell niche [70],
HpSCs are found in association with angioblasts [27], with
precursors to hepatic stellate cells and endothelial cells [71,
72], and with macrophages [69, 70]. The precursors have phenotypic traits overlapping with those of mature stellate cells
and endothelia but also are distinct. For examples, the stellate
cell precursors minimally express retinoids, whereas these are
found in abundance in mature stellate cells; the endothelial
cell precursors do not express CD31 (PECAM) that is a
distinctive feature of mature endothelia. These precursors
release paracrine signals that are important for the maintenance of the stem/progenitors in a quiescent state [72, 73].
These paracrine signals include matrix factors (hyaluronans,
types III and IV collagens) [71, 72], minimally sulfated
proteoglycans [74], and laminins [75] and soluble signals such
as leukemia inhibitory factor (LIF), hepatocyte growth factor
(HGF), stromal derived growth factor (SDGF), and epidermal growth factor (EGF) [71, 72]. Use of hyaluronan substrata
and a serum-free medium devoid of these soluble signaling
molecules enables self-replicative, clonogenic expansion of
human and rodent HpSCs [76]. Therefore, the addition of any
of these factors to the conditions elicits differentiation of the
HpSCs to HBs and then their dramatic expansion [71, 72, 76].
In diseased tissue, there are activated hepatic stellate cells
and myofibroblasts (MFs) that produce distinct paracrine
signals (e.g., type I collagen, sulfated proteoglycans, and high
levels of the cytokines and growth factors) from those of
the quiescent stellate cells (e.g., network collagens, minimally
sulfated proteoglycans, and LIF) [71, 77].
The HpSCs, MFs, and macrophages produce a variety of
signals able to drive the HpSC response [78]. Interestingly,
macrophages can produce a variety of cytokines, which
have a key role in the prominent expansion of undifferentiated HpSCs [79, 80]. Interestingly, a single injection of
unfractionated bone marrow cells in healthy mice is able to
induced HpSC proliferation and this is dependent by the
macrophage production of TNF-like weak inducer of apoptosis (TWEAK) [79]. Interestingly, TWEAK stimulates HpSC

proliferation through its receptor Fn14 and HpSC expansion
was significantly reduced in Fn14-null mice or using a blocking anti-TWEAK antibody [80]. In chronic liver diseases,
macrophages are able to activate the canonical Wnt pathway
in HpSCs triggering their differentiation towards hepatocyte
[78]. In biliary diseases, activated stellate cells and MFs
can secrete Jagged1 that activates Notch signaling in nearby
HpSCs and, along with production of type I collagen, promote their biliary specification [59, 81]. Therefore, Notch and
Wnt signaling pathways have a key role in HpSC proliferation
and specification [69].
A crucial element for the responses of the HpSCs and HBs
is represented by extracellular matrix (ECM) composition
[82]. Macrophages, MFs, HpSCs, and HBs have pivotal roles
in remodelling ECM through the production of a variety
of matrix metalloproteinases and their tissue inhibitors [69]
and in the synthesis of specific types of matrix components
[73]. The degradation of the collagen matrix by the metalloproteinases, coupled with the production of a lamininrich niche, leads to HpSC expansion; laminin maintains the
stem/progenitor/biliary phenotype and inhibits hepatocyte
differentiation [83]. By contrast, the loss of the laminin-rich
niche is a necessary step to start the differentiation into a hepatocyte phenotype [82, 83]. Interestingly, in alcoholic hepatitis, livers predominantly express laminin and, consequently,
HpSC expansion is inefficient at yielding mature hepatocytes
[64].
The interaction of HpSCs with a laminin-rich matrix is
promoted by 𝛽-galactoside-binding lectin galectin-3 (Gal-3)
[84]. Interestingly, Gal-3 is able to promote HpSC expansion
in an undifferentiated form [84]. Similarly, cell-cell and cellmatrix interaction of unactivated HpSCs are mediated by
NCAM, a surface marker found on HpSCs and on both
angioblasts and endothelial cell precursors [27, 70, 73, 85].
Subsequent to liver injury, NCAM-positive cells expand
and typical NCAM posttranslational modification (polySia)
is produced [85]; PolySia weakens cell-cell and cell-matrix
interactions, facilitating HpSC migration away from the
laminin niche and their subsequent differentiation [85].
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In addition to signals passing from the niche to the stem/
progenitor cells, there are also signals from the stem/
progenitor cells to the niche (Figure 3(c)) [69]. HpSCs can
activate stellate/endothelial cells via the Hedgehog (Hh) pathway resulting in release of types of matrix components (e.g.,
type IV collagen, laminin, syndecans, and glypicans) associated with normal liver regeneration [70, 73, 86]; other key
paracrine signals include OPN and transforming growth
factor-𝛽1 (TGF-𝛽1) which induce collagen-I deposition and
other matrix components associated with fibrosis by stellate
cells and MFs [87, 88]. The OPN synthesized by HpSCs could
also have an autocrine role in HpSC expansion and migration
(via disruption of cell adhesion) [89]. In chronic pathological
conditions, this cellular cross-talk of paracrine signals could
be responsible in establishing a profibrogenic loop [57]; in
fibrogenesis, MF activation is secondary to the expansion of
the HpSC compartment mediated in part by the Hh pathway
[90] along with signaling pathways induced by chronic injury
[77].
In general, the emerging concept is that the expansion
of the HpSC niche (Figure 4(a)) represents an attempt to
participate in the regeneration of damaged liver. Unfortunately, the persistent injury and the chronic inflammatory
milieu activate profibrogenetic pathways (Figure 4(b)) and
lead to deposition of type I collagen and associated matrix
components typical of scar formation and of fibrosis [57].
In addition, in several human diseases and experimental
settings, the expansion of the HpSC niche is strongly correlated with fibrosis progression [90]; the attenuation of the
liver stem/progenitor cell response in experimental settings
by the ablation of OPN expression [88] or by using antiTWEAK antibody [91] is able to prevent fibrogenic response
and improve liver regeneration. Interestingly, HpSCs are
hypothesized to contribute directly or indirectly to epithelialto-mesenchymal transitions (EMT), thus influencing the MF
pool [92]. The Hh pathway activation has a key role in EMT
of HpSCs and ductular cells in cirrhosis [93]. Interestingly,
EMT associated with HpSCs can also be driven by several
other factors such as the noncanonical Wnt pathway [94] and
TGF-𝛽1 [95].

6. Pathological Aspects and
Clinical Perspectives
From a point of view of pathology, distinct subpopulations of
mature hepatocytes and stem/progenitor cell compartments
are differently activated in the course of normal, quiescent liver biology versus different human pathologies. The
Axin2+ hepatocytic progenitors are activated for normal liver
turnover [12], and their role in human pathology should be
further investigated; the HpSC niche is activated in diseases
involving hepatocyte damage and ones involving interlobular
BDs following severe liver injury when mature cell senescence
develops [31, 69]; by contrast, the BTSC niche is involved in
diseases affecting larger intrahepatic and extrahepatic BDs
[21]. These aspects have been clearly elucidated comparing
stem/progenitor cells responses in different biliary pathologies such as PBC and PSC [21]. PSC affects large intrahepatic
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and extrahepatic BDs and, in addition, activation of PBGs is
triggered [21]. On the other hand, PBC primarily affects interlobular bile ducts and, therefore, PBG hyperplasia is almost
absent [21]. In summary, distinct stem/progenitor cell niches
are implicated in different forms of pathogenesis. This enables
one to analyze the natural course and complications of
different liver pathologies leading to a concept of a lineagespecificity of liver diseases.
Investigations of stem/progenitor niches within the biliary tree are acquiring particular relevance in relation to
primitive liver cancers (hepatocarcinoma: HCC), fibrolamellar HCC, and cholangiocarcinoma (CCA). Indeed, recent
evidences indicate that a subgroup of HCC tumors, such as
cytokeratin-19 positive HCC and combined HCC-CCA, may
originate from HpSCs [96]. The HpSCs could represent the
cell of origin of a subtype of CCA such as cholangiolocarcinoma (CLC) and the so-called mixed-type CCA [97, 98].
On the other hand, PBGs and BTSCs could represent the
cell of origin of pure mucin-producing CCAs [99, 100]
and fibrolamellar-HCC [9]. In addition, clinical-pathological
correlates and risk factors for HCC and CCA support the role
of HpSC and BTSC in different subtypes of liver cancers [101].
The presence of stem/progenitor niches within the ducts
(intramural glands) and along the surface of ducts (extramural glands) of the biliary tree has important implications
in the regenerative medicine for liver and biliary disorders
[102]. Actually, cell therapies for liver disease are demanding
given the organ shortage for orthotopic liver transplantation
[102, 103]. Mature hepatocyte transplantation is limited by
several issues, most importantly that the transplantation is
associated with complications such as emboli and that the
effects are transient [102, 103]. Therefore, other cell types have
been proposed and tested in preclinical models or clinical
settings [102, 103]. In this context, HpSCs have been indicated
as candidate cells for clinical use [103]; HpSCs are longterm expandable and highly stable at the chromosome and
structural level [48]; however, to date, few clinical trials have
been started or completed [102–104]. In a trial of 25 subjects
and 25 controls with decompensated liver cirrhosis due to
various causes, subjects received fetal liver-derived EpCAM+
cell infusions into the liver via the hepatic artery and
showed improvement in multiple diagnostic and biochemical
parameters [105]. Beside decompensated liver cirrhosis, the
use of HpSCs in pediatric patients affected by inherited liver
inborn errors of metabolism has been tested [106, 107].
Alternatively, the transplantation of cells of mesenchymal
origin (such as macrophages, endothelial cells, or mesenchymal stem cells) has been proposed as cell therapy approach
to liver cirrhosis to stimulate endogenous regeneration or
decrease fibrosis. The peripheral administration of autologous mesenchymal (or hematopoietic) stem cells has been
tested in several clinical trials in cirrhosis [102, 108, 109]; these
clinical studies of various autologous cells for liver disease
have been recently systematically reviewed and to date no
convincing benefit has been noted in adequately powered
randomized controlled studies [110].
Interestingly, human extrahepatic biliary tree represents
a suitable and large source for cell therapy [111]. Recently,
preliminary data regarding the infusion of BTSCs in patients
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with advanced cirrhosis have been reported, representing the
basis for forthcoming clinical trials [111].
In general, further studies focusing on the optimal routes
of cell transplantation, the need for immunosuppression, and
methods to improve the engraftment and proliferation rate of
transplanted cells are required [102, 103]. A key point regarding the clinical use of cells with stem cell properties resides in
the potential risk of unwanted and unregulated cell growth;
taken in consideration that stem/progenitor cells can function as cell of origin for liver tumors, oncogenic risks should
be carefully considered when cells are candidate for therapy
in humans. To this regard, embryonic stem cells, induced
pluripotent stem cells, and induced hepatocyte cells may be
phenotypically and genetically unstable in vivo over a prolonged period and when transplanted into the damaged liver
[112]. Interestingly, extensive analysis of the genetic stability
of primary human HpSCs demonstrated that the expanded
cells preserve their genetic integrity over months in culture
[48]. Moreover, the long-term studies of BTSC in appropriate
animal models showed low oncogenetic risk [16]. In general,
oncogenic risks should be minimized by screening candidate
cells in long-term preclinical studies in animal models in
order to evaluate the safety and the absence of oncogenicity
of the cells.
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D. Rodrigo-Torres, S. Affò, M. Coll et al., “The biliary epithelium
gives rise to liver progenitor cells,” Hepatology, vol. 60, no. 4, pp.
1367–1377, 2014.
B. D. Tarlow, M. J. Finegold, and M. Grompe, “Clonal tracing of
Sox9+ liver progenitors in mouse oval cell injury,” Hepatology,
vol. 60, no. 1, pp. 278–289, 2014.
J. R. Schaub, Y. Malato, C. Gormond, and H. Willenbring, “Evidence against a stem cell origin of new hepatocytes in a common
mouse model of chronic liver injury,” Cell Reports, vol. 8,
no. 4, pp. 933–939, 2014.
K. Yanger, D. Knigin, Y. Zong et al., “Adult hepatocytes are generated by self-duplication rather than stem cell differentiation,”
Cell Stem Cell, vol. 15, no. 3, pp. 340–349, 2014.
B. D. Tarlow, C. Pelz, W. E. Naugler et al., “Bipotential adult
liver progenitors are derived from chronically injured mature
hepatocytes,” Cell Stem Cell, vol. 15, no. 5, pp. 605–618, 2014.
D. Yimlamai, C. Christodoulou, G. G. Galli et al., “Hippo
pathway activity influences liver cell fate,” Cell, vol. 157, no. 6,
pp. 1324–1338, 2014.
T.-Y. Choi, N. Ninov, D. Y. R. Stainier, and D. Shin, “Extensive
conversion of hepatic biliary epithelial cells to hepatocytes after
near total loss of hepatocytes in zebrafish,” Gastroenterology, vol.
146, no. 3, pp. 776–788, 2014.
W. Y. Lu, T. G. Bird, L. Boulter et al., “Hepatic progenitor cells
of biliary origin with liver repopulation capacity,” Nature Cell
Biology, vol. 17, no. 8, pp. 971–983, 2015.
K. Kaneko, K. Kamimoto, A. Miyajima, and T. Itoh, “Adaptive
remodeling of the biliary architecture underlies liver homeostasis,” Hepatology, vol. 61, no. 6, pp. 2056–2066, 2015.
A. Miyajima, M. Tanaka, and T. Itoh, “Stem/progenitor cells in
liver development, homeostasis, regeneration, and reprogramming,” Cell Stem Cell, vol. 14, no. 5, pp. 561–574, 2014.
R. A. Turner, E. Wauthier, O. Lozoya et al., “Successful transplantation of human hepatic stem cells with restricted localization to liver using hyaluronan grafts,” Hepatology, vol. 57, no. 2,
pp. 775–784, 2013.
M. Huch, C. Dorrell, S. F. Boj et al., “In vitro expansion of single
Lgr5+ liver stem cells induced by Wnt-driven regeneration,”
Nature, vol. 494, no. 7436, pp. 247–250, 2013.
M. Huch, H. Gehart, R. van Boxtel et al., “Long-term culture of
genome-stable bipotent stem cells from adult human liver,” Cell,
vol. 160, no. 1-2, pp. 299–312, 2015.
N. D. Theise and R. Kuwahara, “The tissue biology of ductular
reactions in human chronic liver disease,” Gastroenterology, vol.
133, no. 1, pp. 350–352, 2007.
A. S. H. Gouw, A. D. Clouston, and N. D. Theise, “Ductular
reactions in human liver: diversity at the interface,” Hepatology,
vol. 54, no. 5, pp. 1853–1863, 2011.
M. M. Richardson, J. R. Jonsson, E. E. Powell et al., “Progressive
fibrosis in nonalcoholic steatohepatitis: association with altered
regeneration and a ductular reaction,” Gastroenterology, vol. 133,
no. 1, pp. 80–90, 2007.
M. J. Wood, V. L. Gadd, L. W. Powell, G. A. Ramm, and A. D.
Clouston, “Ductular reaction in hereditary hemochromatosis:
the link between hepatocyte senescence and fibrosis progression,” Hepatology, vol. 59, no. 3, pp. 848–857, 2014.
V. Nobili, G. Carpino, A. Alisi et al., “Hepatic progenitor cells
activation, fibrosis, and adipokines production in pediatric
nonalcoholic fatty liver disease,” Hepatology, vol. 56, no. 6, pp.
2142–2153, 2012.

Stem Cells International
[54] P. Onori, D. Alvaro, A. Floreani et al., “Activation of the IGF1 system characterizes cholangiocyte survival during progression of
primary biliary cirrhosis,” The Journal of Histochemistry and
Cytochemistry, vol. 55, no. 4, pp. 327–334, 2007.
[55] Y. Nakanuma, M. Sasaki, and K. Harada, “Autophagy and senescence in fibrosing cholangiopathies,” Journal of Hepatology, vol.
62, pp. 934–945, 2015.
[56] J. H. Tabibian, S. P. O’Hara, P. L. Splinter, C. E. Trussoni, and N.
F. Larusso, “Cholangiocyte senescence by way of N-Ras activation is a characteristic of primary sclerosing cholangitis,” Hepatology, vol. 59, no. 6, pp. 2263–2275, 2014.
[57] M. J. Williams, A. D. Clouston, and S. J. Forbes, “Links between
hepatic fibrosis, ductular reaction, and progenitor cell expansion,” Gastroenterology, vol. 146, no. 2, pp. 349–356, 2014.
[58] E. Gaudio, G. Carpino, V. Cardinale, A. Franchitto, P. Onori,
and D. Alvaro, “New insights into liver stem cells,” Digestive and
Liver Disease, vol. 41, no. 7, pp. 455–462, 2009.
[59] B. Spee, G. Carpino, B. A. Schotanus et al., “Characterisation
of the liver progenitor cell niche in liver diseases: potential
involvement of Wnt and Notch signalling,” Gut, vol. 59, no. 2, pp.
247–257, 2010.
[60] S.-M. Yoon, D. Gerasimidou, R. Kuwahara et al., “Epithelial cell
adhesion molecule (EpCAM) marks hepatocytes newly derived
from stem/progenitor cells in humans,” Hepatology, vol. 53, no.
3, pp. 964–973, 2011.
[61] A. E. Stueck and I. R. Wanless, “Hepatocyte buds derived from
progenitor cells repopulate regions of parenchymal extinction
in human cirrhosis,” Hepatology, vol. 61, no. 5, pp. 1696–1707,
2015.
[62] A. Katoonizadeh, F. Nevens, C. Verslype, J. Pirenne, and T.
Roskams, “Liver regeneration in acute severe liver impairment:
a clinicopathological correlation study,” Liver International, vol.
26, no. 10, pp. 1225–1233, 2006.
[63] A. Rastogi, R. Maiwall, C. Bihari, N. Trehanpati, V. Pamecha,
and S. K. Sarin, “Two-tier regenerative response in liver failure
in humans,” Virchows Archiv, vol. 464, no. 5, pp. 565–573, 2014.
[64] L. Dubuquoy, A. Louvet, G. Lassailly et al., “Progenitor cell
expansion and impaired hepatocyte regeneration in explanted
livers from alcoholic hepatitis,” Gut, vol. 64, no. 12, pp. 1949–
1960, 2015.
[65] N. Lanthier, L. Rubbia-Brandt, N. Lin-Marq et al., “Hepatic cell
proliferation plays a pivotal role in the prognosis of alcoholic
hepatitis,” Journal of Hepatology, vol. 63, no. 3, pp. 609–621, 2015.
[66] V. Nobili, G. Carpino, A. Alisi et al., “Role of docosahexaenoic
acid treatment in improving liver histology in pediatric nonalcoholic fatty liver disease,” PLoS ONE, vol. 9, no. 2, Article ID
e88005, 2014.
[67] V. L. Gadd, R. Skoien, E. E. Powell et al., “The portal inflammatory infiltrate and ductular reaction in human nonalcoholic
fatty liver disease,” Hepatology, vol. 59, no. 4, pp. 1393–1405,
2014.
[68] V. Nobili, A. Alisi, R. Cutrera et al., “Altered gut-liver axis and
hepatic adiponectin expression in OSAS: novel mediators of
liver injury in paediatric non-alcoholic fatty liver,” Thorax, vol.
70, no. 8, pp. 769–781, 2015.
[69] L. Boulter, W.-Y. Lu, and S. J. Forbes, “Differentiation of
progenitors in the liver: a matter of local choice,” The Journal
of Clinical Investigation, vol. 123, no. 5, pp. 1867–1873, 2013.
[70] L. Zhang, N. Theise, M. Chua, and L. M. Reid, “The stem cell
niche of human livers: symmetry between development and
regeneration,” Hepatology, vol. 48, no. 5, pp. 1598–1607, 2008.

11
[71] Y. Wang, H.-L. Yao, C.-B. Cui et al., “Paracrine signals from
mesenchymal cell populations govern the expansion and differentiation of human hepatic stem cells to adult liver fates,” Hepatology, vol. 52, no. 4, pp. 1443–1454, 2010.
[72] H. Kubota, H.-L. Yao, and L. M. Reid, “Identification and characterization of vitamin A-storing cells in fetal liver: implications
for functional importance of hepatic stellate cells in liver development and hematopoiesis,” STEM CELLS, vol. 25, no. 9, pp.
2339–2349, 2007.
[73] Y. Wang, C.-B. Cui, M. Yamauchi et al., “Lineage restriction of
human hepatic stem cells to mature fates is made efficient by
tissue-specific biomatrix scaffolds,” Hepatology, vol. 53, no. 1, pp.
293–305, 2011.
[74] A. J. Hayes, D. Tudor, M. A. Nowell, B. Caterson, and C.
E. Hughes, “Chondroitin sulfate sulfation motifs as putative
biomarkers for isolation of articular cartilage progenitor cells,”
The Journal of Histochemistry and Cytochemistry, vol. 56, no. 2,
pp. 125–138, 2008.
[75] A. Couvelard, A. F. Bringuier, M. C. Dauge et al., “Expression
of integrins during liver organogenesis in humans,” Hepatology,
vol. 27, no. 3, pp. 839–847, 1998.
[76] J. A. Harrill, B. B. Parks, E. Wauthier, J. C. Rowlands, L. M.
Reid, and R. S. Thomas, “Lineage-dependent effects of aryl
hydrocarbon receptor agonists contribute to liver tumorigenesis,” Hepatology, vol. 61, no. 2, pp. 548–560, 2015.
[77] Y. A. Lee, M. C. Wallace, and S. L. Friedman, “Pathobiology of
liver fibrosis: a translational success story,” Gut, vol. 64, no. 5,
pp. 830–841, 2015.
[78] L. Boulter, O. Govaere, T. G. Bird et al., “Macrophage-derived
Wnt opposes Notch signaling to specify hepatic progenitor cell
fate in chronic liver disease,” Nature Medicine, vol. 18, no. 4, pp.
572–579, 2012.
[79] T. G. Bird, W.-Y. Lu, L. Boulter et al., “Bone marrow injection
stimulates hepatic ductular reactions in the absence of injury via
macrophage-mediated TWEAK signaling,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 110, no. 16, pp. 6542–6547, 2013.
[80] A. Jakubowski, C. Ambrose, M. Parr et al., “TWEAK induces
liver progenitor cell proliferation,” The Journal of Clinical
Investigation, vol. 115, no. 9, pp. 2330–2340, 2005.
[81] K. H. Kim, C. C. Chen, G. Alpini, and L. F. Lau, “CCN1 induces
hepatic ductular reaction through integrin alphavbeta(5)mediated activation of NF-kappaB,” The Journal of Clinical
Investigation, vol. 125, pp. 1886–1900, 2015.
[82] S. Lorenzini, T. G. Bird, L. Boulter et al., “Characterisation of a
stereotypical cellular and extracellular adult liver progenitor cell
niche in rodents and diseased human liver,” Gut, vol. 59, no. 5,
pp. 645–654, 2010.
[83] Y. N. Kallis, A. J. Robson, J. A. Fallowfield et al., “Remodelling of
extracellular matrix is a requirement for the hepatic progenitor
cell response,” Gut, vol. 60, no. 4, pp. 525–533, 2011.
[84] W.-C. Hsieh, A. C. Mackinnon, W.-Y. Lu et al., “Galectin-3 regulates hepatic progenitor cell expansion during liver injury,” Gut,
vol. 64, no. 2, pp. 312–321, 2015.
[85] A. Tsuchiya, W. Y. Lu, B. Weinhold et al., “Polysialic acid/neural
cell adhesion molecule modulates the formation of ductular
reactions in liver injury,” Hepatology, vol. 60, no. 5, pp. 1727–
1740, 2014.
[86] J. K. Sicklick, Y.-X. Li, A. Melhem et al., “Hedgehog signaling
maintains resident hepatic progenitors throughout life,” The
American Journal of Physiology—Gastrointestinal and Liver
Physiology, vol. 290, no. 5, pp. G859–G870, 2006.

12
[87] X. Wang, A. Lopategi, X. Ge et al., “Osteopontin induces ductular reaction contributing to liver fibrosis,” Gut, vol. 63, no. 11,
pp. 1805–1818, 2014.
[88] J. D. Coombes, M. Swiderska-Syn, L. Dollé et al., “Osteopontin
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Background. The aim of the study was to assess the histological effects of autologous infusion of adipose-derived stem cells (ADSC)
on a chronic vocal fold scar in a rabbit model as compared to an untreated scar as well as in injection of hyaluronic acid. Study
Design. Animal experiment. Method. We used 74 New Zealand rabbits. Sixteen of them were used as control/normal group. We
created a bilateral vocal fold wound in the remaining 58 rabbits. After 18 months we separated our population into three groups.
The first group served as control/scarred group. The second one was injected with hyaluronic acid in the vocal folds, and the third
received an autologous adipose-derived stem cell infusion in the scarred vocal folds (ADSC group). We measured the variation of
thickness of the lamina propria of the vocal folds and analyzed histopathologic changes in each group after three months. Results.
The thickness of the lamina propria was significantly reduced in the group that received the ADSC injection, as compared to the
normal/scarred group. The collagen deposition, the hyaluronic acid, the elastin levels, and the organization of elastic fibers tend
to return to normal after the injection of ADSC. Conclusions. Autologous injection of adipose-derived stem cells on a vocal fold
chronic scar enhanced the healing of the vocal folds and the reduction of the scar tissue, even when compared to other treatments.

1. Introduction
The human vocal fold consists of three layers: the epithelium,
the lamina propria, and the vocal muscle. The epithelium of
the vocal fold is a stratified squamous cell epithelium [1].
At the boundary between the epithelium and the underlying
lamina propria there is a thin supportive structure formed
from collagen, called basal lamina. The lamina propria in
human vocal folds consists of three layers. The superficial
layer of the lamina propria consists of myofibroblasts and
macrophages, although the extracellular matrix is composed
of collagen, elastin, hyaluronic acid, and fibronectin. The
intermediate layer also has macrophages and myofibroblasts
but the principal element of the extracellular matrix is the
hyaluronic acid and the elastic fibers. The deep layer of the
lamina propria is mostly composed of collagen, macrophages,

and fibroblasts. This 3-layered structure and the specific
microstructure provide the unique vibratory properties of the
human vocal folds [2–5].
Vocal fold trauma due to inflammation, injury, radiotherapy, or surgery can lead to the formation of scar tissue. The
microstructure of the lamina propria changes drastically by
losing the distinctive 3-layer structure. There is an increase
of collagen formation to the full depth of the lamina propria
of scarred vocal folds which seems to form thick, organized
bundles. The elastic fibers are present in the three layers
but are disorganized and although the hyaluronic acid has
the same density compared to the normal vocal fold, its
distribution is uniform in all three layers of the lamina
propria and even more accentuated in the deep layers [6–
8]. This scar tissue resulting from the healing process causes
stiffness and modifies the unique biomechanical properties of
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74 rabbits

58 rabbits:
scarification of
vocal folds

16 rabbits:
normal/control

Figure 1: Normal vocal fold.

20 rabbits lost

30 rabbits:
therapeutic
treatment

15 ADSC injection

8 rabbits:
scar/control

15 rabbits:
hyaluronic acid
injection

Scheme 1: Plan of protocol.

the vocal fold. The mucosal wave during phonation is altered
and the patient presents with dysphonia.
Numerous phonosurgical procedures have been attempted to restore the vibratory properties of the scarred vocal
folds. This includes injection of collagen [9], hyaluronic acid
[10, 11], hydroxyapatite [12], acellular xenogenic matrix [13],
autologous fat [14], or even thyroplasty type III and scar
excision. All these surgical treatments are not exempt from
complications such as formation of granulation or stiffness of
the remaining vocal fold. Voice therapy is a more conservative
treatment with various results. None of them had been
attempted with an optimal result.
Recently, several studies have been performed in animal
models regarding the effect of cell therapy on scarred vocal
folds, human embryonic stem cells [15], human mesenchymal
stem cells from bone marrow [16], or autologous adipose
stem cells in scarred vocal folds [17, 18], with very promising
results. The experimental model in the vast majority of
studies is based on creating a trauma on the vocal fold and
within seven days maximum, there is implantation of stem
cells. Our protocol was based on creating a trauma on the
vocal folds of an experimental model (rabbit) and adiposederived stem cells (ADSC) were infused on the scar after 18
months. We compared our results with a control group which
did not receive any treatment and a group of experimental
models in which we infused hyaluronic acid in the scarred
vocal fold (Scheme 1).

2. Materials and Methods
2.1. Experimental Model. The principle study design was
used by several investigators. Our experimental models were
three-month-old white male New Zealand rabbits with a
body weight between 2.900 Kg and 3.950 Kg. Rabbits were

Figure 2: Creation of a trauma using cold instruments.

chosen for their relatively small size and low cost as an experimental model but large enough vocal folds to work with. The
vocal folds of rabbits also present a three-layered structure
like in human beings. All the animal care and experimental
procedures were conducted in accordance with the guide
of animal experiments and the experimental protocol had
been approved by the Scientific Committee of ExperimentalResearch Center ELPEN and by Veterinary Authority of East
Attica Prefecture (pd 160/1991, EU Directive 609/1986).
We used 74 white New Zealand rabbits for the protocol.
Sixteen of them were used as control group (normal/control
group) to compare our results to normal, uninjured vocal
folds. These rabbits were sacrificed by an overdose of phenobarbital sodium intravenously.
2.2. Vocal Fold Scarring. After premedication with glycopyrrolate (0.1 mg/Kg intramuscular) and diazepam (2 mg/Kg
intramuscular), all animals were anesthetized with a solution
of xylazine (Rompun, 35 mg/kg intramuscular) and ketamine
(5 mg/kg intramuscular). The remaining 58 animals were put
on a custom-made ramp and with the use of video monitor
and a rigid endoscope (4 mm diameter, 0 degrees, MEGA) we
proceeded with direct laryngoscopy and visualization of the
vocal folds. If any anatomical anomalies were revealed, the
animal was ruled out. The scarring procedure was performed
with a Hartmann ear forceps, excising epithelium and the
lamina propria of the anterior and middle portion of the vocal
fold, creating a large defect (Figures 1–3). We administrated
immediately postoperatively dexamethasone (Dexamethasone 0.6 mg/Kg) and cefuroxime (Zetagal 30 mg/Kg intramuscularly per day for 3 days, divided into two doses). Seven
animals died immediately postoperatively, and 13 died within
the following twenty days postoperatively. The remaining 38
animals were transferred to a warrant for about 18 months.
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Figure 3: Bilateral trauma on vocal folds.

Figure 5: Hematoxylin-eosin. 40x vocal fold: adipose mesenchymal
stem cells after isolation, before infusion in animal model.

Figure 4: Scar tissue on bilateral vocal folds.

After 18 months we performed a direct laryngoscopy to
assess the scar and to rule out any experimental models
that had granuloma or polyp formation (Figure 4). From
the remaining population, we sacrificed 8 rabbits using an
overdose of phenobarbital sodium and used them as control
group (control/scarred vocal group).
2.3. Adipose Mesenchymal Stem Cell Preparation and Characterization. After 18 months 15 rabbits received anesthesia
with 50 mg/Kg of ketamine and local anesthesia (lidocaine)
in the right inguinal region. We isolated adipose tissue (max
0.2 grams). The incision was sutured in layers.
To isolate ADSC, we digested adipose tissue at 37∘ C for
40 min using 0, 2% collagenase type I, and 2% bovine serum
albumin and neutralized the enzyme activity with Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS). Then, it was centrifuged at 430 ×g (1400)
for 10 min without brakes and we resuspended pellet in
100 𝜇L of PBS (buffer), added 10 𝜇L of FcR Blocking Reagent
and 10 𝜇L of CD271-APC (107 cells), mixed them well and
incubated them for 10 min in the refrigerator (2–8∘ C), washed
cell by adding 500 𝜇L/1 mL PBS (per 107 cells) and centrifuge
at 300 ×g for 10 min, aspirated supernatant completely and
resuspended cell pellet in 100 𝜇L of PBS (per 107 cells),
added 10 𝜇L of FcR Blocking Reagent and 20 𝜇L of AntiAPC MicroBeads per 107 cells, incubated them for 15 min in
the refrigerator (2–8∘ C), washed cell by adding 500 𝜇L/1 mL
PBS (per 107 cells) and centrifuge at 300 ×g for 10 min, and
aspirated supernatant completely and resuspended pellet in
500 𝜇L of PBS per 107 cells.
2.4. Magnetic Separation with LS Columns and Flow Cytometry Analysis. We chose the 25 LS MACS separator columns in
order to get 108 cells as the maximum number of labeled cells

and 2 × 109 maximum number separators of total cells. The
column was placed in the magnetic field and was prepared
by rinsing through 2 × 3 mL of PBS each column. Then the
cell suspension was applied onto the column. We collected
the unlabeled cells that passed through and the column
was washed with 3 × 3 mL of buffer. The total effluent was
collected (this was the unlabeled cell fraction). We repeated
the washing step by adding buffer three times. After the
washing step was finished we removed the column and placed
it on a 25 mL Falcon tube. A 5 mL buffer was pipetted into
the column and immediately we flushed out the magnetically
labeled cells by firmly pushing the plunger into the column.
The total volume of 5 mL ADSC (Figure 5) was collected
in the 25 mL Falcon tube and was placed in ice before the
infusion in our animal models.
A Cytomics FC500 by Beckman Coulter was used with
CXP software for the Cytomics FC500 flow cytometry system
version 2.2. We used 500 𝜇L from the total volume of 5 mL
ADSC in order to count the total number of cells and their
viability, by adding 10 𝜇L of 7-AAD for viable cells, using flow
cytometry. A total of 100,000 cells/mL were isolated. Sample
analysis was completed typically within 10 minutes.
2.5. Vocal Fold Injections. After three hours (time needed for
the isolation of the adipose stem cell), we proceeded with
the premedication and anesthesia of all rabbits, according
to the previous protocol. All animals were put in a custommade ramp and with the use of video monitor and a
rigid endoscope (4 mm diameter, 0 degrees, MEGA) we
proceeded with direct laryngoscopy and visualization of
the vocal folds. If any anatomical anomalies were revealed,
the animal was ruled out. In the 15 rabbits from which
we isolated the adipose stem cells, we proceeded with the
injection in both vocal folds of 0.1 mL of solution of stem cells,
approximately 10,000 stem cells (Figure 6). The injection
was performed in the middle third of the vocal fold, in
0.1 cm of depth. We used a long needle of 27 G, with a
marker of 0.1 cm at the end. We took great care to ensure
that each injection was an autologous graft (group stem
cells). In the remaining 15 rabbits we injected in both vocal
folds (group hyaluronan) 0.1 mL of hyaluronic acid (stabilized, non-animal origin hyaluronic acid 25 mg/mL, Gallop
Biological Products, China). We administrated immediately
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Figure 6: Injection of ADSC.

Figure 8: Schematic overview of lamina propria thickness. Lines
AB, CD, and EF represent three different points for the calculation
of the median. Measurements were performed in mm. Lines GH
and IJ represent the division of the lamina propria in three equalin-thickness layers, SLP, ILP, and DLP.

Figure 7: Vocal folds 3 months after the injection of ADSC.

postoperatively dexamethasone (Dexamethasone 0.6 mg/Kg)
and cefuroxime (Zetagal 30 mg/Kg intramuscularly per day
for 3 days, divided into two doses). We lost six rabbits
immediately postoperatively.
2.6. Dissection. After three months we proceeded with direct
laryngoscopy to assess the morphological changes in the
vocal folds (Figure 7). The rabbits were sacrificed with an
overdose of phenobarbital sodium intravenously. Each larynx
was dissected from the thyroid cartilage to the third tracheal
ring and put in a solution of 10% formaldehyde. The larynges
were finally embedded in paraffin wax and cut into 5 𝜇m thick
horizontal sections, covering the whole thickness of the vocal
folds.
2.7. Histological Staining and Measurements. Staining was
made with hematoxylin and eosin and images analysis was
made at 10x, 20x, and 40x magnifications (Axiolab ZEISS
microscope). Lamina propria thickness was assessed by a
hematoxylin and eosin stain at ×10 magnification and was
assessed by measuring the distance from the basal lamina
of the epithelium down to the thyroarytenoid muscle. Measurements were made at three spots of the lamina propria
of each vocal fold, at the middle third of uninjured vocal
folds, and at the site of the scar tissue in treated vocal folds.
We measured the thickest part, the thinnest part, and an
intermediate one and we calculated the median (Figure 8).
Collagen deposition through the three layers of lamina
propria was assessed with Masson’s trichrome staining (BioOptica, Milan). Hyaluronic acid is an anionic, nonsulfated
glycosaminoglycan that appears in great quantities in the
superficial layers of the lamina propria of normal vocal folds
but in less quantity in the deep layers. For the assessment
we used Alcian blue stain (Sigma Aldrich), which stains

glycosaminoglycans including hyaluronic acid into a bluishgreen color. Elastic fibers are found in abundance mainly
in the intermediate layer of the lamina propria in humans.
We used reticulin stain (Reticulin and Orcein Kit, Dako,
Denmark) to assess the elastic fibers. These assessments
were performed in a double blind way by two examiners,
in which the examiners were not informed of the group
to which each slide belonged and recorded the results on
a subjective scale of 1–3, ranging from mild to important.
The elastin was also studied as to the infrastructure of the
fibers and graded on a subjective scale of 1–3, ranging from
mild to important disorganization and fragmentation of the
fibers.
2.8. Statistical Analysis. For statistical analysis of the data
we used SPSS, version 20.0. The thickness of lamina propria
between the different groups was tested by a 1-way analysis of
variance (ANOVA). For the structure of the elastin and the
density of collagen, hyaluronan, and elastin, we proceeded
to logarithmic transformations considering that the variables
are not normally distributed (Kolmogorov-Smirnov control,
p < 0.001). Then we performed comparisons between the
groups using the Bonferroni method. Results are depicted in
Figures 13–23, using boxplots. The median of results (density)
is emphasized by the bold line. The numbers depicted are
outlier values, observations in a data set which are far
removed in value from the others in the data set. They are
unusually large or have an unusually small value compared
to the others.

3. Results
3.1. Laryngeal Morphological Changes. In the untreated group
(control B), the surface of 100% vocal folds was irregular,
with a scar and stiffness. In the group that received ADSC
implantation, the surface of the vocal fold tends to be
smoother, with fewer irregularities (Figure 7). In the group
that received hyaluronan injection the surface of the vocal
fold remains irregular and stiff.
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Figure 9: (a) Normal vocal fold. (b) Scarred vocal fold. (c) Injection of ADSC. (d) Injection of hyaluronan.

3.2. Laryngeal Pathological Changes
3.2.1. Thickness of Lamina Propria. In the normal population
the mean value of the lamina propria is 0.1 mm (maximum:
0.35 mm, minimum: 0.03 mm, Figure 9(a)). In the control
group, we can observe that, 18 months after the creation of
the lesion and the scar tissue formation, the mean thickness of the lamina propria is considerably increased, mean
value of 0.3 mm (maximum: 0.55 mm, minimum: 0.09 mm,
Figure 9(b)) (𝑝 < 0.001). In the group in which stem cells
were infused, the thickness of the lamina propria returns to
normal values and tends to be of the same values as in the
normal group, mean of 0.1 mm (𝑝 < 0.05, comparing with
control group) (maximum: 0.45 mm, minimum: 0.03 mm,
Figure 9(c)). In the group in which we injected hyaluronic
acid, we can observe that the thickness of the lamina propria
is also reduced and tends to return to normal (Figure 9(d)).
There is no statistically significant difference between the
thickness of the lamina propria in the stem cell group and
that in the hyaluronan group.
3.2.2. Collagen. The collagen in the normal vocal folds is
mainly distributed in the intermediate and the deep layers

of the lamina propria (Figure 10(a)). In the control group in
which we created a scar, we can observe that the amount
of collagen is significantly increased in the superficial layers
of the lamina propria (𝑝 < 0.05) when compared to the
normal vocal folds (Figure 10(b)). In the intermediate and
the deep layers we can see an increase of the density but it is
not statistically significant. In the group in which we injected
adipose stem cell we can observe that we have a significant
reduction of the amount of collagen into the three layers
of the lamina propria comparing to the control (superficial
𝑝 value = 0.003, intermediate 𝑝 value = 0.002, and deep 𝑝
value = 0.02, Figure 10(c)). In fact, the collagen levels seem
to be identical between the normal group and the stem cell
group, in the superficial and the deep layers, and only in
the intermediate layers in the stem cell group are reduced
(p value = 0.009). When compared to the group in which
we infused hyaluronan, it seems that the amount of collagen
remains increased as it was in the control group (Figures 14–
16 and 10(d)).
3.2.3. Elastin. The elastin is located mostly in the intermediate layer of the lamina propria as seen by the median
(Figure 11(a)). In the control group, we observed that when

6

Stem Cells International

(a)

(b)

(c)

(d)

Figure 10: (a) Normal vocal fold. (b) Scarred vocal fold. (c) Injection of ADSC. (d) Injection of hyaluronan.

we had formation of a scar tissue, the amount of elastin
was reduced in the superficial (𝑝 value < 0.001) and in
the intermediate (𝑝 value = 0.012) layer, when compared
to the normal vocal fold (Figure 11(b)). In the group in
which we infused stem cells, although there is an increase
of elastin through the three layers of the lamina propria,
this difference is not statistically significant (Figure 11(c)).
The same is also true for the group in which we injected
hyaluronan (Figure 11(d)). There is a tendency to increase
in the elastic fibers when compared to the control group
but it is not statistically significant. We also observed the
structure of the elastin. In the group of normal vocal folds,
the structure of the elastin is linear, not disturbed in bundles.
In the control group we observed that the elastic fibers were
more disorganized, fragmented, and shorter (𝑝 < 0.05). In
the group in which we infused stem cells the structure of
elastic fibers returns to normal. In the group in which we
infused hyaluronic acid, the elastic fibers also tended to have
a more normal structure, as in the normal group and the
stem cell group. There is no statistically significant difference
between the normal group, stem cell group, and hyaluronan
group, although when we take a look at the means and the
median between the stem cell group and the hyaluronan
group, in the stem cell group elastic fibers tend to be less
disorganized (Figures 17–20).

3.2.4. Hyaluronic Acid. In the normal vocal folds the
hyaluronic acid is also mainly distributed in the intermediate
and the deep layers of the lamina propria (Figure 12(a)).
In the control group, in the presence of the scar tissue we
observed that we have a statistically significant reduction of
the amount of hyaluronan in the superficial layers (𝑝 = 0.017)
and the intermediate layers (𝑝 = 0.007), when compared
to the normal vocal folds (Figure 12(b)). When we compare
the infused adipose stem cells group to the control group
there is an increase of the amount of hyaluronan through
the three layers of the lamina propria which is not statistically significant (Figure 12(c)). Also, when we compare the
amounts of hyaluronan between the normal group and the
stem cell group there is no statistically significant difference
either. In the group where we infused hyaluronan into the
scarred vocal folds, the amount of hyaluronan in the vocal
folds remains reduced, as it was in the scarred vocal folds, and
in the intermediate layer was even more reduced (𝑝 = 0.02,
Figure 12(d)). When compared to the normal vocal folds, the
amount of hyaluronan is reduced in the superficial and in the
intermediate layer of the lamina propria (Figures 21–23).

4. Discussion
Vocal folds have a highly specific structure, based on a specific
distribution of the different cellular population and the
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Figure 11: (a) Normal vocal fold. (b) Scarred vocal fold. (c) Injection of ADSC. (d) Injection of hyaluronan.

different constituents of the extracellular matrix. When there
is a trauma on the vocal fold, a high intensity inflammatory
process takes place, in order to restore the structure and the
function of the vocal fold. In case of a great trauma and as a
consequence an intense inflammatory response, the healing
process can lead to the formation of a scar tissue. This scar
tissue mostly located in the lamina propria of the vocal fold
adds great stiffness and interferes with the normal vibratory
properties of the vocal fold by losing the three-layered
structure of the lamina propria. Clinically patients present
with dysphonia, hoarseness, loss of vocal range, and strain.
Numerous treatment modalities and injection materials have
been applied in order to treat the glottal insufficiency caused
by scar tissue or vocal paralysis. None of them led to an
optimal result.
According to Arnold [19], the requirements for injection materials include minimal tissue response, absence of
oncogenicity, ease of injection, nonabsorbability, and absence
of migration. Injection of autologous fat has been used for
the last 30 years. The great disadvantage of this method is
that the adipose tissue used must be carefully rinsed with
saline to remove any clots. Then it must be harvested in
very small pieces and injected using a special Bruening
Pressure Syringe, due to its elevated viscosity. Over the years,

surgeons observed that the injected fat can be absorbed or
migrate during the months following the intervention [20].
Hyaluronic acid-based injection materials have viscoelastic
properties that resemble those of human vocal folds and
present a good safety profile [21]. The major disadvantage is
that the voice improvement generally lasts about 4–6 months,
due to the degradation of hyaluronic acid.
Over the last years, much attention has been directed
in the cell therapy research and regenerative medicine.
Regenerative cell therapy involves the delivery of autologous
or nonautologous mesenchymal stem cell, with the purpose
of tissue and organ regeneration and reconstruction. Level
of evidence was progressive within the years. Hanson et al.
[22] proved that human vocal fold fibroblasts have the same
immunophenotypic characteristics and cell surface markers
as bone marrow and adipose tissue mesenchymal stem cells.
In another study, human adipose stem cells were isolated
and cultured in a fibrin hydrogel with a growth factor
supplementation and compared to cadaveric human vocal
folds [23].
This study gives a great amount of information concerning the pathological changes following the implantation of
adipose stem cell in a chronic vocal fold wound. In our study
the density of collagen after the implantation of adipose stem
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Figure 12: (a) Normal vocal fold. (b) Scarred vocal fold. (c) Injection of ADSC. (d) Injection of hyaluronan.
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Figure 13: Mean thickness (mm) of the lamina propria (LP),
through the different treatment groups. Normal = normal/control
group, control = scarred/control group, stem = stem cell group, and
hyaluronan = hyaluronan group.

Figure 14: Density of collagen in the superficial lamina propria
(SLP). Normal = normal/control group, control = scarred/control
group, stem = stem cell group, and hyaluronan = hyaluronan group.

cell is reduced significantly at the same levels as the normal,
uninjured vocal folds. In studies where adipose stem cells
have been used, Liang et al. [24] and Hu et al. [25] had the
same results in an acute model of scarred vocal fold. Hong

et al. [18] had also a reduction of collagen levels, although
the adipose stem cells were not autologous. On the contrary
Cedervall et al. [15] failed to prove difference concerning
collagen levels between scarred vocal folds and treated ones,
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Figure 17: Density of elastin in the superficial lamina propria (SLP).
Normal = normal/control group, control = scarred/control group,
stem = stem cell group, and hyaluronan = hyaluronan group.
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Figure 15: Density of collagen in the intermediate lamina propria
(ILP). Normal = normal/control group, control = scarred/control
group, stem = stem cell group, and hyaluronan = hyaluronan group.
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Figure 16: Density of collagen in the deep lamina propria (DLP).
Normal = normal/control group, control = scarred/control group,
stem = stem cell group, and hyaluronan = hyaluronan group.

Figure 18: Density of elastin in the intermediate lamina propria
(ILP). Normal = normal/control group, control = scarred/control
group, stem = stem cell group, and hyaluronan = hyaluronan group.

where the cell therapy was based on human embryonic stem
cells in an acute model of scarred vocal folds.
When we want to compare the effects on quasi-mature
scar regardless of the type of mesenchymal stem injected, we
see that Svensson et al. [26], in a study where they injected
human mesenchymal stem cells in a mature scar, did
not observe any statistically significant difference between
scarred and treated vocal folds. Thibeault et al. [27], while
injecting autologous fibroblasts in a mature scar having
been cultured or not in an extracellular matrix environment,
observed that the density of collagen was even greater in the
treated than in the normal vocal folds. This can be explained
by the fact that mature fibroblasts probably do not have the
potential to modulate the scar and that their implantation
just as any additionally surgical intervention reboots the
inflammatory process of healing.

In our study we failed to prove an increase of elastic fibers
in the group of animals that were treated with adipose stem
cell, although there is a clear tendency. The fact is that we
demonstrate a significantly better structure and rearrangement of the fibers of elastin, when compared to the scarred/
untreated group. We observed the same result in the
vocal folds which were treated with hyaluronic acid. This
result could be explained based on the hyaluronan antiinflammatory profile as shown by the study of Hanson et al.
[28]. The presence of hyaluronan in an inflammatory process
(the injection of any material in the vocal fold leads to a
minimum of trauma and as a consequence to a minimum
inflammatory process) could change the phenotype of
macrophages recruited in the spot, promoting the antiinflammatory phenotype of the macrophages in the detriment of the proinflammatory phenotype. Svensson et al. [16],
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Figure 19: Density of elastin in the deep lamina propria (DLP).
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Figure 21: Density of hyaluronic acid in the superficial lamina
propria (SLP). Normal = normal/control group, control = scarred/
control group, stem = stem cell group, and hyaluronan = hyaluronan
group.
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Figure 20: Level of disorganization of elastic fibers. Normal =
normal/control group, control = scarred/control group, stem = stem
cell group, and hyaluronan = hyaluronan group.

in their study, where they injected human mesenchymal stem
cells in an acute model of scarred vocal folds, did not observe
any statistically significant difference.
There is no great amount of literature on the effects of
cell therapy on the hyaluronan level in a scar tissue of the
vocal folds. In our study, the levels of hyaluronic acid were
significantly reduced in a chronic scar of vocal folds and
returned to the same levels as in normal vocal folds. When
we want to compare the studies in function of injection of
ADSC, regardless of the maturity of the scar tissue, Hu et
al. [25] had the same results in an acute model of vocal fold
scar. In a study where mouse bone marrow-derived clonal
mesenchymal stem cells were injected in an acute vocal fold
wound in a rabbit model, the hyaluronic acid levels were
improved when compared to the scarred (untreated) group
[29]. In the group which was treated with hyaluronic acid,
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Figure 22: Density of hyaluronic acid in the intermediate lamina
propria (ILP). Normal = normal/control group, control = scarred/
control group, stem = stem cell group, and hyaluronan = hyaluronan
group.

the levels of hyaluronan remained decreased when compared
to normal vocal folds. This can be explained by the fact
that hyaluronic acid is an inactive material without any
potential of proliferation by itself. Studies have shown that it
is absorbed and the filler effect lasts some months.
The major difference between the groups treated with
mesenchymal stem cells and hyaluronic acid is the important
dissolution of the excess of collagen fibers in the stem cell
group through all the three layers of the lamina propria (𝑝 <
0.05). Hyaluronic acid tends to be increased in the group
treated with stem cells, compared with the group treated with
hyaluronic acid; this difference was statistically significant in
the intermediate lamina propria.
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Figure 23: Density of hyaluronic acid in the deep lamina propria
(DLP). Normal = normal/control group, control = scarred/control
group, stem = stem cell group, and hyaluronan = hyaluronan group.

In our study we used the mesenchymal stem cells derived
from a minimum amount of autologous fat while in all other
studies the mesenchymal cells derived from bone marrow or
the placenta, a nonautologous source. Few studies exist which
use adipose-derived stem cells but the literature is growing
[17, 18, 24–26]. The advantages of our method are easiness,
painless preparation, and greater stability. Our method does
not require special storage conditions of preparation, until
the time of isolation of mesenchymal stem cell, and does not
involve ethical issues comparing with embryonic stem cells.
It is the only study in which every rabbit received autologous
adipose-derived stem cell.
The laryngoscopy was performed with the aid of mouth
expander and a rigid endoscope of 0∘ /4 mm as opposed to
the use of pediatric Pillings pediatric endoscope used in the
majority of studies. This allows us to have a better exposure
of the operative field.
In the past studies the implantation of mesenchymal stem
cells had been some days (5–7) after the creation of the
vocal cord injury [14, 16, 24, 30, 31] or even before the lesion
[32]. Quinchia Johnson et al. [33] went a step further and
studied the effects of autologous bone marrow mesenchymal
stem cells one month after the trauma of the vocal folds.
This means that the implant is in the middle of intense
inflammatory reaction. In the study we present, implantation
was conducted 18 months after the injury of vocal cord.
Past studies have found that the scar tissue is stable after 6
months of the vocal cord injury [34]. Hiwatashi et al. [17] and
Svensson et al. [26] studied the effects of mesenchymal stem
cells two months after the injury. Thibeault et al. implanted
mesenchymal stem cells after three months of scarification
[27]. Based on the above, the study we present is the first study
with implantation of autologous mesenchymal chronic scar
tissue after so long (18 months).
In the present study we created three groups (untreated
chronic scar group, adipose stem cells group, and hyaluronan
group) and we compared the pathological findings (density of

collagen, elastin, and hyaluronan and thickness of the lamina
propria) between two treatment modalities and one control
group. In previous studies [15, 16], the effects of injection
of mesenchymal stem cells were compared to the injection
of saline. It is the only study that compares the effects of
mesenchymal stem cells on a chronic vocal fold scar to the
effects of hyaluronic acid and to an untreated chronic scar.
Finally, on pathological sections differentiated mesenchymal cells from adipose tissue were identified. The identification was performed using 7-AAD.
Although many interesting points have been made in this
research, it confirms that the amelioration in the microstructure of the vocal fold coexists with the amelioration of the
vibratory properties also. Restoration of a chronic vocal
wound with injection of ADSC has to improve the plasticity
and rheology of the vocal folds.

5. Conclusions
Restoration of a chronic vocal wound still remains a great
challenge. The data presented indicate that the transplantation of adipose-derived mesenchymal stem cells in a chronic
scar can lead to an anatomical regeneration of the vocal fold
by dissolution of the excessive collagen fibers forming the scar
tissue and restoration of the normal structure of the elastic
fibers. Further studies have to be conducted in order to assess
the improvement of the viscoelastic properties.
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[15] J. Cedervall, L. Åhrlund-Richter, B. Svensson et al., “Injection
of embryonic stem cells into scarred rabbit vocal folds enhances
healing and improves viscoelasticity: short-term results,” Laryngoscope, vol. 117, no. 11, pp. 2075–2081, 2007.
[16] B. Svensson, R. S. Nagubothu, J. Cedervall et al., “Injection of
human mesenchymal stem cells improves healing of scarred
vocal folds: analysis using a xenograft model,” Laryngoscope, vol.
120, no. 7, pp. 1370–1375, 2010.
[17] N. Hiwatashi, S. Hirano, M. Mizuta et al., “Adipose-derived
stem cells versus bone marrow-derived stem cells for vocal fold
regeneration,” Laryngoscope, vol. 124, no. 12, pp. E461–E469,
2014.
[18] S. J. Hong, S. H. Lee, S. M. Jin et al., “Vocal fold wound healing
after injection of human adipose-derived stem cells in a rabbit
model,” Acta Oto-Laryngologica, vol. 131, no. 11, pp. 1198–1204,
2011.
[19] G. E. Arnold, “Vocal rehabilitation of paralytic dysphonia: IX,
technique of intracordal injection,” Archives of Otolaryngology—Head & Neck Surgery, vol. 76, no. 4, pp. 358–368, 1962.
[20] T.-J. Fang, L.-A. Lee, C.-J. Wang, H.-Y. Li, and H.-C. Chiang, “Intracordal fat assessment by 3-dimensional imaging
after autologous fat injection in patients with thyroidectomyinduced unilateral vocal cord paralysis,” Surgery, vol. 146, no. 1,
pp. 82–87, 2009.
[21] T. Caton, S. L. Thibeault, S. Klemuk, and M. E. Smith, “Viscoelasticity of hyaluronan and nonhyaluronan based vocal fold
injectables: implications for mucosal versus muscle use,” Laryngoscope, vol. 117, no. 3, pp. 516–521, 2007.
[22] S. E. Hanson, J. Kim, B. H. Quinchia Johnson et al., “Characterization of mesenchymal stem cells from human vocal fold
fibroblasts,” Laryngoscope, vol. 120, no. 3, pp. 546–551, 2010.

Stem Cells International
[23] J. L. Long, P. Zuk, G. S. Berke, and D. K. Chhetri, “Epithelial
differentiation of adipose-derived stem cells for laryngeal tissue
engineering,” Laryngoscope, vol. 120, no. 1, pp. 125–131, 2010.
[24] Q. Liang, S. Liu, P. Han et al., “Micronized acellular dermal
matrix as an efficient expansion substrate and delivery vehicle
of adipose-derived stem cells for vocal fold regeneration,”
Laryngoscope, vol. 122, no. 8, pp. 1815–1825, 2012.
[25] R. Hu, W. Ling, W. Xu, and D. Han, “Fibroblast-like cells
differentiated from adipose-derived mesenchymal stem cells for
vocal fold wound healing,” PLoS ONE, vol. 9, no. 3, Article ID
e92676, 2014.
[26] B. Svensson, S. R. Nagubothu, J. Cedervall et al., “Injection of
human mesenchymal stem cells improves healing of vocal folds
after scar excision—a xenograft analysis,” Laryngoscope, vol. 121,
no. 10, pp. 2185–2190, 2011.
[27] S. L. Thibeault, S. A. Klemuk, M. E. Smith, C. Leugers, and G.
Prestwich, “In vivo comparison of biomimetic approaches for
tissue regeneration of the scarred vocal fold,” Tissue Engineering
Part A, vol. 15, no. 7, pp. 1481–1487, 2009.
[28] S. E. Hanson, S. N. King, J. Kim, X. Chen, S. L. Thibeault,
and P. Hematti, “The effect of mesenchymal stromal cell–
hyaluronic acid hydrogel constructs on immunophenotype of
macrophages,” Tissue Engineering A, vol. 17, no. 19-20, pp. 2463–
2471, 2011.
[29] Y.-M. Kim, T. G. Yi, J.-S. Choi et al., “Bone marrow-derived
clonal mesenchymal stem cells as a source of cell therapy
for promoting vocal fold wound healing,” Annals of Otology,
Rhinology and Laryngology, vol. 122, no. 2, pp. 121–130, 2013.
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The incidence of severe ischemic heart disease caused by coronary obstruction has progressively increased. Alternative forms of
treatment have been studied in an attempt to regenerate myocardial tissue, induce angiogenesis, and improve clinical conditions.
In this context, cell therapy has emerged as a promising alternative using cells with regenerative potential, focusing on the release
of paracrine and autocrine factors that contribute to cell survival, angiogenesis, and tissue remodeling. Evidence of the safety,
feasibility, and potential effectiveness of cell therapy has emerged from several clinical trials using different lineages of adult
stem cells. The clinical benefit, however, is not yet well established. In this review, we discuss the therapeutic potential of cell
therapy in terms of regenerative and angiogenic capacity after myocardial ischemia. In addition, we addressed nonpharmacological
interventions that may influence this therapeutic practice, such as diet and physical training. This review brings together current
data on pharmacological and nonpharmacological approaches to improve cell homing and cardiac repair.

1. Introduction
Cardiovascular events are among the leading causes of
morbidity and mortality worldwide [1], and ischemic heart
disease (IHD), caused by coronary obstruction, accounts for
80% of deaths from cardiovascular disease [2]. Although current pharmacological and surgical therapies have promoted a
decrease in mortality rates due to acute myocardial infarction
(AMI), they cannot promote the recovery of the injured
area. Many patients develop chronic complications related
to ischemia or myocardial necrosis, such as congestive heart
failure [3]. Therefore, there is a need to develop new strategies
to promote coronary revascularization and restoration of
cardiac function.
Cell therapy has emerged as a promising alternative
strategy, since it involves the delivery of cells with regenerative potential, mainly through the release of paracrine and
autocrine important factors that contribute to cell survival,
angiogenesis, and tissue remodeling [4–6]. The different
lineages of stem cells, which have shown therapeutic potential

for cardiovascular disease, can be broadly classified as bone
marrow derived cell (BMDC) [7], bone marrow derived
mesenchymal stem cells (MSC) [8], adipose derived mesenchymal cell (ADSC) [9], hematopoietic stem cells (HSC)
[10], and cardiac stem cells (CSC) [11].
Despite the progress made since the first clinical trial
conducted by Menasché et al. [12], cell therapy is far from
being an established treatment for patients with myocardial
infarction. The lack of robust results due to the low rate
of survival and poor retention of transplanted cells in the
injured tissue [13] as well as the cell type and route of
administration seem to affect the treatment success [14, 15].
In recent years, there has been a large effort to elucidate
the mechanisms of stem cells in regenerating damaged
tissues. One of the key mechanisms is the release of signaling
molecules of injury and capture of the stem cells, which
are involved in proliferation, migration, differentiation, and
engraftment in the target tissue [16]. This process is called cell
homing and it is characterized by a molecular axis resulting
from the interaction of the chemokine Stromal-Derived
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Factor-1 (SDF-1 or CXCL-12) with its specific receptor, the
CXC chemokine receptor type 4 (CXCR-4) [16]. This pathway
is influenced by various cytokines that modulate the immune
system and the expression of growth factors as well as
other molecules activated in response to physiological and
pathological tissue regeneration.
Homing, in its magnitude, can be influenced both by
heart disease (especially ischemic) and by therapeutic process
either positively or negatively. Often, drugs used in the treatment of diseases inhibit cellular processes and consequently
cell proliferation necessary for the tissue repair. In contrast,
nonpharmacological interventions such as diet and physical
activity can promote adequate conditions for cell homing
[36]. In this context, activation of homing is the first step for
tissue regeneration. The objective of this review is to discuss
the main mechanisms of cell therapy for regeneration and
angiogenesis in myocardial ischemia, focusing on the factors
that may influence this therapeutic practice, such as diet,
physical training, and pharmacological interventions.

2. Pathological Factors Leading to
Cardiac Remodeling
According to World Health Organization (WHO), in 2011,
IHD was the leading cause of death worldwide [37]. The
ischemic process is characterized by the lack of blood supply
to the tissue due to an obstruction caused by a thrombus
formed by fatty deposits or blood clots. The main cause of
ischemia is hypoxia, which leads to a lack of glucose and
oxygen supply to cells and consequently to cell death. The
clinical outcome of atherosclerosis is AMI, characterized by
cell death by necrosis due to a lack of blood supply [38].
According to Antman et al. [38], in most cases, myocardial
infarctions are transmural; that is, the ischemic necrosis
involves the entire or almost the entire thickness of the
ventricular wall in the distribution of a single coronary artery.
Subsequently, the subendocardial infarct is an ischemic
necrosis area limited to a third or, at most, a half of the
ventricular wall [39]. The consequent loss of cardiomyocytes
in AMI reduces the ability of cardiac tissue to pump blood
from the left ventricle, leading to a progressive ventricular
dilatation and reduced ejection capacity [39]. Patients who
survive myocardial infarction become predisposed to chronic
complications arising from repair mechanisms. In response
to myocardial injury, a sequence of molecular and physiological responses is triggered, leading to ventricular remodeling
and heart failure [40].
Activation of the immune response by AMI is characterized by migration and aggregation of cells of innate immunity,
activation of the complement cascade, secretion of cytokines,
such as interleukin-1 (IL-1), interleukin-2 (IL-2), interleukin6 (IL-6), and tumor necrosis factor type-alpha (TNF-𝛼) [41],
and increase in T and B cells [42] and ROS [43, 44]. This
phenomenon is the main responsible for the progressive
functional losses that characterize cardiac ischemic events.
However, the high release of cytokines and growth factors and
the expression of adhesion molecules are also essential for the
recruitment of progenitor cells (such as tissue-resident cells)
from the bone marrow and their circulation to the injured
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organ [45, 46]. This is characterized by the activation of a
gradient of molecules and cells, which is also an evidence of
the body’s attempt to perform tissue repair.
Cell homing refers to this process whereby the cells are
attracted to the chemoattractant gradient in response to
ischemic tissue injury modulated by cytokines produced by
damaged tissues or cells in apoptosis [47]. Progenitor cell
homing is a physiological mechanism that occurs in all tissues
for the replacement of cells. In this process, SDF-1 and its specific receptor, CXCR-4 [48], are the main molecules involved,
allowing the adhesion and transmigration of cells, mainly
circulating proangiogenic and hematopoietic stem cells [49].
In response to AMI, an increase in SDF-1 expression in the
infarct and peri-infarct areas and a reduction in their levels
to baseline values within 7 days have been demonstrated
[50]. In AMI, SDF-1 also exerts its effects via activation of
phosphatidylinositol 3-kinase (PI3K) and mitogen-activated
protein kinase (MAPK) and hence activates the enzyme
endothelial nitric oxide synthase (eNOS) and increases nitric
oxide (NO) production [51]. Although the SDF-1/CXCR4 axis is activated by physiological mechanisms, including
the replacement of cells in apoptotic processes, therapeutic
procedures can modulate activation of these progenitor cells.
In this way, treatment with injection of stem cells (cell
therapy) may have an important action on the activation of
homing process.
Many therapeutic strategies have been investigated to
reduce the adverse effects of heart disease and associated
risk factors, such as ventricular remodeling and consequent
chronic heart failure (CHF) [52]. Studies have shown that
stem cell therapy has the potential to regenerate myocardial
tissue, induce angiogenesis, and thus improve the clinical
course of the disease [8, 53–55]. Table 1 shows the main
clinical protocols, the cell source, the delivery process, and
the outcomes in relation to the regenerative process in cell
therapy.

3. Cell Therapy for Angiogenesis in
Myocardial Ischemia
After the ischemic event, the restoration of blood flow and
oxygen supply to the ischemic tissue results in the production
of ROS, which are highly damaging to cells and can cause
an exaggerated systemic inflammatory reaction [44, 56].
Thus, reperfusion, required for the recovery of cell function,
can aggravate the injury of ischemia, causing irreversible
damage to tissue and cell death. Both prolonged ischemia
and reperfusion may cause myocardial hibernation, characterized by the occurrence of chronic ventricular dysfunction.
The pathophysiology of hibernating myocardium seems to
be complex, involving repetitive postischemic dysfunction,
which leads to phenotypic changes in myocardial cells,
degeneration of myocytes, and tissue fibrosis [57]. Additionally, the condition is associated with a dynamic inflammatory process characterized by expression of the monocyte
chemoattractant protein-1 (MCP-1) and continuous infiltration of leukocytes [58]. Regarding this molecular context,
cardiology is undergoing one of the biggest revolutions in
decades: a series of preclinical and clinical studies supporting
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Intramyocardial/intracoronary

Intracoronary

CD133 cells, 12 days after AMI
(15 × 106 )
BMSC, early group, 3–6 weeks, and late
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BMSC, 1 day after AMI
(2 × 108 )
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BMDC
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Cardiopoietic stem cells
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Primary outcome
6 months after therapy
↑ LVEF (𝑝 = 0.01)
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4 months after therapy
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↑ LVEF (𝑝 = 0.039, early
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↓ infarct size (𝑝 = 0.001,
early group)
4 months after therapy
↔ LVEF (𝑝 = 0.36)
↓ infarct size (𝑝 = 0.036)
6 months after therapy
↔ LVEF (𝑝 = 0.66)
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↔ LVESV (𝑝 = 0.79)
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Menasché et al. [12]
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Bartunek et al. [18]

Wollert et al. [17]

Chen et al. [8]

Reference

AMI, acute myocardial infarction; BMMC, bone marrow mononuclear cells; MSC, mesenchymal stem cells; ADSC, adipose derived stem cells; LVEF, left ventricular ejection fraction; LVEDV, left ventricular enddiastolic volume; LVESV, left ventricular end-systolic volume; BMSC, bone marrow derived stem cells; CHF, chronic heart failure.
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Table 1: Clinical trials using cell therapy protocols for ischemic heart disease.
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the hypothesis that the injured heart tissue could be repaired
with stem cell administration and consequent formation of
new vessels and myocytes [59]. Approaches in which the
cells are used to produce factors promoting angiogenesis and
regeneration of the ischemic tissue in the peri-infarct zone
stand out [60].
Besides BMDC, MSC, ADSC, HSC, and CSC [23, 61],
specific types of cells have been used for this purpose,
such as those derived from skeletal myoblasts [12], induced
pluripotent stem cells (iPSC) [62], and endothelial progenitor
cells (EPC) [63]. These cells are used to stimulate angiogenesis
by the expression of growth factors (vascular endothelial
growth factor (VEGF), fibroblast growth factor, hepatocyte
growth factor, granulocyte-colony stimulating factor, and
angiopoietin-1 (Angpt-1)) [64–66] via a local paracrine
mechanism in response to ischemia. These cells can also
participate as precursor cells for vasculogenesis, acting as
a vehicle to deliver therapeutic genes encoding angiogenic
factors (VEGF, Angpt-1, and SDF-1/CXCR-4) and increasing
the mobilization of EPC and subsequent neovascularization
[65, 67].
In the scope of clinical cardiovascular research on neovascularization and cardiomyogenesis, considerable progress
in the use of adult stem cells for cell transplantation has
been made using HSC, BMDC, MSC, and EPC [60, 63].
Neovascularization in postmyocardial infarction patients can
be mediated by the incorporation of vascular progenitor
cells into the capillary or by the delivery of growth factors
and cytokines that enhance angiogenesis by affecting mature
endothelial cells [68, 69]. In this context, humoral and
paracrine factors released from stem cells and progenitor cells
can improve cardiac function by reducing the apoptosis of
cardiomyocytes or by activating CSC to increase cardiomyogenesis [70]. In relation to the effectiveness of the use of
adult stem cells for cell transplantation, the variability in the
reported findings may be partly explained by differences in
the delivery methods, treatment logistics, and target diseases
[71]. Despite positive effects on recovery of cardiac function
in most of the studied groups, no significant changes in
the ejection fraction have been reported [17, 18, 20, 72, 73],
showing the need for technical refinements, standardization
of scientific protocols, and validation of the findings.
In addition, a reduction in the number and function of autologous stem cells associated with comorbidities has been reported. Also, the paracrine effect on “diseased cells” and how these cells can be regenerated before
transplantation has been investigated. In this regard, some
experimental studies have identified alternative strategies to
enhance cell survival, retention, integration, and homing
[74]. These include genetic modification of stem cells prior
to transplantation (cell transduction with prosurvival genes)
and pretreatment of cells with other molecules (e.g., P38
inhibitors and eNOS) [75, 76], aiming at promoting tissue
angiogenesis. Besides, experimental studies have focused
on the use of cardiomyocyte implantation over the long
term and its functional integration in rodents, motivating
the translation of this approach to a nonhuman primate
model of myocardial lesion [77]. More recently, cardiacderived stem cells originally postulated as cardiomyocyte
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progenitors have been used in clinical trials [11]. In these
studies, these cells are obtained from myocardial biopsies and
cultured for obtaining an autologous population [78]. Once
the ischemic insult results in death of myocytes secondary
to vascular damage and decreased regional blood flow, cell
therapy seeks to promote angiogenesis and myogenesis in
attempt to restore the physiological balance and to prevent
the progression of heart failure. In light of current knowledge
and the complexity of these mechanisms, the most effective
treatment is positively influenced by the natural mechanisms
of repair by the administration or local recruitment of cells
capable of promoting angiogenesis and/or myogenesis [79].
Therefore, therapies for myocardial ischemia should target
signaling molecules whose proregenerative properties are
involved in therapeutic angiogenesis. Furthermore, the usual
pharmacological treatments for cardiovascular diseases may
also interfere in molecular pathways required for the success
of cell therapy.

4. Pharmacological Effects on Cell Therapy
Advances in cardiovascular pharmacology in the last decades
have been fundamental in reducing morbidity, mortality, and
complications related to heart disease. IHD requires long
term control medications. In clinical practice, the pharmacotherapy for IHD is based on the time of disease progression;
in its acute stage, the myocardium undergoes reversible,
morphological changes due to progressive injury represented
by ischemic areas and necrosis and permanent damage in
the chronic phase [80]. These stages are related to a variety
of clinical presentations and potentially fatal complications
requiring optimized pharmacological treatment.
However, the mechanism by which pharmacological
intervention interacts with cell homing, survival, proliferation, and so on is poorly understood. Evidence shows
that pharmacotherapy for the treatment of ischemic disease
and underlying conditions may affect the success of cell
therapy [26, 81]. Preclinical data indicate a dual effect of
pharmacological intervention which is sometimes beneficial
by improving the regenerative potential of the stem cell
therapy [29] and is sometimes harmful to the repair process
[30, 31].
Factors that complicate the maintenance, survival, and
consequently the paracrine action of implanted cells, as
well as their cardiomyogenic potential, constitute limitations
of cell therapy and have been investigated in regenerative
medicine [82]. Both in vivo and in vitro studies have shown
that certain drugs can improve the quality of the local
microenvironment and facilitate the survival and biological
behavior of implanted cells [26, 81, 82]. Moreover, pharmacological treatment may influence the cardiomyogenic transdifferentiation capacity of transplanted cells, with functional
improvements such as increased left ventricular ejection
fraction (LVEF) [34]. All these properties may be applicable
to and effective in clinical practice.
Previous studies have evaluated molecular and cellular
aspects as well as signaling pathways of cardiac repair after
treatment of stem cells [30, 34]. Different drugs used in
clinical practice, including statins, aspirin, and beta-blockers,
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may act in signaling pathways involved in important cellular
responses, including cell homing, activated by the SDF1/CXCR-4 axis [29]. This can have a significant impact on the
progress of cell therapy, particularly in regenerative medicine
focused on cardiac repair.
4.1. Statins. As previously mentioned, the ischemic process
may be caused by blockage of coronary arteries by atherosclerotic plaques. These plaques are prone to rupture and expose
substances that induce thrombosis, causing AMI. Thus, an
approach for treatment and prevention of AMI consists of
reducing the risk factors for atherosclerotic disease. Statins,
among other effects, inhibit atherogenesis by changing circulating levels of plasma lipoproteins and are currently used
in patients with high risk of cardiovascular events [83]. In
addition, experimental data have shown that statins may have
beneficial effects on LVEF and postmyocardial infarction
remodeling [84, 85].
The pharmacological treatment with statins also presents
pleiotropic effects, specifically in inhibiting inflammatory,
fibrotic, and apoptotic processes [86]. Such effects may lead
to an improvement in the local microenvironment, which in
turn enhances the survival capacity and functional recovery
of implanted cells. Using an animal model of myocardial
infarction, Yang et al. [26] showed promising results in
using a combination of stem cells and statins in IHD. This
synergism may be effective in regeneration and repair of
normal myocardial function and postmyocardial infarction
morphology.
In addition, experimental studies have confirmed the
beneficial effect of atorvastatin on postinfarction [25, 27].
Animals treated with atorvastatin followed by MSC transplantation showed enhanced survival of implanted cells and
significant improvement in cardiac function [25, 27]. The
benefits of combination therapy (atorvastatin + MSC) can be
at least partly mediated by increased expression and activation of the enzyme nitric oxide synthase (NOS), particularly
the eNOS isoform [25]. Dong et al. demonstrated that atorvastatin leads to phosphorylation of protein kinase activated
by adenosine monophosphate (AMPK), which results in the
activation of eNOS [87].
Atorvastatin may also influence the signaling processes
activated by the SDF-1/CXCR-4 axis [29]. Evidence indicates
an increase of SDF-1 chemokine levels in animal models of
myocardial infarction undergoing treatment with the drug,
with consequent increase in CXCR-4 receptor activation,
providing antiapoptotic and anti-inflammatory effects. These
effects may be, at least in part, eNOS/NO dependent. Furthermore, activation of SDF-1/CXCR-4 axis culminates in
the activation of a cascade of signaling pathways responsible
for mobilization and stem cell graft which contribute to the
improvement of cardiac function [29].
Furthermore, administration of statins in patients with
coronary artery disease (CAD) may have an influence on
endothelial function. As demonstrated by Vasa et al. [28]
in a group of patients with CAD, atorvastatin treatment
increased the serum levels of circulating EPC. Given the
well-established role of EPC in the repair process after
ischemic injury, these data suggest the potential of statins in
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improving neovascularization, which contributes to survival
and maintenance of tissue viability in acute and chronic
phases of myocardial ischemia, which may be beneficial for
clinical cell therapy protocols.
4.2. Aspirin. Pharmacological therapy for the treatment or
prevention of thrombosis or thromboembolism has been
extensively used in clinical practice because of the high prevalence and serious consequences of these conditions, including
AMI [88]. Antiplatelet agents are particularly important
due to the essential role of platelets in the development of
thrombosis. Aspirin belongs to the class of nonsteroidal antiinflammatory drugs, but it is widely used in low doses in
noninflammatory conditions, such as cardiovascular disorders, primarily because of its antiplatelet effect [88]. However,
in vitro experimental evidence has demonstrated that aspirin
exerts other effects on cell signaling mechanisms [30, 31]. This
drug is of particular interest due to its ability to inhibit cell
proliferation in vitro [89].
Aspirin can also induce cell apoptosis, mediated by mitochondrial caspase-3, which in turn requires the activation of
Wnt/𝛽-catenin [80, 81]. This signaling plays a critical role
in self-renewal, differentiation, and survival of MSC [90].
In contrast to atorvastatin, the use of aspirin may also be
associated with a decrease in the number of circulating EPC
in humans, with a detrimental effect on neovascularization
capacity. This effect may be dose- and time-dependent [32].
4.3. Beta-Blockers. Beta-blockers are prescribed to patients
with myocardial infarction and/or hypertension. These drugs
act in the blocking activity of 𝛽-adrenergic or 𝛼-adrenergic
receptors [91]. Beta-blockers provide a decrease in heart rate
and myocardial contractility and an increase in myocardial
oxygen consumption, significantly reducing the overall workload of the heart and leading to the improvement of ischemic
symptoms [92].
Carvedilol, in addition to the nonselective blockade of
𝛽1-adrenergic, 𝛽2-adrenergic, and 𝛼1-adrenergic receptors,
presents unique antioxidant properties by promoting the
removal of superoxide anions and hydroxyl radicals [93].
In vitro studies demonstrate a protective effect of carvedilol
against the deleterious effects of ROS induced by hydrogen
peroxide and antiapoptotic effect on MSC [33]. Additionally,
in AMI animal models, MSC transplantation in animals pretreated with carvedilol improved cardiac function, reduced
fibrosis, increased angiogenesis and cardiomyocyte survival,
and decreased caspase-3 expression in ischemic heart tissue.
Hassan et al. [33] suggested that the decrease in apoptosis
may be due to the synergism of the antioxidant properties of
carvedilol and paracrine signaling of MSC, which ultimately
can lead to a reduction of apoptosis of remaining cardiomyocytes in peri-infarct regions. The combined treatment may
be a more promising strategy for cardiac regeneration clinical
practice to potential patients for cell therapy who are often
treated with carvedilol.
Tissue regeneration requires the presence of cells with
preserved proliferative capacity. A recent study demonstrated
that propranolol is able to interfere with the proliferation
of normal human endothelial cells and human cancer cell
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line [94]. This effect occurs through the modulation of
key regulators of cell cycle progression and changes in the
state of activation of specific and essential proteins to the
maintenance of the cytoskeletal dynamics. In vitro treatment
of cells with antagonist drugs of beta-adrenergic receptors
may affect VEGF signaling, which uses NO as a second
messenger. In addition, propranolol is able to block VEGFR2 phosphorylation, an important mitogenic regulator [94].
Data suggest that atenolol can also impair the vasculogenesis
capacity of stem cells due to inhibition of NO generation
of and proangiogenic growth factors, such as VEGF [95].
Vasculogenesis is strongly related to the signaling pathway
mediated by VEGF.
Cardiac patients use beta-blocker drugs to reduce the
cardiac workload and consequently reduce the energy consumption by the heart muscle. Cell transplantation may be
impaired in these patients, with loss of proliferative, vasculogenetic, and angiogenetic efficiency by the implanted cells.
Consequently, these cells lose their regenerative capacity,
which defines the outcome of stem cell therapy for cardiac
repair. Additionally, the stem cell microenvironment should
also be considered, since beta-blockers drugs are commonly
used continuously in order to maintain a desired plasma
concentration for the expected therapeutic effect.
4.4. Other Drugs. Another reason for the limited effect of
cell therapy for cardiac repair in clinical trials may be the
low cardiomyogenic efficiency. Numasawa et al. [34] have
investigated the in vitro and in vivo effect of angiotensin
receptor blocker (ARB) drugs on cardiomyogenic capacity
of human MSC derived from bone marrow. They found
increased cardiomyogenic transdifferentiation efficiency in
vitro and improved LVEF after infusion of pretreated MSC.
In addition, immunohistochemical analysis revealed a significant increase in in vivo cardiomyogenesis. Examples of this
class of drugs include losartan, valsartan, and candesartan,
which act by preventing the action of angiotensin-II (AngII) (a potent vasoconstrictor agent) in its specific receptor in
blood vessels [96]. Cells treated with ARB have shown greater
in vitro transdifferentiation capacity, and transplantation of
these cells promoted a significant improvement in cardiac
function in AMI model [34].
The cardiomyogenic effect has also been observed with
pioglitazone, a drug used to control blood glucose in diabetic
patients whose risk factors are closely associated with the
development of cardiovascular disease [35]. In this study,
transplantation of cells pretreated with this drug improved
the efficacy of in vivo cardiomyogenic transdifferentiation.
Such effect possibly involved the activation of the nuclear
receptor PPAR-𝛾, which regulates the expression of genes
and affects the increase in cardiomyogenesis induced by
pioglitazone.
The optimization of stem cell therapy for ischemic
disease has been widely discussed. New evidence on how
drug therapy and other interventions may affect cardiac
repair could lead to new approaches to promote survival,
maintenance, paracrine action, and cardiomyogenesis of
the transplanted cells [82]. Understanding how cell therapy
and pharmacotherapy interact could contribute to better
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targeting of cell therapy protocols, particularly those aimed
at cardiac regeneration and repair. Table 2 summarizes some
of the drugs commonly used in clinical practice and their
influence on tissue regeneration after the administration of
adult stem cells for the treatment of cardiovascular diseases.
Interestingly, nonpharmacological interventions, including
diets and physical activity, can also modulate the regenerative
process and influence the stem cell therapy outcome.

5. Nonpharmacological Interventions
When it comes to prevention of cardiovascular diseases, we
must consider a healthy lifestyle since childhood, including
a balanced diet and regular physical exercise [97]. Once
heart disease is established, therapeutic interventions should
be planned according to the phase (acute or chronic) of
the disease. The benefits of the combination of diet and
regular physical training (cardiac rehabilitation) are potentially higher soon after an ischemic event and include
positive effects on myocardial oxygen demand, endothelial
function, autonomic tone, coagulation and clotting factors,
inflammatory and lipoprotein markers, and development of
coronary collateral vessels [98]. In chronic phase, healthy
diet and physical training help maintain the physiological
functions of the body, blood pressure, oxygen expenditure,
and functional capacity, by adjusting the limitations imposed
by the cardiac event [99, 100]. In addition, it is well known
that lack of exercise is among the major causes of chronic
diseases, including the IHD. The main effects of diet and
physical activity on cardiac regeneration are presented below.
5.1. Diet. In recent decades, the importance of diet and
other lifestyle factors in the control of cardiovascular diseases
has been strongly emphasized [99, 101]. Since 1960, several
studies have focused on the search for dietary indicators of
atherogenicity, such as energy and cholesterol saturated and
unsaturated fatty acids content.
Numerous randomized trials have demonstrated that
appropriate dietary interventions can decrease [101] or even
prevent the occurrence of various chronic diseases [102–104],
including heart diseases. When Keys et al. [105] began to
study the Mediterranean region, they found that although
the local population consumed a large amount of fat (35%
to 40% of total daily calories), similar to Western countries,
they had a low incidence of cardiovascular diseases. The
authors described the “Mediterranean diet,” which was rich
in vegetables (fruits, vegetables, greenery, breads, and whole
grains), fish and chicken (occasional red meat), red wine (in
moderation and at meal times), dairy products (yogurt and
cheese mainly), and fats, represented by nuts and olive oil
in abundance. These findings were the basis for the study
by de Lorgeril et al. [106], a randomized clinical trial of
secondary prevention, aimed at testing the influence of the
Mediterranean diet on patients’ evolution after AMI. The
study had been planned to be conducted for five years but
was stopped after 27 months due to the benefits observed
in the experimental group, with 70% decrease in overall
mortality, primarily by reduction of coronary mortality.

Antidyslipidemic and
antiatherosclerotic
Antiplatelet agent
Antihypertensive, other actions
Potent vasoconstrictor
Glycemic control

Statin

Nonsteroidal anti-inflammatory

Beta-blocker

Angiotensin receptor blocker

Antidiabetic

Atorvastatin

Aspirin

Carvedilol

Candesartan

Pioglitazone

EPC, endothelial progenitor cell.

Improvement of local microenvironment,
promotes cell survival (in vivo)

Antidyslipidemic and
antiatherosclerotic

Statin

Simvastatin

Increase in circulating EPC (humans),
neovascularization
Antiapoptotic effect (in vivo)
Inhibits cell proliferation (in vitro), induces
apoptosis
Lowers circulating EPC level (humans)
Antiapoptotic and antioxidant effects (in
vitro and in vivo)
Increases cardiomyogenic
transdifferentiation (in vitro and in vivo)
Increases cardiomyogenic
transdifferentiation (in vivo)

Interference in regenerative process

Pharmacological action

Therapeutic
class

Drug

Shinmura et al. [35]

Numasawa et al. [34]

Hassan et al. [33]

Qiu et al. [29]
Wang et al. [30]
Deng et al. [31]
Lou et al. [32]

Vasa et al. [28]

Yang et al. [25]
Yang et al. [26]
Cai et al. [27]

Reference

Table 2: Pharmacological intervention and the interference in the tissue regeneration process after use of adult stem cells for treatment of cardiovascular diseases.
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Several evidences of the benefits of the Mediterranean diet in
secondary prevention have been shown since then [107, 108].
In this way, beneficial dietary factors have also been used
in protocols of stem cell therapy, since it is believed that adult
stem cells, present in different tissues, play a regenerative
role following an injury or insult [109, 110]. The challenge,
however, is the low survival and differentiation of implanted
cells, since most of these cells do not survive beyond 72 hours
after transfusion [111]. Some studies have shown that this
regeneration may be facilitated by a dietary adjuvant, such as
the adoption of the Mediterranean diet.
Gorbunov et al. [111] treated CSC with resveratrol, a
polyphenol with antioxidant and anti-inflammatory properties, and tested in a rat model left descending occlusion.
The authors showed that the animals receiving the treated
cells showed significant improvement in LVEF, fractional
shortening, and cardiac output as compared to the control
group after 1, 2, and 3 months of the procedure. The treated
cells also had greater survival and engraftment, as well as
increased expression of SDF-1 chemokine and important
genes related to stress.
The intake of essential polyunsaturated fatty acids
(PUFAs), as omega-3 (𝜔-3) fatty acids, was shown to
reduce the cardiovascular risk by inducing the release of
prostaglandins, leukotrienes, and thromboxanes [112]. Essential fatty acids are needed for the synthesis of prostaglandins
and proteins and play an important role in cell regeneration,
defense mechanisms, and tissue regeneration [113]. PUFAs
also generate precursors of pro- and anti-inflammatory
molecules that can interfere in the physiology of chronic
diseases and inflammatory processes. Linolenic acid, for
example, is important in the transport of fat [114], contributing to the maintenance of the epidermal barrier integrity and
accelerating healing processes. It also acts in the modulation
of cell membrane by protecting against injury and acting as an
immunogenic and restorative agent for the tissue, promoting
chemotaxis, angiogenesis, humid environment, and tissue
granulation, and thereby promotes cellular nutrition [115].
In obesity and type 2 diabetes, accumulation of nonessential fatty acids affects the regeneration process of skeletal
muscle [116]. This may be critical for obese and diabetic
patients who suffered from muscle damage caused by strenuous physical activity and consequent local ischemia. Other
studies have shown that certain vitamins and minerals such as
vitamins B3, C, and D, folic acid, selenium, and retinoic acid
may promote the proliferation and differentiation of stem
cells [117], thereby enhancing stem cell homing. Wong et al.
[118] showed that physiological concentration of vitamin D
promotes vascular regeneration, which was associated with
an increase in the number of angiogenic myeloid cells, despite
increased plasma levels of SDF-1.
5.2. Physical Training. Sedentary lifestyle is an important
public health problem that is directly related to increased
cardiovascular risk, which can be reduced by regular physical
exercise [119]. However, despite the extensive characterization
of the adaptations induced by exercise training, such as
capillary density, enzyme profiles, and contractile proteins
[120–122], there is still a great need for research on the
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molecular events underlying the physiological responses to
physical training.
In CHF, regular physical exercise is associated with
improvement of peripheral metabolism [123], oxygen consumption, electrocardiographic parameters [124], and mortality rates [125]. Aerobic training can prevent the loss of
endothelium-dependent vasodilation and recover its function in sedentary middle-aged individuals and in men over
60 years of age [126]. Aerobic training was also associated
with beneficial changes in blood pressure, lipid metabolism,
glucose metabolism, body weight, and shear stress and with
improvements in antioxidant defenses [119].
Gunning et al. [127] found that 6 weeks of aerobic training increased myocardial perfusion in patients with IHD.
Consecutive sessions of training can promote cytoprotection
by increasing the expression of heat shock proteins, mainly
HSP72, in heart tissue and reducing apoptotic markers in
murine model of ischemia/reperfusion [128]. Even if performed late after AMI, evidences in rats have shown that
exercise training reduces heart dilation and scar development
occurring after AMI [129], possibly because of its association
with a better perfusion of heart tissue.
Physical training has been shown to be efficient in
increasing the number and caliber of arterial vessels both
in skeletal muscle and in myocardium, particularly in the
injured heart tissue [130]. The activation of proangiogenic
factors (cytokines, vascular growth factors, and NO) stimulates the mobilization and migration of circulating EPC
and induces tissue neovascularization [131]. The study by
Eleuteri et al. [132] with CHF patients demonstrated a higher
mobilization of EPC, higher serum levels of angiopoietin-2
(Angpt-2), and an improvement in brachial artery dilation
after 3 months of aerobic physical training. Similarly, a study
from our group [133] showed that 12 weeks of moderate
intensity aerobic training (60–70% of 𝑉O2 max) was able to
increase the flow-mediated dilation in brachial artery and the
antioxidant response in healthy middle-aged subjects.
Even short duration physical training programs seem to
be able to induce important endothelial adaptive responses.
Concomitant with mobilization of EPC, there is a progressive
rise in eNOS expression, an increase in neointimal formation,
and a larger aortic diameter in mice trained for 28 days in
running wheel [131]. In the study by Turan et al. [134], 3 weeks
of aerobic training was able to increase the concentrations of
CD34+ /CD45+ and CD133+ /CD45+ as well as the migratory
capacity of EPC in patients at 14 days after AMI as compared
to sedentary subjects. There was no difference in LVEF at
rest between the groups. However, the increase of LVEF at
peak stress was significantly higher after exercise training as
compared to the control group.
Besides the direct influence on the endothelial function,
physical training seems to optimize the regenerative capacity
of the cardiac tissue. Nunes et al. [129] found that 8 weeks
of aerobic training in a group of Wistar Kyoto rats after
experimental induction of AMI improved the inflammatory
and oxidative status by reducing the cardiac remodeling in
animals with CHF. In patients with CHF, 8 weeks of aerobic
training promoted an increase in LVEF, a higher mobilization
of EPC, and an increase in SDF-1 expression, which induces
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angiogenesis and acts as a chemoattractant mediator for
progenitor cells and represents the essential cytokine for cell
homing [135]. Thus, in addition to cell mobilization, physical
training is able to promote the regenerative potential of EPC.
Furthermore, elderly individuals undergoing 12 weeks of
physical training on a treadmill showed increased expression
of the SDF-1 receptor CXCR-4 in EPC, which was associated
with enhanced reendothelization capacity of these cells [136].
The regenerative response induced by physical training
seems to be related to a modification in the inflammatory
profile established by the AMI. When Wistar Kyoto rats with
experimental AMI were submitted to 8 weeks of aerobic
training on a treadmill, they showed reduced plasmatic levels
of IL-6 and TNF-𝛼 and higher levels of the anti-inflammatory
cytokine IL-10 as compared to sedentary animals [129]. The
IL-6 levels were positively associated with heart weight,
indicating the effect of the inflammatory response on cardiac
hypertrophy after AMI. Also, in patients with CHF, physical
training was able to reduce plasma levels of inflammatory
markers related to endothelial dysfunction [137]. Patients
who underwent cycle ergometer training for 12 weeks showed
lower plasma levels of MCP-1, intercellular soluble adhesion
molecule (ICAM), and vascular cell adhesion molecules
(VCAM), which suggests an inhibition of vascular inflammation by physical training.
In addition, changes in tissue environment induced by
physical training seem to contribute to the regenerative
process after cardiac ischemia. Under oxygen deprivation,
the expression of SDF-1 gene is regulated by the hypoxia
inducible factor-1 (HIF-1), which leads to a selective expression of the HIF-1 protein in the ischemic heart in proportion
to the decrease in oxygen pressure [138]. HIF-1 positively
regulates the expression of SDF-1, which stimulates adhesion,
migration, and homing of CXCR-4 positive progenitor cells
in the ischemic tissue. In this context, it was demonstrated
that 6 weeks of physical training on a treadmill was able to
increase the expression of HIF-1 in heart tissue of Wistar
Kyoto male rats [139]. This response to aerobic training
mimics cell signaling triggered by the ischemic event of
myocardial infarction.
AMI creates an inhospitable environment in cardiac
tissue, characterized by increased ROS production, which in
turn may be modulated by antioxidant responses induced by
physical training. Six weeks of swimming was able to decrease
superoxide radical levels and lipid oxidative damage and
increase the expression of the antioxidant enzyme catalase
(CAT) and the activity of glutathione peroxidase (GPx) in the
left ventricle of male Wistar Kyoto rats [140]. These enzymes
are specific for ROS, preventing significant changes in cellular
REDOX state and functional impairment of the tissue [141].
Therefore, physical training may affect, in different ways,
the cardiac tissue environment. This nonpharmacological
intervention not only is involved in the prevention of cardiac
ischemic events, mainly by maximizing endothelial function,
but also plays a part in the regeneration of heart tissue
after AMI. Cellular signaling in tissue repair and adaptive
responses to physical training may minimize the functional
losses resulting from ischemic damage. The systemic environment created by physical exercise is likely to be relevant
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for therapeutic approaches aiming at recovering cardiac
function.
In nonpharmacological interventions, although positive
effects on the recovery of cardiac function have been in
the majority of treated groups, the improvement of LVEF
(∼15%) was not significant in all studies [72]. Apparently, the
effects of physical training on IHD and CHF are related to
the improvement in angiogenic responses, inflammatory profile, and functional capacity. Therefore, tissue regeneration
including enhanced cell expression and adherence to target
tissues provided by cell based therapies may be potentiated by
these supporting approaches or by healthy behaviors [142].

6. Future Directions
In the last decade, the use of stem cells in cell therapy
has been highlighted due to the capacity of these cells to
promote tissue repair and enhance cell differentiation rate
[143]. However, on long term, therapies using stem cells have
shown low cell attachment to the graft, probably due to
their low survival after injection into the patient. In contrast,
the recovery of cardiac function is, in part, precisely related
to the early action of these cells [144]. In this way, the
need for new discoveries of molecular mechanisms to be
applied in clinical practice dramatically increases. The low
effectiveness of cell therapy in clinical trials with patients
with heart disease [145, 146] may be attenuated by using
these new findings in combination with gene therapy. A
previous study from our group showed that the gene therapy
provides continuous delivery of therapeutic proteins to the
target site [147] and, at the same time, stem cells regulate
the expression of growth factors by paracrine effect [66, 144].
Ong et al. [148] performed a combined delivery of CPC and
plasmids carrying HIF-1 gene in mice after experimental
AMI. The combined therapy resulted in prolonged survival
of transplanted CPC, reduced infarct area, and increased
vascularization.
The regenerative response greatly depends on paracrine
factors that can activate quiescent stem cells and/or induce
the proliferation of the existing cardiomyocytes [11]. Exosomes secreted by MSC have emerged as possible factors
responsible for the beneficial effects of paracrine signaling
after cell therapy. As proposed by Lai et al. [149], purified
exosomes reduced the size of the infarcted area in mice,
and exosomes secreted by MSC showed a cardioprotective
component, considered as a mediator for tissue repair. The
interaction of exosomal microRNA of the resident cells with
the transplanted ones can promote the survival of cells in
the target tissue [148]. In this context, a lot of studies used
exogenous molecules introduced to stem cells, aiming at
promoting their overexpression or inhibiting specific cell
mechanisms. Interestingly cardiac microRNAs were found to
regulate the expression of paracrine factors by stem cells [150]
and the angiogenic process [151].
Another alternative to increase the number of transplanted stem cells in the target organ is the cell sheet therapy.
Cell sheet is an innovative technology that aims to obtain
aligned cells in the graft, maintaining their biological and
mechanical properties [152]. Several cell types have been
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regeneration, and angiogenesis
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Figure 1: Factors that can modulate the cardiac regeneration in association with the stem cell therapy. The sedentary lifestyle and unhealthy
dietary habits (as diets with elevated levels of fat and sugar) characterize risk factors that may contribute to the development of heart diseases,
mainly due to the triggering of harmful issues that arise from the ischemic process which is generated in consequence of these behaviors.
Therefore, the ischemia activates pathological cardiac remodeling mechanisms, the results of which may be the hypertrophy (a) or dilation
(b) of the ventricular muscle, and both contribute to a decrease in ventricular ejection function. In an attempt to control the disease, there
are commonly prescribed drugs that may interfere with mechanisms of cell proliferation and differentiation. These combined habits may
adversely influence the effectiveness of cell therapy (CT). Subsequently, protocols that use stem cells are poorly effective in the regenerative
process. Drugs that stimulate the antioxidant properties and control the inflammatory response, as well as the practice of physical activity
and diets rich in cardioprotective elements (PUFAs, antioxidants, etc.), may balance the immune system. Besides that, a decrease in the ROS
demand and increase of angiogenesis are stimulated by these approaches, providing a better environment for cell homing activation. This
scenario intensifies mechanisms for cell regeneration and may lead to an increase in myocardial perfusion and improvement of the cardiac
function (c). Thin black arrows indicate the blood flow in normal or damaged heart situation. White arrows suggest the improvement of the
global contractility in the left ventricle after the regeneration process by stem cell enforcement (the figure was made from publicly available
images).

studied to obtain cell sheets composed of viable cells [153,
154]. Experimental in vivo studies that used mesenchymal
stem cell sheet and fibroblast have demonstrated improvement in muscle contractility, increase in vasculogenesis, and
decrease in cardiac muscle fibrosis [155, 156].
Despite advances in the development of techniques aimed
at increasing the effectiveness of cell therapy, improvement
of cell homing is still a challenge. It would be necessary to
identify safe and effective strategies to deliver the cells to
the damaged organ and, at the same time, to improve the
adherence of these cells in the target site. Then, it is crucial to
establish the best source of cells and dose of injection [157].
As discussed by Garbern and Lee [11], the understanding
of different responses observed in experimental and human
models of cardiac regeneration and related pathways is determinant for the scientific progress in the field of regenerative
cardiology.
In conclusion, many factors can positively or negatively
influence and/or modulate the effectiveness of cell therapy
in tissue recovery after damage in cardiovascular diseases,
particularly in cardiac remodeling after ischemic injury
(Figure 1). Cell therapy may have a significant role in the activation of homing mechanism, and therapeutic approaches

are capable of activating progenitor cells, thereby improving heart tissue repair and ventricular remodeling. Current
knowledge indicates that the most effective treatment available is positively influenced by the natural mechanisms of
repair through the administration or local recruitment of
cells capable of promoting angiogenesis and/or myogenesis.
In this context, therapies for myocardial ischemia should
target signaling molecules involved in angiogenesis. Besides,
usual pharmacological treatments for cardiovascular diseases
may also affect molecular pathways related to the success
of cell therapy. The understanding of how cell therapy and
pharmacotherapy interact could contribute to better targeting of clinical protocols. In addition to traditional pharmacological treatments, nonpharmacological interventions, such
as diet and physical exercise, seem to be able to promote
angiogenesis and generate a favorable environment for cell
mobilization, survival, and repair.
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[24] T. Pätilä, M. Lehtinen, A. Vento et al., “Autologous bone marrow
mononuclear cell transplantation in ischemic heart failure: a
prospective, controlled, randomized, double-blind study of cell
transplantation combined with coronary bypass,” Journal of
Heart and Lung Transplantation, vol. 33, no. 6, pp. 567–574, 2014.
[25] Y.-J. Yang, H.-Y. Qian, J. Huang et al., “Atorvastatin treatment
improves survival and effects of implanted mesenchymal stem
cells in post-infarct swine hearts,” European Heart Journal, vol.
29, no. 12, pp. 1578–1590, 2008.
[26] Y.-J. Yang, H.-Y. Qian, J. Huang et al., “Combined therapy with
simvastatin and bone marrow-derived mesenchymal stem cells
increases benefits in infarcted swine hearts,” Arteriosclerosis,
Thrombosis, and Vascular Biology, vol. 29, no. 12, pp. 2076–2082,
2009.
[27] A. Cai, D. Zheng, Y. Dong et al., “Efficacy of Atorvastatin
combined with adipose-derived mesenchymal stem cell transplantation on cardiac function in rats with acute myocardial

12

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]
[38]

[39]

[40]

[41]

[42]

Stem Cells International
infarction,” Acta Biochimica et Biophysica Sinica, vol. 43, no. 11,
pp. 857–866, 2011.
M. Vasa, S. Fichtlscherer, K. Adler et al., “Increase in circulating
endothelial progenitor cells by statin therapy in patients with
stable coronary artery disease,” Circulation, vol. 103, no. 24, pp.
2885–2890, 2001.
R. Qiu, A. Cai, Y. Dong et al., “SDF-1alpha upregulation by
atorvastatin in rats with acute myocardial infarction via nitric
oxide production confers anti-inflammatory and anti-apoptotic
effects,” Journal of Biomedical Science, vol. 19, article 99, 2012.
Y. Wang, X. Chen, W. Zhu, H. Zhang, S. Hu, and X. Cong,
“Growth inhibition of mesenchymal stem cells by aspirin:
involvement of the wnt/𝛽-catenin signal pathway,” Clinical and
Experimental Pharmacology and Physiology, vol. 33, no. 8, pp.
696–701, 2006.
L. Deng, S. Hu, A. R. Baydoun, J. Chen, X. Chen, and X. Cong,
“Aspirin induces apoptosis in mesenchymal stem cells requiring
Wnt/𝛽-catenin pathway,” Cell Proliferation, vol. 42, no. 6, pp.
721–730, 2009.
J. Lou, T. J. Povsic, J. D. Allen et al., “The effect of aspirin on
endothelial progenitor cell biology: preliminary investigation of
novel properties,” Thrombosis Research, vol. 126, no. 3, pp. e175–
e179, 2010.
F. Hassan, S. Meduru, K. Taguchi et al., “Carvedilol enhances
mesenchymal stem cell therapy for myocardial infarction via
inhibition of caspase-3 expression,” Journal of Pharmacology
and Experimental Therapeutics, vol. 343, no. 1, pp. 62–71, 2012.
Y. Numasawa, T. Kimura, S. Miyoshi et al., “Treatment of human
mesenchymal stem cells with angiotensin receptor blocker
improved efficiency of cardiomyogenic transdifferentiation and
improved cardiac function via angiogenesis,” STEM CELLS, vol.
29, no. 9, pp. 1405–1414, 2011.
D. Shinmura, I. Togashi, S. Miyoshi et al., “Pretreatment of
human mesenchymal stem cells with pioglitazone improved
efficiency of cardiomyogenic transdifferentiation and cardiac
function,” STEM CELLS, vol. 29, no. 2, pp. 357–366, 2011.
K. Ito and T. Suda, “Metabolic requirements for the maintenance of self-renewing stem cells,” Nature Reviews Molecular
Cell Biology, vol. 15, no. 4, pp. 243–256, 2014.
The top 10 causes of death [database on the Internet], WHO,
http://www.who.int/mediacentre/factsheets/fs310/en/.
E. Antman, J.-P. Bassand, W. Klein et al., “Myocardial infarction
redefined—a consensus document of The Joint European Society of Cardiology/American College of Cardiology committee
for the redefinition of myocardial infarction: the Joint European
Society of Cardiology/American College of Cardiology Committee,” Journal of the American College of Cardiology, vol. 36,
no. 3, pp. 959–969, 2000.
E. Boersma, N. Mercado, D. Poldermans, M. Gardien, J. Vos,
and M. L. Simoons, “Acute myocardial infarction,” The Lancet,
vol. 361, no. 9360, pp. 847–858, 2003.
D. L. Mann, “Mechanisms and models in heart failure: a
combinatorial approach,” Circulation, vol. 100, no. 9, pp. 999–
1008, 1999.
K. Ono, A. Matsumori, T. Shioi, Y. Furukawa, and S. Sasayama,
“Cytokine gene expression after myocardial lnfarction in rat
hearts: possible implication in left ventricular remodeling,”
Circulation, vol. 98, no. 2, pp. 149–156, 1998.
S. W. Werns and B. R. Lucchesi, “Inflammation and myocardial
infarction,” British Medical Bulletin, vol. 43, no. 2, pp. 460–471,
1987.

[43] S. Kinugawa, H. Tsutsui, S. Hayashidani et al., “Treatment
with dimethylthiourea prevents left ventricular remodeling and
failure after experimental myocardial infarction in mice: role of
oxidative stress,” Circulation Research, vol. 87, no. 5, pp. 392–398,
2000.
[44] T. Ide, H. Tsutsui, S. Kinugawa et al., “Direct evidence for
increased hydroxyl radicals originating from superoxide in the
failing myocardium,” Circulation Research, vol. 86, no. 2, pp.
152–157, 2000.
[45] B. E. Strauer, M. Brehm, T. Zeus et al., “Repair of infarcted
myocardium by autologous intracoronary mononuclear bone
marrow cell transplantation in humans,” Circulation, vol. 106,
no. 15, pp. 1913–1918, 2002.
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The aim of the study was to compare the biological activity of the total pool of genes in CD34− umbilical cord blood and bone
marrow stem cells and to search for the differences in signaling pathway gene expression responsible for the biological processes.
The introductory analysis revealed a big similarity of gene expression among stem cells. When analyzing GO terms for biological
processes, we observed an increased activity of JAK-STAT signaling pathway, calcium-mediated, cytokine-mediated, integrinmediated signaling pathway, and MAPK in a cluster of upregulating genes in CD34− umbilical cord blood stem cells. At the same
time, we observed a decreased activity of BMP signaling pathways, TGF-beta pathway, and VEGF receptor signaling pathway in a
cluster of downregulating genes in CD34− umbilical cord blood stem cells. In accordance with KEGG classification, the cytokinecytokine receptor interaction, toll-like receptor signaling pathway, and JAK-STAT signaling pathway are overrepresented in CD34−
umbilical cord blood stem cells. A similar gene expression in both CD34− UCB and BM stem cells was characteristic for such
biological processes as cell division, cell cycle gene expression, mitosis, telomere maintenance with telomerase, RNA and DNA
treatment processes during cell division, and similar genes activity of Notch and Wnt signaling pathways.

1. Introduction
In recent years the scientific environment has expressed a
great interest in the nonhematopoietic stem cells (CD34− and
CD45− ). These stem cells are capable of replicating in vitro
without adding any growth factors in the period of more
than 10 passages, and, when induced properly, differentiate
into at least three types of mesoderm layer cells: osteoblasts,
adipocytes, and chondrocytes [1, 2]. They are frequently
referred to as the mesenchymal stem cells (MSCs). Due to
their role in tissue repair processes their clinical potential for
systemic and local transplantation procedures is significant,
both as a carrier in gene therapy and for generating tissues
and organs in tissue engineering procedures.
Studies published to date have stressed that the MSCs
of bone marrow and of fetal origin are very similar in
immunophenotypical and immunohistochemical function.

The analysis of surface antigen markers by flow cytometry
did not reveal any significant differences [3–5] among bone
marrow and fetal MSCs. Panepucci et al. [5] showed that
the MSCs of bone marrow and umbilical cord blood reveal
similarities among a thousand of most expressed transcripts
assayed. However, differences are seen at the molecular
level in gene expression profiles of MSCs coming from
different sources. For example, a distinct expression profile
was characteristic for genes related to antimicrobial activity
and to osteogenesis, and this distinct expression profile was
more common in the MSC population from bone marrow.
In the umbilical cord blood MSCs, higher expression was
observed for signaling pathway genes that participate in
matrix remodeling through metalloproteinases and genes
related to angiogenesis. Similar results were demonstrated
in studies assessing the differentiation ability in comparable
in vitro conditions. The umbilical cord blood MSCs showed
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higher possibility of differentiation into osteogenic lineage
and had little or no differentiation into adipocytes. This
contrasted with bone marrow MSCs, where expression of
markers characteristic for adipocytes was more frequently
demonstrated [3, 6]. In the critical processes of regulating
self-renewal and the cellular purpose, stem cells use the
signaling pathways which appear to be quite conservative
from the evolutionary perspective, such as Notch, Wnt,
and JAK-STAT. Although the signaling proteins expression
is believed to be a highly restrictive process, it appears
that different stem cell types demonstrate varied rates of
expression of these three families of signaling molecules. The
global gene expression profile is commonly used to identify
the transcription signature of specific stem cells. This signature gives insight into the signaling mechanisms regulating
the self-renewal and cellular purpose program, especially
in embryonic and hematopoietic stem cells. Moreover, by
comparing the gene expression profiles in different stem
cell groups, a common pool of genes were identified that
serve either as stem cells markers for self-renewal or direct
the cells through differentiation [7–11]. In comparison with
a great number of studies carried out on the embryonic,
hematopoietic, or neural stem cells, there are much fewer
studies of molecular mechanisms of MSC self-renewal and
differentiation control, mainly due to their diversified gene
signature and the lack of agreement on typical markers
antigens as far as some MSC markers are concerned [12–15].
This paper provides a comparison of the expression of the
entire gene pool of MSC markers, with a special consideration
to the signaling pathway genes in CD34− stem cells which
phenotypically correspond with MSCs, from the umbilical
cord blood and bone marrow. The cells were extracted by
means of the same single-bed room method, on the basis
of the same antigen phenotype. Each cell population was
multiplied three times in the same culture conditions. Gene
activity was defined through the oligonucleotide microarrays
with the use of GO and KEGG databases. We analyzed the
nonhematopoietic stem cell signature based on the gene
activity of the conservative signaling pathways, including
Wnt and Notch. We then asked the question whether differences in the signaling pathways for gene activity may be
evidence of different populations of origin for the MSCs (e.g.,
fetal verses adult origin) and consequently the predominance
of one population over the other. Does a source of population,
which undoubtedly shapes the cell epigenetic conformation,
have a significant impact on its subsequent biological activity?

2. Materials and Methods
Material for the study of gene expression by means of
oligonucleotide microarrays was sampled from CD34− stem
cell cultures from the bone marrow and umbilical cord blood.
Complete RNA was extracted from the abovementioned
cultures.
2.1. Obtaining Umbilical Blood Samples. Samples of umbilical
blood were obtained after the delivery and cord clamping in
the cases of normal course of pregnancy and delivery after the
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37th week. The blood was obtained intranatally, that is, after
omphalotomy and before placenta expulsion.
2.2. Obtaining Bone Marrow Samples. For the purpose of
the study, approximately 6 mL of bone marrow was obtained
from healthy donors during the procedure of collecting
material for hematological purposes.
The research program was approved by the Bioethical
Committee of the Medical University of Silesia in Katowice,
Poland. All participants provided their written informed
consent to participate in this study.
2.3. Isolation of CD34− Cells from Umbilical Cord Blood
and Bone Marrow. Freshly collected umbilical cord blood
and bone marrow were diluted with phosphate-buffered
saline (PBS Gibco), layered on Ficoll (Sigma) at 2 : 1, and
centrifuged for 40 min at 400 ×g at 20∘ C. The lymphocytic
skin obtained after centrifugation was suspended in the base
with an addition of serum and centrifuged again for 10 min at
200 ×g, at 20∘ C. All the cell sample preparation activities were
repeated twice. The prepared cells were divided into CD34+
and CD34− fractions by means of the CD34 Progenitor Cell
Isolation Kit and the Mini&MidiMACS Starting Kit. Cells
viability was determined in the fluorescent microscope study
after staining the cells with ethidium bromide and acridine
orange.
2.4. CD34− Cell Culture
2.4.1. Cell Labeling. The cells were suspended in the appropriate volume of buffer, −0.3 mL per each 108 of cells. 0.1 mL
of FcR Blocking Reagent was added to the cell suspension of
3 × 107 /mL density, with the ratio of 0.1 mL FcR BR/0.3 mL
cell suspension. For each 0.3 mL of cell suspension 0.1 mL of
CD34 Microbeads was then added. The material was mixed
thoroughly and incubated for 30 min at 6–12∘ C. 20 mL of
buffer was added and mixed thoroughly again. The mixture
was centrifuged for 10 min at 400 g. The supernatant was
discarded and the sediment was suspended in 1 mL of buffer.
2.4.2. Cell Separation in Magnetic Column. LS column was
placed in the magnetic field. The column was rinsed with
3 mL of buffer, and the cell mixture as prepared above
was added to the column. After the suspension had passed
through the column, the CD34− fraction was obtained. The
column was washed with buffer (2x 0.5 mL), removed from
the magnetic field, and then placed in a 5 mL tube. Next, 1 mL
of buffer was applied to the column. The cells were eluted
by means of a piston. In this way the CD34+ fraction was
obtained.
2.4.3. Starting the Culture. The separated CD34− cell fractions were used for cell cultures. The IMDM-ISCOVE’S
modified Dulbecco’s medium with penicillin-streptomycin
and 5% human albumin were used for culturing.
2.4.4. Total RNA Extraction from Cell Culture. RNA was
extracted from the CD34− cell cultures with the Total RNA
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Prep Plus (A&A Biotechnology) based on the modified Chomczyński and Sacchi’s method. At the initial stage, the cells
were lysed, while the endogenous RNases were inactivated
with fenozol. After adding chloroform, the mixture was
centrifuged, and the collected RNA was precipitated with
isopropanol. Next, the mixture was centrifuged for 20 min
at 13 000 r/min, the supernatant was decanted, and the RNA
sediment was washed twice with 75% ethanol. After drying,
the sediment was stored at −70∘ C for the analysis.
2.5. Qualitative Assessment of RNA Extracts. RNA extracts
underwent qualitative assessment via the agarose gel electrophoresis in 0.8% agarose gel with ethidium bromide
(0.5 mg/mL) in the SUBMINI apparatus. 5 𝜇L of extract was
mixed with 3 𝜇L of gel-loading dye (0.05% w/v bromophenol
blue, 60% glycerol) and heated at 65∘ C for 4 min. After the
separation, the electropherograms were assessed with the UV
transilluminator (𝜆 = 260 nm).
2.6. Quantitative Assessment of RNA Extracts. RNA extracts
underwent quantitative assessment via spectrophotometric measurement of RNA concentration (Gene Quant II,
Pharmacia). The spectrophotometric assessment of extracts
covered the absorbance measurement at the wave lengths
of 230, 260, 280, and 320 mn, and then the A260 /A280
ratio and protein content were determined for each sample.
Absorbance value at the 260 nm wave length was used to
calculate RNA concentration, based on the assumption that
results of cuvette measurements using the 1 cm optical path
equaling 1 OD260 correspond with the concentration of 40 mg
RNA in 1 cm3 of extract.
2.7. Gene Expression Analysis with the Oligonucleotide
Microarrays Technique
2.7.1. General Method Assumptions. The material for the
study consisted of total RNA extracted from the cell cultures
with the TRIzol reagent (Invitrogen). The isolated RNA was
purified with the RNeasy Total RNA Mini Kit and digested
with DNase I (Qiagen) in order to eliminate any possible
contamination with DNA. Approximately 8 𝜇g of total RNA
was used for the double-stranded cDNA synthesis. Biotinlabeled cRNA was synthesized and biotinylated cRNA was
then fragmented and hybridized with the Test3 microarray
and HG U133A (Affymetrix) and labeled twice with the
streptavidin-phycoerythrin conjugate and biotinylated streptavidin antibodies.
The fluorescence intensity was analyzed with the GeneArray Scanner G2500A. The quantity and quality of total RNA,
cDNA, and cRNA were assessed spectrophotometrically and
by means of the electrophoresis technique in 1% agarose gel.
2.7.2. Purification of Total RNA Extract with RNasy Mini Kit.
After a prior concentration measurement, 100 𝜇L of the RNA
extract was obtained with RNase-free water. 350 𝜇L of RLT
buffer with 𝛽-mercaptoethanol and 250 𝜇L of 96% ethanol
were added, mixed by pipetting, and then applied to the
column and centrifuged for 15 seconds at 12 000 r/min. The
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filtrate was discarded and the column was moved to a new
tube and 350 𝜇L of RW1 was added and then centrifuged
for 15 seconds at 10–12 000 r/min. For digestion, 70 𝜇L of
RDD buffer was added to a tube with 10 𝜇L of DNase. This
mixture was applied on the column membrane and left to
digest for 15 min at room temperature. Then, 350 𝜇L of RW1
solution was added, the old flow-through was discarded, and
the column was centrifuged for 15 sec. at 12 000 r/min. The
flow-through was again discarded and 500 𝜇L of RPE solution
was added to the column. The extracts were centrifuged for
1 min at 14 000 r/min; then the column was turned upside
down and centrifuged again for the same time and rate. After
centrifugation, the column was placed in a new tube and
30 𝜇L of H2 O was added and was left for 10 min. Then the
column was centrifuged and 20 𝜇L of H2 O was added and
left for a few minutes and then centrifuged again. After final
cleanup, the RNA concentration in extracts was measured.
2.8. cDNA Synthesis
2.8.1. First Strand cDNA Synthesis. In order to obtain the first
strand of cDNA, 2 𝜇L 100 pM of T7 starter-oligo(dT)24 (5 GCCAGTGAATTGTAATACGACTCACTATAG GGAGGCGG-3 ) was added to 11 𝜇L of RNA extract; the mixture
was incubated at 70∘ C for 10 minutes and placed on ice. Then,
4 𝜇L of 5x First Strand Buffer, 2 𝜇L of 0.1 M DTT, and 1 𝜇L of
10 mM dNTPs (Invitrogen) were added. After 2 minutes of
preincubation at 45∘ C, 1 𝜇L (200 U) of reverse transcriptase
Supercscript II (Life Technologies) was added to the reaction
mixture and incubation continued for another hour.
2.8.2. Second Strand cDNA Synthesis. In order to obtain the
second strand of cDNA, the following were added to the
mixture obtained after the first strand synthesis: 30 𝜇L of
5x Second Strand Buffer, 91 𝜇L of RNase-free water, 3 𝜇L of
10 mM dNTPs, 4 𝜇L (40 U) of E. coli DNA Polymerase I,
1 𝜇L (10 U) of E. coli DNA Ligase, and 1 𝜇L (2 U) of Rnase H
(Invitrogen). The mixture was incubated for 2 hours at 16∘ C.
Next, 2.5 𝜇L (10 U) of T4 DNA Polymerase I was added
to the mixture and the mixture was incubated for another
5 minutes at 16∘ C. The composition of the reaction mixture
used for the second strand cDNA synthesis is presented
in Table 2. The reaction was stopped by adding 10 𝜇L of
0.5 M EDTA, and the double-stranded cDNA was extracted
using the phenol/chloroform/isoamyl alcohol mixture. The
aqueous phase was divided by means of Phase Lock Gel Light
1.5 mL tubes (Eppendorf). 0.5 volume of 7.5 M ammonium
acetate (Sigma) and 2.5 volume of 96% ethyl alcohol were
added to the aqueous phase, and it was left for 12 h at −20∘ C.
2.9. Purification of the Obtained cDNA. After freezing for the
entire night at −20∘ C, 0.3 𝜇L of Palet Point (Merc) was added
to the reaction mixture and it was centrifuged for 20 min at
12 000 r/min at room temperature; supernatant was discarded
and the sediment was rinsed with 2x 70% ethanol (500 𝜇L)
and centrifuged for 5 min at 12 000 r/min; the sediment was
dried thoroughly and dissolved in 12 𝜇L of RNase-free water.
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2.10. Biotinylated cRNA Synthesis. The template for the
biotinylated cRNA synthesis consisted of 10 𝜇L ds cDNA,
to which the following were added: 12 𝜇L of RNase-free
water, 4 𝜇L of 2x hybridization buffer, 4 𝜇L of biotin-labeled
ribonucleotides, 4 𝜇L of DTT, 4 𝜇L RNase inhibitor, and
2 𝜇L of T7 polymerase (BioArray High Yield RNA Transcript
Labeling Kit; Enzo). The whole was left at 37∘ C for 5 h and
mixed every 30 minutes.
2.11. Biotinylated cRNA Purification. After a 5-hour incubation, cRNA was cleaned up using 60 𝜇L of H2 O, 350 𝜇L of
RLT buffer, and 250 𝜇L of 96% ethanol added to the reaction
mixture. The mixture was applied onto the RNAeasy column
Total RNA Mini Kit (Qiagen) and was centrifuged twice for
15 seconds at 10 000 r/min. In the last stage 2x 20 𝜇L of H2 O
was added to the column membrane, it was centrifuged at
12 000 r/min, and then the cRNA concentration was measured.
2.12. Biotinylated cRNA Fragmentation. For fragmentation
purposes, 16 𝜇g of cRNA and 8 𝜇L of fragmentation buffer
(Affymetrix) were used, and the mixture was supplemented
with up to 40 𝜇L of RNase-free water. After completion of this
stage, the mixture was centrifuged and left for 35 min at 94∘ C
and then placed on ice. The fragmentation result was checked
on 1% agarose gel.
2.13. Assessment of cDNA, Biotinylated cRNA, and cRNA
Synthesis after Fragmentation via Electrophoresis in Agarose
Gel. Evidence of proper cDNA, biotinylated cRNA, and
cRNA synthesis after fragmentation was assessed through
electrophoresis in agarose gel with ethidium bromide. The
resulting separation electrophoregram of the abovementioned products verified that samples were acceptable to use
in the following analysis stage.
2.14. Hybridization of the Fragmented Biotinylated
cRNA with Microarray
2.14.1. Preparation of Hybridization Cocktail. In order to
prepare the hybridization cocktail, 37.5 𝜇L of fragmented
biotinylated cRNA was used and the following were added:
5 𝜇L of control oligonucleotide B2, 15 𝜇L of eukaryotic
hybridization control (Affymetrix), 3 𝜇L of Herring Sperm
(Invitrogen), 3 𝜇L of acetylated BSA (Invitrogen), 150 𝜇L of
2x hybridization buffer, and 86.5 𝜇L of RNase-free water. The
cocktail was heated for 5 min at 99∘ C and for 5 min at 45∘ C
and centrifuged for 5 min at 14 000 r/min.
2.14.2. Application of Cocktail on Microarray. HG-U133A
microarray (Affymetrix) was heated to room temperature and
then 100 𝜇L of 1x hybridization buffer was applied. The chip
was placed in hybridization oven for 10 min. Next, the buffer
was removed from the chip and 200 𝜇L of hybridization
cocktail was applied. The microarray was placed in the
hybridization oven for 16 h at 45∘ C at 55 r/min.
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2.14.3. Washing and Scanning of Microarrays. After a 16hour hybridization, the HG U133A microarray was washed
with buffer and stained with solutions (SAPE solution;
streptavidin antibody solution) and then scanned with the
GeneArray Scanner G2500A (Affymetrix).
2.15. Statistical Analysis. Data regarding expression levels
obtained directly from the HGU133A array were reannotated
with CDF control files developed by Dai et al. [16]. The
next step consisted of microarray normalization with the
RMA algorithm [17]. Three repetitions were replaced with
an average value, with a prior detection of outliers by means
of the Dean and Dixon method [18]. Determination of measurement noise threshold was conducted through empirical
decomposition of probability density function of expression
levels into normal components [19]. The component of the
lowest mean value unchanged across all the microarrays was
assumed to be the noise model. The threshold value of the
filter was constructed at level 2.8 (in the field of logarithms
to base 2). The mixture model of normal distributions constructed for the average SRL (Signal Log Ratio) of CD34− cells
from umbilical cord blood versus CD34− of bone marrow was
used to define the affinity of certain genes to subgroups of an
increased, decreased, or unchanged value of expression level.
Moreover, this mixture model was used to determine the FDR
(False Discovery Rate) value for each of them.
In order to define qualitatively the processes in stem
cells from umbilical cord blood in comparison with stem
cells from bone marrow, an unsupervised gene clustering was
conducted. Again, the Gaussian Mixture Model for empirical
decomposition of expression levels constituted the algorithm
enabling such a division. However, in this analysis additional
limitations, based on the gene composition of each component that were the same across the experimental conditions,
were added to the algorithm [20]. Clusters/classes obtained
in this manner were compared to cellular processes in which
they are involved. The categories of cellular processes were
defined by gene ontology terms that are commonly applied
for this purpose. A number of conditioning hypergeometric
tests were conducted, verifying the one-sided hypothesis
about overrepresentation. For each ontological term that
was found to be significantly overrepresented statistically
in a given gene cluster, the OR (Odds Ratio) value was
determined.
Gene pathways whose components are genes belonging
to specific clusters underwent an additional analysis, which
was independent of a direct description of cellular processes.
For this purpose we used data from the KEGG database.
For each pathway the hypothesis of overrepresentation of a
specified cluster of genes as compared with the whole scope
of the analyzed genes was verified. Precise 𝑝 values were
determined.
Statistically significant values were those of FDR < 0.10 or
𝑝 < 0.05.

3. Results
The first stage of the study consisted of data reannotation for
expression levels through the CDF control files developed
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3.1. Unsupervised Gene Clustering. During the next stage of
data analysis a qualitative determination of the processes in
CD34− stem cells from umbilical cord blood in comparison
with CD34− stem cells from bone marrow was conducted
using unsupervised gene clustering. Again, the Gaussian
Mixture Model for empirical decomposition of expression
levels constituted the algorithm enabling such a division.
However, in this analysis additional limitations based on
the gene composition of each component that were the
same across the experimental conditions were added to the
algorithm [20]. As a result, 15 gene clusters were obtained,
two of which (numbers 9 and 13 in this study) contained
discriminatory genes exhibiting a statistically significant
increase (cluster number 9) and decrease of gene expression
(cluster number 13) (Table 1).

SLR CD34/H, adnotacje Dai ver.12
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Number of observations

by Dai et al. [16]. For many years, the platform for gene
expression profile was the Affymetrix GeneChip database.
However, their probe section was created on the basis of
prior gene and transcriptome annotations which significantly
differ from the modern expertise. A comparative analysis
between many popular Gene Chips and redefined probes
based on updated gene data with consideration to genetic
polymorphism showed a 30–50% discrepancy [16]; therefore
it was decided to reannotate data as the first step in our
study. The assessment of noise threshold was then completed,
creating a mixture model of normal distributions for the
mean SLR of CD34− cells from umbilical cord blood versus
CD34− from bone marrow.
The next step comprised microarrays normalization
through the RMA algorithm [17]. Three repetitions were
replaced with a mean value, with a prior detection of outliers
by means of the Dean and Dixon method [18]. Determination of the measurement noise threshold was conducted by
empirical decomposition of probability density function of
expression levels into normal components [19]. The noise
model was assumed to be the component of the lowest mean
value which was unchanged across all the microarrays. The
threshold value of the filter was constructed at level 2.8 (in
the field of logarithms to base 2).
As a result of the abovementioned procedures, a data set
was obtained which described 11 979 genes which underwent
further analysis. The first stage consisted of creating the mixture model of normal distributions constructed for a mean
SLR (Signal Log Ratio) of CD34− stem cells from umbilical
cord blood versus CD34− stem cells from bone marrow,
which allowed defining the affinity criteria of specific genes to
subgroups of an increased, decreased, and unchanged value
of expression levels. This also enabled us to determine a FDR
value (False Discovery Rate) for each of them (Figure 1).
This method is based on decomposition, that is, the
histogram decomposition into (K)—Gauss’s components as
well as modeling the probability density function distributions (pdf) for given gene expression levels. The method was
used for analysis of a histogram reflecting the frequency of
genes of a specific expression level in the tested preparation.
This initial analysis showed considerable similarity of gene
expression of CD34− cells from umbilical cord blood as
compared with CD34− cells from bone marrow.
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Figure 1: Mixture model of normal distributions (Gaussian Mixture
Model) for a mean SLR (Signal Log Ratio) of CD34− cells from
umbilical cord blood versus CD34− cells from bone marrow. Log
(CD34-P)/( CD34-Sz).

The remaining clusters, differing in terms of the number
of genes within the cluster, aggregated the genes of similar
expression values. Differences between mean gene expression
levels of CD34− stem cells from bone marrow and CD34−
stem cells from umbilical cord blood in clusters numbered
1–8, 10–12, 14, and 15 are small or nonexistent. Thus, all these
clusters were classified as the groups of genes exhibiting the
same expression levels.
Cluster number 9 included 493 genes which show an
increased activity in CD34− stem cells from umbilical cord
blood of the mean SRL (Signal Log Ratio) equaling 3.06. In
contrast, cluster number 13 included a lower number of genes
(𝑛 = 387) of decreased expression in CD34− stem cells from
umbilical cord blood for which SRL equals −3.43.
At the next stage, gene clusters/groups obtained in this
manner were compared to biological processes in which
they are involved, as defined by gene ontology (GO) terms
that are commonly applied for this purpose. A number of
conditioning hypergeometric tests were conducted, verifying
the one-sided hypothesis about overrepresentation. For each
ontological term that was found to be significantly overrepresented statistically in a given gene cluster, the OR (Odds
Ratio) value was determined. All the clusters were classified
through the GO classification system, that is, the clusters
with genes discriminating both cell populations as well as the
clusters grouping genes of a similar expression.
Four hundred ninety-three genes of cluster 9, classified
via the GO system, determined the terms of biological processes (𝑝 < 0.05) overrepresented in CD34− stem cells from
umbilical cord blood. The classification system determined
256 GO terms of biological processes, out of which GO terms
of 𝑝 value below 0.04 underwent further analysis. As a result
of this analysis, the majority of GO terms represented only by
one or two genes were rejected. The GO terms for biological
processes in cluster 9 were assigned to one of six functional groups, including metabolism, biological processes
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Table 1: 15 clusters obtained as a result of the unsupervised gene clustering. Mean CD34− BM (mean of CD34− stem cells from bone marrow).
Mean CD34− UCB (mean of CD34− stem cells from umbilical cord blood). 𝑁 (a number of genes in a cluster). SRL (Signal Log Ratio).
Cluster
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Mean
CD34− BM

Mean
CD34−
UCB

SD
CD34−
BM

SD
CD34−
UCB

𝑁

𝑝 value

Mean
SLR

−95%
CI
SLR

+95%
CI
SLR

Conclusion

4.97
11.57
8.02
4.45
7.02
5.54
3.53
4.76
5.64
3.11
2.76
3.98
7.39
6.21
9.30

4.91
11.49
8.05
4.40
7.14
5.50
3.46
4.83
7.15
3.09
2.78
3.90
4.86
6.21
9.36

0.08
0.35
0.30
0.06
0.24
0.12
0.04
0.71
1.58
0.04
0.02
0.06
2.85
0.26
0.64

0.09
0.47
0.32
0.05
0.21
0.13
0.05
0.88
2.70
0.04
0.02
0.07
1.01
0.21
0.84

1102
54
592
999
898
1133
960
961
493
872
647
1133
387
1353
395

0.00000023
0.26488907
0.63190010
0.00000001
0.00000009
0.00000889
4.51861𝐸 − 13
0.03102164
p < 0.0000001
0.00325256
0.00002947
5.44009𝐸 − 15
p < 0.0000001
0.44902052
0.15369595

−0.06
−0.08
0.01
−0.06
0.11
−0.06
−0.07
0.11
3.06
−0.03
0.03
−0.08
−3.43
−0.01
0.08

−0.08
−0.22
−0.05
−0.08
0.07
−0.09
−0.09
0.01
2.95
−0.05
0.01
−0.10
−3.57
−0.05
−0.03

−0.04
0.06
0.07
−0.04
0.16
−0.03
−0.05
0.20
3.16
−0.01
0.04
−0.06
−3.29
0.02
0.20

No change
No change
No change
No change
No change
No change
No change
No change
Up
No change
No change
No change
Down
No change
No change

Signaling pathway
Regulation of JAK-STAT cascade (GO:0046425)
Calcium-mediated signaling (GO:0019722)
Positive regulation of cell proliferation (GO:0008284)
Cytokine-mediated signaling pathway (GO:0019221)
JAK-STAT cascade (GO:0007259)
Positive regulation of calcium-mediated signaling
(GO:0050850)
Positive regulation of tyrosine phosphorylation of
STAT protein (GO:0042531)
Integrin-mediated signaling pathway (GO:0007229)
Regulation of MAP kinase activity (GO:0043405)
Protein kinase cascade (GO:0007243)
Activation of MAPK activity (GO:0000187)
Signal transduction (GO:0007165)
0

0.01

0.02
p value

0.03

0.04

Figure 2: Functional annotations. 12 GO classification terms for biological processes in the group; signaling pathways in cluster 9 depending
on the 𝑝 value (𝑝 < 0.04).

regulation, cellular homeostasis, cellular defensive response
and response to stimuli, cytokine production, and signaling
pathways. The GO terms regarding signaling pathways are
presented in Figure 2.
The next stage consisted of a similar analysis of genes from
cluster 13. GO system classification for 387 genes of cluster 13
determined 119 terms of biological processes (𝑝 < 0.05) of

a decreased activity in CD34− cells from umbilical cord blood
as compared with CD34− cells from bone marrow. The GO
terms of 𝑝 value below 0.04 underwent further analysis. As a
result of this analysis, the majority of GO terms represented
only by one or two genes were rejected. The GO terms for
biological processes in cluster 13 were assigned to one of
three functional groups, including metabolism, biological
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Signaling pathway
BMP signaling pathway (GO:0030509)
Cell surface receptor linked signal transduction
(GO:0007166)

Regulation of transforming growth factor beta receptor
signaling pathway (GO:0017015)
Transmembrane receptor protein serine/threonine kinase
signaling pathway (GO:0007178)
Transmembrane receptor protein tyrosine kinase signaling
pathway (GO:0007169)
Vascular endothelial growth factor receptor signaling
pathway (GO:0048010)
Negative regulation of signal transduction (GO:0009968)
0.000

0.010

0.020

0.030

p value

Figure 3: Functional annotations. 7 GO classification terms for biological processes in the group; signaling pathways in cluster 13 depending
on the 𝑝 value (𝑝 < 0.04).

Table 2: Gene pathways based on the KEGG classification of an increased expression in CD34− stem cells from umbilical cord blood.
KEGGID
4060
4620
5120
4630

𝑝 value
0.001
0.001
0.001
0.012

Odds ratio
2.947
3.672
3.748
2.067

Exp. count
14
6
4
8

Count
33
17
12
15

processes regulation, and signaling pathways. In CD34− cells
from umbilical cord blood as compared with CD34− cells
from bone marrow a decreased gene activity was observed
of the BMP signaling pathway, TGF beta, transmembrane
receptor of protein serine/threonine kinase, transmembrane
receptor of tyrosine kinase, and VEGF (Figure 3).
Gene pathways whose components are genes belonging
to specific clusters underwent an additional analysis, which
was independent of a direct description of cellular processes.
For this purpose data from the KEGG database (Kyoto
Encyclopedia of Genes and Genomes) were used. For each
pathway the hypothesis of overrepresentation of specific
clusters of genes as compared with the whole scope of
analyzed genes was verified, and precise 𝑝 values were
determined. For the purpose of this study, gene pathways
for clusters 9 and 13 were analyzed because they contained
genes discriminating both gene populations. On the basis
of KEGG database, cytokine-cytokine receptor interaction
pathway, toll-like receptor signaling pathway, epithelial cell
signaling in Helicobacter pylori infection, and JAK-STAT
signaling pathway are overrepresented in CD34− cells from
umbilical cord blood (Table 2).
In cluster 13, on the basis of KEGG classification, the
CD34− cells from umbilical cord blood show a decreased
activity of focal adhesion signaling pathway, cell junctions,
and TGF-beta signaling pathway (Table 3).
At the next stage, the genes of the remaining clusters
numbered 1–8, 10–12, and 14 of a similar gene expression were

Size
223
92
63
130

Term
Cytokine-cytokine receptor interaction
Toll-like receptor signaling pathway
Epithelial cell signaling in Helicobacter pylori infection
JAK-STAT signaling pathway

analyzed. The analysis was based on the GO classification for
each of the abovementioned clusters. The criteria used for
choosing the clusters included the biological processes connected with cellular cycle as well as the processes connected
with signaling pathways activity. A similar gene expression in
CD34− cells from umbilical cord blood and CD34− cells from
bone marrow was characteristic for such biological processes
as cell division, mitosis, maintaining telomere endings, RNA
and DNA processing, and a similar activity of Notch and Wnt
signaling pathways genes.
An independent analysis was also carried out for genes of
a similar activity in clusters 1–8, 10–12, and 14 on the basis of
the KEGG database. CD34− cells from umbilical cord blood
and CD34− cells from bone marrow showed similar activity
of Wnt and Notch signaling pathways genes, p53 signaling
pathway genes, cell cycle, PPAR, and mTOR (Table 4).
CD34− cells from umbilical cord blood and CD34− cells
from bone marrow showed similar gene activity of Wnt
and Notch signaling pathways both on the basis of the GO
classification system and the KEGG database. Therefore, at
the last stage of the study the activity of single genes of Wnt
and Notch, as well as JAK-STAT signaling pathways chosen
from 11976 sampled genes, was analyzed.
In accordance with the KEGG database, the JAK-STAT
signaling pathway is defined by 155 genes, out of which
there were 128 active genes in the studied material. Genes
exhibiting increased activity in CD34− cells from umbilical
cord blood included SPRY2, CISH, CSF2, GRB2, IFNGR1,
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Table 3: Gene pathways based on the KEGG classification of a decreased expression in CD34− stem cells from umbilical cord blood.

KEGGID
4510
1430
4350

𝑝 value
0.001
0.001
0.001

Odds ratio
7.517
8.157
4.038

Exp. count
7
4
3

Count
33
22
10

Size
188
109
82

Term
Focal adhesion
Cell junctions
TGF-beta signaling pathway

Table 4: Gene pathways based on the KEGG classification of a similar expression in CD34− stem cells from umbilical cord blood and CD34−
cells from bone marrow for clusters 1–8, 10–12, and 14-15.
KEGGID
04310
04330
04115
04110
03320
04150

𝑝 value
0.018
0.025
0.038
0.009
0.020
0.035

Odds ratio
1.880
2.722
2.157
2.028
2.791
2.220

Exp. count
10
3
5
10
3
5

IL2RB, IL2RG, IL7R, IL10RA, IL15RA, PIM1, PTPN6, STAT1,
STAT5A, and CCND3. Genes exhibiting decreased activity
included PIAS3, IL11RA, and CBLB.
On the basis of the KEGG database, the Wnt signaling
pathway is defined by 151 genes, out of which there were
132 active genes in the studied material. Genes exhibiting increased activity in CD34− cells from umbilical cord
blood include MMP7, PRKCB, PSEN1, RAC2, and CCND3.
Genes exhibiting decreased activity include DKK1, WNT5A,
WNT5B, FZD7, and TCF7L1.
On the basis of the KEGG database, the Notch signaling
pathway is defined by 47 genes, out of which there were
38 active genes in the studied material. Genes exhibiting
increased activity in CD34− cells from umbilical cord blood
included DTX4 and PSEN1.

4. Discussion
Nonhematopoietic stem cells were first identified by Friedenstein et al. who described the progenitor cells of rat bone
marrow [21]. Currently, the nonhematopoietic stem cells,
which are frequently referred to, although not quite correctly,
as the mesenchymal stem cells, are isolated from various
tissues, including the umbilical cord blood, placenta, and
umbilical cord. A constantly increasing number of studies
on MSCs have proved that in appropriate environmental
conditions they are capable of differentiating into specialized mesodermal, endodermal, and even ectodermal cell
lineages [2, 22–24]. In natural conditions they play an important role in cell regeneration processes and in repairing
the tissues damaged by degenerating processes. Another
intriguing characteristic of MSCs is their ability to avoid
immunological identification and response; therefore they
are referred to as the hypoimmunogenic cells. Despite great
attention paid to mesenchymal stem cells, their biology is
not yet fully understood. Introducing multipotential stem
cells into clinical application requires a full understanding
of the mechanisms which control key properties of the
cell, such as cell self-replication versus differentiation and

Count
17
7
9
18
7
9

Size
131
39
61
100
60
46

Term
Wnt signaling pathway
Notch signaling pathway
p53 signaling pathway
Cell cycle
PPAR signaling pathway
mTOR signaling pathway

mobilization versus tissue homing. The understanding of
these mechanisms must be based on strict definitions of
human multipotential stem cells at the molecular level. In
addition, understanding of molecular mechanisms of selfreplicating, pluripotentiality, plasticity, and differentiation of
stem cells not only is a necessary condition to overcome
limitations of stem cells application as a therapeutic factor
but also is key to understand a fundamental mystery of the
development of human organism.
This paper presents a comparison of gene activity of the
nonhematopoietic cells of umbilical cord blood and bone
marrow using oligonucleotide microarrays. Gene activity was
tested in stem cells CD34 and included 11 979 genes obtained
after completing procedures to increase the purity of cell
samples. Cell populations included in the study were also
limited based on the noise threshold revealed in the final
comparative analysis. The gene expression profiles of the
compared populations of CD34− stem cells from umbilical
cord blood and CD34− stem cells from bone marrow were
very similar (Figure 1). For a better illustration of the biological molecular activity and the activity of signaling pathways
in the studied cell populations, a transcription profile analysis
with the GO and KEGG databases was completed. In terms
of fundamental signaling pathways for biological activity
of stem cells like JAK-STAT, Wnt, and Notch we recorded
discrete differences among expressed genes from umbilical
cord blood cells as compared to bone marrow cells.
The analysis regarding signaling pathways showed
increased activity of the JAK-STAT pathway in CD34−
stem cells from umbilical cord blood both on the basis of
the gene ontology classification and the KEGG database
(Figure 2 and Table 2). The increased activity regarded 15
genes which take part in the JAK-STAT cascade, that is,
SPRY2, CISH, CSF2, GRB2, IFNGR1, IL2RB, IL2RG, IL7R,
IL10RA, IL15RA, PIM1, PTPN6, and CCND3, including the
genes which code transcription factors STAT1 and STAT5A.
In previous publications the significance of the JAK-STAT
signaling pathway is best described in the embryonic and
hematopoietic stem cells. Ramalho-Santos et al. searched
for a transcription profile describing both the embryonic
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stem cells and the stem cells of an adult organism on the
basis of the study of embryonic cells, neural stem cells,
and hematopoietic stem cells activity [25]. These studies
attempted to create a molecular signature of the stem cells in
relation to the self-regeneration and differentiation abilities of
the cells. The active JAK-STAT pathway belongs to the basic
attributes defining the so-called “stemness” phenomenon. In
the embryonic stem cells the JAK-STAT signaling pathway
promotes proliferation in the form of self-replication.
The activating factor LIF (Leukemia Inhibitory Factor)
provokes phosphorylation and dimerisation of STAT3,
which after translocation to the cell nucleus stimulates the
expression of gene group responsible for self-replication of
the embryonic stem cell. However, the JAK-STAT signaling
pathway is not the only factor responsible for proliferation
regulation of the embryonic stem cells. Internal processes
regulating the multiplication processes independent of the
STAT3 activity, such as the Nanog and Oct-4 activity, are
also important [15, 17, 26, 27]. In our study material, the
Nanog and Oct-4 genes were not active in both types of
nonhematopoietic stem cells, which is in agreement with
other publications devoted to this subject [28, 29]. The
STAT1 transcription factor, overactive in our study in CD34−
cells of umbilical cord blood, is responsible, among others,
for the expression of interferon-activated genes involved in
cell defense against pathogenic factors [30]. Moreover, it
is believed that STAT1 is a medium in expression of gene
group which is important for cell viability in response to
stimulating factors. In 2006 Kim’s team described STAT1
as a highly overactive gene in human mesenchymal stem
cells [31]. In comparison, the transcription factor STAT5,
which functions in the form of two isoforms STAT5a and
STAT5b, is involved in the cellular proproliferation responses
and antiapoptosis processes [32, 33]. STAT5 is activated
by various cytokine receptors. In our study, the isoform
STAT5A showed increased activity. It is believed that the
STAT5 factor activates specifically the cellular cycle genes,
that is, cyclins [34, 35]. In human stem cells the STAT factors
activate the expression of cyclin D which codes the regulating
subunit of the CYCD/CDK4 complex driving the G1/S phase
transition, which in turn activates the cell cycle progression
[32, 36]. STAT5a and STAT5b also play an important role
in expression of genes promoting hematopoietic stem cells
survival [37]. Gene expression profiling over a range of
STAT5 activities in human CB cells revealed subsets of genes
that are associated with the self-renewal and long-term
expansion phenotype. Taking into account the fact that
in STAT5−/− mice myelopoiesis appears to be relatively
unaffected it can be assumed that STAT5 can play a key
role in assessing the quality of cells [38]. Additionally, not
only is the JAK-STAT signaling pathway a significant signal
transduction component which controls cell proliferation
and purpose, but it also regulates cell migration, which is
important both in the primary processes of gastrulation
and in the tissue regeneration. For instance, the JAK-STAT
signaling pathway is connected with cardioprotection [39]
as well as with processes of regeneration and remodeling of
skeleton [40, 41]. The active JAK-STAT signaling pathway
helps to regulate cell organization within cell grouping
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[42]. The above results may suggest a greater self-renewal
potential of CD34− stem cells of umbilical cord blood,
long-term expansion phenotype, and their higher ability in
terms of tissue regeneration.
The Wnt signaling pathway is perceived as a signaling
cascade involved in the control of fundamental processes
of nondifferentiated mesenchymal stem cells, such as cell
reproduction and directed differentiation. Both methods of
gene activity classification, that is, GO and KEGG, showed
a similar activity of the majority of Wnt signaling pathway
genes (Table 4). In addition, the analysis of separate genes
taking part in the Wnt signaling pathway and coding 19
glycosylated molecules of extracellular signaling of the Wnt
family, cellular surface receptors including Frizzled receptors,
intracellular signaling molecules and genes involved in cell
cycle and taking part in regulation of proliferation, growth
and modification of proteins, showed that the expression
profile was very similar, except for single genes of an increased
and decreased expression in CD34− stem cells of umbilical
cord blood in our study, that is, MMP7, PRKCB, PSEN1,
RAC2, and CCND3, respectively, as well as DKK1, WNT5A,
WNT5B, FZD7, and TCF7L1. The Wnt5a ligand is involved
in the noncanonical Wnt signaling pathway transmission
and it is assumed that it may inhibit the canonical Wnt
pathway in mouse embryonic cells similarly to Dkk1. The
role of the noncanonical Wnt signaling pathway, which in
our results seemed to prevail in CD34− stem cells of bone
marrow, is not clear. It is believed that the noncanonical Wnt
signaling pathway controls the reorganization of cytoskeleton
muscle proteins, tissue polarity, and cell movement [43]. In
contrast, the canonical signaling pathway, which activates
target gene transcription through the increase of beta-catenin
concentration, seems to be more active in CD34− stem
cells from umbilical cord cells. Its role is to control the
tissue-specific cell purpose during embryogenesis as well as
regulation of proliferation in adult tissues [44]. Additionally,
high activity of WNT5A gene is noticeable in the human
MSCs differentiation into osteoblasts, as well as in early stages
of adipogenesis [45, 46]. According to the publication of
Yang et al., the Wnt5a and Wnt5b glycoproteins are also
responsible for coordination of chondrocyte proliferation and
differentiation [47]. Wnt5a is believed to be an important
factor taking part in the positive autocrinic regulation of
HSC repopulation ability [48]. In their publication, Prockop
et al. suggest that a high WNT5A expression in MSCs is
characteristic for the end of the exponential and stationary
growth phases in cell cultures in in vitro conditions [49].
Slight changes in the Wnt gene activity, especially in WNT5A
activity, may result from the role played by MSCs in their
environmental niche. Bone marrow MSCs seem to be more
involved in the renewal processes of the progenitor cells pool
which reside in bone marrow. The researches show that the
expression of Wnt ligands and Fz receptors in MSCs shows
some correlation of Wnt/Fz pairs, such as Wnt5a/Fz5 [50].
The above discussed study results showed that there was
a coexpression of WNT5A/FZD7. Their higher expression
was characteristic for the bone marrow cells, while the
previously published data suggested differences in Wnt/Fz
activity depending on the origin-mouse versus human MSCs
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[51]. Currently available data suggest differences which may
be characteristic not only for proliferation and differentiation
programs but also for the phenotype of MSCs from umbilical
cord blood and bone marrow, which is in agreement with
the results published by Baksh et al. [7]. The remaining genes
take part in the Wnt signaling cascade of increased activity in
CD34− from umbilical cord blood, such as MMP7 belonging
to metalloproteinases, which play a role in the extracellular
array remodeling and wound healing [5].
The Notch signaling pathway belongs to the processes of
intercellular communication which regulate gene expression
patterns defining a dualistic character of stem cells reflected
by the asymmetric cell division [52]. Additionally, the Notch
signaling cascade controls various cells biological processes,
not only proliferation and differentiation but also apoptosis
and regeneration. The signaling activity of Notch pathway
genes determined in the study of 38 genes showed their
similar expression as defined by the KEGG classification
(Table 4). A similar activity level was noted for all four Notch
1–4 receptors, as well as for JAG1 and JAG2 ligands. The differences were related to two genes DTX4 and PSEN1, which
were overactive in CD34− cells from umbilical cord blood.
The function of the PSEN1 gene is mainly developmental
processes regarding cell differentiation during neurogenesis.
And the lack of this gene leads to a premature directed
differentiation of neural progenitor cells [53]. The activity of
the Notch gene cascade plays an important role at all levels
of stem cell development, starting from the embryonic stem
cell through fetal cells to adult organism stem cells. Notch
is significantly involved in the asymmetric segregation of
factors determining cell purpose during replication divisions
of the stem cell pool. The significance of receptors and ligands
is best described in the hematopoietic stem cells. Expression
of the constitutively active Notch1 gene in hematopoietic
stem cells induces the immortalized cell lineages which can
reproduce the myeloid and lymphoid cell lineage in a longterm repopulation in animal studies [54, 55]. Apart from that,
it delays differentiation of human hematopoietic progenitor
stem cells in vitro [56]. The studies suggest that Notch1 is an
important factor in HSC self-renewal and can also participate
in the inhibition of stem cell differentiation. The scientific
findings reveal that a suppression of the Notch signaling
pathway via deletion of key genes in HSC did not cause cells
to lose their ability of long-term hematopoiesis renewal in
animal models [57]. Therefore, the role of ligands and Notch
receptors in HSC has not been precisely defined yet, and
current publications do not provide precise data regarding
the role played by particular Notch signaling pathway genes
in mesenchymal stem cells. The only phenomenon which
appears to be superior and characteristic for all stem cells,
including MSCs, is the significance of the Notch cascade
in asymmetrical cell divisions. This is a significant component of stem cells population self-renewal, as well as
the functionality of the cascade in the stem niche. This
phenomenon constitutes an integral part of the hypothesis
about stem cell population aging. However, further investigation will be required to determine if the differentially
expressed genes described in the studies above could serve as
stemness genes.
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Remaining signaling pathways which revealed increased
activity in the studied CD34− cells of umbilical cord blood
included MAPK (Mitogen-Activated Protein Kinase, Figure 2)
which regulates a wide range of cell biological activities, such
as gene expression, mitosis, proliferation, differentiation,
migration and apoptosis processes [58]. The MAPK pathways
take part in regulation of early embryonic development and
in defining the role of embryonic stem cells from the early
developmental phases until the moment of formation of
differentiated adult cells. However, this precise role played by
the MAPK pathways in various stem cell types has not yet
been defined.
Transmission via calcium ions was also singled out in
the group of the overactive signaling pathways of the studied
CD34− stem cells of umbilical cord blood versus CD34− stem
cells of bone marrow (Figure 2). The ions are a vital and
commonly present mediator in the process of extracellular
signals transmission and conversion into a cellular response.
Variations of calcium ions concentrations regulate gene
expression through an impact on the activity of numerous
signaling pathways. Intracellular increase of calcium ions
concentration also regulates cell activities, including adhesion, motility, gene expression, and proliferation [59]. The
significance of transmission via calcium ions and the ways of
their concentration changes in mesenchymal stem cells still
have not been studied. Kawano et al. were the first to report
that in the nondifferentiated MSCs there are spontaneous
changes of calcium ions concentrations despite the lack of
any stimulating factors [60]. As reported, the calcium ion
transmission through the activation of different gene groups
may direct the cells onto specific developmental pathways
[61].
The integrin-mediated signaling pathway takes part in
extracellular array remodeling, which means that it controls cell behavior and tissue organization. Its increased
activity was observed in our study in CD34− stem cells of
umbilical cord blood (Figure 2). In recent years the role of
integrins and selectins has been stressed in the adhesion and
transendothelial migration, which has a significant meaning
in the processes of repopulation of tissues damaged by
diseases and their regeneration via the circulating MSCs. For
instance, Ip et al. showed that blocking of beta 1-integrin,
which constitutes a component of the adhesive molecule
VLA-4, in MSC weakened the ability of mesenchymal stem
cells to engraft into the infarction-changed myocardium [62].
The above results may suggest a better migration ability
of CD34− stem cells of umbilical cord blood into the area
of pathologic tissue. MSCs own cytokinetic activity that
has similar significance in terms of tissue regeneration.
The study of cytokinetic activity of CD34− stem cells of
umbilical cord blood showed increased activity of signaling
pathways activated via cytokines (Figure 2; Table 2). On the
other hand, the TLR signaling pathway (toll-like receptor
signaling), which in our own results revealed a significant
increased activity in CD34− stem cells of umbilical cord
blood (Figure 2), increases the immunosuppressive characteristics of MSCs. Weakening of the immunological response
generated by the TLR pathway depends on the production of immunosuppressive kynurenines by the indoleamine
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2,3-dioxygenase enzyme which degrades tryptophan. Induction of indoleamine 2,3-dioxygenase by TLR entails autocrine
signaling loop of interferon-beta, which plays a role in MSCs
immunomodulative effects [63].
According to the GO and KEGG classifications carried
out for cluster 13 with the gene pool of a decreased expression,
a statistically significant decrease of gene activity was shown
for the TGF-beta and BMP pathways (Figure 3; Table 3). It
is believed that the family of TGF-beta members, which
also includes BMP, plays an important role in initiating the
process of a directed MSCs differentiation. TGF-beta signaling transmission runs through specific serine-threonine
kinase receptors and their nuclear receptors called the Smad
proteins. TGF-beta signaling transmission promotes the
process of early differentiation stages into the chondrogenic
and osteogenic lineages [64, 65]. However, cell differentiating
into the adipogenic lineage results in inhibition of the TGFbeta signaling pathway. This was confirmed in experimental
studies developed by Ng et al. where the inhibition of TGFbeta transmission resulted in an increase of adipogenesis
and a decrease of differentiating ability towards chondrocytes
[66]. The BMP signaling pathway strongly promotes differentiation towards osteoblasts, but it also leads to inhibition
of myogenesis and adipogenesis. Such a gene expression
profile may suggest that the MSCs biological characteristics
are strongly influenced by the significance of stem cell niche.
Therefore the mesenchymal stem cells from bone marrow
may be more involved in the promotion of the phenomena
which maintain the stability of bone marrow environment.

5. Conclusions
Multipotentiality of the mesenchymal stem cells, their high
proliferation ability, and not too-demanding culturing conditions reveal their potential for wide application in various
medical areas. These are the reasons for the common pursuit
to understand their biology based on more and more sublime
biomolecular procedures. Scientists have been searching
for an unequivocal marker which would characterize the
mesenchymal stem cells and simultaneously would enable a
separation of a homogenous MSC population. Understanding of molecular mechanisms controlling self-replication and
differentiation is becoming a fundamental issue for clinical
application of MSC. In this respect, the activity of signaling
pathways is important, yet the interpretation of the pathways,
especially their interdependence, constitutes a great challenge
for the scientific world. Moreover, the answer to the question
regarding MSC innidation and its survival ability in host
tissues after transplantation is yet to be found. Explanation
of the abovementioned issues will require a more global
understanding of biological activity of these cells, especially
on the basis of the significance of the mesenchymal niche
environment of stem cells and its impact on the gene and
epigenetic activity. It should be assumed that continued
progress in the understanding of MSCs will finally lead to
their common therapeutic and preventive application and
consequently to the improvement of the quality and length
of human life.
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[20] J. Polańska, P. Widĺak, J. Rzeszowska-Wolny, M. Kimmel, and
A. Polański, “Gaussian mixture decomposition of time-course
DNA microarray data,” in Mathematical Modeling of Biological
Systems, Volume I, pp. 351–359, Birkhäuser, Boston, Mass, USA,
2007.
[21] A. J. Friedenstein, U. F. Gorskaja, and N. N. Kulagina, “Fibroblast precursors in normal and irradiated mouse hematopoietic
organs,” Experimental Hematology, vol. 4, no. 5, pp. 267–274,
1976.
[22] S. Wakitani, T. Saito, and A. I. Caplan, “Myogenic cells derived
from rat bone marrow mesenchymal stem cells exposed to 5azacytidine,” Muscle & Nerve, vol. 18, no. 12, pp. 1417–1426, 1995.
[23] D. Woodbury, E. J. Schwarz, D. J. Prockop, and I. B. Black,
“Adult rat and human bone marrow stromal cells differentiate
into neurons,” Journal of Neuroscience Research, vol. 61, no. 4,
pp. 364–370, 2000.
[24] M. Reyes, T. Lund, T. Lenvik, D. Aguiar, L. Koodie, and C.
M. Verfaillie, “Purification and ex vivo expansion of postnatal
human marrow mesodermal progenitor cells,” Blood, vol. 98, no.
9, pp. 2615–2625, 2001.
[25] M. Ramalho-Santos, S. Yoon, Y. Matsuzaki, R. C. Mulligan,
and D. A. Melton, “‘Stemness’: transcriptional profiling of
embryonic and adult stem cells,” Science, vol. 298, no. 5593, pp.
597–600, 2002.
[26] K. Mitsui, Y. Tokuzawa, H. Itoh et al., “The homeoprotein nanog
is required for maintenance of pluripotency in mouse epiblast
and ES cells,” Cell, vol. 113, no. 5, pp. 631–642, 2003.
[27] S. Okumura-Nakanishi, M. Saito, H. Niwa, and F. Ishikawa,
“Oct-3/4 and Sox2 regulate Oct-3/4 gene in embryonic stem
cells,” The Journal of Biological Chemistry, vol. 280, no. 7, pp.
5307–5317, 2005.
[28] F. Ulloa-Montoya, B. L. Kidder, K. A. Pauwelyn et al., “Comparative transcriptome analysis of embryonic and adult stem cells
with extended and limited differentiation capacity,” Genome
Biology, vol. 8, no. 8, article R163, 2007.
[29] L. Song, N. E. Webb, Y. Song, and R. S. Tuan, “Identification and
functional analysis of candidate genes regulating mesenchymal
stem cell self-renewal and multipotency,” STEM CELLS, vol. 24,
no. 7, pp. 1707–1718, 2006.
[30] A. H. H. Van Boxel-Dezaire, M. R. S. Rani, and G. R. Stark,
“Complex modulation of cell type-specific signaling in response
to type I interferons,” Immunity, vol. 25, no. 3, pp. 361–372, 2006.
[31] C. G. Kim, J. J. Lee, D. Y. Jung et al., “Profiling of differentially
expressed genes in human stem cells by cDNA microarray,”
Molecules and Cells, vol. 21, no. 3, pp. 343–355, 2006.
[32] T. Bowman, R. Garcia, J. Turkson, and R. Jove, “STATs in
oncogenesis,” Oncogene, vol. 19, no. 21, pp. 2474–2488, 2000.

Stem Cells International
[33] A. Stephanou and D. S. Latchman, “Opposing actions of STAT-1
and STAT-3,” Growth Factors, vol. 23, no. 3, pp. 177–182, 2005.
[34] A. Martino, J. H. Holmes, J. D. Lord, J. J. Moon, and B. H.
Nelson, “Stat5 and Sp1 regulate transcription of the cyclin D2
gene in response to IL-2,” The Journal of Immunology, vol. 166,
no. 3, pp. 1723–1729, 2001.
[35] I. Matsumura, T. Kitamura, H. Wakao et al., “Transcriptional
regulation of the cyclin D1 promoter by STAT5: its involvement
in cytokine-dependent growth of hematopoietic cells,” The
EMBO Journal, vol. 18, no. 5, pp. 1367–1377, 1999.
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Multipotent mesenchymal stromal/stem cells (MSCs) reside in many human organs and comprise heterogeneous population of
cells with self-renewal ability. These cells can be isolated from different tissues, and their morphology, immunophenotype, and
differentiation potential are dependent on their tissue of origin. Each organ contains specific population of stromal cells which
maintain regeneration process of the tissue where they reside, but some of them have much more wide plasticity and differentiate
into multiple cells lineage. MSCs isolated from adult human tissues are ideal candidates for tissue regeneration and tissue
engineering. However, MSCs do not only contribute to structurally tissue repair but also MSC possess strong immunomodulatory
and anti-inflammatory properties and may influence in tissue repair by modulation of local environment. This paper is presenting
an overview of the current knowledge of biology of tissue-resident mesenchymal stromal and progenitor cells (originated from
bone marrow, liver, skeletal muscle, skin, heart, and lung) associated with tissue regeneration and tissue homeostasis.

1. Introduction
Many human organs and tissues, including skin, liver, muscle,
pancreas, lung, adipose tissue, placenta, bone marrow (BM),
and peripheral blood, as well as others, contain an undifferentiated population of tissue-resident cells facilitating tissue
repair and tissue remodeling during the life-time. These
cells are characterized by specific properties: self-renewal
capacity, the ability to give rise to descendant progenitor cells,
multipotency, and the capability to differentiate into a variety
of cell types specific for particular tissues. Tissue-resident
stromal cells usually are localized in a specific local tissue
microenvironments that maintain and control a particular
type of cells or their progenitors for differentiation and
maturation.
However, stromal cell function of many organs is diminished with age leading to reduced regenerative potential of
all organs [1]. In the literature, different types of tissueresident mesenchymal stromal cells (MSCs) are described;
however, it is not clear if these cells are specific only for

tissue regeneration from which they originate or whether
their heterogeneity allow them to differentiate into various
types of cells. MSCs isolated from various tissues share a
number of nonhematopoietic cell markers including CD29,
CD44, CD73, CD90, CD105, and MHC class I antigens.
Nonimmunogenic properties of MSC are permitted by the
lack of MHC class II antigens and lack of costimulatory
molecules CD40, CD80, and CD86. These characteristics
make MSCs promising candidates for new therapeutic strategies in transplantation and regenerative medicine.
Cells bearing MSC characteristics have been isolated
from different organs and tissues of the human body including BM, adipose tissue, skin, muscle, tendon, bone, brain,
liver, kidneys, lungs, spleen pancreas thymus, synovial membrane, and umbilical cord [2]. Intensive studies on MSCs
are performed from years; however, the location and role
of native MSCs within their own tissue environment in
vivo are not fully explained, mainly because of the lack of
specific markers allowing their precise recognition [3]. In
self-renewing organs, stromal cells reside in specific niches
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that constitute the microenvironment in which tissue-specific
progenitor cells are maintained in a quiescent state. After
activation signal delivery, progenitor cells proliferate and
migrate to the sites of injury where they differentiate and
acquire the mature phenotype [4]. Tissue-specific progenitor
cells niche homeostasis is regulated by the division of progenitor cells, which maintain the quantity of primitive and
committed cells within the tissue [5].
MSC originated from different tissue locations exhibited
many common characteristics; however, some markers are
distinguishing for differentiation potential of these cells. This
review is introducing the similarities and differences between
MSCs originated from different type of tissues based on
their surface markers and their regenerative potential in
organs where they reside and their multipotential ability to
differentiate into other lineages.

2. Mesenchymal Stem Cell of
Bone Marrow Origin
Up to date, MSCs originated from adult bone marrow
stroma are the best characterized mesoderm-derived stromal
cells with multipotent differentiation capacity. The term of
MSC was introduced by Caplan in 1991 as a type of adult
stem cells with natural potential to differentiate into diverse
mesenchymal cell types including osteoblasts, chondrocytes,
adipocytes and others [6]. Historically, MSCs were isolated
for the first time from the bone marrow by Friedenstein as
a fibroblastic precursors with unknown anatomical location
in the BM environment [7]. These cells were characterized
by plastic adherent capacity with fibroblast-like morphology, extensive proliferation ability, and clonal expansion as
confirmed by colony-forming unit fibroblast assay (CFUF). Moreover, heterotopic transplantation of BM cells into
different immunoprivileged site, including renal capsule,
resulted in ectopic bone formation suggesting that osteogenic
precursors are present within BM environment.
Since that time, extensive research on MSCs of bone
marrow origin was performed to characterize biology and
surface epitopes of MSCs. MSCs are heterogenic populations
and express variety of surface epitopes including integrin
receptors (CD29, CD49𝛼), cell adhesion molecules (CD44,
CD54, CD58, CD62L, CD105, CD106, CD146, and CD166),
enzymes (CD39, CD73), growth factor receptors (CD140b,
CD271, CD340, and CD349), intermediate filaments (nestin,
vimentin, desmin, and neurofilament), and embryonic antigens (SSEA-1), but none of these molecules are specific for
BM-derived MSCs (Table 1) [2, 8]. Isolation of MSCs based
on STRO-1 [9], antinerve growth factor receptor CD271
[10, 11], or cell adhesion molecule CD146 expression [12, 13]
documented their heterogeneity and clonogenic capacity of
these cells. However, further studies documented that MSCs
isolated based on CD271 and CD146 surface markers constitute two distinct populations of MSCs of BM origin and these
subtypes may have different function during development
and aging [14].
Heterogeneity of MSCs, different isolation procedure of
native stromal cells, and diverse culture conditions were
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a reason for defining by Mesencymal and Tissue Stem Cell
Committee of the International Society for Cellular Therapy
minimal criteria which characterize human mesenchymal
stem cells as (i) plastic adherent cells, (ii) with expression
of CD73, CD90, and CD105 surface markers and lack
of expression of hematopoietic markers CD34−, CD45−,
CD14−, CD79𝛼−, and HLA-DR−, and (iii) multilineage
differentiation potential into osteoblasts, adipocytes, and
chondroblasts [15]. If the above criteria are not completed,
the term “mesenchymal stem cells” should be used for bone
marrow-derived adherent cells or other MSC-like cells of
different origin.
Extensive research describing MSC phenotype and biology has been performed on human BM-derived MSC in
vitro, but there is still a little evidence on their phenotype
in their natural in vivo environment. Recent studies on
trabecular bone biopsy specimens documented the presence
of cells with pattern of MSC antigen expression with different
morphology and microanatomic localization [8]. Nonreticular stromal cells including round stromal cells and bone
lining cells express CD73, CD140b, and CD271 antigens.
Round stromal cells additionally express CD10, whereas
bone lining cells are distinguished by neural ganglioside
(GD2) expression. Reticular stromal cells such as fibroblastic
reticular cells and adipose stromal cells (ASC) are overlapping
CD10 and CD146 antigens and are distinguished by the
presence of GD2 (on fibroblastic reticular cells) and CD73
(on ASC) [8]. In many studies, topography of MSCs in the
BM environment is introduced as the cell lining the outer
surfaces of blood vessels and perivascular cells and these
cells express CD146 antigen [8, 16, 17]. MSCs sorted based
on STRO-1+CD146+ phenotype expressed smooth muscle
actin alpha (𝛼SMA) which is also specific for pericytes [18].
Tormin studies introduced that CD146+/CD271+ BM cell
fraction comprises both sinusoidal perivascular cells and cells
residing in the BM environment, whereas bone lining MSC
expressed CD271 alone [19]. All these observations suggested
that MSCs residing in the medullary cavity, endosteum, and
BM stroma represent distinct fractions of MSCs contributing
to different progenitors development at the natural BM
microenvironment.
In the BM environment, MSCs are involved in tissue
homeostasis by contributing to hematopoietic stroma formation and regulatory molecules production including stem
cell factor (SCF) and chemokine CXCL12, factors necessary for hematopoietic stem cell (HSC) niche regulation
and maintenance. Downregulation of CXCL12 expression in
reticular cells and osteoblasts results in HSC mobilization
to the periphery and loss of B-cell progenitors, whereas the
deletion of Cxcl12 from stromal cells in perivascular region
has influence on long-term HSC repopulating activity and
common lymphoid progenitors [20]. However, perivascular
HSC niche is more complex and is supported by other
cell types including vessel endothelial cells, sympathetic
nerves, nonmyelinating Schwann cells, macrophages, and
osteoblasts, which in cooperation with perivascular MSC are
responsible for self-renewal, proliferation, and trafficking of
HSC, thus maintaining the pool of HSC [20]. Therefore,

STRO-1+/CD146+
CD271+/CD146+

No specific marker

Isolation marker

Between the basal lamina and sarcolemma
of myofibers
Muscle interstitium
Muscle interstitium adjacent to myofiber
associated blood vessels (distinct from
muscle pericytes)
Basement membrane of muscle vessels

Periportal blood vessels

C-kit (CD117)

Nestin

CD271/SSEA-4

PDGFR𝛽

PDGFR𝛼

PW1+/Pax7−

Pax7

CD146

Perisinusoidal space between sinusoids and
CD271
hepatocytes
Ductal plates in fetal liver and in canals of
EpCAM
Hering in adult livers

Pericytes
Adherent cells (cultured
Basal epidermis, dermal papillae, and bulge
with the presence of serum)
Floating spheres (cultured
without serum)
Within the niche composed of
Cardiac progenitors
cardiomyocytes and fibroblasts

Fibroadipogenic
progenitors FAP/MSC

Progenitor cells PICs

Satellite cells

Pericytes in human liver

Hepatic stem cells

Hepatic stellate cell

Sinusoids of the bone marrow

Bone marrow stroma

(Mesenchymal stem cells)

Pericytes

Tissue distribution

Stem/progenitor cells

[39–41]

[39, 40, 42]

[32, 36]

[26]

[23, 27]

[30]

[17–19]

[2, 8, 15]

Selected
references

AP, NG-2, CD146, PDGFR𝛽, and 𝛼SMA
[39, 42, 43]
CD73, CD90, CD105, and CD271 fibronectin,
[45, 47, 48]
vimentin and collagen type I
CD73, and CD90, CD105, CD271, nestin,
[45, 47]
fibronectin, and vimentin
C-kit (CD117), CD73, CD90, CD34, Sca-1, SSEA-1,
[49, 50, 52, 60]
VE-cadherin, and Islet-1

CD34, Sca-1, PDGFR𝛼, and vimentin

CD34, PW1+

CD34, NCAM (CD56), Pax7, and Myf5

CD10, CD29, CD44, CD73, CD90, CD105,
CD140b, CD146, CD271+, GD2, SSEA-1, and
STRO-1
CD10, CD29, CD44, CD73, CD90, CD105,
CD140b, CD146, CD271+, STRO-1, and 𝛼SMA
CD73, CD90, CD105, CD271, 𝛼-SMA, desmin,
GFAP, nestin, and N-CAM
CKs 8, 18, and 19, CD29 CD133, CD44, EpCAM,
and NCAM (CD56)
CD146, NG-2, CD90, CD73, CD105, CD140b, and
vimentin

Phenotype of mesenchymal cells of tissue origin

GD2: neural ganglioside; NG-2: neuroglial 2 proteoglycan, SSEA-1: stage specific embryonic antigen-1; 𝛼SMA: smooth muscle actin alpha; CKs: cytokeratins; AP: alkaline phosphatase; Sca-1: stem cell antigen-1.

Heart

Skin

Muscle

Liver

Bone marrow

Adult stem cell
source

Table 1: Heterogeneity of tissue-resident stem/progenitor cells.
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the level of CXCL12 expression on MSC originated from
different HSC niches confirmed MSC diversity in the BM
compartment and their influence on HSC and lymphoid
progenitors activity.
Recent studies documented that stromal cell originated
from different tissues (other than BM) showed significant
differences in their differentiation and molecular phenotype
and these findings suggest that stromal cells from other
sources may be not able to substitute stromal cells of bone
marrow origin [21].

3. The Liver Progenitor Cells
Regenerative potential of the liver is accomplished by resident hepatocytes and cholangiocytes when moderate liver
injury occurs. However, self-renewal capacity of hepatocytes
is limited when massive liver damage or partial hepatectomy takes place. Under these certain conditions, liver
stromal/progenitor cells in humans [22, 23] and oval cells in
rodents [24, 25], named for their morphological appearance
as small cells with oval nuclei, can participate in liver regeneration. Human hepatic progenitor cells are bipotent precursors
of hepatoblasts and cholangioblasts and reside at ductal plates
in fetal liver and in canals of Hering in the vicinity of
the portal triads of acini in adult livers [23]. They express
specific marker EpCAM (epithelial cell adhesion molecule)
allowing for their immunoselection (Table 1). EpCAM positive cells characterize high clonogenic activity for above
150 population doubling. Moreover, pluripotency of EpCAM
positive cells and the ability to differentiate into biliary
progenitors and hepatoblasts permitted self-renewal capacity
of these cells. Except EpCAM, hepatic progenitor cells express
CD29, CD133, and NCAM (CD56) molecules, and they are
negative for hematopoietic markers (CD34, CD45, CD38,
and CD14), for endothelial cell markers (VEGFR, vWF, and
CD31), and for mesenchymal markers defined by authors as
CD146, desmin, and 𝛼-smooth muscle actin. However, ex
vivo clonogenic expansion of EpCAM positive cells revealed
the presence of mesenchymal “companion” cells, which
penetrate the colonies and were found throughout them.
The mesenchymal “companion” cells represent two distinct
populations: angioblasts positive for VEGFR, vWF, CD31,
and CD117 (c-kit) and hepatic stellate cells that expressed
CD146+, desmin, and 𝛼-smooth muscle actin. Additional
rigorous immunoselection for EpCAM+ cells proved that
paracrine signaling from mesenchymal “companion” cells
is essential for EpCAM+ cells survival [23]. Presumably,
among mesenchymal “companion” cells, pericytes (CD146+,
CD90+, and CD140b+), normally localized around periportal
blood vessels in human fetal and adult liver, contribute to
clonogenic potential of EpCAM cells [26]. Studies on rodent
model introduced that EpCAM is expressed on oval cells
and on cholangiocytes, while TROP2 associated protein, a
member of EpCAM family, is expressed exclusively in oval
cells, indicating that TROP2 is a valuable marker for oval
cells characteristics. TROP2 expression, upregulated in oval
cells in injured liver, increases the possibility to modulate
and/or augment the intracellular signaling of EpCAM to
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support proliferation and migration of oval cells into liver
parenchyma [27].
Oval cells, recognized as facultative progenitor cells in
adult liver that normally reside in the portal area of the liver,
are proliferative quiescent. After severe injury of the liver, oval
cells become activated and migrate into liver parenchyma
and differentiate into hepatocytes and cholangiocytes. However, the origin of oval cells is controversial, and studies
documented that oval cells are of bone marrow origin [28].
In severe liver injury, hepatocytes upregulate expression of
SDF-1𝛼, a potent chemoattractant for hematopoietic cells
CXCR4+. Oval cells express CXCR4, the only receptor for
SDF-1𝛼. Interaction of SDF-1𝛼/CXCR4 is essential to initiate
activation of oval cells, when hepatocyte proliferation is
impaired, and maintain stem cell niches through the control
of progenitor cell migration by possible recruitment of a
second wave of bone marrow origin progenitor cells to the
injured side of the liver [25, 29].
The hepatic stellate cell represents the fraction of liverresident cells with star-like morphology, located between
liver sinusoidal endothelial cells and hepatocytes. Perisinusoidal stellate cells represent MSC of the liver and regulate
essential hepatic physiological and pathological processes.
During normal conditions, stellate cells are quiescent and
have low proliferation rate, but, after liver injury, these cells
progressively activate and change their dormant phenotype
for active myofibroblastic-like phenotype. Myofibroblasticlike phenotype is characterized by the expression of 𝛼smooth muscle actin (𝛼-SMA) and desmin intermediate
filaments. Moreover, activated stellate cells express neural
markers including glial fibrillary acidic protein (GFAP),
nestin, and N-CAM. These observations indicate a possibility
of neural origin of liver stellate cells. These cells express also
CD271, known as p75NTRF (nerve growth factor receptor
family), which is a marker for mesenchymal stromal cells
and is used for their positive isolation. However, the cellular phenotype of primary hepatic stellate cells depends
on their fetal or adult liver origin and is highly dynamic,
time dependent, and culture conditions dependent. At early
stage, culture fetal CD271 positive cells did not express 𝛼SMA and CD90, but after longer cultivation these cultured
CD271 cells exhibit strong expression of these markers.
In contrast, freshly isolated CD271 cells from adult liver
expressed all the markers of stellate cells [30]. However, both
types of CD271 cells expressed phenotype characteristic for
MSCs including CD73 and CD105 and were negative for
hematopoietic markers CD34 and CD45. Our own studies on
tissue-resident stromal cells documented tissue distribution
of cells with self-renewal capacity in the liver, expressing
CD73, CD90, and c-kit, and these cells are localized in
the periportal area of the liver as illustrated in Figure 1
[31].
Thus, regenerative capability of human liver is not associated with one type of liver progenitor cells with regenerative
potential. Rather cooperation between different types of stem
cells of the liver is necessary to maintain hepatic cells integrity
and homeostasis.
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Figure 1: Tissue distribution and the phenotype of tissue-resident stem cells characterized by immunocytochemistry for CD45, CD34, CD73,
CD90, c-kit, and Pax7. Tissue samples were collected from skin, liver, heart, and skeletal muscle. Immunostaining for CD45 and CD34 (arrows)
illustrated the presence of cells of hematopoietic origin in the tissues. Note CD34 positivity on the vessel endothelial cells. Common feature of
tissue localized stem cells was expression of CD73, CD90, and c-kit. Skeletal muscle progenitor cells exclusively express transcriptional factor
Pax7. CD73, CD90, and c-kit were expressed on single stem cells of examined tissues and were localized in specific tissue compartments: in
the basal layer of epidermis, the epithelium of adnexal structure of the skin, the periportal area of the liver, between the basal lamina and
sarcolemma of myofibers of the muscle, and were connected to myocytes and fibroblasts in the cardiac niches.
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4. Skeletal Muscle Mesenchymal
Progenitor Cell
Skeletal muscle, similar to the most of postnatal tissues,
contains naturally occurring pool of resident adult progenitor cells maintaining regenerative potential of skeletal
muscle. The principal progenitor cells responsible for muscle
regeneration are satellite cells, a quiescent bipotent tissuespecific cell population located between the basal lamina and
sarcolemma [32]. Activation of satellite cells is triggered by
muscle injury and is controlled by proximal signals from
muscle niche, microvasculature, and inflammatory cells [33],
as well as systemic factors [34]. Activated satellite cells act as
stromal/progenitor cells contributing to the repair of damaged myofibers, or they are able to generate new myofibers
following cell division and fusion with each other or with
the existing myocytes. Moreover, satellite cells have the ability
to replenish a reserve pool of tissue-resident progenitor cells
in skeletal muscle via self-renewal capacity [35]. Quiescent
satellite cells express CD34, CD56, and Myf5 surface antigens
and paired box transcription factor Pax7; however, expression
of CD34+ declined during differentiation into myoblasts [36].
Our own studies proved that MSC markers, CD73 and CD90,
were expressed on single stem cells of examined skeletal
muscle and were localized in the specific tissue compartments
between the basal lamina and sarcolemma of myofibers of
the muscle [31]. Moreover, skeletal muscle progenitor cells,
but not progenitor cells present in the skin, liver, or heart
exclusively express transcriptional factor Pax7 (Figure 1).
Satellite cell pool is relatively stable during the life;
however, it may differ in specific muscle. It has been suggested
that satellite cells consist of two distinct populations, one
responsible for muscle regeneration, but their number is
decreased with age, and the second which is activated in
response to severe muscle injury and remains at constant
amount throughout life [1, 37].
In addition to satellite cells, a variety of tissue-resident
progenitors existing in skeletal muscle plays important role
in the maintenance of tissue homeostasis [32]. Myogenic
potential of nonsatellite progenitor cells was identified in a
cell population residing in the muscle interstitium in the
neonate [38]. These cells demonstrate multilineage potential
and belong to mesenchymal progenitor/stromal cells (MSCs)
as confirmed by broad range of gene expression common
to MSC [39]. These muscle progenitor cells are characterize
by the expression of CD34, stress mediator PW1, but they
are negative for Pax7 (PW1+/Pax7− interstitial cells, PICs).
Studies showed thatthese cells contribute to new myofibers
formation and satellite cells generation as documented in
vitro when cocultured with myoblasts or in vivo when
transplanted into regenerating muscle environment. However, PW1+/Pax7− populations are negative for endothelial
markers as proved by CD31 negative staining [38].
Another muscle-resident population of nonsatellite progenitor cells is bipotent fibro/adipogenic progenitors (FAPs)
localized in the muscle interstitium and neighboring to
muscle-associated blood vessels. These cells are phenotypically CD31−/CD45− and strongly express PDGF𝛼 and
vimentin, markers associated with mesenchymal progenitors
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[40]. The majority of FABs (over 90%) have adipogenic
capacity. However, these cells differ from PICs as they do
not demonstrate direct myogenic potential. Mesenchymal
FAPs progenitors, but not PW1+ cells, contribute to muscle
regeneration by paracrine factors secretion of IL-6, IGF-1,
and Wnt1 which markedly augmented myoblasts to terminal
differentiation [41, 42].
Myogenic potential was also confirmed in endotheliallike mesodermal progenitors with pericytic features [43].
Pericytes, located within the basement membrane of vessels,
in the human skeletal muscle represents myogenic precursors
distinct from satellite cells. Muscle-resident pericytes are
negative for myogenic markers including Myf5, MyoD, and
MyoG. They are identified by alkaline phosphatase expression
(AP) and they express neuroglial 2 proteoglycan (NG-2),
platelet-derived growth factor receptor 𝛽 (PDGFR𝛽), and
smooth muscle actin alpha (𝛼SMA). Pericytes from the
muscle stimulated in vitro are capable of myogenic differentiation. In vivo studies, on mouse muscular dystrophy,
documented that pericyte transplanted into scid-mdx mice
colonize host muscle and generate muscle fibres expressing
human dystrophin [43]. Subsequent studies demonstrated
that proportion of pericytes are capable to fuse with myofibers
during early postnatal period and contribute to myogenesis.
Muscle-resident mesenchymal stromal/progenitor cells
constitute heterogenous population of cells with diverse
differentiating capability and play important role in tissue
homeostasis. Most of them, like satellite cells, PICs, and
pericytes, have direct myogenic differentiation capacity in
vivo, whereas mesenchymal progenitors FAB/MSC effectively
support myogenesis by paracrine growth factors secretion.
Thus, effective regenerative potential of damaged skeletal
muscle is associated with collaborative interactions between
multiple heterogenous muscle progenitor cell types residing
in the tissue.

5. The Skin-Derived Multipotent Stromal Cells
The presence of cells with regenerative potential in the skin
can be attributed to maintain skin homeostasis and response
to damage. Skin consists of epidermis and dermis layers,
which are under steady regeneration process and contain a
number of cells originating from mesoderm and ectoderm
[44, 45]. Self-renewal capacity of the epidermis and hair
follicles is dependent on precursor cells that exist in the
epidermis, the dermal papillae, and the bulge. The presence
of progenitor-like cells or MSCs in the skin was confirmed
by the identification of several types of adult skin stromal or
progenitor cells localized in both layers of the skin including
dermal stromal cells and epidermal stromal cells [20, 45,
46]. Moreover, skin-derived precursors localized in several
other skin structures such as hair follicles, blood vessels,
sensory receptors, and nerve endings contribute to regeneration process and maintenance of the skin integrity. Isolated endogenous skin-derived precursors have the ability to
proliferate for many passages with unspecialized phenotype,
but under specific conditions they are able to differentiate
into specific cell types including a neuroectodermal and
mesodermal lineages. In the skin are also present different

Stem Cells International
type of MSC, and their biological properties are different in
cell culture. Adherent skin-origin MSCs are growing in the
presence of serum, express markers specific for mesenchymal
stem cell lineages CD73, CD90, and CD105, are negative for
hematopoietic merkers including CD34, CD45, CD14, CD31,
and HLA-DR, and are negative for nestin and positive for
fibronectin, vimentin, and collagen type I. In contrast, skinderived precursors in culture without serum form floating
spheres and express nestin, the marker distinguishing them
from plastic adherent cells [20, 45, 47]. Moreover, serum-free
expanded floating spheres represent skin-derived precursors
with limited mesodermal but higher neurogenic differentiation potential comparable to neural crest stem cells [45].
Diversity of human MSC of dermis origin was also
confirmed in studies on mesenchymal progenitors isolated
from foreskin samples [48]. In situ analysis performed on
skin samples revealed that MSC markers CD73, CD90,
and CD105, as well as CD271 and SSEA-4, are expressed
on different dermal cell types including endothelial cells
(CD31+, CD34+) and leukocytes (CD45+). However, CD73,
CD90, and CD105 positive cells lacking endothelial and
leukocyte markers were also identified and these cells were
characterized as a potential mesenchymal progenitor cells.
Isolated dermal mesenchymal progenitors expressed surface
markers similar to bone marrow-derived MSC. Dermal
stromal cells represent very heterogeneous population, and
except mesenchymal progenitors, within dermal plasticadherent population, differentiated fibroblasts are present.
Immunoselection of MSC based on CD271+ and SSEA-4
markers from adherent dermal cells confirmed their mesenchymal differentiation capacity and thus distinguished dermal MSC from differentiated fibroblasts. However, CD271+
cell population revealed higher adipogenic, osteogenic, and
chondrogenic differentiation capacity compared to SSEA+
cells, which represent cell population of mesenchymal origin
with differentiation potential limited to adipogenesis [48].
In the skin, taken from human thigh, we identified
markers associated with phenotype of tissue-specific stromal
cells, localized in the basal layer of epidermis and in the
epithelium of adnexal structure of the skin (c-kit, CD90).
CD73 positive cells were rather present in the perivascular
area (Figure 1). These observations again proved diversity
of tissue-resident stromal cells associated with their specific
niche.
Thus, the skin, especially the foreskin and skin removed
during aesthetic surgery, constitutes a selected biological
waste material and can serve as an alternative source of
progenitor-like cells for these MSCs of bone marrow origin,
which may be applied for studies on tissue repair and cellbased therapy in regenerative medicine.

6. Cardiac Stem Cells
Human heart contains a population of primitive cells with
self-renewal, clonogenic, and multipotent properties and
these cells are able to differentiate into cardiomyocytes and
coronary vessels. Resident cardiac progenitor cells represent
heterogeneous population classified according to their biologic properties and surface markers for side population (SP),
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c-kit+ (CD117+), stem cell antigen-1 (Sca-1+), Islet 1+, SSEA1+, and “cardiospheres” [49]. In the human myocardium,
cardiac progenitor cells are localized within the cardiac niches
composed of myocytes and fibroblasts, which represent the
supporting cells, permitting maintenance of the balance
between cardiac stem cell quiescence and activation [5].
Cardiac progenitor cells, with phenotype of CD73+, CD90+,
and c-kit+, connected to myocytes and fibroblasts in the
cardiac niches, were identified in our studies on tissue
distribution of stromal/progenitor cells (Figure 1) [31].
The side population cardiac progenitor cells are heterogeneous and represent different subpopulations identified
by expression of VE-cadherin, CD31, CD34, and Sca-1 and
consist of vascular endothelial cells, smooth muscle cells, and
mesenchymal progenitors including cardiomyogenic precursors. In rodents, SP cardiac progenitors were described as
Sca-1+, c-kit+, CD34+, CD31−, and CD45− cells expressing cardiac specific transcriptional factor. After isolation
and in vitro culture, SP cardiac progenitor cells acquired
a cardiomyocyte phenotype documented by expression of
sarcomeric proteins, troponin and 𝛼-cardiac actinin [49, 50].
Upon in vitro stimulation, these cells showed multipotent
ability to differentiate not only into cardiomyocytes but also
into typical neural crest-derived lineages including neurons,
glia, and smooth muscle [51]. In vivo studies on the rat
model, documented the ability of SP cardiac progenitor
cells to home damaged myocardium and to differentiate
into cardiomyocytes and endothelial cells after intravenous
infusion [52].
C-kit is a tyrosine kinase receptor for the stem cell factor
primarily described on the hematopoietic stem cells of bone
marrow origin [53]. A distinct resident cardiac stem cell
population supporting cardiac regeneration, positive for ckit, and negative for blood lineage markers CD34−, Lin−,
and CD45− was reported for the first time by Beltrami et al.
[54]. Subsequent studies confirmed the potential of c-kit
positive cardiac progenitor cells in reducing infarct size and
improving cardiac function after myocardial infarction [55].
Isolation and in vitro expansion of c-kit positive cells from
cardiac tissue revealed differentiation potential to cardiomyocytes as confirmed by the expression of cardiomyocyte
markers including 𝛼-cardiac actinin, cardiac myosin, desmin,
and connexin [54, 55]. However, as reported by Tallini
et al., c-kit positive cells act as cardiac progenitors until the
neonatal phase, but in the adult myocardium they are rather
responsible for neoangiogenesis [56]. C-kit+CD45− cells
isolated from human cardiac biopsies coexpress endothelial
progenitor cell markers CD31, CD34, CXCR4, and FLK1, indicating further differentiation into endothelial cells
[57]. Recent observations introduced the theory that c-kit
positive cells constitute two populations, where the high ckit+ cells work as cardiac progenitors and the low c-kit+
population might function as MSC [58]. Pluripotency of ckit positive cells was confirmed by the differentiation ability
into adipocytes and skeletal muscle myocytes.
Hypoxia favors cardiac progenitor cell quiescence, while
normoxia is necessary for their activation and balance
between hypoxic and normoxic cardiac progenitor cells
may be present in young heart, whereas defects in tissue
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oxygenation occurring in the old myocardium may disrupt
homeostatic control. Very recent studies reported that in
senescent myocardium an increased number of quiescent ckit positive cardiac progenitor cells with intact telomeres that
cannot reenter the cell cycle are present, whereas myocyte
repair is controlled by dividing cardiac progenitor cells with
shortened telomeres. This observation suggests that a pool
of functionally competent cardiac progenitor cells, nested in
hypoxic niches in the senescent myocardium, can promote
myocyte regeneration after activation by stem cell factor [59].
Sca-1 positive cells within myocardium represent heterogeneous subpopulation of cardiac progenitor cells based on
the different subset of coexpressed stem markers. Cardiac
progenitor cells expressing Sca-1+CD31+ and lacking the
blood cell lineage markers c-kit, FLT-1, CD45, and CD34
negative were identified in adult murine myocardium [60].
These cells can differentiate into cardiomyocytes with the
expression of structural cardiac genes. Sca-1 positive cells
stimulated with oxytocin expressing c-kit, CD45, and CD34
generated beating cardiomyocytes, whereas Sca-1+CD45−
cells in the same conditions revealed multipotent differentiation capacity into osteogenic and adipogenic lineages [61].
Islet-1 positive cells are considered as true cardiomyocyte
progenitors appearing during embryogenesis and contribute
to the right ventricle and outflow tract, although, it is
unclear whether these cells exist in adult myocardium [62].
Within myocardium, cardiac progenitor cells expressing
stage-specific embryonic antigen-1 (SSEA-1) are present.
These cells represent a population of an immature pool of
embryonic progenitors that differentiate into myocardial and
endocardial cells at the neonatal stage of heart development.
It has been suggested that SSEA-1+ cardiac stem cells can give
rise to more committed cardiac progenitors expressing c-kit
and Sca-1 [63].
Resident cardiac progenitor cells are abundantly present
within the myocardium in niches preferentially located in the
atria and apex and in the ventricle and effectively preserve the
integrity of the tissue in the physiological conditions. However, the number of resident cardiac progenitor cells might
be insufficient to repopulate injured tissue after extensive
myocardial infarction. This may suggest that inherent ability
of the myocardium to regenerate damaged myocytes after
myocardial infarction is insufficient. This may be explained
by the action of detrimental factors such as (i) deprived
oxygen delivery in the infarct area leading not only to the
cardiomyocytes necrosis but also to the death of resident
progenitor cells within the infarct site, (ii) and resident
cardiac progenitor cells, which accumulate acutely in the
border of the infarct and cannot migrate from the viable
tissue to the injured site because their translocation to the
damaged myocardium is hampered. This is associated not
only with anatomical barrier (scar formation) but also with
limited production of growth factors (hepatocyte growth
factor, insulin growth factor, and stroma-derived growth
factor) facilitating recruitment of cardiac progenitor cells to
the site of injury, and with inflammatory milieu of the injured
myocardium which may have a negative effect on cardiac
progenitor cells viability and differentiation [64, 65].
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Thus, autologous resident cardiac progenitor cells, isolated from the adult myocardium, may offer distinct advantages over other adult stem cells for the therapy of cardiovascular diseases as they are tissue-specific and precommitted to
the cardiovascular lineages.

7. The Lung Stromal and Progenitor Cells
The lung is a conditionally renewing organ and turnover of
airway epithelial cells is less than 1% per day in the steady
state conditions, and this regenerative capacity of the lung
is in contrast to the continuously renewing tissue, such as
bone marrow, with the ability to generate approximately 109
hematopoietic cells daily. However, following severe injury,
self-renewing potential of stromal and epithelial progenitor
cells of the lung increases rapidly and compensatory growth
of multipotent cells warrants proper regeneration of the
lung [66]. Within the lung many diverse epithelial cell types
exist and they are distributed in several different regional
microenvironments along the pulmonary tract. Many studies
on mouse models and a smaller number of literature reports
on human lungs describe presumed populations of adult
endogenous airway and alveolar epithelial progenitor cells;
however, characterization and classification of these cells into
a hierarchy are still controversial [67].
The organization of endogenous stromal and epithelial
progenitor cells in the adult lung is specific for their regional
distribution and function along the proximal-distal axis of
the airway tree. The proximal part of the airway comprises
the cartilaginous trachea, lined by columnar pseudostratified
epithelial cells with submucosal glands, and includes basal,
secretory, ciliated, and neuroendocrine cells. Basal cells
represent progenitor/stromal cells of bronchiolar epithelium
and are characterized by the expression of nerve growth
factor receptor (NGFR), p63, cytokeratin-5, cytokeratin-14,
and aquaporin 3. After isolation and ex vivo culture, they
formed clonal structures positive for ciliated and club cells
(known as Clara cells) [68, 69]. A population of basal cells can
migrate from the bronchiolar niche into damaged alveolar
epithelium and proliferate to repair alveolar region [69].
The distal part of the airway is lined with columnar
epithelial cells and comprises different population of cells
including club cells, ciliated cells, goblet cells, and neuroendocrine cells [66]. During epithelial homeostasis, club cells
can self-renew and generate ciliated cells, whereas ciliated
cells do not have the ability for self-regeneration [70, 71].
Within the club cells, residing along the distal axis of the
airway tree, a distinct population of cells known as variant
club cells is present and they are located at the bronchoalveolar duct junction. The variant club cells with self-renewal
potential and differentiation capacity into club cells are able
to repair bronchiolar epithelial cells after naphthalene injury
[71]. Another population of distal airway stromal and progenitor cells is rare population of cells called bronchioalveolar
stem/progenitor cells [66]. Bronchioalveolar progenitor cells
are positive for the stem cell marker Sca-1, positive for
EpCAM, and negative for hematopoietic (CD34, CD45)
and endothelial cell markers (CD31) [72]. In vitro studies
documented that bronchioalveolar progenitor cells are able to
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differentiate into bronchiolar and alveolar colonies and have
self-renewal capability. Moreover, their number increases
after bronchiolar injury, and this suggests their role in tissue
regeneration [73].
Terminal part of the lung constitutes alveoli with specific
alveolar progenitor cells, which differentiate into surfactantproducing alveolar type II cells and gas-exchanging alveolar
type I cells [71]. A population of alveolar progenitor cells,
expressing laminin receptor 𝛼6𝛽4 integrin, is located in the
alveolar epithelium and is capable to contribute to airway
and alveolar tissues regeneration in experimental model after
parenchymal injury [74].
Resident lung mesenchymal stromal cells constitute a key
element of epithelial progenitor niches along the proximaldistal axis of the airway tree [71, 72, 75]. The lung mesenchymal stromal cells secrete FGF 10, a critical factor necessary
for directing differentiation in the developing lung [71].
Moreover, it has been documented that lung mesenchymal
stromal cells, EpCAM negative and Sca-1 positive, cocultured with lung epithelial progenitor cells (EpCAM positive),
support their proliferation and differentiation and generate
colonies including airway, alveolar, or mixed lung epithelial
cell lineages [75].
Regional stromal and progenitor cells such as submucosal
gland/duct progenitor cells, basal cells, variant club cells,
bronchioalveolar stem/progenitor cells, and alveolar progenitor cells that reside in distinct niches of the respiratory
tract are responsible for the maintenance of specific epithelial
cell lineages integrity in the specific region of the airways.
Different populations of tissue-resident stromal and progenitor cells are involved in region-specific homeostasis and
tissue repair after the injury of the lung. Thus, homeostasis
of the lung is a highly coordinated process of proliferation
and differentiation of lung stromal and progenitor cells
and requires a balance between immune regulation and
promotion of tissue regeneration.

8. Summary
Multipotent MSCs reside in specific tissue niches composed of cells creating specific microenvironment for tissueresident progenitor cells and facilitate them to maintain
tissue homeostasis. Niche cells provide signals which regulate
and control the balance of self-renewal and differentiation
capacity of stem/progenitor cells residing in them. The niche
also controls stem/progenitor cell division and activity to
preserve cancer formation. The balance of progenitor cell quiescence and activity is a hallmark of a functional niche and is
regulated by internal (e.g., DNA damage) and external signals
leading to self-renewal and differentiation of progenitor cells.
MSC can be easily isolated from various tissue sources,
expanded in the culture, and appropriately differentiated
under proper conditions. Depending on their tissue of origin,
MSCs are predisposed to give rise to the type of tissue cells
from where they are coming. Thus, MSCs from adult human
tissues are ideal candidates for tissue regeneration and tissue
engineering. However, MSCs do not only contribute to structurally tissue repair, but MSCs possess potent immunomodulatory and anti-inflammatory effects, and through direct
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cell-cell interaction or secretion of various bioactive factors
they may have an effect on local tissue repair by modulation
of local environment.
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Mesenchymal stem cells are characterized with self-renewal capacity and pluripotency. NR2F2 is a nuclear receptor that has
been detected in the mesenchymal compartment of developing organs. However, whether NR2F2 plays a role in the stemness
maintenance of mesenchymal stem cells has not been explored yet. In this study, we investigated the function of NR2F2 in bone
marrow-derived mesenchymal stem cells via shRNA-mediated knock-down of NR2F2. The suppression of NR2F2 impaired the
colony-forming efficacy of mesenchymal stem cells. The inhibition of colony-forming capacity may be attributed to the acceleration
of senescence through upregulation of P21 and P16. The downregulation of NR2F2 also suppressed both osteogenic and adipogenic
differentiation processes. In conclusion, NR2F2 plays an important role in the stemness maintenance of bone marrow-derived
mesenchymal stem cells.

1. Introduction
Mesenchymal stem cells (MSCs) that can be isolated from
various tissues such as bone marrow, adipose tissue [1], and
umbilical cord blood [2] are a type of stem cells owning the
capacity of self-renewal and multipotential differentiation.
MSCs have been reported to own the abilities to form
colony-forming unit-fibroblasts (CFU-F) and differentiate
into osteoblasts, adipocytes, chondrocytes, and myoblasts [3].
In addition, MSCs exhibit immunomodulatory effects [4] and
play effective roles in tissue repair. Thus, MSCs have prospects
in cell-based therapies of various diseases, especially in
the field of regenerative medicine. Serials of clinical trials
have revealed inspiring results that MSCs infusion could
improve cardiac [5] and hepatic functions [6] and benefit
the outcome of graft-versus-host disease (GVHD) patients
[7, 8]. The biological properties of MSCs are the fundamentals
for clinical researches. Therefore it is of great importance to

explore the biological characteristics of MSCs, especially the
regulatory mechanisms of stemness.
NR2F2 (nuclear receptor subfamily 2, group F, member
2, or chicken ovalbumin upstream promoter-transcription
factor II), a member of the nuclear receptor superfamily,
which is widely expressed in the mesenchymal compartment
of developing organs [9], has been demonstrated to have
effects on the regulation of MSC differentiation [10] and
mouse embryogenesis [11]. Through knock-down experiments in vitro and knock-out experiments in vivo, Xie
et al. demonstrated that NR2F2 may induce adipogenic
differentiation and suppress osteoblastic differentiation of
MSCs via activation of PPAR𝛾 and Sox9 expression as well
as inhibition of Wnt signaling pathway and Runx2 [10].
To our knowledge, whether NR2F2 takes part in the selfrenewal of MSCs has not been explored yet. Therefore, this
study was undertaken to investigate the role of NR2F2 in the
maintenance and support of BM-MSCs stemness.
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2. Material and Methods
2.1. Generation of BM-MSCs. Human bone marrow samples from normal donors were collected for generation of
mesenchymal stem cells. Bone marrow mononuclear cells
were isolated by density gradient centrifugation and cultured
in low-glucose Dulbecco’s modified Eagle’s medium (DMEM,
10-014-CVR, Corning) supplemented with 10% fetal bovine
serum (FBS, 10099-141, Gibco) at 37∘ C and 5% CO2 in a
humidified incubator. The medium was replaced after the first
48 hours and changed every 3 days later. The adherent cells
were passaged when 90% confluence was reached. The BMMSCs of passages 2–6 were used in the following assays.
2.2. Characteristics of BM-MSCs. BM-MSCs of passages 3–5
or transfected BM-MSCs were harvested and incubated with
anti-CD90-FITC (11-0909), anti-CD90-PE (12-0909), antiCD105-PE (12-1057), anti-CD73-APC (17-0739), anti-CD45FITC (11-9459), anti-CD45-PE (12-9459), anti-CD34-PE (120349), anti-CD19-APC (17-0199), and anti-CD11b-PE (120113, eBioscience) antibodies at 4∘ C for 30 minutes. Results
were detected by using an FC 500 MCL Flow Cytometer
(Beckman Coulter). Appropriate isotype-matched antibodies
(eBioscience) were applied as controls.
2.3. shRNA-Mediated Knock-Down of NR2F2. In order to
acquire decreased expression of NR2F2 in BM-MSCs, the
specified shRNA, which was reported previously [11] (5 AGGTAACGTGATTGATTCAGTATCTTA-3 ), was cloned
into pGLV3 plasmid (GenePharma). A scrambled sequence
(5 -TTCTCCGAACGTGTCACGT-3 ) was also cloned into
pGLV3 as the negative control. Lentiviral supernatant was
produced by cotransfecting 293T cells with pMD2.G plasmid,
psPAX2 plasmid, and shRNA-plasmid with the calcium
phosphate transfection kit (BW11002, Biowit Technologies)
according to manufacturer’s instructions. Viral suspension
was collected, filtered, and added to BM-MSCs directly after
removal of the medium. Cells were incubated with viral
suspension and virus was replaced with fresh medium after 10
hours. The GFP expression was assessed by using an inversed
fluorescent microscope. The positive expression of GFP was
employed to evaluate transfection efficiency.
2.4. Colony-Forming Unit-Fibroblast Assay. The transfected
BM-MSCs (including the knock-down group and the negative control group) were harvested by digesting using 0.25%
trypsin-EDTA solution (25200-056, Gibco). The cells were
seeded in 6-well plates (CLS3516, Corning) with a density
of 50 cells per cm2 in triplicate and incubated in DMEM
with 10% FBS. After 14 days, cells were fixed in methanol
and stained with 2% crystal violet for 10 min after removal of
medium and washing with PBS. Colonies consisting of more
than 50 cells were calculated after removal of redundant stain
with PBS.
2.5. MTT (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium Bromide) Assay. Transfected BM-MSCs were seeded on
a 96-well plate at a concentration of 2 × 103 per well. Three
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parallel wells of cells were applied for each group. After
incubation of 2 days, 4 days, or 6 days, 10 𝜇L MTT (LKMTT001, Liankebio) was added. The medium was discarded
after 4 hours. The OD values were evaluated by a microplate
reader (SpectraMax M5, Molecular Devices) at 570 nm after
adding 100 𝜇L DMSO.
2.6. Osteogenic and Adipogenic Differentiation. The transfected BM-MSCs at passages 3–5 were cultured in osteogenic
differentiation medium (HUXMA-90021, Cyagen) for 21
days, with medium changed every 3 days. The formation
of calcium nodules stained with Alizarin Red (HUXMA90021, Cyagen) was employed to assess the osteogenic differentiation. For the induction of adipogenic differentiation,
the transfected BM-MSCs at passages 3–5 were cultured
in adipogenic differentiation medium A (HUXMA-90031,
Cyagen) for the first 3 days. Later the cells were cultured
in adipogenic differentiation medium B (HUXMA-90031,
Cyagen). After 24 hours, medium B was replaced with adipogenic differentiation medium A. Cells were finally cultured
in adipogenic differentiation medium B for additional 7 days
with medium changed every 3 days after three cycles of
maintenance. Cells were stained with Oil red O solution
(HUXMA-90031, Cyagen) for the evaluation of adipogenic
differentiation.
2.7. Senescence Analysis. Transfected BM-MSCs were seeded
in 6-well plates. Medium was removed when cells achieved
50% confluence. Cells were rinsed with PBS and fixed with
1x fixative solution provided by senescence 𝛽-galactosidase
staining kit (9860, Cell Signaling Technology) for 15 minutes.
Fresh 𝛽-galactosidase staining solution was prepared according to manufacturer’s instructions. Cells in each well were
stained with 1 mL staining solution after being washed with
PBS for 2 times. The process of staining was accomplished
after incubation at 37∘ C in a dry incubator for 16 hours. The 𝛽galactosidase positive cells were considered as senescent cells
and counted in at least 4 randomly chosen fields.
2.8. Apoptosis Assay. Transfected BM-MSCs were harvested
and washed with cold PBS for 2 times. Cells were resuspended
in 100 𝜇L 1x Binding Buffer provided in apoptosis detection
kit (559763, BD Pharmingen). Cells were incubated with
Annexin V-PE antibody and 7-AAD (559763, BD Pharmingen) at room temperature for 15 minutes. Results were
detected by using a FC 500 MCL Flow Cytometer (Beckman
Coulter). Cells that were Annexin-V-positive and 7-AADnegative were considered to be early apoptotic. Cells were
considered to be late apoptotic when both Annexin-V and 7AAD were positive.
2.9. Quantitative Reverse Transcription PCR (qRT-PCR).
Reverse transcription was carried out with a PrimeScript RT
reagent kit with gDNA Eraser kit (RR047A, Takara) after total
cellular RNA of transfected BM-MSCs extracted by using
Trizol reagent (15596-026, Life Technologies). Quantitative
PCR was performed by using SYBR Premix Ex Taq II
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(RR420A, Takara) according to manufacturer’s instructions
with a LightCycler system (Roche Diagnostics). Samples were
all prepared in triplicate. The expression of glyceraldehydes 3-phosphate dehydrogenase (GAPDH) was detected for
normalization. The primers used were as follows: NANOG
forward 5 -TGCCTCACACGGAGACTGT-3 , reverse 5 CTTTGGGACTGGTGGAAGAAT-3 ; OCT4 forward 5 GTATTCAGCCAAACGACCATCT-3 , reverse 5 -GCTTCCTCCACCCACTTCT-3 ; SOX2 forward 5 -GGAGAGAGAAAGAAAGGGAGAGA-3 , reverse 5 -GCCGCCGATGATTGTTATTAT-3 ; alkaline phosphatase (ALPL) forward 5 -TGCTCTGCGCAGGATTGGAACA-3 , reverse 5 AGGCAGGTGCCAATGGCCAGTA; binding sialoprotein
(BSP) forward 5 -GGAGGAGGAAGAAGAGGAGACT3 , reverse 5 -CCCAGTGTTGTAGCAGAAAGTG-3 ; runtrelated transcription factor 2 (RUNX2) forward 5 -GCAGTTCCCAAGCATTTCAT-3 , reverse 5 -CTGGCGGGGTGTAAGTAAAG-3 ; lipoprotein lipase (LPL) forward 5 -TTACCCAGTGTCCGCGGGCT-3 , reverse 5 -AGACGACTCGGGGCTTCTGCA-3 ; peroxisome proliferator-activated
receptor-𝛾 (PPAR-𝛾) forward 5 -ATCAAGAAGACGGAGACAGACA-3 , reverse 5 -AACTGGAAGAAGGGAAATGTTG-3 ; P21 forward 5 -AGGGGACAGCAGAGGAAGAC-3 , reverse 5 -GGCGTTTGGAGTGGTAGAAA-3 ; P16
forward 5 -GTGCCACATTCGCTAAGTGCT-3 , reverse 5 GACCCTGTCCCTCAAATCCTCT-3 ; GAPDH forward 5 AGAAGGCTGGGGCTCATTTG-3 , reverse 5 -AGGGGCCATCCACAGTCTTC-3 .
2.10. Western Blot Analysis. The transfected BM-MSCs were
harvested by digesting using 0.25% trypsin-EDTA solution.
Cells were lysed on ice for 1 hour in RIPA lysis buffer (AR0105,
Boster) with PMSF solution (AR1179, Boster) after being
washed once with cold PBS. Cell lysates were centrifuged
at 12,000 ×g for 5 minutes at 4∘ C. The supernatant was
incubated at 100∘ C for 10 minutes after appropriate amount
of Loading Buffer was added. The prepared protein extracts
were loaded onto a 10% polyacrylamide gel containing
SDS, electrophoresed, and transferred to a nitrocellulose
membrane. The membrane was blocked in 5% nonfat milk
at room temperature for 1 hour, incubated with primary
antibodies overnight, and then incubated with fluorescent
secondary antibodies (926-65010 and 926-65020, LI-COR)
at room temperature for 1 hour. The specific antibodies for
NR2F2 (6434) and Caspase-3 (9665) were from Cell Signaling
Technology. The specific antibody for P21 (ab109520) was
from Abcam and the antibody for GAPDH (Mab5079) was
from Multibioscience. Immunoreactive bands were visualized using an Odyssey infrared imaging system (LI-COR).
GAPDH protein was used to ensure equivalent loading of
protein samples.
2.11. Statistical Analysis. Statistical analysis was performed
using SPSS 19.0 and differences between mean values were
evaluated using the 2-tailed Student’s 𝑡-test. A 𝑃 value < 0.05
(∗) was defined as statistical significance.
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3. Results
3.1. Characterization of BM-MSCs. BM-MSCs presented a
spindle shape with fibroblast-like morphology (Figure 1(a)).
As shown in Figure 1(b), BM-MSCs were positive for CD90
and CD105, mostly positive for CD73, but were negative for
hematopoietic markers like CD34 and CD45. In addition,
cells were negative for CD19, a marker of B-lineage origin
and CD11b, which is expressed on myeloid cells and natural
killer cells. We employed a specified shRNA to acquire the
decreased expression of NR2F2 in BM-MSCs. The knockdown group was marked knock-down and the scrambled
control group was marked Neg hereafter. The transfected cells
expressed the GFP protein as shown in Figures 2(b) and
2(d). As shown in Figure 2(e), the transfected BM-MSCs in
both groups were positive for CD90, CD105, and CD73 but
were negative for CD45, CD34, and CD19. The decreased
expression of NR2F2 was confirmed by western blot analysis
(Figure 2(f)).
3.2. The Knock-Down of NR2F2 Suppressed the ColonyForming Capacity of BM-MSCs. The renewal efficiency of
BM-MSCs was evaluated by the rate of colony formation in
colony-forming unit-fibroblast (CFU-F) assay. The number
of CFU-F of BM-MSCs in knock-down group was significantly less than that in negative control (15.45 ± 0.39 versus
32.67 ± 2.03, 𝑃 < 0.05, Figures 3(a) and 3(b)). We also evaluated the expression of pluripotency genes including NANOG,
OCT4, and SOX2 that were expressed in MSCs and were
indispensable for maintaining pluripotency and self-renewal.
Inconsistent with the results of CFU-F assay, the relative
mRNA expression of NANOG, OCT4, and SOX2 increased in
the knock-down group compared with the negative control,
especially for OCT4 and SOX2, which achieved significant
differences. In addition, we utilized MTT assay to evaluate
the proliferation of BM-MSCs at 2 days, 4 days, and 6 days
(Figure 3(c)). Although there were no significant differences,
the OD values were lower in the knock-down group. These
results revealed that decreased expression of NR2F2 suppressed the capacity of colony formation but did not reduce
the expression of pluripotency genes (Figure 3(d)).
3.3. The Knock-Down of NR2F2 Suppressed the Osteogenic and
Adipogenic Differentiation of BM-MSCs. To evaluate whether
the knock-down of NR2F2 had effects on osteogenesis of BMMSCs, both groups of transfected BM-MSCs were cultured
with osteogenic induction medium for 21 days. The staining
of Alizarin Red showed that MSCs in knock-down group
exhibited less calcium deposition than those in negative
control. The mRNA expression levels of BSP and RUNX2
markedly decreased in the knock-down group compared with
control at day 7 and day 14 (Figure 4(a)) and the mRNA
expression level of ALPL decreased at day 14 (Figure 4(c)).
As for adipogenic differentiation of BM-MSCs, both
groups of cells were cultured in adipogenic induction
medium according to manufacturer’s instruction. MSCs in
the knock-down group showed reduced Oil red O+ staining
compared with the control group. The mRNA expression
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Figure 1: Characteristics of BM-MSCs. (a) Representative morphology of BM-MSCs. Scale bar = 500 𝜇m. (b) Representative flow cytometric
characterization of cell surface markers expressed on BM-MSCs. Isotypic controls were represented by the gray filled histograms.
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Figure 2: Characteristics of transfected BM-MSCs. (a) Representative morphology of transfected BM-MSCs in negative control group. (b)
More than 90% of BM-MSCs expressed GFP in negative control group. (c) Representative morphology of transfected BM-MSCs in knockdown group. (d) More than 90% of BM-MSCs expressed GFP in knock-down group. (e) Representative flow cytometric characterization
of cell surface markers expressed on transfected BM-MSCs. Isotypic controls were represented by black line. The red line represented the
negative control group and the blue line represented the knock-down group. (f) The knock-down of NR2F2 was confirmed by western blot
analysis.
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Figure 3: Self-renewal of transfected BM-MSCs. (a) Representative CFU-F of transfected BM-MSCs in a 6-well plate. (b) Mean value (±SD)
of CFU-F number in different groups. (c) Mean relative values (±SD) of NANOG, OCT4, and SOX2 mRNA expression in different groups.
(d) Mean value (±SD) of OD values in different groups detected by MTT assay.

level of LPL markedly decreased in the knock-down group
compared with the control group at day 7 and day 14
(Figure 4(b)). However, the mRNA expression level of PPAR𝛾 did not decrease at day 7 or day 14. Through these experiments, we confirmed that knock-down of NR2F2 suppressed
the osteogenic and adipogenic differentiation of BM-MSCs
(Figure 4(c)).
3.4. The Knock-Down of NR2F2 Accelerated Senescence of BMMSCs but Had No Effects on Apoptosis of BM-MSCs. Subsequently, we evaluated the senescence of transfected BMMSCs. The staining of senescence-associated 𝛽-galactosidase
(SA-𝛽-Gal) revealed that the knock-down group displayed a
higher percentage of senescent cells. We also detected that
the mRNA expression of P21 and P16 increased (Figures 5(a)
and 5(b)), which was consistent with the SA-𝛽-Gal staining
results. The elevated expression of P21 was also confirmed
by western blot analysis (Figure 5(c)). We also assessed the
apoptosis of transfected BM-MSCs (Figure 5(d)). The results
of flow cytometry assays revealed no significant differences
between the knock-down group and the negative control

group. The western blot analysis of Caspase-3 showed similar
results in both groups (Figures 6(a) and 6(b)).

4. Discussion
In this study, we explored the role of NR2F2 in the regulation
of biological characteristics of BM-MSCs via the shRNAmediated knock-down of NR2F2. Our results revealed that
the suppression of NR2F2 via knock-down decreased the
CFU-F efficiency of BM-MSCs. The generation of CFU-F in
culture reflected the self-renewal capacity, which referred to
the proliferation of stem cells without lineage differentiation
[12]. Therefore, our results indicated that the suppression of
NR2F2 affected self-renewal capacity of BM-MSCs. However,
the expression of pluripotency genes exhibited inconsistent results. NANOG, SOX2, and OCT4 were proposed as
transcription factors that regulated the maintenance of the
pluripotent state in embryonic stem cells and adult stem
cells [13, 14]. Later research proposed distinct results that
NANOG, but not OCT4 or SOX2, regulated pluripotency
in human MSCs [15]. In our results, after suppression of
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Figure 4: Osteogenic and adipogenic differentiation of transfected BM-MSCs. (a) Osteogenic differentiation of transfected BM-MSCs was
detected by Alizarin Red staining. Scale bar = 100 𝜇m. (b) Adipogenic differentiation of transfected BM-MSCs was demonstrated via Oil red
O staining. Scale bar = 100 𝜇m. (c) Mean relative values (±SD) of ALPL, BSP, RUNX2, LPL, and PPAR-𝛾 mRNA expression in Day 7 and Day
14 of induction culture processes.

NR2F2, the mRNA expression of NANOG, OCT4, and SOX2
all increased, although the increase of NANOG had no
significance. It has been reported that the suppression of
NR2F2 played a role in the upregulation of OCT4, which was
partly consistent with our results [16]. Our data suggested
that effects of NR2F2 on self-renewal capacity were not
regulated by these pluripotency genes. In addition, the results
of CFU-F assay reflected that the suppression of NR2F2
inhibited the long-term proliferation of BM-MSCs in 14
days. Therefore, we evaluated the short-term proliferation
of BM-MSCs in both groups in 2 days, 4 days, and 6 days.
After indicated days of incubation, although there were no
significant differences, the OD values of the knock-down
group were all lower than those of the negative control group.
These results indicated that the suppression of NR2F2 may
induce a decreasing trend of short-term proliferation of BMMSCs.
Consequently, we studied the effects of NR2F2
suppression on senescence and apoptosis of BM-MSCs.
The senescence analysis revealed that knock-down of NR2F2
led to a higher proportion of SA-𝛽-Gal positive cells. The
apoptosis analysis suggested no significant differences
between the two groups. These results indicated that the
decrease of CFU-F was partly attributed to the acceleration
of senescence. Subsequently, we evaluated the expression
of P21 and P16, which were proposed to initiate senescence
via inhibition of CDK4/6 [17]. Our data revealed that both
were elevated. The increase of P21 after NR2F2 suppression
was consistent with previous report, which proposed that
overexpression of NR2F2 downregulated P21 through direct
association with SMAD4 [18]. Whether the regulation
of P21 by NR2F2 was attributed to the direct association
with SMAD4 in our case requires further research. Taken
together, the self-renewal capacity and proliferation affected
by NR2F2 suppression may be attributed to the acceleration

of senescence through the upregulation of P21 and
P16.
We also evaluated the effects of NR2F2 suppression on
adipogenesis and osteogenesis of BM-MSCs. Both differentiation processes were notably suppressed according to the
staining results after corresponding induction culture. Previous reports revealed that loss of NR2F2 induced impaired adipogenic program and intensive osteogenesis [10]. Although
the switching of cell fate decision from adipocytes to
osteoblasts by suppressing the transactivation function of
PPAR-gamma has been demonstrated [19], another report
suggested conflicting results [20]. The expression of PPAR-𝛾
did not decrease in our case; however the decrease of LPL and
reduced Oil red O+ staining still referred to suppression of
adipogenesis. Since we utilized the same sequence of shRNA
as previously reported [10, 11], reports of inconsistent results
may be attributed to different species of MSCs. Previous conclusions [10, 21] were achieved by experiments done in mice,
mice-derived MSCs, or mice cell lines. Our data was based
on human bone marrow-derived MSCs. On the other hand,
our results showed the inhibition of proliferation in BMMSCs, which may also affect the osteogenic differentiation.
Future studies of detailed mechanisms of different results are
needed.

5. Conclusion
In conclusion, our results have demonstrated that the
suppression of NR2F2 by shRNA-mediated knock-down
impaired self-renewal capacity and pluripotency of bone
marrow-derived mesenchymal stem cells. The inhibition of
colony-forming capacity may be attributed to the acceleration
of senescence through upregulation of P21 and P16. Therefore,
NR2F2 plays an important role in the stemness maintenance
of BM-MSCs.
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The mesenchymal stem cells of dental pulp (DPSCs) were isolated and characterized for the first time more than a decade ago
as highly clonogenic cells that were able to generate densely calcified colonies. Now, DPSCs are considered to have potential as
stem cell source for orthopedic and oral maxillofacial reconstruction, and it has been suggested that they may have applications
beyond the scope of the stomatognathic system. To date, most studies have shown that, regardless of their origin in third molars,
incisors, or exfoliated deciduous teeth, DPSCs can generate mineralized tissue, an extracellular matrix and structures type dentin,
periodontal ligament, and dental pulp, as well as other structures. Different groups worldwide have designed and evaluated new
efficient protocols for the isolation, expansion, and maintenance of clinically safe human DPSCs in sufficient numbers for various
therapeutics protocols and have discussed the most appropriate route of administration, the possible contraindications to their
clinical use, and the parameters to be considered for monitoring their clinical efficacy and proper biological source. At present,
DPSC-based therapy is promising but because most of the available evidence was obtained using nonhuman xenotransplants, it is
not a mature technology.

1. Introduction
The regenerative capacity of adult tissues depends on their
stem cell populations, which stably self-renew and, in turn,
give rise to progeny that possess the ability to differentiate into
specialized cells. Stem cells have different names depending
on the tissue of origin; thus there are hematopoietic, mesenchymal, endothelial, mammary, intestinal, neural, skin,
muscle, and hair follicle stem cells, among others.
Among these stem cells, mesenchymal stem cells (MSCs)
are noteworthy for their pluripotency, which means that they
can differentiate into cells of any type, including those of
the three embryonic germ layers. Because of their capacity
for differentiation and wide tissue distribution and because
their infusion has induced tissue repair in both preclinical
and clinical models, MSCs are very attractive tools for
tissue repair. Therefore, MSCs of dental origin have been
tested as candidates for cellular therapy of stomatognathic

disorders, such as periodontal disease (PD), and for maxillofacial reconstruction. In particular, it has been shown that
human dental pulp stem cells (DPSCs) can generate mineralized tissue, an extracellular matrix and structures type
dentin, dental pulp, and periodontal ligament in xenograft
models. Herein, we review the general characteristics and
immunophenotypes that define the DPSCs as MSCs, their
isolation and cultivation, and their potential applications to
tissue repair, emphasizing the possible administration routes,
type of scaffold to use, and suggestions for their clinical
applications.

2. Dental Pulp Stem Cells:
General Characteristics
Teeth develop due to interactions between the oral ectodermal epithelial cells and MSCs, first forming the enamel organ
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and the second forming papilla and the dental follicle. MSCs
give rise to other components of the tooth, such as dentin,
pulp, cementum, and the periodontal ligament [1].
The presence of different types of MSC populations in
teeth has been described, which depending on the harvest
site are called dental pulp stem cells (DPSCs), periodontal ligament stem cells (PDLSCs), apical papilla stem cells
(SCAPs), dental follicle stem cells (DFSCs), and gingival
tissue stem cells (GMSCs) [2], although they are generically
referred to as dental stem cell (DSCs). This set of stem cells is
particularly interesting because teeth, despite their small size,
are a source of abundant cells for therapeutic procedures, and
their preparation can be linked to routine tooth extraction,
which does not place an additional burden on the patient
[3].
However, some authors suggested that this broad heterogeneity of DSCs could be a drawback for clinical applications
if the cellular origin is not identifiable because different
subpopulations of DSCs may have different potentials for
proliferation and differentiation that could prevent obtaining
perfectly predictable and reproducible results [4].
DPSCs, also known as postnatal dental pulp stem cells,
were first isolated by Gronthos et al. from third molars and
were characterized as cells with a high level of clonogenicity
and proliferation and the ability to generate densely calcified
colonies and occasional nodules [5]. The identity of the
DPSCs as MSCs has been confirmed by their ability to
differentiate into neural ectodermal cells and adipocytes,
odontoblasts, osteoblasts, chondrocytes, and myoblast cells of
mesodermal origin, confirming their plasticity [6].
These cells are located within the dental crown, in a “niche
sealing” or “pulp chamber” that houses the connective tissue
known as pulp. The resident tissue cells are a heterogeneous
population represented by stromal fibroblasts also known as
pulpoblasts [7] and accompanied by odontoosteoprogenitor
populations, neural, vascular cells and inflammatory immune
cells such as granulocyte and macrophage cells [8].
During embryonic development, the dental pulp is a
tissue that some authors have described as “ectomesenchyme”
because it is derived from ectodermal cells that grow at the
periphery of the neural tube, migrate to the oral region,
and then differentiate into cells of the mesenchymal phenotype [9]. The epithelial cells give rise to enamel forming
ameloblasts, and the MSCs form odontoblasts, pulp, and
periodontal ligament [10].
Functionally, the dental pulp is responsible for the
maintenance and repair of the periodontal tissue and its
associated immune system, has a high regenerative capacity,
and responds to various types of damage. For example, in
cases of severe irritation caused by deep caries or restorative
procedures leading to the destruction of the layer of odontoblasts or pulp progenitors (DPSCs), dental pulp cells proliferate and migrate into the damaged tissue to differentiate
into odontoblast and form reparative dentin [11, 12] which
has been proposed to be the main mechanism leading to
reparative dentinogenesis [13].
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3. Immunophenotype
The Committee of Mesenchymal Stem Cells and Tissues of
the International Society for Cellular Therapy (ISCT) proposed in 2005 that 95% of human MSCs express at least the
surface antigens CD105 (endoglin), CD73 (5 -ectonucleotidase), and CD90/Thy-1 (glycosylphosphatidylinositol-anchored glycoprotein) but do not express the (≤2%+) CD11b,
CD14, CD19, CD34, CD45, CD79a, and HLA-DR surface
antigens. However, several groups have proposed other cell
surface antigens to prospectively isolate MSCs, for example,
STRO-1 (stromal precursor antigen 1), VCAM-1 (vascular
cell adhesion molecule 1), SH2 (Src homology 2), SH3/SH4,
CD271, GD2 (ganglioside 2), and SSEA4 (stage-specific
embryonic antigen-4) [14–18]. Thus, there are discrepancies and inconsistencies regarding other antigens that are
expressed by MSCs in addition to CD73, CD90, and CD105
(Table 1). As is currently the case for MSCs, DPSC do not
seem to express a marker that exclusively identifies them [19,
20]; in fact, some groups have proposed that DPSCs might
have an immunophenotype difference from that previously
described by the ISCT to MSCs.
One possible reason for the apparent differential expression of antigens on DPSCs is the presence of different
subpopulations of MSCs in dental pulp that have different
biological activities. For example, highly proliferative DPSCs
tend to express CD44+, CD90+, and CD166+ [23]. MSC
dental pulp STRO-1+ are a subset of DPSCs with odontoosteogenic properties, whereas DPSC CD34+, CD117+,
and CD45− have a greater capacity for self-renewal and
osteogenic differentiation and generate autologous fibrousbone tissue in vitro and bone tissue when they are implanted
in mice [33]. Other markers of DPSCs that seem to be related
to the stemness of MSCs are CD29+, CD44+, and CD73+
[28, 34, 38] which, however, are not relevant to isolate DPSC
[39].
Furthermore, some authors have suggested that the
expression of genes as OCT-4 and NANOG, both of which
are transcription factors involved in the maintenance of the
multi/pluripotency [37], can be used to identify MSCSs [40].
However, despite the increase in the number of new DPSC
markers, the reality is that most basic and preclinical studies
are using the immunophenotype proposed by the ISCT for
identifying MSCs.
Interestingly, it has been shown that, like other stem
cells, DPSCs have the ability to exclude the fluorescent DNAbinding dye Hoechst33342, in what is known as a “side
population” (SP). Exploiting this phenomenon, a population
of adult stem cells with the ability to differentiate into
osteoblasts, chondroblasts, adipocytes, and neuronal cells was
isolated from dental pulp [41], and these cells were found
to be negative for hematopoietic antigens, such as CD146
and CD31, and possessed the ability to induce angiogenesis
and vasculogenesis during tissue repair [42]. However, some
studies have shown that the SP cells lacked the properties
of stem cells. Moreover, their clinical application must be
approached with caution because the Hoechst dye binds to
DNA and is a possible carcinogen, some studies have shown
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Table 1: Variants of human DPSCs immunophenotype.

Reference

Immunophenotype

Akpinar et al. [21]
Suchánek et al. [22]

CD13+, CD29+, CD44+, CD73+, CD90+, CD146+, CD166+
CD29+, CD44+, CD63+, CD73+, CD90+, CD166+, CD45−, CD34−
CD29+, CD44+, CD73+, CD105+, CD166+, CD14−, CD34−, CD45−
Stro-1+, CD29+, CD44+, CD73+, CD90+, CD105+, CD146+, CD166+, CD271+, CD34+, CD117+, OCT-3/4+,
NANOG+∗
CD29+, CD73+, CD90+, CD14−, CD34−, CD45−, HLA-DR−
CD44+, CD73+, CD90+, CD105+, CD14−, CD31−, CD45−, HLA-DR−
CD44+, CD73+, CD90+, CD166+, CD34−, CD45−, HLA-DR−
CD73+, CD90+, CD29+, CD14−, CD34−, CD45−, HLA-DR−
CD73+, CD90+, CD105+, CD146+, CD14−, CD34−, CD45−
CD90+, CD34+, CD45−
CD90+, CD105+, CD146+, CD9+, CD10+, CD44+, CD49+, CD106+, STRO-1+
CD90+, CD105+, CD146+, CD45−
CD117+, Oct3/4+, NANOG+
CD117+, CD34+, CD45−
STRO-1+, CD29+, CD44+
STRO-1+, CD29+, CD34+, CD44+, CD106+, CD146+
STRO-1+, CD146+, NANOG+, CD73−, CD105−, CD45−
OCT-4+, NANOG+, SSEA-3+, SSEA-4+, TRA-1-60+, TRA-1-81+

Kawashima [23]
Werle et al. [24]
Bray et al. [25]
Govindasamy et al. [26]
Lindemann et al. [27]
Pivoriūnas et al. [28]
Laino et al. [29]
Lindroos et al. [30]
Shoi et al. [31]
Ishkitiev et al. [32]
Yang et al. [33]
Jo et al. [34]
Liu et al. [35]
Dissanayaka et al. [36]
Kerkis et al. [37]
∗

DPSCs did not express all of these surface markers or they may have been expressed in different proportions [23].

that this dye can affect cellular differentiation, and it is a
potential tumorigenic-clonogenicity enhancer [23].

4. Heterogeneity of DPSCs
DPSCs are stem cells derived from human exfoliated deciduous teeth (SHED), from permanent secondary dentition
systems (properly known as DPSCs), from teeth extracted by
orthodontist due to impaction or irreversible periodontitis,
or from inflamed pulp tissue [2, 43].
SHED cells were isolated by Miura et al. from primary
dentition systems and were characterized as cells with a
high proliferation rate and the ability to differentiate into
osteoblasts, neural cells, adipocytes, and odontoblasts. As in
the case of DPSCs obtained from permanent teeth, SHED
cells can generate tissue pulp/dentin and bone cell type
[44], with different levels of odontoblast-like cells and dentin
mineralized when transplanted into immunodeficient mice
in a hydroxyapatite tricalcium phosphate (HA/TCP) scaffold
[45].
It has been suggested that SHED cells have a proliferative
ability greater than that of DPSCs isolated from third molars,
incisors, or supernumerary teeth or that of bone marrowderived MSCs, because they represent a more immature stem
cell population [46, 47]. Thus, as bone marrow-derived MSCs
and umbilical cord-derived MSCs have been show to differ,
in the case of dental pulp-derived MSCs, it has been shown
that the age of the teeth that served as the source of the
dental pulp tissues imparted different characteristics and
propensities toward differentiating along a specific lineage
[48]. The studies of Suchánek et al. showed that SHED cells

have a higher doubling time than DPSCs which is consistent
with their cell cycle distribution, wherein 69.8% of the SHED
cells were in S and G2 stage, but only 56% of the DPSCs were
in that phase [22]. Furthermore, the surface antigen profile of
SHED cells has been shown to differ from those of DPSC and
bone marrow-derived MSC. Because proliferation-related
and extracellular matrix formation genes, such as those
encoding transforming growth factor (TGF) and fibroblast
growth factor 2 (FGF), were expressed, genes encoding
molecules such as collagens I and III and pluripotency
markers, such as POU5F1 (OCT3/4), SOX2, and NANOG
were expressed higher than DPSC [26]. Further, SHED cells
exhibited a reduced ability to form neurospheres which was
related to the expression of nestin, a marker of neuroepithelial
stem cells [49], which is poorly expressed in SHED cells
compared with DPSCs [48]. Furthermore, some authors
have shown that subpopulations of SHED cells and some
stromal elements of the bone marrow were c-kit/CD34+,
though these antigens are considered specific markers of
hematopoietic lineages [5], which suggest that stem cells
can share characteristics despite having different ontogenetic
origins [11].
The DPSCs of permanent teeth, impacted third molars,
and supernumerary teeth, which today are considered medical waste [50–52], are particularly interesting stem cells.
DPSCs recently isolated as the CD90+, CD146+, CD105+,
and CD45− cells of supernumerary teeth were found to be
capable of multilineage differentiation and were also OCT4+
and NANOG+ [31].
Until recently it was believed that SHED cells, compared
with the DPSCs isolated from adult teeth, had advantages
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for tissue engineering, including their increased proliferation
rate [44], which could allow the rapid expansion of these
cells in vitro before their reimplantation [53], and the painless
nature of collecting these stem cells [23] from tissues regarded
as “disposable” and easily accessible [44], which were ideal
for young patients who had suffered invasion pulp necrosis
in their immature permanent incisors following a trauma
[54]. Considering these aspects, Akpinar et al. analyzed the
degree of heterogeneity of natal DPSCs, SHEDs, cells and
DPSC derived from impacted third molars and found that,
regardless of the origin (female baby born with a tooth, a
girl who lost a deciduous tooth at the age of six years and
one impacted third molar belonging to a 27-year-old man,
resp.), these DSCs had similar characteristics in terms of
their morphology, rates of proliferation, expression of cell
surface markers, and differentiation potentials. Interestingly,
flow cytometric analysis indicated that all three types of DSCs
were positive for CD13, CD29, CD44, CD73, CD90, CD146,
CD166, and HLA-ABC. The results also showed that SHED
cells and DPSCs had a similar cell cycle distribution, with
most of the cells (78%) in the G1 phase of the cell cycle, which
indicate that the cells were growing in size and synthesizing
mRNAs and proteins, whereas cells in S- and G2-phases were
present in lower proportions (12% and 10%); and the number
of cells that were undergoing mitosis was less than that of
the actively growing cells [21]. These recently obtained results
showed that DPSCs and SHED cells were more similar to each
other than originally supposed. Thus, the implementation
of these two cell types at the clinical level should provide
the same opportunities and the same level of ease of access
to autologous stem cells, which is a competitive advantage
over that of stem cells derived from other niches, such as
bone marrow-derived MSCs [55]. Although more human
transplantation assays have been performed using DPSCs
compared with those performed using SHED cells, the results
obtained were similar (Table 2 and Figure 1).

5. DPSC Isolation
Two basic methods for the isolation of DPSCs have been
described: (a) the explant method (DPSC-OG) and (b)
the enzymatic digestion of pulp tissue method (DPSCED). Using the first method, the pulp tissue is surgically
removed and the cells are grown from tissue fragments [73–
75] whereas, using the second technique, the dental pulp is
digested using collagenase and dispase [58, 76], after which
the cells are seeded, when cell proliferation is observed,
and the MSCs are characterized using flow cytometry based
on staining with specific markers [29]. Alternatively, some
authors have proposed that the isolation of more immature
stem cells requires a tissue explant multistage-process in
which the progenitor cells are first grown in culture; subsequently, enzymatic digestion is performed and the isolated
cells are expanded [77, 78].
To date, an isolation technique that is superior to the
others in terms of proliferative capacity, karyotypic stability,
or clinical use of DPSCs has not been found; however, most
protocols involve enzymatic digestion rather than systemic
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explantation and generally the cells to at least one round
of in vitro expansion obtain a sufficient number of cells for
biomedical use. In this regard, different groups have designed
and evaluated increasingly efficient methods for the isolation,
expansion, and maintenance of clinically safe human DPSCs
in sufficient numbers for various protocols [78]; for example,
1 × 106 cells are needed for xenotransplantation into immunodeficient mice, to retain their capacity for regeneration
and differentiation with a minimum of any potential risk.
Unfortunately, much about the physiology of DPSCs and how
these protocols could be optimized is unknown.

6. DPSC Culture
The initial growth period of MSCs on a plastic surface is
characterized by the formation of colonies derived from a
single cell. The colonies generated in primary culture can
be subcultured, typically through multiple passages, because
these cells have a strong tendency to expand in culture [79].
Interestingly, studies have shown that DPSCs can be
grown for long periods without compromising their plasticity
and ability to form bone nodules in vitro. Suchánek et al.
showed that DPSCs achieved 60 population doublings in
culture medium designed for bone marrow whereas Laino
et al. accomplished 80 passages by maintaining the DPSCssubstrate interaction and cell-cell communication in the
central region of the secreted extracellular matrix [22, 29].
Interestingly, it has been reported that after reaching the
maximum number of passages before entering senescence
(the Hayflick limit), DPSCs still had a normal karyotype and
doubling period at up to 40 doublings, which was between
12 and 50 hours but which increased to 60 to 90 hours after
50 replications [80]. However, it is generally accepted that
a prolonged expansion period may induce senescence and
that after 20 to 40 population doublings, MSCs may lose
some biological activities (potency). Thus, one of the most
important issues regarding DPSCs, and in general for all cells
with potential clinical use, is the number of in vitro passages
that is most favorable to allowing an in vivo therapeutic
effect. The information available for DPSCs is limited, but it
has been shown, at least for the treatment of GVHD using
MSCs, that the number of cells in fresh tissue (bone marrow
or adipose tissue) was not sufficient for therapy. The vast
majority of clinical trials exploring the ex vivo expansion of
MSCs found that the smallest number of passages, employed
for MSC expansion, correlated with a better patient response
and a better survival. Thus, von Bahr et al. showed that 75%
of patients with GVHD who received MSCs from first and
second passage had a one-year survival; however, only 21%
of those who received MSCs from third to fourth passages
survived [81]. These results agree with those of Choi et al.
who compared the therapeutic effect of bone marrow-derived
MSCs that had undergone 3, 5, 7, and 9 passages in the
treatment of amyotrophic lateral sclerosis (ALS) and found
that MSCs of early passages were best suited for therapy
because of their stability, their anti-inflammatory properties,
and their more powerful neuroprotective effect, compared
with those of MSCs with the highest number of passages [80].

Avian embryos

Sprague-Dawley rats

DPSC-3M & SHED

DPSC-3M & SHED

Human

DPSC-3M/collagen

—

—

1 × 10
5 × 106
5 × 105

6

1 × 106

3

4

5 × 10

1 × 10

—

186

52

1, 3, 4, and 8
3
5

8

24, 48, and 72 h

4, 6, and 8

8

4

6 & 12

1 × 107
1500/mm

8
12–16
4
6
6, 18, and 25

2–4

1 × 10
1 × 107
1 × 106
5 × 106
4.5 × 105

6

1 × 106

1 × 10
1 × 106
8–15
4–8

2, 4, 8, and 16

4 × 106
6

4
4
4
12

1 × 10
1 × 105
1 × 106
5 × 107

3

8

1 × 106
6

Weeks
6
12

Cells
5 × 106
4 × 106

Results
Formation of pulp, dentine, and odontoblast-like tissue
Formation of pulp tissue, dentine, and cementum
Generation of odontoblast-like cells and a collagen-like
matrix
Formation of dentine-like tissue
Mineralized tissue formation
Mineralized tissue formation
Formation of dentine-like matrix
Differentiation into osteoblasts & odontoblast-like cells
on the surface of HA/TCP scaffold
Generation of dentine pulp-like structure
Bone nodule formation
Improvement in cardiac function, angiogenesis, and
reduced myocardial infarct size
Mineralized tissue formation
Formation of pulp-like tissue
Mineralized tissue formation
Formation of dentine, pulp-like tissue
Formation of soft pulp-like tissue
Formation of pulp-like structure lined with
odontoblast-like cells
Bone formation
Generation of pulp-like & periodontal ligament type
tissue
Mineralized tissue and dentine formation
Neuronal marker expression and neuronal
morphogenesis
Axonal regeneration and inhibition of apoptosis in
neurons, astrocytes, and oligodendrocytes
Dense and mature bone formation
Solid training in dental tissue samples
Formation of vascularized connective tissue
Formation of bone in the extracted socket and repair of
periodontal tissue
Repair of human mandible bone defects with compact
and uniformly vascularized bone

Giuliani et al. [72]

D’Aquino et al. [51]

de Mendonça Costa et al. [70]
Sakai et al. [46]
Galler et al. [71]

Sakai et al. [46]

Arthur et al. [69]

Tran and Doan [68]

Lei et al. [67]

Riccio et al. [66]

Lee et al. [65]

Ikeda et al. [63]
Huang et al. [52]
Demarco et al. [64]
Wang et al. [56]
Yang et al. [33]

Gandia et al. [62]

Takeda et al. [60]
Graziano et al. [61]

Batouli et al. [59]

Chun et al. [57]
Chen et al. [2]
Yang et al. [33]
Sun et al. [58]

Wang et al. [56]

Reference
Gronthos et al. [53]
Sonoyama et al. [20]

DPSCs: derived from permanent teeth; 3M: third molar; SHED: derived from human exfoliated deciduous teeth; I.Mice: immunodeficient mice; SCID: severe combined immunodeficiency; FPOL: PEGylated fibrin;
NF: nanofibrous: PLA: poly(L-lactic-acid); HFIP: hexafluoro-2-propanol; PLG: poly-D,L-lactide and glycolide; HA/TCP: hydroxyapatite/tricalcium phosphate; AT: autologous transplant.

Human

DPSC-3M/collagen

Wistar rats
SCID mice
I.Mice

I.Mice

DPSC-3M/dentine

SHED/collagen
SHED/PLA
SHED/FPOL

I.Mice

Sprague-Dawley rats

DPSC-3M/fibroin

DPSC-3M

I.Mice

I.Mice
SCID mice
I.Mice
I.Mice
I.Mice

DPSC-3M/HA
DPSC-3M/PLGA
DPSC-3M/dentine
DPSC-3M/Ceramic/bone
DPSC-3M/HFIP/silk

DPSC-3M/HA/TCP

Nude rats

I.Mice

DPSC-3M/HA/TCP

DPSC-3M

Mice
I.Mice
I.Mice
I.Mice

DPSC/fibrin
DPSC/NF
DPSC/chitosan/collagen
DPSC/HA/TCP

SCID mice
I.Rats

I.Mice

DPSC/NF-PLA

DPSC-3M/ TCP
DPSC-3M/PLGA

Host
I.Mice
I.Mice & swine

Source/scaffold
DPSC/HA-TCP
DPSC/HA/TCP

Table 2: Transplantation assays using MSCs obtained from human tooth sources (DPSCs & SHED cells).
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Human
ectomesenchyma

Teeth

Exfoliated
deciduous
SHED

Pulp:
CD105+ CD117+ CD90+

Permanent
DPSCs

(1) Formation of pulp, dentine, cementum, and
odontoblast-like tissue
(2) Bone nodule and mineralized matrix formation
(3) Repair of human mandible bone defects
(4) Formation of vascularized connective tissue
(5) Improvement in cardiac function, angiogenesis,
and reduced myocardial infarct size
(6) Neuronal morphogenesis
(7) Axonal regeneration

Figure 1: Human DPSC results achieved up to now. DPSCs: stem cell derived from permanent teeth; SHED: stem cell derived from human
exfoliated deciduous teeth.

Therefore, although the DPSCs of early passages might be
more suitable for human therapy, comparative studies of the
biological behavior of human DPSCs, obtained from different
numbers of passages, are essential to ensure that one type is
superior to the others in terms of clinical efficacy.
It is accepted that the proliferation rate of MSCs is
highly variable depending on the formulation of the medium
(basal media and supplements), the substrate area, the density of cell seeding, and the physical-chemical environment
(oxygen and dissolved CO2 concentrations, temperature,
pH, osmolality, and buffer system). Thus, whereas the cells
in a mature tooth pulp are not exposed to a hyperoxic
environment, the ambient oxygen tension in conventional
cell-cultures ranges from 18% to 21% O2 [82, 83]; in contrast,
the physiological levels of O2 in a tooth range from 3%
to 6%. Recently El Alami et al. compared the proliferation
rate of human DPSCs cultured under these contrasting
atmospheric pressures (21% and 3% O2 ) and found that,
under the conventional culture conditions, there was a low
rate of proliferation, with oxidative stress and the activation of antioxidants-defense genes such as that of NRF-2,
which can interact with proteins related to the cell cycle
that play important roles in regulating cell proliferation,
thus suggesting that cultivating DPSCs under normal cellculture oxygen concentrations may not allow obtaining high
yields of viable stem cells [84]. Furthermore, protocols for
growing human DPSCs involve the use of fetal bovine serum
(FBS), the composition of which is unknown and which
varies between batches, thus hampering the reproducibility of
experiments; however, although the use of FBS is considered
to be relatively safe for human therapeutic applications, the
use of supplements of nonhuman origin is still a matter of
substantial debate [85]. In this sense, there is a risk that
nonhuman growth supplements may be contaminated with
human pathogens such as viruses, mycoplasmas, prions, or
other toxic or immunogenic agents [86–88]. Although these
quality-control and biosecurity concerns are more theoretical
than real because no such problems have been reported
for transplants of DPSCs obtained from cultures that were
expanded in serum-containing medium, in response to this
risk, various methods of serum-free culture, using chemically
defined materials as supplements, have been proposed. Thus,
Takeda-Kawaguchi et al. recently used a chemically defined

medium (MSCGM-CD) to grow isolated human DPSCs that
did not have a reduced colony forming ability as compared
with that of cells grown in medium supplemented with
FBS and had the ability to differentiate into odontoblasts in
vitro and to form dentine-like structures when transplanted
into immunodeficient mice [89]. In contrast, some authors
have proposed that, pending the availability of completely
serum-free defined medium of GMP (“Good Manufacturing
Practices”) grade, products derived from secure human
blood, such as platelet lysates, might be considered a viable
alternative to FBS [90]. Therefore, the conditions for serumfree cell expansion comparable to that obtained using serumcontaining medium must be defined in the future, and it is
necessary to analyze whether to employ rigorous expansion
protocols.

7. DPSC Applications
It has been suggested that the dental pulp is a potential
source of stem cells for orthopedic, oral, and maxillofacial
reconstruction. For example, Yamada et al. demonstrated in
canines that MSCs derived from the pulp of the deciduous
teeth of puppies and that of adult teeth have the ability to form
bone when grafted into the jaw [91]. Although there is a possibility that such cells have applications beyond the scope of
the stomatognathic system [33], to date, most of the studies in
which human DPSCs, isolated from third molars, or incisors
and SHED cells had been transplanted reported the ability of
these cells to generate mineralized tissue, extracellular matrix
type structures dentine, periodontal ligament, or dental pulp
(Table 2).
Interestingly, the general procedure for human DPSC
administration is to implement them in scaffold or porous
biomaterial to reinforce the graft site and induce tissue
regeneration. Various materials have been used to produce
scaffolds, including the following: collagen nanofibers (NF)
poly-L-lactic acid (PLLA), chitosan, PEGylated fibrin HA/
TCP, or a combination of these materials; for example,
Ravindran et al. applied DPSCs, PDLSCs, and bone marrowderived MSCs to collagen/chitosan scaffolds at a density of 2 ×
106 cells/scaffold and observed the odontogenic differentiation of DPSC and bone marrow-derived MSCs, without the need to add exogenous growth and differentiation
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factors [92]. Zhang et al. seeded 2 × 106 DPSCs/per silk
fiber/collagen/hexafluoro-2-propanol (HFIP) scaffold and
observed that they formed soft dental pulp [93]. Huang et
al. created a poly-D, L-lactide, and glycolide (PLG) substance
that formed a porous scaffold in which they seed 1 ×
107 DPSCs, which resulted in the development of odontoblast
cells that produced dentine type material and also had the
ability to regenerate pulp type tissue [94].

8. DPSCs and Tissue Repair
It is known that MSCs are involved in growth, wound
healing, and cell replacement under both physiological and
pathological conditions. These cells have been shown to be
effective in regenerating periodontal tissue, diabetic critical
limb ischemic tissue, bone damage caused by osteonecrosis,
skin lesions caused by burns [47, 95, 96], liver, neuronal
and skeletal muscle tissue, and blood vessels [97–100] among
other tissues [3]. Regarding DPSCs, their ability to differentiate into odontoblasts was a major boon for their use in
tooth-tissue engineering, but growing evidence that these
stem cells were also capable of repairing extraoral tissues, for
example, tissues of the musculoskeletal system, because of
their similarities to bone marrow-derived MSCs [51, 91], has
resulted in their currently being recognized as one of the most
accessible and attractive multipotent MSCs, with high rates
of growth, for use in engineering tissue and in regenerative
medicine [101].

9. Periodontal Regeneration with DPSC
One of the most common chronic infectious disorders,
affecting up to 90% of the population worldwide, is periodontal disease (PD) [102]. At the periodontal level, repair
involves healing a wound even without completely restoring
the original architecture or tissue function. In contrast,
regeneration involves reproducing lost or damaged part, so
that the original functionality is completely restored. The PD
type, called periodontitis, is manifested by the progressive
destruction of the structures supporting the teeth and is a
major cause of tooth loss in adults [103]. Thus, in the case
of periodontitis, periodontal regeneration would involve the
complete restoration of all the components of the periodontal
ligament, including periodontal and gingival connective
tissue, cementum, and alveolar bone, which is a challenge
in clinical practice [104], because when histological tests
showed good regeneration, the new tissues were similar to
the lost tissues but had different characteristics, although, in
most cases, regeneration of the periodontal ligament failed
between the neoformed tissue and bone cementum [4].
Current regeneration protocols, such as those using autologous bone grafts, allografts, or alloplastic materials, also
have limitations because they generally result in tissue repair
but not in true regeneration [105] and cannot be used in
all clinical situations [106]. Thus, these protocols, although
promising, are far from a medical certainty. Other procedures
such as the addition of growth and differentiation factors
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[107] and anti-inflammatory molecules [108, 109] yielded
positive results by inducting periodontal regeneration, but
the average half-life of these factors is short, which limits their
use in regenerative therapy.
Preclinical studies have shown that DPSCs, isolated from
human third molars and transplanted into immunodeficient
mice and rats, differentiated into cementoblast-like cells,
adipocytes and collagen forming cells with the ability to
generate material similar to periodontal tissue cement [105].
The expression of STRO-1, CD146, and CD44 has been
observed in cells involved in periodontal regeneration, and
Du et al. showed that SDF-1 was an additional indicator of
periodontal tissue regeneration [109, 110].
Studies have shown that it is possible to form complex
structures such as pulp-dentine, root cementum, and the
periodontal ligament, by transplanting DPSCs into immunocompromised mice (Table 2), and that these cells may be
involved in the repair processes that occur within periodontal
defects created in rodents. There are also reports showing
that SHED cells are able to stimulate bone formation, which
raises the possibility that they could be used to induce bone
craniofacial bone regeneration [111]. However, although these
and other experimental animal data provided clear evidence
of the potential of DPSCs to induce the formation of dental
tissues, clinical trials using DPSCs have not been widely
reported [39]. D’Aquino et al. show that human autologous DPSC/collagen sponge biocomplex implants restore the
mandibular bone tissue of patients [51].
Interesting is that clinical assessment, conducted 3 years
after implantation of autologous human DPSC, has shown
that functionality of oral cavities, mandibles, and mucosal
membranes was normal and no alterations were observed;
however, a thorough histological study and an advanced inline holotomography revealed that regenerated tissue from
the graft sites was composed of a fully compact bone
uniformly vascularized and with a high matrix density,
rather than a spongy type that is physiological for the area;
thus, the bone regenerated was completely different from
normal alveolar bone. Authors suggest that this is probably
because grafted DPSCs do not follow the local signals of
the surrounding spongy bone [72]. Recently it was found
that pretreatment of DPSCs with valproic acid (VPA), a
selective inhibitor of histone deacetylases (HDAC), significantly improves mineralized matrix formation, increasing the
expression of bone glycoproteins involved in the formation
of the mineralized matrix and negatively affecting late-stage
markers of differentiation [112]. This suggests that regulating
the response of stem cells to epigenetic changes may be
the key to regeneration with DPSCs, successfully generating
complex structures (a true regeneration), and not only does
it bring a tissue that resembles the original, such as what
is achieved using the tissue engineering strategies available
today. Whether, as suggested by Jo et al., application of
epigenetic regulators, for example, HDAC inhibitors [34],
may be valuable for stem cell-based interventions [112] is an
issue that deserves much more attention in the future.
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10. DPSCs and Nervous System
Neural crest-related stem cells can be isolated from adult
mammalian craniofacial tissues, such as dental pulp [113],
periodontal ligaments [114], and salivary glands [115] and
D’Aquino et al. provide evidence that adult dental follicle
comprises cells having characteristics of neural crest cells
or, at least, displaying the same pluripotency as those cells,
because they easily and efficiently gave rise to neurons,
osteoblasts, adipocytes, and other cytotypes and coexpress
early neural progenitor markers and vascular endothelial
growth factor receptors, such as Brn3a and flk-1, and retain
embryonic markers Oct-4, Nanog, TRA1-60, and TRA-1-80-1
[51]. This evidence that cells derived from dental tissue have
the skill to give rise to cells of the nervous system can explain
that DPSCs have regenerative potential in the damaged
central nervous system and replace lost neurons through
differentiation, at least in mice [69, 116], as well as the ability
to produce neurotrophic factors (NTFs), which promote
neuronal survival and axonal guidance; these properties have
been attributed in part to their ontogenic neural-crest origin
[117, 118].
DPSC significantly improved the survival rate of cultured
neurons that were positive for embryonic tyrosine hydroxylase via the release of neurotrophic factors. In animal studies,
grafting dental pulp into hemisected spinal cords increased
the number of surviving motor neurons [117], and DPSCs
were shown to express nestin and glial fibrillary acidic protein
(GFAP), at both the gene and the protein level [9].
DPSCs have been shown to promote cell survival and
neuritogenesis in in vitro coculture with primary adult rat
retinal cells and to promote the survival of retinal ganglion
cells (RGCs) and axonal regeneration in an in vivo model of
optic nerve crush (ONC). These proregenerative and neuroprotective effects have been attributed primarily to the ability
of DPSCs to induce the expression of neurotrophins, including the following: nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), and neurotrophin-3 (NT-3).
However, it has been suggested that retinal glial cells may also
contribute to the DPSC-induced neuroprotection [118].
The loss of light sensitive photoreceptors is a major cause
of untreatable blindness, and MSC transplantation is a potential strategy to restore vision through restoring photoreceptor
function. Thus, various studies have shown that stem cells
derived from different sources and progenitor cells can differentiate into retinal photoreceptors both in vitro and in vivo.
In this regard, Bray et al. recently showed that DPSCs were
responsive to signals from the retina and expressed markers
of mature photoreceptors, such as BDNF and rhodopsin, a
transmembrane protein of the retinal rods, which reinforces
the hypothesis that these cells could be driven to differentiate
into functional photoreceptors and raises the possibility of a
DPSC-based therapy to repair retinal damage [25].

11. DPSCs and Therapy of Immune Disorders
DSC has immunomodulatory ability comparable to that of
BM-derived MCS, which is why they have been proposed
to be an alternative to MSCs for therapy. Indeed, there is
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strong evidence showing that dental MSCs may be therapeutic agents for inducing immunosuppression in cases of
oral inflammation and even in other chronic inflammatory
conditions [3].

12. Health Regulations
The use of the DPSCs in extensive clinical applications is not
regulated in all countries. In this sense, with the exception of
hematopoietic stem cells, authors such as Benitez have noted
that Mexico is considered a destination for the application
of cell therapies to miraculous treatments, due to the lack of
legislation and regulations that would provide security to this
new branch of medicine [119].

13. Conclusion
In the last decade, significant advances have been made
in MSC research; however, currently, there are pending
issues that are crucial to the realization of their clinical
applications, such as establishing quality-control protocols
and security checks. In addition, more research is needed
to clarify the source and number of passages of DPSCs that
are best suited to induce periodontal regeneration, which
route of administration and the type of scaffold is the most
appropriate whether there are contraindications for their
clinical use and once administered, which parameters should
be considered to monitor their clinical efficacy. Therefore,
DPSC therapy is promising but as stated by Wei et al., as is the
case for MSC therapy in general, it is far from being a mature
clinical technology [120].
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[90] L. Sensebé, P. Bourin, and K. Tarte, “Response to Reinhardt et
al.,” Human Gene Therapy, vol. 22, no. 6, p. 776, 2011.
[91] Y. Yamada, K. Ito, S. Nakamura, M. Ueda, and T. Nagasaka,
“Promising cell-based therapy for bone regeneration using stem
cells from deciduous teeth, dental pulp, and bone marrow,” Cell
Transplantation, vol. 20, no. 7, pp. 1003–1013, 2011.
[92] S. Ravindran, C.-C. Huang, and A. George, “Extracellular
matrix of dental pulp stem cells: applications in pulp tissue
engineering using somatic MSCs,” Frontiers in Physiology, vol.
4, article 395, 2014.
[93] W. Zhang, I. P. Ahluwalia, R. Literman, D. L. Kaplan, and
P. C. Yelick, “Human dental pulp progenitor cell behavior
on aqueous and hexafluoroisopropanol based silk scaffolds,”
Journal of Biomedical Materials Research Part A, vol. 97, no. 4,
pp. 414–422, 2011.
[94] G. T.-J. Huang, T. Yamaza, L. D. Shea et al., “Stem/progenitor
cell–mediated de novo regeneration of dental pulp with newly
deposited continuous layer of dentin in an in vivo model,” Tissue
Engineering Part A, vol. 16, no. 2, pp. 605–615, 2010.
[95] D. Lu, B. Chen, Z. Liang et al., “Comparison of bone marrow
mesenchymal stem cells with bone marrow-derived mononuclear cells for treatment of diabetic critical limb ischemia
and foot ulcer: a double-blind, randomized, controlled trial,”
Diabetes Research and Clinical Practice, vol. 92, no. 1, pp. 26–36,
2011.
[96] M. F. Rasulov, A. V. Vasilchenkov, N. A. Onishchenko et al.,
“First experience of the use bone marrow mesenchymal stem
cells for the treatment of a patient with deep skin burns.,”
Bulletin of Experimental Biology and Medicine, vol. 139, no. 1,
pp. 141–144, 2005.
[97] K. Kadar, M. Kiraly, B. Porcsalmy et al., “Differentiation potential of stem cells from human dental origin-promise for tissue
engineering,” Journal of Physiology and Pharmacology, vol. 60,
pp. 167–175, 2009.

12
[98] D. L. Clarke, C. B. Johansson, J. Wilbertz et al., “Generalized
potential of adult neural stem cells,” Science, vol. 288, no. 5471,
pp. 1660–1663, 2000.
[99] R. Galli, U. Borello, A. Gritti et al., “Skeletal myogenic potential
of human and mouse neural stem cells,” Nature Neuroscience,
vol. 3, no. 10, pp. 986–991, 2000.
[100] J. Ratajczak, E. Zuba-Surma, E. Paczkowska, M. Kucia,
P. Nowacki, and M. Z. Ratajczak, “Stem cells for neural
regeneration—a potential application of very small embryoniclike stem cells,” Journal of Physiology and Pharmacology, vol. 62,
no. 1, pp. 3–12, 2011.
[101] M. Tatullo, M. Marrelli, K. M. Shakesheff, and L. J. White,
“Dental pulp stem cells: function, isolation and applications
in regenerative medicine,” Journal of Tissue Engineering and
Regenerative Medicine, 2014.
[102] C. Basegmez, L. Berber, and F. Yalcin, “Clinical and biochemical
efficacy of minocycline in nonsurgical periodontal therapy:
a randomized controlled pilot study,” The Journal of Clinical
Pharmacology, vol. 51, no. 6, pp. 915–922, 2011.
[103] B. L. Pihlstrom, B. S. Michalowicz, and N. W. Johnson, “Periodontal diseases,” The Lancet, vol. 366, no. 9499, pp. 1809–1820,
2005.
[104] D. D. Bosshardt and A. Sculean, “Does periodontal tissue
regeneration really work?” Periodontology 2000, vol. 51, no. 1,
pp. 208–219, 2009.
[105] B. M. Kinaia, S. M. A. Chogle, A. M. Kinaia, and H. E. Goodis,
“Regenerative therapy: a periodontal-endodontic perspective,”
Dental Clinics of North America, vol. 56, no. 3, pp. 537–547, 2012.
[106] K. K. Gopal and A. M. Lankupalli, “Stem cell therapy: a new
hope for dentist,” Journal of Clinical and Diagnostic Research,
vol. 6, no. 1, pp. 142–144, 2012.
[107] A. Saito, E. Saito, R. Handa, Y. Honma, and M. Kawanami,
“Influence of residual bone on recombinant human bone
morphogenetic protein-2-induced periodontal regeneration in
experimental periodontitis in dogs,” Journal of Periodontology,
vol. 80, no. 6, pp. 961–968, 2009.
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Wound reepithelialization is a cooperative multifactorial process dominated by keratinocyte migration, proliferation, and
differentiation that restores the intact epidermal barrier to prevent infection and excessive moisture loss. However, in wounds
that exhibit impaired wound healing, such as chronic nonhealing wounds or hypertrophic scars, the reepithelialization process
has failed. Thus, it is necessary to explore a suitable way to mitigate these abnormalities to promote reepithelialization and achieve
wound healing. Mesenchymal stem cells (MSCs) have the capacity for self-renewal as well as potential multipotency. These cells
play important roles in many biological processes, including anti-inflammation, cell migration, proliferation, and differentiation,
and signal pathway activation or inhibition. The mechanism of the involvement of MSCs in reepithelialization is still not fully
understood. An abundance of evidence has shown that MSCs participate in reepithelialization by inhibiting excessive inflammatory
responses, secreting important factors, differentiating into multiple skin cell types, and recruiting other host cells. This review
describes the evidence for the roles that MSCs appear to play in the reepithelialization process.

1. Introduction
Wound healing is a highly coordinated and orderly process
that requires the activities of different cell types, including
inflammatory cells, keratinocytes, fibroblasts, and endothelial
cells (ECs) [1]. It is mainly divided into three successive
but partially overlapping phases: inflammation, reepithelialization/granulation tissue generation, and tissue remodeling
[2]. During these wound healing phases, the restoration of
epidermal integrity, also called reepithelialization, is essential
to complete wound repair. A wound cannot be considered
closed if reepithelialization is lacking regardless of the complete restoration of the underlying tissue [3].
In the reepithelialization phase of wound healing, epithelial cells migrate to the wound site, cover the granulation
tissue, and then meet in the middle, at which point contact
inhibition causes them to stop migrating, completing the
reepithelialization [4]. However, perfect reepithelialization
during wound healing remains a challenge for diabetic
patients, surgical patients, and burn victims [5]. The pathologies of wound healing can be grouped into two categories:
excessive wound healing, leading to hypertrophic scars, and

incomplete wound healing, leading to chronic wounds [6].
These abnormalities most commonly occur in conjunction
with impaired reepithelialization. Therefore, it is necessary
to develop methods to attenuate these abnormalities to
promote reepithelialization and achieve complete wound
healing.
The current data indicate that the involvement of MSCs
in the reepithelialization process is a promising solution
for wounds with impaired healing due to diabetes, trauma,
burns, and numerous other conditions. At the wound site,
MSCs contribute to the generation of well-vascularized
granulation tissue, promote reepithelialization, and attenuate
scar formation by several mechanisms, including modulation
of the inflammatory environment, enhancement of angiogenesis, promotion of the migration of keratinocytes, and
recruitment of other host cells [7, 8]. Thus, the therapeutic
application of MSCs has been shown to enhance wound
reepithelialization and accelerate wound healing.
In this review, we summarize the current information
regarding the role of MSCs, specifically in the reepithelialization process of wound repair, and their potential clinical
applications.
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2. Reepithelialization
Reepithelialization is a key component of wound closure. A
skin wound cannot be considered closed if the reepithelialization has not occurred. The reepithelialization process involves
the formation of new epithelium and skin appendages by
activating the proliferation, migration, and differentiation
of keratinocytes and reconstituting the protection of the
underlying dermal structures [9]. In the reepithelialization
process, keratinocytes reepithelialize the wound through
their enhanced migration and mitosis at the wound periphery
in the epidermis. Furthermore, fibroblasts migrate beneath
the wound site to close the wound [10]. Once the wound
area is covered, contact inhibition causes them to stop
migrating and triggers the differentiation of the keratinocytes
into stratified squamous keratinizing epidermal cells [11].
Keratinocytes, the predominant cellular component of the
epidermis, are derived from epithelial stem cells (EpSCs),
which are mainly located in the bulge of the hair follicle
(HF) and the basal layer of the interfollicular epidermis (IFE)
[12, 13]. After epidermal injury, EpSCs from both the HF
and IFE niches give rise to the keratinocytes that migrate
and reepithelialize the wound [14, 15]. Studies have reported
that IFE EpSCs are major contributors toward the longterm repair of the epidermis [16]. HF bulge stem cells also
migrate into the IFE to regenerate the epidermis immediately
after injury, but this effect is temporary, suggesting that
HF EpSCs provide an initial burst in the wound healing
rate of defective shallow epidermis but are probably less
important in larger wounds as well as in wounds that are
difficult to heal and where reepithelialization cannot occur
spontaneously [17, 18]. Therefore, abnormalities in the wound
healing process result in various pathologies ranging from
chronic wounds to hypertrophic scars, both of which display
an impaired reepithelialization [13]. A better understanding
of the impaired epithelialization process may provide insights
into new therapeutic approaches to enhance reepithelialization and accelerate wound closure.

3. Impaired Reepithelialization:
Chronic Wounds and Hypertrophic Scars
The ideal end-point of skin wound healing is the normal scar
formation. However, abnormalities in this process lead to a
series of pathologies from chronic wounds to hypertrophic
scars, and these pathologies most commonly occur when
reepithelialization has been delayed. A chronic wound that
has failed to progress through the normal healing process
may enter a persistent inflammatory state and a perpetual
nonhealing state that is characterized by chronicity and
frequent relapse. This is the first condition that was observed
to exhibit an impaired reepithelialization process [19] and
can be caused by various pathological conditions, including
diabetes, trauma, burns, and numerous other conditions [20].
In chronic wounds, the delay of reepithelialization may be
due to bacterial infection, tissue hypoxia, local ischemia,
exudates, and excessive levels of inflammatory cytokines that
create a continuous state of inflammation. Also in this state,
the cell pool is impaired and may demonstrate increased
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cellular senescence and a decreased cellular response to
growth factors [21, 22].
Furthermore, in chronic wounds, inflammatory cells,
such as neutrophils, macrophages, and lymphocytes, which
are sequentially recruited into the wound, are disrupted
in this sequential process in the persistent inflammatory
environment [1]. Delayed neutrophil and monocyte infiltration but more sustained lymphocyte infiltration has been
considered to be an important factor of chronic wounds [20].
In addition, neutrophils release various enzymes, including
collagenase, which degrades the extracellular matrix (ECM),
and elastase, which destroys prohealing factors. This inflammatory environment also leads to impaired cellular functions
of keratinocytes, ECs, and fibroblasts due to the excessive
levels of the inflammatory cytokines; degradation of the ECM
due to high matrix metalloproteinase (MMP) activity; inhibition of prohealing factors, which further recruit neutrophils
and continue the above cycle [19]. An uncontrolled and
continuous inflammatory response prevents wound healing.
This observation contributes to an explanation of the delay in
reepithelialization [23].
However, in some pathological situations, excessive
wound healing may result in hypertrophic scars with serious
cosmetic and functional implications, as well as decreased
tensile strength compared to the surrounding normal skin
[24]. This condition is also the result of impaired reepithelialization. Studies have shown that when wounds epithelialize
in less than 10 to 14 days, there is almost no hypertrophic
scar formation. However, when the wound epithelialization
requires between 2 an 3 weeks, one-third of the wounds form
hypertrophic scars, and wound epithelialization that takes
more than 3 weeks results in a 78% rate of hypertrophic
scarring [25]. Hypertrophic scar formation is directly caused
by an unusual proliferation of fibroblasts and the deposition
of excess ECM by the fibroblasts and myofibroblasts at
the wound site [26]. Studies suggest that the keratinocytes
in the epidermis of hypertrophic scars become activated
and produce growth factors that affect the inflammatory
response, endothelial cells, and fibroblasts. Abnormal proliferation and differentiation of the keratinocytes cause an
increase in epidermal thickness and lead to hypertrophic
scars formation [27]. In addition, an abnormally low rate
of cell death and a high rate of fibroblast proliferation can
also promote scar formation. In addition, fibroblasts become
highly proliferative when cultured with keratinocytes, which
demonstrates the positive role of keratinocytes in promoting
fibroblast proliferation. Furthermore, myofibroblasts, which
contribute to the composition, organization, and mechanical
properties of ECM, increase collagen synthesis and inhibit
cell migration, processes that also lead to scar formation
[25, 27, 28].
The current treatments for chronic wounds are antibiotic
treatment, pressure therapy, hyperbaric oxygen therapy, and
revascularization therapy [29]. For hypertrophic scars, the
treatments include surgical excision, pressure therapy, laser
therapy, and therapies directed against collagen synthesis
[30]. However, to date, optimal means to treat these conditions have not been identified. Therefore, it is necessary to
explore new therapeutic approaches to solve the problems of
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chronic wounds and hypertrophic scars to enhance reepithelialization and accelerate wound closure.

4. Mesenchymal Stem Cells in
Reepithelialization
Mesenchymal stem cells (MSCs) residing in the bone marrow
were first described by Friedenstein et al. [31]. These cells
comprise a small fraction (<0.1%) of the adult bone marrow
cells [32]. Because of the lack of a specific single mesenchymal
cell marker, MSCs are identified through a combination
of physical, phenotypic, and functional characteristics. The
International Society for Cellular Therapy proposed three
minimal criteria to define MSCs: plastic adherent ability,
expression of CD105, CD73, and CD90, lack of the expression
of CD45, CD34, CD11b, CD79𝛼 or CD19, and HLA-DR, and
a multilineage differentiation potential [33].
Bone marrow mesenchymal stem cells (BMSCs) are
adult stem cells derived from mesodermal cell lineages [34].
Recent studies have proposed the three possible histological
origins of MSCs. The first of these is the epithelial to
mesenchymal transition (EMT), which is a cellular process
in which epithelial cells lose their epithelial cell properties
and acquire mesenchymal cell properties. Second, MSCs may
have a potential perivascular origin, such as pericytes and
avascular tissue, both of which are sources of MSCs. The third
possibility is that they are derived from the human vascular
adventitial fibroblasts in pulmonary arteries [35].
The commonly reported methods for isolation of BMSCs
included untreated whole bone marrow (BM) blood adherent
culture methods and density-gradient centrifugation methods. The untreated whole BM blood adherent culture methods are based on the BMSCs plastic adherence properties,
whereas the density-gradient centrifugation methods are
based on the suspension density of the BM cells. Densitygradient centrifugation methods may affect the BMSCs proliferation, but the BM blood adherent culture methods have
no effect on heterogeneity and differentiation of the BMSCs.
The BM blood adherent culture method may be an efficient
method for isolation and purification of BMSCs [36].
After MSCs were originally isolated from bone marrow, MSCs were identified in various tissues, including
adipose tissue [37], umbilical cord [38], muscles [39], amniotic fluid [40], and others [41]. These cells have raised
great expectations in the field of regenerative medicine due
to their straightforward isolation and expansion, unique
anti-inflammatory and immunomodulatory properties, and
potential multipotency [42]. In recent years with the rapid
development of stem cell biology, MSCs have proven to be
an attractive cell type for use as wound repair therapeutics.
Studies have shown that MSCs may migrate to the wound site
where they direct inflammation and antimicrobial activity,
promote cell migration, proliferation and differentiation, and
recruit other host cells to play critical roles in reepithelialization and wound repair [43].
4.1. Inflammation Modulation. Persistent inflammation
is a major characteristic of chronic wounds and skin
hypertrophic scars. MSCs have been shown to exert
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immunomodulatory effects on the inflammatory cells,
mainly through paracrine signaling during wound healing.
Previous studies have confirmed that MSCs can suppress
T-cells, activate macrophages, and potentially recruit
neutrophils, which are key mechanisms in the reduction of
the inflammatory reaction [44]. MSCs also have antibacterial
effects, which serve as another mechanism to reduce an
excessive inflammatory reaction [45, 46].
During the transition from the inflammatory stage to
the next stage of wound healing, macrophages undergo a
change toward a type 2 inflammatory phenotype, which
is characterized by increasing levels of anti-inflammatory
cytokines and a simultaneous decrease in the levels of inflammatory cytokines [47–49]. In addition, the macrophages also
influence wound healing in a positive way by decreasing
the numbers of bacteria, increasing angiogenesis, providing
matrix deposition, and producing the myriad of growth
factors that are necessary to activate the keratinocytes, fibroblasts, and ECs [50]. However, in a persistently inflammatory
environment, the macrophages are dysregulated and become
skewed toward a type 1 inflammatory phenotype, impeding
progress toward wound reepithelialization.
The inflammatory environment of the wound activates the MSCs to initiate their immunomodulatory effects.
First, MSCs regulate macrophages through a paracrine-like
reprogramming of inflammatory type 1 macrophages to a
type 2 anti-inflammatory phenotype. Activated macrophages
(type 2 macrophages) have been shown to decrease their
expression of inflammatory cytokines and increase antiinflammatory signaling [51]. Second, MSCs suppress T cell
proliferation to reduce wound site inflammation: this process depends on MSC-mediated induction of IL-10 in T
cells and macrophages. In addition, MSCs modulate TNF𝛼 production to attenuate the excessive inflammatory effects
and reduce NK cell function in the inflammatory phase,
lowering IFN-𝛾 activity in the process [52]. Finally, MSCs
provide antiscarring properties by secreting prostaglandin E2
(PGE2), which induces the increased expression of IL-10 by
T cells and macrophages. IL-10 exerts antiscarring effects by
downregulating TGF-𝛽1 expression, reprogramming wound
fibroblasts to favor ECM remodeling, and decreasing the
expression of inflammatory cytokines (such as IL-6 and IL8) to prevent an excessive increase of collagen deposition
in the wound [24, 53]. The antibacterial effects of MSCs
have also been verified and are critical for reducing excess
inflammation in the wound. MSCs exert antibacterial activity
directly by secreting antibacterial factors such as LL-37 [46]
and indirectly by enhancing the phagocytosis by immune
cells [54].
Taken together, the effects produced by MSCs may help to
solve the problem of unmitigated inflammation at the wound
site and promote the completion of wound reepithelialization.
4.2. Repairing Cell Dysfunction. Wound reepithelialization
mainly relies on the migration, proliferation, and differentiation of keratinocytes and their cross-talk with fibroblasts,
ECs, and other skin cells. Dysfunction of any of these cells
leads to an inhibition or delay of the reepithelialization phase.

4
MSCs participate in reepithelialization through transdifferentiation into multiple skin cells including keratinocytes and
ECs and by secreting various types of cytokines that promote
cell survival, proliferation, and differentiation [55, 56].
Many studies have demonstrated that MSCs can differentiate into keratinocytes in a specific environment to promote
reepithelialization [57–60]. Chen et al. showed that the GFP
+ MSCs used to treat murine wounds are capable of differentiating into keratinocytes that can regenerate the epidermis
in vivo [58]. Sasaki et al. showed that when BMSCs were
injected into the wounds of mice, the MSCs differentiated
not only into keratinocytes but also into ECs and pericytes
in vivo [61]. Moreover, the intravenous injection of allogenic
BrdU-labeled BMSCs into full-thickness skin wounds in rats
showed that the BrdU-labeled BMSCs could differentiate
to ECs in the granulation tissue and to epidermal cells
in the regenerated skin. These results showed a significant
enhancement of the speed of reepithelialization, the number
of epidermal ridges, and the thickness of the regenerated
epidermis [59]. These findings suggest that MSCs can differentiate into multiple skin cells including keratinocytes
that regenerate the skin epidermis, which contributes to the
reepithelialization of the wound.
In addition to the differentiation of MSCs to keratinocytes, their secretory function also plays an essential
role in the reepithelialization process. MSCs in a cutaneous
wound release growth factors including IGF-1, EGF, KGF, and
mitogens that promote the proliferation of fibroblasts, keratinocytes, and ECs in vitro. Studies have shown that adiposederived stem cells (ASC) accelerated the reepithelialization of
cutaneous wounds via the paracrine secretion of a various
growth factors, including PDGF, basic fibroblast growth
factor (bFGF), and TGF-𝛽 [62, 63]. In addition to accelerating
reepithelialization, MSCs have been shown to improve the
quality of the epidermis. MSCs enhance the proliferation
of endogenous keratinocytes and increase the number of
appendage-like structures [57]. These cells were shown to
promote reepithelialization through paracrine signaling that
accelerated wound healing.
Revascularization is a necessary part of the overall
wound healing process that provides nutrients and oxygen
to a significant proportion of the cells that regulate wound
healing. Under normal circumstances, injury stimulates the
proliferation of ECs, but some harmful stimuli including
diabetes and burns often lead to inhibition of EC proliferation
and increased apoptosis. MSCs can differentiate into ECs to
yield new vessels and produce a number of proangiogenic
factors that help to reestablish the blood supply to the wound
bed. The most notable of these factors is VEGF, a potent
stimulator of angiogenesis that is regulated by IL-6 and TGF𝛼 [51, 61, 64]. In addition, studies have demonstrated that
MSC-conditioned medium increased angiogenesis in vitro.
Skin wounds treated with BM-MSC-conditioned medium
had increased numbers of cells positive for CD34, Flk-1,
or C-kit, markers of endothelial lineage cells, suggesting an
increased recruitment of ECs and EPCs into the wound [57].
These recent studies have demonstrated that MSCs can
repair the function of keratinocytes and ECs, the predominant cells in the reepithelialization process, by processes
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including increasing the proliferation of keratinocytes and
ECs and decreasing apoptosis through paracrine signaling, as
well as by directly differentiating into keratinocyte and ECs to
promote reepithelialization and achieve wound healing.
4.3. Antiscarring. Ideally, the wound repair process proceeds
in a regulated fashion in which a balance between collagen
synthesis and degradation is maintained [65]. However,
in many situations, skin wound repair becomes seriously
dysregulated, resulting in the formation of hypertrophic scars
that are characterized by excessive collagen deposition and
excessive myofibroblast proliferation in the dermal tissue
[53].
MSCs play a pivotal role in skin hypertrophic scarring.
Mobilization and homing of MSCs to the injury site are
involved in wound healing. These processes inhibit the
formation of scars in skin wounds by inhibiting excessive inflammation and producing antifibrotic factors. Many
recent studies have demonstrated that MSCs migrate to
wound sites and participate in attenuating inflammation and
reprogramming the resident immune and wound-healing
cells in the wound to favor skin regeneration and inhibit
scar formation. Wu et al. have shown that the administration
of BMSCs could suppress bleomycin-induced skin fibrosis
formation. This study showed that BMSCs can downregulate
antifibrotic factors to alleviate inflammation and attenuate
myofibroblast proliferation and differentiation as well as
reducing collagen deposition and matrix production to favor
the remodeling of the ECM [53]. Liu et al. have shown
that treatment of a rabbit hypertrophic scar with human
BMSCs efficiently regulated inflammation and prevented scar
formation. In this study, the therapeutic effects of the hMSCs
were attributed to the secretion of the anti-inflammatory
protein, TNF-alpha-stimulated protein 6 (TSG-6) [66].
Collectively, these data demonstrate that MSC treatment
can reduce skin hypertrophic scar formation to improve skin
reepithelialization.
4.4. Crosstalk between the Cells and Microenvironment. The
reepithelialization of a wound requires coordinated interactions among inflammatory cells, keratinocytes, fibroblasts,
vascular endothelial cells, and immune cells as well as the
local microenvironment. Keratinocyte migration and proliferation rely on the interactions of the keratinocytes with the
fibroblasts and the ECM and on a great diversity of paracrine
factors present in the wound site [67]. During reepithelialization, endogenous epithelial stem cells contribute to the
reepithelialization by differentiating into epithelial cells. In
addition, basal keratinocytes at the wound margins migrate
under the fibrin clot to participate in reepithelialization [68].
Keratinocytes in the epidermis of hypertrophic scars
become activated and produce growth factors that affect
the inflammatory response, endothelial cells, and fibroblasts.
The persistence of activated keratinocytes implies abnormal keratinocyte migration and proliferation and abnormal
epidermal-mesenchymal interactions that delay the reepithelialization [25]. In chronic wounds, the decreased migration,
proliferation, and increased apoptosis of keratinocytes and
fibroblasts impede the reepithelialization.
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The therapeutic effects of MSCs are due to their ability to modulate the surrounding environment and activate endogenous progenitor cells [69, 70]. After a skin
injury, MSCs migrate into the wound site and contribute to
angiogenesis and keratinocyte proliferation and migration
by secreting paracrine factors [68]. Studies also showed
that MSCs-conditioned medium (MSCs-CM) improves keratinocyte proliferation and migration in an inflammatory
microenvironment [71, 72]. The MSCs-CM was sufficient
to stimulate macrophage and endothelial migration and
enhance reepithelialization in vivo [51]. Furthermore, the
delayed reepithelialization in chronic wounds increases the
chance of infection. Under these conditions, the bacteria can
inhibit keratinocyte proliferation and migration and increase
keratinocyte death [68]. MSCs have antibacterial effects and
enhance skin reepithelialization.
4.5. Tissue-Engineered Skin Constructs. Tissue-engineered
skin composed of skin keratinocytes and fibroblasts has been
widely used in skin regeneration [63]. However, the therapeutic application of this technique is hampered by insufficient resources, limited proliferative capacity, immunological
rejection, and terminal differentiation [44]. Therefore, these
seed cells are not ideal for skin tissue engineering. Moreover,
the lack of specific surface antigens on the epidermal stem
cells makes them difficult to purify and culture or amplify.
For these reasons, these cells are not widely applied in skin
tissue engineering.
MSCs are widely used as an appropriate source of seed
cells for tissue-engineered skin due to their pluripotency, selfrenewal capacity, and low immunogenicity. Recent studies
have focused on the application of MSCs in the construction of tissue-engineered skins. For example, MSCs applied
topically as cell sheets to full-thickness murine wounds have
demonstrated improved healing by differentiation toward
endothelial and epidermal lineages [73]. In another study,
human BMSCs were cultured on a gelatin scaffold with
pNIPAAm [poly(N-isopropylacrylamide)] and transplanted
as grafts for skin regeneration. The expression of human
pan-keratin and cadherin, which are indicators of epithelial
regeneration, was significantly increased after transplantation. This observation indicated that BMSCs can differentiate
into epidermal cells and complete reepithelialization [74].
In our recent study, we successfully constructed epidermal
substitutes through the culture of umbilical cord MSCs (UCMSCs) on the surface of collagen-chitosan scaffolds at an airliquid interface to induce epidermal differentiation. Animal
experiments showed that the epidermal substitutes promoted
wound healing by enhancing epidermal and hair follicle
regeneration [44]. Interestingly, BMSCs can also be used as
a feeder layer to promote autologous keratinocyte expansion
for the preparation of epidermal sheets for burns [7]. These
studies have shown that MSCs can be used as ideal seed cells
for the construction of skin substitutes and that the MSCs
can restore the properties of the epidermis and promote rapid
skin reepithelialization.
4.6. Clinical Trials. These studies have shown that MSCs
promote reepithelialization and accelerate cutaneous wound
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repair through various mechanisms. Several clinical trials
in which MSCs were applied in studies of wound reepithelialization have demonstrated that MSCs promote skin
reepithelialization through paracrine signaling and differentiation [75]. In 2008, Yoshikawa and colleagues treated 20
patients with various nonhealing wounds with autologous
BM-MSC-composite grafts. The results showed that 18 of
the 20 wounds completed reepithelialization, as confirmed
by histological examination [76]. Similarly, the use of a
collagen scaffold seeded with allogeneic nondiabetic MSCs
to treat nonhealing diabetic foot ulcers resulted in increased
angiogenesis and improved reepithelialization. Clinical trials in patients with chronic wounds revealed a reduction
of ulcers and reepithelialization when MSCs were applied
[77]. These clinical trials showed the potential benefit of
MSCs in completing reepithelialization to achieve wound
healing, including an improved average rate of reepithelialization and epidermal quality after treatment by mechanisms
including paracrine signaling, epithelial differentiation, and
angiogenesis.

5. Questions and Future Perspectives
These studies on MSC-facilitated skin reepithelialization
through cell proliferation and differentiation the secretion of
growth factors, and as a source of seed cells in skin tissue
engineering have all shown promising results. However,
many questions remain. Future directions for research in
this field should focus on optimizing the function of MSCs
in the reepithelialization process to maximize the regenerative properties of MSC-based therapies. The optimization
should include designing appropriate delivery systems and
extending cell survival through independent technologies
or in combination with these delivery systems [78]. The
clinical effectiveness of MSC-based therapies is dependent
on the number of cells delivered and their survival, so it
is important to optimize the delivery procedure. Current
research indicates that the contribution of the MSCs is
limited by poor engraftment and survival of the MSCs at
the wound site. In addition, many studies strongly imply
that microenvironmental cues have a critical influence on
MSCs activity and fate. Therefore, the materials and resident
cells that contribute to a microenvironment that favors the
survival and differentiation of MSCs needs to be explored
more extensively [79]. Furthermore, manipulation of the
MSCs before their use in a therapeutic application may be
appropriate. For example, methods to induce the MSCs to
differentiate into special cells that are more conducive to
improving reepithelialization [80] or addition of an adjunctive therapy (X factor) into the MSC-based therapy, that is,
the treatment of BMSCs with some chemical compound,
may be of value. Clearly, the X factor should be safe,
effective, and economic for the application in a clinical setting
[81].
Addressing these questions will determine whether MSCbased therapies can be used to promote the successful
completion of reepithelialization that is impaired during
abnormal wound healing, including chronic wounds and
hypertrophic scars.
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6. Conclusion

Conflict of Interests

Reepithelialization is achieved by a coordinated interaction
of keratinocyte migration, proliferation, and differentiation during wound repair. On the basis of their extensive
capabilities and their effects on reepithelialization, MSCs
seem to have a significant impact on the treatment of
chronic nonhealing wounds or hypertrophic scars associated
with impaired reepithelialization. We have reviewed the
recent studies that analyzed the participation of MSCs in
the impaired reepithelialization process along with their
roles in wound healing, which include the inhibition of
an excessive inflammatory response, secretion of important factors, differentiation into multiple skin cell types,
and recruitment of other host cells. In addition, several
preclinical and clinical studies investigating the potential
of MSCs in wound healing have highlighted the role of
these cells in enhanced reepithelialization. Although the
function of MSCs in the reepithelialization process has
shown promising results including well-organized epidermal
regeneration and good quality reepithelialization, questions
regarding the efficacy of MSCs in cell therapy remain to be
resolved.

The authors confirm that there is no conflict of interests.

7. Comments
Our review shows that BMSCs participate in the reepithelialization through several mechanisms including differentiation
and secretion of paracrine factors. A previous study showed
that less than 1% of the BMSCs differentiate into keratinocytes
in the absence of skin injury. After skin injury, engraftment
of BMSCs as keratinocytes increased within 1 day and
continued to increase to approximately 4% by 3 weeks. In
acute wounds, the BMSCs transdifferentiation is probably
not disturbed. In chronic wounds, BMSCs may differentiate
into multiple skin cell types to promote reepithelialization,
and in larger epidermal loss, the participation of BMSCs
seems to be indispensable, implying a profound therapeutic potential of these cells for skin wounds. However, it
appears that some factors in chronic wound sites prevent the
BMSCs from migrating into the wound site and from further
differentiation into keratinocytes. Therefore, a microenvironmental niche in which the cells reside appears to be
required to promote differentiation into specific cell types,
and unfortunately there are no detailed data to define this
niche.
In addition, although increasing numbers of studies
have confirmed the important role that MSCs play in the
reepithelialization process, it is still unclear how effectively
MSCs contribute to reepithelialization via specific transdifferentiation. This may be partly due to poor engraftment
and the survival of MSCs at the wound site. Thus, extending
cell survival might induce more cells to undergo specific
differentiation, resulting in better functional organization of
the skin wounds. Although the transdifferentiation mechanism of MSCs has been extensively investigated, understanding of this mechanism is still insufficient, and further
study is needed before these cells can be used in clinical
applications.
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