International Endodontic Journal [

doi:10.1111/j.1365-2591.2011.01915.x

Review

Repair and regeneration in endodontics

L. M. Lin & P. A. Rosenberg

Department of Endodontics, New York University College of Dentistry, New York, NY, USA

Abstract
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The ideal objective of treatment of established diseases,
including irreversible pulpitis and apical periodontitis,
is to achieve wound healing. Wound healing can result
in repair or regeneration. The ultimate goal of wound
healing is to restore the original architecture and
biological function of the injured tissue or organ.
Although humans are equipped with powerful innate
and adaptive immune defence mechanisms, many
intrinsic and extrinsic factors can affect wound healing.
Complete regeneration following injury in humans can
occur only in the pre-natal foetus within 24 weeks of
gestation. Post-natal wounds including irreversible
pulpitis or apical periodontitis always heal by repair
or by a combination of repair and regeneration.
Somatic cells, such as fibroblasts, macrophages,
cementoblasts and osteoblasts, in the pulp and periapi-
cal tissues have limited potential for regeneration
following injury and lack of telomerase. Wound healing

of irreversible pulpitis and apical periodontitis requires
recruitment and differentiation of progenitor/stem cells
into tissue-committed somatic cells. Stem cell differen-
tiation is regulated by intrinsic factors and extrinsic
micro-environmental cues. Functionality of stem cells
appears to show an age-related decline because of the
change in intrinsic properties and diminished signals
within the extrinsic local and systemic environment
that modulate the function of stem cells or their
progeny. Infection induces an immuno-inflammatory
response and tissue destruction, which hinders the
potential of tissue regeneration. Therefore, prevention,
early detection and treatment of inflammation/infec-
tion of pulpal and periapical disease can enhance
regeneration and minimize the repair of pulpal and
periapical tissues after endodontic therapy.
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Introduction

Although pulpal and periapical disease can be caused
by traumatic injury, physical insult, chemical irrita-
tion or periodontal disease, microbial infection is the
primary aetiology (Kakehashi et al. 1965, Nair 1997,
2004). The ideal objective of the treatment of estab-
lished diseases, including irreversible pulpitis and
apical periodontitis, is to achieve wound healing
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(Slauson & Cooper 2002, Majno & Joris 2004, Kumar
et al. 2009). The ultimate goal of wound healing is to
reconstitute the original architecture and biological
function of the injured tissue (Martin 1997). Wound
healing can be achieved by the host’s innate and
adaptive immune defence mechanisms (Park & Barbul
2004, Abbas et al. 2007) as in an uninfected simple
surgical incision through the skin or by combination
of the host’s defence mechanisms and therapeutic
modalities, such as pulp capping in vital pulp therapy
of immature permanent teeth and root canal treat-
ment in teeth with apical periodontitis (Orstavik & Pitt
Ford 2007, Ingle et al. 2008, Hargreaves & Cohen
2010).
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The purpose of this article was to review repair and
regeneration in endodontics based on cellular and
molecular biology. It will include vital pulp therapy
(indirect and direct pulp capping, pulpotomy and
apexogenesis) and nonvital pulp therapy (pulpecto-
my/pulp debridement, apexification and revasculariza-
tion) to provide a better understanding of wound
healing of the dentine—pulp complex and pulpal-
periapical tissue complex after different modalities of
endodontic therapy. Increased knowledge in this area
should lead to the development of biologically based
treatment strategies, which can enhance regeneration
and minimize the repair of the damaged dentine—pulp
complex and pulpal-periapical tissue complex during
wound healing. Most histological studies of wound
healing, following vital and nonvital pulp therapy as
well as the treatment of apical periodontitis, have been
conducted in animal experiments (Cox & Bergenholtz
1986, Harrison & Jurosky 1992, Oguntebi et al. 1995,
Leonardo et al. 1997, Dominguez et al. 2003, Sabeti
et al. 2006), because human studies are not readily
available. The results of animal studies are then
extrapolated to human clinical outcome assessments.
Although animals are different from humans in many
biological aspects, animal studies are a necessary
prerequisite before clinical trials, according to the
International Organization of Standardization concern-
ing the biological evaluation of medical devices (ISO).

Regardless of the biomaterials and techniques used in
endodontic therapy, control of infection plays the most
important role in the regeneration and repair of the
pulp and periapical wound healing. As elegantly stated
by Smith et al. (2002), ‘An appreciation of the under-
lying biological processes taking place in the dentine-
pulp complex during injury and repair, and how
treatment events can modify the dentine-pulp complex,
offer considerable potential for exploiting the regener-
ative potential of these tissues’.

Indications, treatment procedures and outcomes of
vital and nonvital pulp therapy will not be included in
the scope of this review. They are described, in detail, in
several excellent endodontic textbooks (Orstavik & Pitt
Ford 2007, Ingle et al. 2008, Hargreaves & Cohen
2010).

Repair and regeneration

Wound healing is the programmed tissue response to
injury of a living organism that involves complex
cellular and molecular biological processes (Clark
1996, Majno & Joris 2004, Kumar et al. 2009). The
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wound healing process is considered to recapitulate
embryonic tissue development (Gerstenfeld et al. 2003,
Martin & Parkhurst 2004) and can result in repair or
regeneration. Repair is the replacement of the damaged
tissue by different tissue, such as fibrosis or scarring,
and usually causes the loss of biological function of the
injured tissue. In contrast, regeneration is the replace-
ment of the damaged tissue by the same cells with the
restoration of the biological function of the injured
tissue (Slauson & Cooper 2002, Majno & Joris 2004,
Kumar et al. 2009). Therefore, wound healing does not
necessarily imply tissue regeneration. Repair and
regeneration is regulated by cell-cell and cell-extracel-
lular matrix cross-talk and by the expression of growth
factors/cytokines and other bioactive molecules at
different temporal and spatial stages during wound
healing (Clark 1996, Werner & Gross 2003, Werner
et al. 2007, Gurtner et al. 2008, Barrientos et al
2008). Growth factors/cytokines are multifunctional
and serve as signalling molecules between cells (Clark
1996, Werner & Gross 2003). They are capable of
stimulating cell growth, proliferation, differentiation,
activation and metabolic activity and also act as
chemotactic factors (Werner & Gross 2003, Gurtner
et al. 2008, Barrientos et al. 2008).

Tissue wound healing can be affected by intrinsic
and extrinsic factors such as (i) the level of biological
evolution (Tanaka 2003), (ii) the immune response
(innate and adaptive) (Regan & Barbul 1991, Chang
et al. 2000), (iii) regenerative potential of resident cells,
for example, in the heart and skin (Zhang & Fu 2008,
Mercola et al. 2011), (iv) function of specific genes at
particular stages of wound healing and in particular
cell types (Stelnicki et al. 1997, 1998), (v) ability of the
injured tissue to promote progenitor/stem cell differen-
tiation, for instance, in the central nerve system and
liver (Alvarez-Buylla & Lois 1995), (vi) expression of
growth factors (Whitby & Ferguson 1991, Sullivan
et al. 1993), (vii) extracellular matrix and associated
noncollagenous protein molecules (Bullard et al. 2003,
Colwell et al. 2003), (viii) infection or foreign bodies
(Nair 2004), (ix) the rate of turnover of the tissues
(Rando 2006) and (x) angiogenesis (Tonnesen et al.
2000).

Depending on the regenerative potential of tissues
and organs, wound healing of injured tissues in adults
may restore its integrity but the cost is replacement of
normal tissue with fibrosis or scar tissue and potential
loss of biological function (Bullard et al. 2003, Kumar
et al. 2009). The foetus during the early stages of
gestation (within 24 weeks) has the ability to heal
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injured tissues by complete regeneration without a
scar (Adzick & Longaker 1992, Bullard et al. 2003,
Colwell et al. 2003, Dang et al. 2003). This is attrib-
utable to several factors, such as immuno-inflamma-
tory response, the expression of transforming growth
factor-beta and fibroblast behaviour, regulating wound
healing (Bullard et al. 2003, Colwell et al. 2003). Any
kind of injury including trauma that induces an
inflammatory reaction is always accompanied by at
least some scar tissue formation in post-natal wound
healing (Adzick & Longaker 1992, Bullard et al. 2003,
Colwell et al. 2003). A post-natal wound cannot heal
by complete regeneration without a scar (Longaker
et al. 1994, Bullard et al. 2003, Colwell et al. 2003).
Therefore, wound healing of irreversible pulpitis, pulpal
necrosis and apical periodontitis following endodontic
treatment does not necessarily imply complete regen-
eration of the pulp or periapical tissues because they
are post-natal wounds.

Some low vertebrates, such as the salamander and
zebrafish, have a remarkable capacity to regenerate
entire limbs, the lens of eyes and portions of the heart
(Poss et al. 2002, Tanaka 2003, Morrison et al. 2006,
Tanaka & Weidinger 2008). Despite that capacity, the
salamander and zebrafish, like humans, have a limited
lifespan. Tissue regeneration in humans is limited, and
that constitutes a major challenge to the repair of a
damaged organ and tissue function (Tanaka 2003,
Pajcini et al. 2010). Humans cannot regenerate large
portions of lost tissue after injury. An exception is liver
regeneration after injury (Michalopoulos & DeFrances
1997). An important question is: What is the specific
mechanism that salamanders have and humans do not
have, which regulates the regenerative capacity of
injured tissues during wound healing (Tanaka 2003)?

Regenerative potential of the pulp and
periapical tissues

The dental pulp consists of cells such as odontoblasts,
fibroblasts, macrophages, endothelial cells, dendritic
cells, lymphocytes, Schwann cells and progenitor/stem
cells (Nanci 2007). Fibroblasts, macrophages, lympho-
cytes and Schwann cells have a limited lifespan and a
limited capability for cell division called the Hayflick
limit (Hayflick & Moorhead 1961). The Hayflick limit is
the number of times that a normal cell population can
divide before it stops dividing (Hayflick & Moorhead
1961). It is related to the length of telomeres on the
DNA of the cell. Telomeres are DNA sequence repeats,
TTAGGG, located at the ends of the linear chromosome
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(Blackburn 1991, Greider 1996). Telomeres are essen-
tial for chromosome stability and allow the complete
replication of the ends of the chromosomes (Blackburn
1991, Greider 1996). Each time a cell divides; the
length of telomeres is shortened owing to the loss of
pieces of telomeres (Blackburn 1991, Greider 1996).
When the length of telomeres becomes shortened to a
critical point, the cell is prevented from dividing. This is
called replicative senescence (Blackburn 1991, Greider
1996). Odontoblasts are post-mitotic cells incapable of
cell division (Nanci 2007, Tziafas & Kodonas 2010).
Differentiation of primary odontoblasts during embry-
onic tooth development requires cross-talk between the
epithelial cells of the inner enamel epithelium and
neural crest-derived ectomesenchymal cells in the
dental papilla (D’Souza 2002, Nanci 2007, Tziafas &
Kodonas 2010). During crown dentinogenesis, the
ectomesenchymal cells in the dental papilla, which are
aligned adjacent to the inner enamel epithelium,
receive inductive signalling molecules sequestered in
the basement membrane from the epithelial cells and
differentiate into primary odontoblasts (Ruch 1998,
Smith & Lesot 2001, Goldberg & Smith 2004, Tziafas &
Kodonas 2010). They subsequently produce crown
dentine (Smith & Lesot 2001). In teeth with complete
crown formation, the inner enamel epithelium disinte-
grates. Similar to primary odontoblast differentiation in
crown dentinogenesis, the primary odontoblast differ-
entiation in root dentinogenesis also requires cross-talk
between the inner epithelial cells of Hertwig's epithelial
root sheath (HERS) and ectomesenchymal cells of the
apical papilla (Sonoyama et al. 2008). When primary
odontoblasts are destroyed by caries, trauma, mechan-
ical insult or chemical cytotoxicity, progenitor/stem
cells in the dental pulp are capable of differentiating
into odontoblast-like cells upon stimulation by appro-
priate inductive signalling molecules (Gronthos et al.
2000, 2002).

The periapical tissues consist of cementum, peri-
odontal ligament and alveolar bone. Fibroblasts,
epithelial cells, cementoblasts, osteoblasts, macrophag-
es, endothelial cells, Schwann cells and undifferentiated
mesenchymal cells (progenitor/stem cells) are resident
cells of the periodontal ligament (Nanci 2007). Except
for progenitor/stem cells, other resident cells in the
periodontal ligament have a limited lifespan and a
limited capability for cell division. Differentiation of
primary cementoblasts requires cross-talk between
HERS cells and neural crest-derived ectomesenchymal
cells in the dental follicle. The ectomesenchymal
cells receive inductive signalling molecules from the
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epithelial cells of HERS and differentiate into cemento-
blasts (D’Souza 2002, Nanci 2007, Tziafas & Kodonas
2010). Therefore, HERS cells play crucial roles in root
development and root dentine and cementum forma-
tion (Zeichner-David et al. 2003, Sonoyama et al
2007). In mature teeth, the HERS cells break down
into nests of epithelial cell rests of Malassez in the
periodontal ligament (Nanci 2007, Sonoyama et al.
2007). When primary cementoblasts are destroyed by
trauma or periodontal disease, progenitor/stem cells in
the periodontal ligament are capable of differentiating
into cementoblast-like cells, adipocytes and collagen-
forming cells upon stimulation by appropriate inductive
signalling molecules (Seo et al. 2004). Bone marrow-
derived mesenchymal stem cells in the alveolar bone
are also capable of differentiating into osteoblasts,
chondrocytes and adipocytes upon stimulation by
appropriate inductive signalling molecules (Prockop
1997, Pittenger et al. 1999).

Stem cells and wound healing

Wound healing is closely related to recruitment and
differentiation of progenitor/stem cells into somatic
cells of the injured tissue (Clark 1996, Wu et al
2007a,b, Stappenbeck & Miyoshi 2009). Growth fac-
tors/cytokines, bioactive molecules, extracellular ma-
trix and cell adhesion molecules play an important role
in recruitment, proliferation and differentiation of
progenitor/stem cells at the site of tissue injury,
micro-environmental cues (Watt & Hogan 2000,
Scadden 2006, Kolf et al. 2009). Nevertheless, the
signals that control progenitor/stem cells from prolif-
eration and differentiation during wound healing are
not clear. It is likely that micro-environmental cues at
the injury site may also signal progenitor/stem cells to
stop proliferation and differentiation because of down-
regulation of factors, which promote stem cell prolifer-
ation and differentiation (Ogawa 1993).

Stem cells are capable of self-renewal and differen-
tiation into multiple cell lineages (Morrison et al.
1997). The replicative lifespan of stem cells is limited
by the length of telomeric DNA and may be maintained
by the expression of a low level of telomerase activity
(Hiyama & Hiyama 2007). Telomerase is a ribonucleo-
protein reverse transcriptase (Blackburn 1991, Greider
1996). It can replace lost ends of telomeric DNA when
a cell divides and maintains the replicative lifespan of a
cell (Greider 1996). Stem cells express telomerase
activity but somatic cells do not (Hiyama & Hiyama
2007). Not all stem cells self-renew into adulthood, and

International Endodontic Journal, 44, 889-906, 2011

not all adult stem cells reflect self-renewal of foetal cells
(Morrison et al. 1997).

Stem cells normally remain quiescent in a steady
state until stimulated by the signals triggered by tissue
damage or remodelling (Morrison et al. 1997, Abbott
et al. 2004). The interaction between stem cells and
their niche is critical for maintaining the stem cell
properties, which include self-renewal capacity and the
ability of differentiation into multiple cell lineages
(Moore & Lemischka 2006, Arai & Suda 2007). The
niche consists of stromal cells, signalling molecules,
extracellular matrix and cell adhesion molecules
(Moore & Lemischka 2006, Arai & Suda 2007). Stem
cells are positioned at a perivascular niche (Shi &
Gronthos 2003) and ready to travel through the
circulation to the target site of tissue injury (Abbott
et al. 2004). Stem cell differentiation is regulated by
intrinsic properties and extrinsic micro-environmental
cues, such as stromal cells, extracellular matrix (e.g.
collagen, fibrin, fibronectin, laminin, osteopontin and
proteoglycans), growth factors/cytokines and bioactive
molecules as well as cell surface adhesion molecules
(e.g. integrins and cadherins) (Morrison et al. 1997,
Watt & Hogan 2000, Scadden 2006, Kolf et al. 2009).
The entire process of the molecular mechanism that
governs stem cell differentiation is not fully understood.
Alteration in intrinsic epigenetic mechanisms, such as
changes in DNA cytosine methylation, histone modifi-
cations or small noncoding RNA-controlled pre- and
post-transcriptional regulation of gene expression,
appears to regulate stem cell differentiation and fate
(Wu & Sun 2006, Lunyak & Rosenfeld 2008). During
cell differentiation, some genes are turned on, whilst
other genes are turned off. Once the stem cells leave
their niche, they are committed to differentiation
(Scadden 2006). Homing of stem cells to the target
site of tissue injury is directed by soluble factors
released by damaged tissue and cells, such as stromal-
cell-derived factor-1-CXCR4 and hepatocyte growth
factor-c-met axes (Askari et al. 2003, Son et al. 2006).

Tissue-resident stem cells clearly play an important
role in tissue regeneration. However, their relatively
low frequency and limited regenerative potential in a
given tissue may not be sufficient enough to account
for the massive regeneration in severe tissue injury
(Pajcini et al. 2010) as in a large inflammatory
periapical lesion. Recently, it was proposed that the
transient inactivation of Arf and Rb genes (tumour
suppressor genes) in mammalian post-mitotic somatic
cells could cause dedifferentiation of somatic cells to
become regenerative cells (Pajcini et al. 2010). Thus,
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transient induction of dedifferentiation of post-mitotic
cells could serve as an adjunct to classical tissue-specific
stem cells (Pajcini et al. 2010).

Stem cell functionality, such as differentiation
potential, shows an age-related decline owing to
change in the intrinsic regulatory factors (e.g. DNA
damage and epigenetic dysregulation) of stem cells and
diminished extrinsic signals (e.g. growth factors/cyto-
kines and bioactive molecules) within the local and
systemic environmental cues (Ho et al. 2005, Rossi
et al. 2005, 2007, Carlson & Conboy 2007, Silva &
Conboy 2008). These factors modulate the function of
ageing stem cells or their progeny. The intrinsic factors
and micro-environmental cues of ageing stem cells may
affect their repair and regenerative potential. For
example, older hematopoietic stem cells (HSCs) were
less able to regenerate the blood system than young
hematopoietic stem cells (Chambers et al. 2007). HSCs
from young animals, when transplanted into either
young or old hosts, produced successful regenerative
responses, whilst aged HSCs failed to regenerate prop-
erly regardless of the age of the host (Conboy et al.
2005). Therefore, with advancing age, adult stem cells
lose the ability to differentiate into functional tissue-
specific cells (Conboy et al. 2005). This may be similar
to the scenario that occurs during the successful
outcome of vital pulp therapy, which depends not only
on the blood supply but also on the age of the patients
and stage of root development (Mjor 2002, Hosted-
Bindslev & Lovschall 2003).

Progenitor/stem cells in the dental pulp, periodontal
ligament and alveolar bone marrow play an important
role in wound healing by replenishing damaged post-
mitotic cells and cells with limited division potential in
the pulp and periapical tissues.

Indirect pulp capping

Indirect pulp capping is a procedure in which a
material is placed on a thin partition of remaining
carious dentine that, if removed, might expose the pulp
in immature permanent teeth (AAE 2003). Once
dentine is damaged by caries or trauma, the integrity
of the dentin—pulp complex is compromised because
damaged dentine cannot be regenerated by primary
odontoblasts. Indirect pulp capping is one of the most
controversial issues in vital pulp therapy. A critical
traditional review of treatment of deep carious lesions
by complete excavation or partial removal indicates
that removing all vestiges of infected dentine from
carious lesions approaching the pulp is not required for
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successful caries management (Thompson et al. 2008).
However, systematic reviews of caries and pulp treat-
ment from the Cochrane Database indicate a lack of
randomized clinical trials to support incomplete
removal of caries (Ricketts et al. 2006, Miyashita et al.
2007).

It has been demonstrated that when the thickness of
remaining dentine including reactionary dentine
between the front of bacterial penetration and the pulp
was 1.1 mm or more, the pulpal inflammatory
response to bacterial infection of the dentinal tubules
was negligible. However, when the bacterial penetra-
tion in the dentinal tubules reached to within 0.5 mm
from the pulp, there was a significant increase in the
extent of pulpal inflammation. The pulp became
severely inflamed when bacteria had invaded the
reactionary dentine (Reeves & Stanley 1966). Indirect
pulp capping is intended to protect primary odonto-
blasts and the pulp from further injury. It promotes
reactionary dentine formation at the pulp—dentine
junction (Smith et al. 1995, Smith 2002, Tziafas
2004). Depending on the severity of carious involve-
ment of the dentine—pulp complex, some primary
odontoblasts may be destroyed even without pulp
exposure and reparative dentine is formed in conjunc-
tion with reactionary dentine (Smith 2002, Tziafas
2004). Reactionary dentine has more matrix and fewer
regular tubules than primary and secondary dentine
(Smith et al. 1995, Tziafas 2004). Reactionary dentine
is formed limited to only those areas where the dentinal
tubules are in communication with the cavity floor
(Smith et al. 1995, Tziafas 2004).

Reactionary dentinogenesis is usually caused by
milder injury of the dentine—pulp complex. An example
would be an attack by slowly progressing caries, cavity
preparation and the biomaterials used as indirect pulp
capping agents (Smith et al. 1995, 2001). Reactionary
dentinogenesis is secreted by functional upregulation of
surviving primary odontoblasts, stimulated by signal-
ling molecules such as transforming growth factor-beta
(TGF-p) family proteins or bioactive molecules released
from the dentine matrix during injury to the dentine—
pulp complex (Smith et al. 1995, 2001, Tziafas 2004).
In addition, bone morphogenetic proteins (BMPs)
(Bessho et al. 1991, Casagrande et al. 2010), angioge-
netic growth factors (Roberts-Clark & Smith 2000) and
insulin-like growth factors (IGFs) (Finkelman et al
1990) released from the dentine matrix may also
participate in reactionary dentinogenesis. Functional
upregulation of primary odontoblasts during reaction-
ary dentinogenesis is a result of an increased activity in
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Growth factors and bioactive molecules (e.g., TGF-s, BMPs, IGF,
angiogenetic growth factors) released from the dentine matrix

{

Primary odontoblasts

{

Up-regulation of gene activity

{

Formation of reactionary dentine

TGF-B, transforming growth factor-f, BMP, bone morphogenetic protein, IGF, insulin-
like growth factor.

Figure 1 Indirect pulp capping.

dentine collagen protein synthesis and therefore a
result of increased activity in gene transcription (Smith
et al. 1995) (Fig. 1). Growth factors can act as extra-
cellular signalling molecules and bind to odontoblast
surface receptors. Binding of ligand to surface receptor
initiates the transmission of a signal across the plasma
membrane and induces conformational change in the
intracellular domain of the receptor. The activated
receptor can acquire enzymatic activity and trigger one
or more intracellular signal-transduction pathways,
which cause the phosphorylation of transcription
factors either in the cytosol or in the nucleus (Lodish
et al. 2008). Following these complex biological pro-
cesses, binding of ligand to its cognate receptor leads to
the regulation of gene activity or gene expression in the
nucleus by active transcription factors during gene
transcription (Lodish et al. 2008).

It is believed that many growth factors for the
induction and differentiation of odontoblasts are
embedded in the dentine matrix during primary den-
tinogenesis and may be released following demineral-
ization of the dentine matrix caused by injury to the
dentine—pulp complex (Smith & Lesot 2001, Goldberg &
Smith 2004). Caries, cavity preparation and biomate-
rials used as etching and capping agents can cause the
release of growth factors and bioactive molecules from
the dentine matrix (Smith et al. 1995, 2001, Tziafas
2004). Calcium hydroxide and glass—ionomer cement
have been successfully used as indirect pulp capping
agents (Marchi et al. 2006). They can cause the release
of growth factors from the dentine matrix (Smith et al.
1995, Tziafas 2004). The extent of reactionary dentine
formation appears to be related to the residual dentine
thickness (Smith 2002).

Although reactionary dentine is formed by primary
odontoblasts and similar to primary and secondary
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dentine, it is formed at the pulp—dentine border
corresponding to the dentinal tubules involved by
caries and not where the original dentin was destroyed.
Strictly speaking, reactionary dentine formation fol-
lowing indirect pulp capping is neither a regenerative
nor a reparative process. Functional upregulation of
biosynthesis and secretion of dentine matrix by surviv-
ing primary odontoblasts after insult is best described as
reactionary dentinogenesis (Smith et al. 1995, 2001,
Tziafas 2004).

Direct pulp capping

Direct pulp capping is a dental material placed directly
on a mechanical or traumatic vital pulp exposure (AAE
2003). Treatment of an exposed vital pulp is accom-
plished by sealing the pulpal wound with a material
such as calcium hydroxide or mineral trioxide aggre-
gate (MTA) to facilitate the formation of reparative
dentine and the maintenance of a vital pulp (Cvek
1978, Pitt Ford et al. 1996, Faraco & Holland 2001,
AAE 2003, Witherspoon et al. 2006, Bogen et al.
2008). There are insufficient high-quality, randomized
controlled clinical trials to assess the outcome of using
calcium hydroxide or MTA as direct pulp capping
agents (Roberts et al. 2008), although recent observa-
tional studies claim a high success rates of direct pulp
capping using MTA (Farsi et al. 2006, Bogen et al.
2008).

At the site of pulp exposure, primary odontoblasts
together with other pulpal cells are destroyed and
inflammation is initiated. If infection/inflammation in
the coronal pulp is under control, resident cells other
than odontoblasts will regenerate. Histologically, repar-
ative dentine has more matrix and fewer tubules than
primary and secondary dentine. It often contains cell
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inclusions and the tubules are irregular (Smith et al.
2001, Tziafas 2004, Nanci 2007). Reparative dentino-
genesis requires recruitment and differentiation of
progenitor/stem cells in the underlying uninfected vital
pulp into odontoblast-like cells, which produce repar-
ative dentine or dentine-like mineralized scar tissue or
osteodentine (Smith 2002, Tziafas 2004, Lesot et al.
1993, Smith et al. 1994). Post-natal stem cells have
been demonstrated in human dental pulps and are
capable of differentiating into odontoblast-like cells
upon receiving appropriate inductive signals (Gronthos
et al. 2000, 2002). Growth factors, such as TGF-1,
TGF-3, BMP-2 and IGF-1, and bioactive molecules
released from the dentine matrix and extracellular
matrix molecules can signal progenitor/stem cells in
the dental pulp to differentiate into odontoblast-like
cells (Lesot et al. 1994, Begue-Kirn et al. 1994). It is
possible that the same growth factors and bioactive
molecules might also stimulate odontoblast-like cells to
produce reparative dentine (Fig. 2). Pulp capping
materials such as calcium hydroxide and MTA induce
reparative dentin formation most likely through an
indirect mechanism by causing the release of growth
factors from the dentine matrix (Lesot et al. 1993,
1994, Smith et al. 1994, Begue-Kirn et al. 1994).
However, little is known of gene regulation and
activation of transcription factors that are involved in
the recruitment and differentiation of odontoblast-like
cells in the pulp to produce dentine matrix (Goldberg &
Smith 2004).

Reparative dentine is not formed by primary odon-
toblasts but by odontoblast-like cells differentiated from
pulp progenitor/stem cells. Reparative dentine is not
similar to primary dentine. Therefore, reparative den-
tine formation following direct pulp capping is a
reparative process of the dentine—pulp complex.

Growth factors and bioactive molecules (e.g., TGF-fs, BMPs, IGF,
angiogenetic growth factors) released from the dentine matrix

\

Progenitor/stem cells in the pulp

\

Regulation of gene expression

\

Odontoblast-like cells, or
secondary odontoblasts

"

Formation of reparative dentine
or osteodentin

Figure 2 Direct pulp capping and pulpotomy.
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Pulpotomy

Pulpotomy is the surgical removal of the coronal
portion of a vital pulp as a means of preserving the
vitality of the remaining radicular portion (AAE 2003).
The remaining uninfected radicular vital pulp is usually
sealed with calcium hydroxide to encourage dentine
bridge formation (Cvek & Lundberg 1983, Fuks et al.
1987, Fong & Davis 2002). Although a review of the
literature indicates that MTA is promising as a pulp-
otomy material (El Meligy & Avery 2006, Barrieshi-
Nisair & Qudeimat 2006, Witherspoon 2008), there
are insufficient randomized, double-blind, clinical stud-
ies that can be used for critical evaluation (Roberts
et al. 2008).

A dentine bridge can also be formed in surgically
exposed pulps in germ-free but not in conventional
laboratory rats without pulp capping (Kakehashi et al.
1965). Therefore, similar to direct pulp capping,
calcium hydroxide and MTA induce dentine bridge
formation most likely by an indirect mechanism
through the release of growth factors from the dentine
matrix (Fig. 2). Histologically, the nature of a dentine
bridge is similar to that of reparative dentine (Smith
2002, Smith et al. 1995). The dentine bridge is formed
across the remaining radicular vital pulp tissue. A
dentine bridge is not impermeable or completely
protective of the underlying vital pulp, and tunnel
defects have been demonstrated in 89% of them (Cox
et al. 1997).

After pulpotomy, the primary odontoblasts and other
pulp cells in the coronal pulp are destroyed completely.
The tissue injury and inflammation are more severe
following a pulpotomy than after a direct pulp capping.
Therefore, a pulpotomy requires more recruitment and
differentiation of progenitor/stem cells in the remaining
uninfected vital pulp into odontoblast-like cells. The
cellular and molecular mechanism of dentine bridge
formation following pulpotomy is similar to that of
reparative dentinogenesis after direct pulp capping
(Smith 2002, Smith et al. 1995).

Dentine bridge formation following pulpotomy is a
reparative process of the dentine—pulp complex.

Pulpectomy/pulp debridement

Pulpectomy is the complete surgical removal of the
vital dental pulp (AAE 2003). Pulpectomy, control of
root canal infection and bacteria-tight seal of the root
canal system are the necessary steps in root canal
treatment (Qrstavik & Pitt Ford 2007, Ingle et al. 2008,
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Figure 3 Periapical wound healing.

Hargreaves & Cohen 2010). In teeth with irreversible
pulpitis/pulp necrosis without apical periodontitis after
pulpectomy and chemomechanical debridement, the
root canals are filled with root canal sealer and gutta-
percha to prevent root canal reinfection. In teeth with
apical periodontitis/abscess, root canal treatment can
encourage periapical wound healing.

Periapical wound healing is a complex biological
process. The restoration of damaged periapical tissues
requires the recruitment of progenitor/stem cells from
the periodontal ligament, endosteum, bone marrow
and possibly periosteum to differentiate into PDL
fibroblasts, cementoblast-like cells and osteoblasts (Lin
et al. 2010). Subsequently, these tissue-committed cells
will produce PDL ligament, cementum and alveolar
bone (Fig. 3).

After root canal treatment, a highly orchestrated
biological process enables wounded periapical tissues to
be restored almost back to their original architecture
radiographically. Although cell-cell and cell-matrix
cross-talk and signalling between complex bioactive
molecules play an important role in tissue wound
healing (Clark 1996, Werner & Gross 2003, Werner
et al. 2007), the master biological mechanism that
regulates the temporal and spatial relationship between
cementum, PDL and alveolar bone during periapical
wound healing is not clear. Why are PDL, cementum
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and alveolar bone restored in such an orderly fashion
without irregularity during periapical wound healing?
Do newly differentiated cementoblast, PDL-like cells
and osteoblasts have a position- or pattern-specific
memory in the periapical area?

The wound healing process following periapical
surgery is similar to that following nonsurgical root
canal treatment (Lin et al. 2009). Both surgical and
nonsurgical endodontic therapies are primarily regen-
erative processes with some fibrosis of the periapical
tissues (Ricucci et al. 2009), even though radiographs
may show complete restoration of the periapical
structures. Periapical wound healing will never achieve
complete regeneration because it is a post-natal wound,
which always results in some scar formation (Bullard
et al. 2003).

Apexogenesis

Apexogenesis is a vital pulp therapy procedure per-
formed to encourage continued physiological develop-
ment and formation of the root end (AAE 2003).
Apexogenesis is similar to pulpotomy and indicated in
immature permanent teeth with vital pulp (Orstavik &
Pitt Ford 2007, Ingle et al. 2008, Hargreaves & Cohen
2010). The biomaterial usually used for an apexogen-
esis procedure is calcium hydroxide (Saad 1988). A
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dentine bridge is commonly formed in the remaining
uninfected radicular vital pulp. The cellular and
molecular mechanism of dentine bridge formation in
apexogenesis is similar to that in pulpotomy.

Dentine bridge formation following apexogenesis is a
reparative process of the dentine—pulp complex. How-
ever, the continued root development is a normal
physiological process.

Apexification

Apexification is a method to induce a calcified barrier
in a root with an open apex or the continued apical
development of an incompletely formed root in teeth
with necrotic pulps (AAE 2003). Calcium hydroxide
has been the most commonly used biomaterial,
although recently MTA is gaining more acceptances
for apexification procedures (Rafter 2005). In apexifi-
cation procedures, the infected necrotic pulp is
removed up to the apex by means of mechanical
debridement and antiseptic chemical irrigation (Rafter
2005). Accordingly, it is unlikely that reparative
dentine can be formed because of absence of the pulp
tissue. The calcified barrier formed at the blunt open
apex has been described as cementum-like tissue or
osteodentine (Steiner & Van Hassel 1971, Torneck
et al. 1973, Baldassari-Cruz et al. 1998, Andreasen &
Andreasen 1994). MTA has been shown to promote
cementogenesis (Torabinejad et al. 1997, Shabahang
et al. 1999, Thomson et al. 2003) and osteogenesis
(Perinpanayagam & Al-Rabeah 2009). However, it is
not known how calcium hydroxide or MTA signals
progenitor/stem cells in the periodontal ligament or
alveolar bone marrow to differentiate into cemento-
blast-like cells or osteoblasts and produce cementoid
or osteoid tissue barrier at the blunt open apex. If
calcium hydroxide and MTA can cause the release of
growth factors from the dentine matrix as described
in pulp capping and pulpotomy (Lesot et al. 1993,
1994, Smith et al. 1994, Begue-Kirn et al. 1994,
Smith 2002), it is conceivable that they might also be
able to induce the release of growth factors such as
BMPs, platelet-derived growth factor (PDGF), fibroblast
growth factor (FGF), TGF-, IGF-1, epidermal growth
factor (EGF), cementum-derived growth factor (CGF)
from cementum matrix (MacNeil & Sommerman
1993, Grzesilk & Narayanan 2002) and IGFs, TGF-
f, BMPs, FGF, PDFG from alveolar bone matrix
(Linkhart et al. 1996, Solheim 1998) and signal
progenitor/stem cells in the periodontal ligament
and alveolar bone marrow to differentiate into
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cementoblast-like cells and osteoblasts (Fig. 4).
Recently, it was shown that MTA induced BMP-2
expression and calcification in human periodontal
ligament cells through calcium-sensing receptor gene
expression (Maeda et al. 2010).

Heithersay (1970) and Dominguez et al. (2005) in
their case series studies reported a high success rate of
complete root development in immature permanent
teeth with infected necrotic pulp and apical periodon-
titis following apexification procedures using calcium
hydroxide. They speculated that HERS cells might have
survived in apical periodontitis in immature permanent
teeth with infected necrotic pulps after apexification
procedures. If HERS cells survive in inflammatory
periapical lesions after apexification procedures, they
will be capable of inducing progenitor/stem cells in the
periodontal ligament to differentiate into cementoblast-
like cells and produce cementum-like tissue to promote
root development (Sonoyama et al. 2007). Yang et al.
(1990) reported continued physiological root develop-
ment of an immature permanent tooth with infected
necrotic pulps and apical periodontitis after apexifica-
tion procedures treated with calcium hydroxide. The
newly formed root apical to the hard tissue barrier had
normal root structure with pulp tissue in the canal
space surrounded by dentine and cementum. It appears
in this case that the apical papilla and HERS have
survived despite apical periodontitis. HERS cells are
capable of signalling stem cells in the apical papilla to
differentiate into odontoblasts and produce root dentin
(Sonoyama et al. 2007). Following apexification proce-
dures, HERS cells appear to be more resistant than
apical papilla cells to apical periodontitis/abscess in
immature permanent teeth (Heithersay 1970, Domin-
guez et al. 2005).
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Apical hard tissue barrier formation following apex-
ification is a reparative process of the dentine—pulp
complex.

Revascularization

Revascularization is a new treatment procedure that
may replace apexification procedures (Iwaya et al.
2001, Banchs & Trope 2004, Chueh & Huang 2006,
Jung et al. 2008, Ding et al. 2009, Chueh et al. 2009).
It is designed to promote the revascularization of an
immature permanent tooth with an infected necrotic
pulp and apical periodontitis/abscess. The procedure
requires minimal or no mechanical instrumentation
but copious antiseptic irrigation of the canals in
conjunction with disinfection using a triple antibiotic
mixture of ciprofloxacin, metronidazole and mino-
cycline or calcium hydroxide. Revascularization proce-
dures have been shown radiographically to induce
increased thickening of the canal walls by the deposi-
tion of hard tissue and continued root development in
immature permanent teeth with necrotic pulp and
apical periodontitis/abscess (Iwaya et al. 2001, Banchs
& Trope 2004, Chueh & Huang 2006, Jung et al. 2008,
Ding et al. 2009). With one exception (Chueh & Huang
2006), intracanal bleeding was induced in all reported
cases involving revascularization procedures (Iwaya
et al. 2001, Banchs & Trope 2004, Jung et al. 2008,
Ding et al. 2009).

The precise nature of the hard tissue formed inside
the canal space and continued root development of
immature permanent teeth with apical periodontitis/
abscess following revascularization procedures in
humans is not known, because no histological studies
are available. It has been assumed that periodontal
ligament tissue might grow into the canal space and
deposit cementum on the canal walls after revascular-
ization procedures (Chueh & Huang 2006). Vojinovic &
Vojinovic (1993), using autoradiographic examination,
showed that PDL cells could migrate into the apical
root canal after pulpectomy in immature dog’s teeth.
Stem cells in the periodontal ligament are capable of
differentiating into cementoblast- and osteoblast-like
cells upon stimulation by appropriate inductive signal
(Seo et al. 2004, Bartold et al. 2006). It was also
speculated that there might be direct in-growth of
cementum and bone from the periapical tissues into the
canal space (Cotti et al. 2008). In studying pulpal
changes in replanted and autotransplanted immature
dog’s teeth, Skoglund & Tronstad (1981) showed that
osteoid tissue formed inside the root canal space was
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continuous with the bone of the alveolar socket
through open apical foramina. The same finding was
also demonstrated in dog’s immature teeth with apical
periodontitis  after  revascularization  procedures
(Bezerra da Silva et al. 2010, Yamauci et al. 2011).
Similar observations of hard tissue formation in the canal
space were reported in rhesus monkeys when their
immature teeth were artificially infected for 1 week. The
pulps were then removed and the canals were chemo-
mechanically debrided and filled with collagen/calcium
phosphate gel as a scaffold (Nevins et al. 1976).

The tissues present inside the canal space of imma-
ture teeth with apical periodontitis after revasculariza-
tion procedures in dog studies were described as
cementum- or bone-like tissue and periodontal liga-
ment-like fibrous connective tissue (Thibodeau et al.
2007, Bezerra da Silva et al. 2010, Wang et al. 2010,
Yamauci et al. 2011). No pulp-like tissue was present
regardless of the intracanal medication used (Thibo-
deau et al. 2007, Bezerra da Silva et al. 2010, Wang
et al. 2010, Yamauci et al. 2011). Most recently, under
controlled conditions without induced apical periodon-
titis in ferret’'s immature teeth, no new dentin forma-
tion on the root canal walls and no pulp tissue
regeneration were observed in the canal spaces after
the removal of vital pulp and treatment with revas-
cularization procedures (Buhrley et al. 2011). The
canal spaces were filled with hard tissue similar to
cementoid and/or osteoid tissue (Buhrley et al. 2011).

It is generally believed that in immature permanent
teeth with apical periodontitis, the pulps are completely
necrotic. However, apical periodontitis is an extension
of apical pulpitis (Kovacevic et al. 2008). Therefore,
apical periodontitis may develop in the presence of an
inflamed vital pulp in the apical portion of the canal in
mature teeth (Lin et al. 1984). Histologically, Cvek
et al. (1990) showed the presence of vital pulp tissue in
the apical portion of the canal space in reimplanted
immature incisors, despite the presence of intraradic-
ular and periapical abscesses. The possibility exists of
some pulp tissue regeneration after revascularization
procedures in human immature permanent teeth with
apical periodontitis. Accordingly, it has been speculated
that pulp tissue regeneration might occur after revas-
cularization procedures (Chueh & Huang 2006, Cotti
et al. 2008). Histological evidence is required to vali-
date that possibility. At this time, in animal studies,
there is no convincing histological evidence, indicating
that true pulp regeneration takes place inside the canal
space of immature teeth with apical periodontitis/
abscess after revascularization procedures (Thibodeau
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et al. 2007, Bezerra da Silva et al. 2010, Yamauci et al.
2011). Similar to periodontium (Bartold et al. 2006),
pulp tissue has a limited capacity for regeneration once
damaged. Complete pulp tissue regeneration is unlikely
to occur after revascularization procedures in imma-
ture permanent teeth with infected necrotic pulps and
apical periodontitis/abscess, as irreversible pulpitis or
pulp necrosis is a post-natal wound (Colwell et al.
2003, Bullard et al. 2003).

HERS cells play an essential role in root development
(Nanci 2007, Zeichner-David et al. 2003, Sonoyama
et al. 2007). Similar to apexification, if HERS cells
survive in apical periodontitis/abscess after revascular-
ization procedures, they can signal progenitor/stem
cells in the periodontal ligament to differentiate into
cementoblast-like cells and produce cementum-like
tissue to promote root development (Zeichner-David
et al. 2003, Sonoyama et al. 2007). If the apical papilla
also survives in apical periodontitis/abscess after revas-
cularization procedures, HERS cells will signal apical
papilla cells to differentiate into root primary odonto-
blasts and promote root dentine formation (Sonoyama
et al. 2008). Thus, the incompletely formed root will
continue its normal physiological development after
revascularization procedures.

Continued root development has been reported in
human immature permanent teeth with apical peri-
odontitis/abscess after revascularization procedures
((Twaya et al. 2001, Banchs & Trope 2004, Chueh &
Huang 2006, Jung et al. 2008, Ding et al. 2009, Chueh
et al. 2009). It was assumed that in revascularization
cases, the apical papilla was surviving in human
immature permanent teeth with apical periodontitis
(Ding et al. 2009, Chueh et al. 2009). In contrast, no
significant root development has also been described in
human immature permanent teeth with apical peri-
odontitis/abscess following revascularization proce-
dures (Shah et al. 2008, Chueh et al. 2009, Petrino
et al. 2010). Root development is regulated by HERS
cells (Nanci 2007, Zeichner-David et al. 2003) and not
by the apical papilla. HERS cells have to survive in
order to guide continued root development in imma-
ture permanent teeth with apical periodontitis/abscess
following revascularization procedures. Heithersay
(1970) and Dominguez et al. (2005) also reported
similar observations of continued root development in
apexification cases with calcium hydroxide treatment.
They assumed that HERS survived in apical periodon-
titis. No pulp-like tissue was present in the apical
portion of the canal space of immature teeth with
apical periodontitis/abscess after revascularization
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procedures in animal studies (Thibodeau et al. 2007,
Bezerra da Silva etal. 2010, Wang et al. 2010,
Yamauci et al. 2011). This indicates that the apical
papilla did not survive. In addition, no evidence of
dentine formation was observed inside the canal space
or on the canal walls in those animal studies.

The apical papilla cells contribute only to root
dentine and not to root cementum formation upon
stimulation by appropriate inductive signal from HERS
cells (Sonoyama et al. 2008). Continued root develop-
ment was evidenced by apical deposition of cementum
without dentin after revascularization procedures in
animal studies (Bezerra da Silva et al. 2010, Wang
et al. 2010, Yamauci et al. 2011), probably because
HERS cells survived in apical periodontitis. When the
entire or half of HERS was removed from immature
teeth of monkeys before autotransplantation, total or
partial arrest of root formation occurred. In contrast,
when HERS was not injured before autotransplanta-
tion, normal physiological root development took place
(Andreasen et al. 1988). Increased root length can also
occur by excessive deposition of cementum around the
apex (hypercementosis) caused by ageing, abnormal
occlusal trauma, pulpal or periapical inflammation in
adult mature teeth without the presence of HERS cells
(Neville et al. 2009). It has been demonstrated that the
extracellular matrix of cementum and growth factors
released from cementum matrix are capable of signal-
ling PDL stem cells to differentiate into cementoblasts
and produce cementum (MacNeil & Sommerman 1993,
Grzesilk & Narayanan 2002).

Regeneration implies regrowth of a lost or damaged
part of original tissue or organ caused by trauma or
disease (Kumar et al. 2009). An example of this is the
regeneration of the liver after it is partially resected
(Michalopoulos & DeFrances 1997). The incompletely
developed roots of immature permanent teeth with
infected necrotic pulp and apical periodontitis are not
attributable to the destruction of previously formed
roots but are attributable to the inhibition or damage of
HERS cells. Therefore, continued root development of
human immature permanent teeth with infected
necrotic pulp and apical periodontitis/abscess after
revascularization procedures does not appear to be a
regenerative process. It could be considered a physio-
logical process if both apical papilla and HERS survive
in apical periodontitis/abscess after periapical wound
healing. Continued root development of human imma-
ture permanent teeth with infected necrotic pulp and
apical periodontitis was also observed in apexification
procedures (Frank 1966, Heithersay 1970, Dominguez
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et al. 2005) and has never been considered a regener-
ative process. A functional root cannot be formed
without cementum formation. Acellular cementum
provides a primary anchorage of PDL fibres to the
alveolar socket, and cellular cementum serves as a
minor anchorage (Nanci 2007).

Primary cementogenesis is similar to primary denti-
nogenesis in that both require cross-talk between
epithelial cells and neural crest—derived ectomesenchy-
mal cells (Nanci 2007). It has been proposed that HERS
cells are capable of undergoing epithelial-mesenchymal
transition to give rise to cementum-forming cells
(Zeichner-David et al. 2003, Zeichner-David 2006). In
addition, it has also been suggested that acellular
cementum and cellular cementum are formed by
cementoblasts from different cell lineages (Zeichner-
David et al. 2003, Zeichner-David 2006). Irrespective
of regenerative therapy, the newly formed cementum is
composed of reparative, cellular, extrinsic and intrinsic
fibre types (Sculean et al. 2005).

Several questions remain to be answered concerning
revascularization procedures. What are the molecular
signals, which stimulate migration and proliferation of
progenitor/stem cells in the periapical tissues into the
canal space? Cell migration and proliferation require a
scaffold, adhesion molecules, chemotactic and growth
factors (Griffith & Naughton 2002, Delong et al. 2005).
What is/are the cellular and molecular mechanism(s),
which instruct progenitor/stem cells to differentiate
into hard tissue formation cells inside the canal space?
Stem cell differentiation is tightly regulated by intrinsic
epigenetic mechanisms and extrinsic micro-environ-
mental cues (Watt & Hogan 2000, Wu & Sun 2006,
Kolf et al. 2009, Lunyak & Rosenfeld 2008). Increased
thickening of the canal walls should increase the
strength of the teeth. Nevertheless, an important
question exists. What is the nature of the junction
between intracanal hard tissue (cementum-like/bone-
like) and the root canal walls? During tooth develop-
ment, the dentine—cementum complex is formed by
interlocking of dentin collagen fibres produced by
primary odontoblast and cementum collagen fibres
produced by cementoblasts. The interwoven collagen
fibres then become mineralized by the deposition of
hydroxyapatite crystals (Nanci 2007). In pathological
external root resorption involving cementum and
dentine, the newly formed cementoblasts differentiated
from PDL progenitor/stem cells produce collagen fibres,
which intermingle with exposed dentin collage fibres at
the resorbed root area. Subsequently, the interlocking
collagen fibres become mineralized by the deposition of
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hydroxyapatite crystals (Bosshardt & Schroeder 1994).
A similar finding was observed in the revascularization
of immature teeth with apical periodontitis in dogs by
Yamauci et al. (2011). When the canal dentine was
treated with 17% ethylenediaminetetraacetic acid
(EDTA) to expose dentine matrix, dentin-associated
mineralized tissue appeared to be tightly attached to the
canal dentine walls, In addition, EDTA may also cause
the release of bioactive growth factors from dentine
matrix (Roberts-Clark & Smith 2000). The exact
biological process of how hard tissue forms on the
canal walls in immature permanent teeth with apical
periodontitis/abscess following revascularization re-
mains unknown. What then would be the long-term
outcome of immature permanent teeth with ectopic
cementoid and osteoid tissues formed in the pulp canal
space because they are not normal components of the
pulp tissue?

A recent study has demonstrated that mesenchymal
stem cells in the root canal space following revascu-
larization procedures are derived from local periapical
tissues and they may provide the biological foundation
for the continued root development and regenerative
response in necrotic immature permanent teeth with
open apex (Lovelace etal. 2011). For pulp tissue
regeneration, the mesenchymal stem cells from the
periapical tissues must be capable of differentiating into
odontoblast-like cells (Shi et al. 2005). Mesenchymal
stem cells from different tissues are endowed with
tissue-specific potency (Wagers & Weissman 2004,
Bianco et al. 2008). In addition, if HERS is destroyed by
a long-standing apical periodontitis/abscess, periapical
mesenchymal stem cells will have to be able to
transdifferentiate into HERS to promote continued root
development. Transdifferentiation of mesenchymal
stem cells into epithelial cells does not appear to occur
(Wagers & Weissman 2004, Bianco et al. 2008). In
tissue regeneration or tissue engineering, it is necessary
that stem cells delivered to the target site can be
precisely instructed to differentiate into tissue-commit-
ted cells (Nakashima & Akamine 2005).

It is reasonable to ask whether revascularization
procedures for immature permanent teeth with apical
periodontitis/abscess have the same potential for repair
in older and younger patients. In immature permanent
teeth with a long-standing apical periodontitis/abscess
in adult patients, the apical papillae and HERS cells
may be severely damaged, thus hindering the potential
of continued root development. Furthermore, the
functionality of stem cells is age-related decline owing
to change in the intrinsic factors of stem cells and
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diminished signals within the extrinsic local and
systemic environment that modulate the function of
stem cells or their progeny (Ho et al. 2005, Rossi et al.
2005, 2007, Carlson & Conboy 2007, Chambers et al.
2007). Recently, it has been demonstrated that ageing
dental mesenchymal stem cells lose their replication
and odontogenic differentiation potentials, along with
loss of Bmi-1 expression, which is a polycomb-group
protein required for the transcriptional repression of its
target genes through chromatin remodelling (Mehraz-
arin et al. 2011). This may also affect the regenerative
potential of immature permanent teeth with apical
periodontitis/abscess following revascularization in
adult patients.

If the tissues present inside the canal space in human
immature permanent teeth with apical periodontitis/
abscess after revascularization procedures are similar to
that observed in animals, then revascularization is a
reparative process with the loss of pulp biological
function. Cementoid and osteoid tissues are not nor-
mally present as part of the pulp tissue. These tissues
inside the canal space may function like periodontal
tissues (Huang 2009a). Histological studies are neces-
sary to verify whether repair or regeneration of the
pulp tissue occurs inside the root canal space following
revascularization procedures in humans.

An important question to be answered is: What is the
effect of inflammation/infection, especially chronic
inflammation (e.g. chronic apical periodontitis), on
stem cell function during wound healing? In a classic
germ-free rat study, wound healing of exposed pulps
proceeded satisfactorily but in conventional laboratory
rats, exposed pulps became necrotic and subsequently
resulted in apical periodontitis/abscess owing to infec-
tion/inflammation (Kakehashi et al. 1965).

Regeneration of the dentine—pulp complex after
complete pulp necrosis or irreversible pulpitis with
apical periodontitis is likely to occur only by tissue
engineering (Nakashima & Akamine 2005, Huang
2009a,b) or gene therapy (Nakashima et al. 2006).

Conclusion

Ideal wound healing would achieve maximum regen-
eration and minimal repair, so that the biological
function of the injured tissue would not be jeopardized.
Infection is the primary aetiology of pulp and periapical
inflammatory disease and has a significant impact on
pulp and periapical tissue wound healing. Therefore,
control of infection is the key to the success of all
endodontic treatment procedures. Infection induces an
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immuno-inflammatory response, which is not only
protective but also destructive to the host (Marton &
Kiss 2000, Garlet 2010). The severity of infection is
related to the extent of tissue inflammation and
destruction (Kumar et al. 2009), which hinders the
capability of tissue regeneration by progenitor/stem
cells. Accordingly, prevention, early detection and
treatment of infectious/inflammatory pulpal and peri-
apical disease can enhance regeneration and minimize
the repair of pulpal and periapical tissue wound healing
following endodontic therapy.

References

Abbas AK, Lichtman AH, Pillai S (2007) Cellular and Molecular
Immunology, 6th edn. Philadelphia, PA: W.B. Saunders
Company.

Abbott JD, Huang Y, Liu D et al. (2004) Stromal cell-derived
factor 1a plays a critical role in stem cell recruitment to the
heart after myocardial infarction but is not sufficient to
induce homing in the absence of injury. Circulation 110,
3300-5.

Adzick NS, Longaker MT (1992) Characteristics of fetal tissue
repair. In: Adzick NS, Longaker MT, ed. Fetal Wound Healing.
New York, NY: Elsevier, pp. 53-70.

Alvarez-Buylla A, Lois C (1995) Neuronal stem cells in the
brain of adult vertebrates. Stem Cell 13, 263-72.

American Association of Endodontists (2003) Glossary of
Endodontic Terms, 7th edn. Chicago, IL: American Associa-
tion of Endodontists.

Andreasen JO, Andreasen FM (1994) Textbook and Color Atlas
of Traumatic Injuries to the Teeth, 3rd edn. Copenhagen,
Denmark: Munksgaard.

Andreasen JO, Kristerson L, Andreasen FM (1988) Damage of
the Hertwig's epithelial root sheath: effect upon root growth
after autotransplantation of teeth in monkeys. Endodontics
and Dental Traumatology 4, 145-51.

Arai F, Suda T (2007) Role of stem cell niche in the
maintenance of hematopoietic cells. Inflammation and Regen-
eration 27, 117-23.

Askari AT, Unzek S, Popovic ZB et al. (2003) Effect of stromal-
cell-derived factor 1 on stem cell homing and tissue
regeneration in ischaemic cardiomyopathy. Lancet 362,
697-703.

Baldassari-Cruz LA, Walton RE, Johnson WT (1998) Scanning
electron microscopy and histologic analysis of an apexifica-
tion “‘cap”. Oral Surgery Oral Medicine Oral Pathology Oral
Radiology and Endodontics 86, 465-8.

Banchs F, Trope M (2004) Revascularization of immature
permanent teeth with apical periodontitis: new treatment
protocol? Journal of Endodontics 30, 196—200.

Barrientos S, Stojadinovic O, Golinko MS et al. (2008) Growth
factors and cytokines in wound healing. Wound Repair and
Regeneration 16, 585-601.

International Endodontic Journal, 44, 889-906, 2011

901



902

Repair and regeneration in endodontics Lin & Rosenberg

Barrieshi-Nisair KM, Qudeimat MA (2006) A prospective
clinical study of mineral trioxide aggregate for partial
pulpotomy in cariously exposed permanent teeth. Journal
of Endodontics 32, 731-5.

Bartold PM, Shi S, Gronthos S (2006) Stem cells and
periodontal regeneration. Periodontology 2000 40, 164-72.

Begue-Kirn C, Smith AJ, Loriot M et al. (1994) Comparative
analysis of TGF betas, BMPs, IGF1, msxs, fibronectin,
osteonectin and bone sialoprotein gene expression during
normal and in vitro-induced odontoblast differentiation.
International Journal of Developmental Biology 38, 405-20.

Bessho K, Tanaka N, Matsumoto ] et al. (1991) Human
dentin-matrix-derived bone morphogenetic protein. Journal
of Dental Research 70, 171-5.

Bezerra da Silva LA, Nelson-Filho P, Bezerra da Silva RA et al.
(2010) Revascularization and periapical repair after endo-
dontic treatment using apical negative pressure irrigation
versus conventional irrigation plus triantibiotic intracanal
dressing in dog’s teeth with apical periodontitis. Oral Surgery
Oral Medicine Oral Pathoogy Oral Radiology and Endodontics
109, 779-87.

Bianco P, Robey PG, Simmons PJ (2008) Mesenchymal stem
cells: revisiting history, concepts, and assays. Cell Stem Cell
2, 313-9.

Blackburn EH (1991) Structure and function of telomeres.
Nature 350, 569-73.

Bogen G, Kim JS, Bakland LK (2008) Direct pulp capping with
mineral trioxide aggregate: an observational study. Journal
of the American Dental Association 139, 305-15.

Bosshardt DD, Schroeder HE (1994) How repair cementum
becomes attached to the resorbed roots of human perma-
nent teeth. Acta Anatomica 150, 253-66.

Buhrley M, Corr R, Shabahng S et al. (2011) Identification of
tissues formed after revascularization in a ferret model.
Poster, AAE Annual Session.

Bullard KM, Longaker MT, Lorenz HP (2003) Fetal wound
healing: current biology. World Journal of Surgery 27, 54—61.

Carlson ME, Conboy IM (2007) Loss of stem cell regenerative
capacity within aged niches. Aging Cell 6, 371-82.

Casagrande L, Demarco FF, Zhang Z et al. (2010) Dentin-
derived BMP-2 and odontoblast differentiation. Journal of
Dental Research 89, 603-8.

Chambers SM, Shae CA, Gatza C et al. (2007) Aging hema-
topoietic stem cells decline in function and exhibit epigenetic
dysregulation. PLoS Biology, 5, e201, doi: 10.1371/jour-
nal.pbio.0050201.

Chang L, Crowston JC, Cordeiro MF et al. (2000) The role of
the immune system in conjunctival wound healing after
glaucoma surgery. Surgery Ophthalmology 45, 49—68.

Chueh L-H, Huang GT-J (2006) Immature teeth with perira-
dicular periodontitis or abscess undergoing apexogenesis: a
paradigm shift. Journal of Endodontics 32, 1205-13.

Chueh L-H, Ho Y-C, Kuo J-C et al. (2009) Regenerative
endodontic treatment for necrotic immature permanent
teeth. Journal of Endodontics 35, 160—4.

International Endodontic Journal, 44, 889-906, 2011

Clark RAF (1996) The Molecular and Cellular Biology of Wound
Repair, 2nd edn. New York, NY: Plenum Press.

Colwell AS, Longaker MT, Lorenz HP (2003) Fetal wound
healing. Frontiers Bioscience 8, S1240-8.

Conboy IM, Conboy MJ, Wagers AJ et al. (2005) Rejuvenation
of aged progenitor cells by exposure to a young systemic
environment. Nature 433, 760—4.

Cotti E, Mereu M, Lusso D (2008) Regenerative treatment of
an immature traumatized tooth with apical periodontitis:
report of a case. Journal of Endodontics 34, 611-6.

Cox CF, Bergenholtz G (1986) Healing sequence in capped
inflamed dental pulps of Rhesus monkeys (Macaca mulatta).
International Endodontic Journal 19, 113-20.

Cox CE, Subay RK, Ostro E et al. (1997) Tunnel defects in
dentin bridges: their formation following direct pulp cap-
ping. Operative Dentistry 53, 4-11.

Cvek M (1978) A clinical report on partial pulpotomy and
capping with calcium hydroxide in permanent incisors with
complicated crown fracture. Journal of Endodontics 4, 232-7.

Cvek M, Lundberg M (1983) Histological appearance of pulps
after exposure by a crown fracture, partial pulpotomy and
clinical diagnosis of healing. Journal of Endodontics 9, 8-11.

Cvek M, Cleaton-Jones P, Austin ] et al. (1990) Pulp revascu-
larization in reimplanted monkey incisors — predictability
and the effect of antibiotic systemic prophylaxis. Endodontics
and Dental Traumatology 6, 1567-9.

Dang C, Ting K, Soo C et al. (2003) Fetal wound healing,
current perspectives. Clinical Plastic Surgery 30, 13-23.
Delong SA, Moon JJ, West JL (2005) Covalently immobilized
gradients of bFGF on hydrogel scaffolds for direct cell

migration. Biomaterials 26, 3227-34.

Ding RY, Cheung GS-P, Chen | et al. (2009) Pulp revascular-
ization of immature teeth with apical periodontitis: a clinical
study. Journal of Endodontics 35, 745-9.

Dominguez MS, Witherspoon DE, Gutmann JL et al. (2003)
Histological and scanning electron microscopy assessment
of various vital pup-therapy materials. Journal of Endodotics
29, 324-33.

Dominguez RA, Munoz ML, Aznar MT (2005) Study of
calcium hydroxide apexification in 26 young permanent
incisors. Dental Traumatology 21, 141-5.

D’Souza R (2002) Development of the pulpodentin complex.
In: Hargreaves KM, Goodis HE, ed. Dental Pulp. Chicago, MI:
Quiniessencem, pp. 13—-40.

El Meligy OAS, Avery DR (2006) Comparison of mineral
trioxide aggregate and calcium hydroxide as pulpotomy
agents in young permanent teeth (apexogenesis). Pediatric
Dentistry 28, 399-404.

Faraco IM Jr, Holland R (2001) Response of the pulp of dogs to
capping with mineral trioxide aggregate or calcium hydrox-
ide cement. Dental Traumatology 17, 163-6.

Farsi N, Alamoudi N, Balto K etal (2006) A clinical
assessment of mineral trioxide aggregate (MTA) as direct
pulp capping in young permanent teeth. Journal of Clinical
Pediatric Dentistry 31, 72-6.

© 2011 International Endodontic Journal



Lin & Rosenberg Repair and regeneration in endodontics

Finkelman RD, Mohan S, Jennings JC et al. (1990) Quantitation
of growth factors IGF-I, SGF/IGF-II and TGF-beta in human
dentin. Journal of Bone and Mineral Research 5, 717-23.

Fong CD, Davis MJ (2002) Partial pulpotomy for immature
permanent teeth, its present and future. Pediatric Dentistry
24, 29-32.

Frank AL (1966) Therapy for the divergent pulpless tooth by
continued apical formation. Journal of the American Dental
Association 72, 87-93.

Fuks A, Chosak A, Eidelman E (1987) Partial pulpotomy as an
alternative treatment alternative for exposed pulp in crown-
fractured permanent incisors. Endodontics and Dental Trau-
matology 3, 100-2.

Garlet GP (2010) Destructive and protective roles of cytokines
in periodontitis: a re-appraisal from host defense and tissue
destruction viewpoints. Journal of Dental Research 89, 1349—
63.

Gerstenfeld C, Cullinane DM, Barnes GL et al. (2003) Fracture
healing as a post-natal developmental process: molecular,
spatial, and temporal aspects of its regulation. Journal of
Cellular Biochemistry 88, 873-84.

Goldberg M, Smith AJ (2004) Cells and extracellular matrices
of dentin and pulp: a biological basis for repair and tissue
engineering. Critical Review Oral Biology and Medicine 15,
13-27.

Greider CW (1996) Telomere length regulation. Annual Review
of Biochemistry 63, 337-65.

Griffith LG, Naughton G (2002) Tissue engineering — current
challenges and expanding opportunities. Science 295,
1009-14.

Gronthos S, Mankani M, Brahim ] et al. (2000) Postnatal
human dental stem cells (DPSCs) in vitro and in vivo.
Proceedings of National Academy of Sciences USA 97, 13625—
30.

Gronthos S, Brahimj J, Li W et al. (2002) Stem cell properties
of human dental pulp stem cells. Journal of Dental Research
81, 531-5.

Grzesilk W], Narayanan AS (2002) Cementum and periodon-
tal wound healing and regeneration. Critical Review of Oral
Biology and Medicine 13, 474-84.

Gurtner GC, Werner S, Barrandon Y et al. (2008) Wound
repair and regeneration. Nature 453, 314-21.

Hargreaves KM, Cohen S (2010) Cohen’s Pathways of the Pulp,
10th edn. St. Louis, MO: Mosby.

Harrison JW, Jurosky KA (1992) Wound healing in the tissue
of periodontium following periradicular surgery: III — the
osseous excisional wound. Journal of Endodotics 18, 76-81.

Hayflick L, Moorhead PS (1961) The serial cultivation of
human diploid cell strains. Experimental Cell Research 25,
585-621.

Heithersay GS (1970) Stimulation of root formation in
incompletely developed pulpless teeth. Oral Surgery Oral
Medicine Oral Pathology 29, 620-30.

Hiyama E, Hiyama E (2007) Telomere and telomerase in stem
cells. British Journal of Cancer 96, 1020—4.

© 2011 International Endodontic Journal

Ho AD, Wagner W, Mahlknecht U (2005) Stem cell and
ageing. EBMO Reports 6, S1, S35-8.

Hosted-Bindslev P, Lovschall G (2002) Treatment outcome of
vital pulp treatment. Endodontic Topics 2, 24—-34.

Huang GT (2009a) Apexification: the beginning of its end.
International Endodontic Journal 42, 855-66.

Huang GT (2009b) Pulp and dentin tissue engineering and
regeneration: current progress. Regenerative Medicine 4,
697-707.

Ingle JI, Bakland LK, Baumgartner JC (2008) Ingle’s Endodon-
tics, 6th edn. Hamilton, ON: BC Decker.

International Organization of Standardization 10993. TC-194.
Biological evaluation of medical devices. Available at: http://
www.iso.org/home.htm.

Iwaya S-I, Ikawa M, Kubota M (2001) Revascularization of an
immature permanent tooth with apical periodontitis and
sinus tract. Dental Traumatology 17, 185-7.

Jung I-Y, Lee S-J, Hargreaves KM (2008) Biologically based
treatment of immature permanent teeth with pulpal necro-
sis: a case series. Journal of Endodontics 34, 876-87.

Kakehashi S, Stanley HR, Fitzgerald R] (1965) The effect of
surgical exposures of dental pulps in germ-free and conven-
tionalrats. Oral Surgery Oral Medicine Oral Pathology 20,340-9.

Kolf CM, Cho E, Tuan RS (2009) Biology of adult mesenchy-
mal stem cells: regulation of niche, self-renewal and
differentiation. Arthritis Research and Therapy 9, 204 (doi:
10.1186/ar2116).

Kovacevic M, Tamarut T, Jonjic N et al. (2008) The transition
from pulpitis to periapical periodontitis in dog’s teeth.
Australian Endodontic Journal 34, 12-8.

Kumar V, Abbas AK, Fausto N et al. (2009) Robbins and Cotran
Pathologic Basis of Disease, 8th edn. Philadelphia, PA:
Saunders.

Leonardo MR, Silva LAB, Utrilla LS et al. (1997) Calcium
hydroxide root canal sealer: histological evaluation of apical
and periapical repair after endodontic treatment. Journal of
Endodontics 23, 428-32.

Lesot H, Begue-Kim C, Kubler MD et al. (1993) Experimental
induction of odontoblast differentiation and stimulation
during reparative processes. Cell Materials 3, 201-17.

Lesot H, Smith AJ, Tziafas D et al. (1994) Biologically active
molecules and dental tissue repair: a comparative review of
reactionary and reparative dentinogenesis with the induc-
tion of odontoblast differentiation in vitro. Cells Materials 4,
199-218.

Lin LM, Shovli F, Skribner J, Langeland K (1984) Pulp biopsies
from teeth associated with periapical radiolucency. Journal of
Endodontics 10, 436-48.

Lin LM, Ricucci D, Lin J, Rosenberg PA (2009) Nonsurgical
root canal therapy of large cyst-like inflammatory periapical
lesions and inflammatory apical cysts. Journal of Endodotics
35, 607-15.

Lin L, Chen MY-H, Ricucci D et al. (2010) Guided tissue
regeneration in periapical surgery. Journal of Endodontics 36,
618-25.

International Endodontic Journal, 44, 889-906, 2011

903



904

Repair and regeneration in endodontics Lin & Rosenberg

Linkhart TA, Mohan S, Baylink DJ (1996) Growth factors of
bone growth and repair: IGF, TGF- and BMP. Bone 19, S1-12.

Lodish H, Berk A, Kaiser C et al. (2008) Molecular Cell Biology,
6th edn. New York, NY: WH Freeman.

Longaker KT, Karyn S, Bouhana BS et al. (1994) Wound
healing in the fetus. Possible role for inflammatory macro-
phages and transforming growth factor-f isoforms. Wound
Repair and Regeneration 2, 104—12.

Lovelace TW, Henry MA, Hargreaves KM, Diogenes A (2011)
Evaluation of the delivery of mesenchymal stem cells into
the root canal space of necrotic immature teeth after clinical
regenerative endodontic procedure. Journal of Endodontics
37, 133-8.

Lunyak VV, Rosenfeld MG (2008) Epigenetic regulation of
stem cell fate. Human Molecular Genetics 17, R28-36.

MacNeil RI, Sommerman M] (1993) Molecular factors regu-
lating development and regeneration of cementum. Journal
of Periodontal Research 28, 550-9.

Maeda H, Nakano T, Tomokiyo A et al (2010) Mineral
trioxide aggregate induces bone morphogenetic protein-2
expression and calcification in human periodontal ligament
cells. Journal of Endodontics 36, 647-52.

Majno G, Joris I (2004) Cells, Tissues, and Disease, 2nd edn.
Oxford, London, UK: Oxford University Press.

Marchi JJ, Araujo FS, Froner AM et al. (2006) Indirect pulp
capping in the primary dentition: a 4 year follow-up study.
Journal of Clinical Pediatric Dentistry 31, 68-71.

Martin P (1997) Wound healing — aiming for perfect skin
regeneration. Science 276, 75-81.

Martin P, Parkhurst SM (2004 ) Parallels between tissue repair
and embryo morphogenesis. Development 131, 3021-34.
Marton IJ, Kiss C (2000) Protective and destructive immune
reactions in apical periodontitis. Oral Microbiology and

Immunology 15, 139-50.

Mehrazarin S, Oh JE, Chung CL etal. (2011) Impaired
odontogenic differentiation of senescent dental mesenchy-
mal stem cells is associated with loss of Bmi-1 expression.
Journal of Endodotics 37, 662—6.

Mercola M, Ruiz-Lozano P, Schneider MD (2011) Cardiac
muscle regeneration: lessons from development. Genes &
Development 25, 299-309.

Michalopoulos GK, DeFrances MC (1997) Liver regeneration.
Science 276, 60-6.

Miyashita H, Worthington HV, Qualtrough A et al. (2007)
Pulp management for caries in adults: maintaining
pulp vitality. Cochrane Database Systematic Review 2, CDOO
4484.

Mjor IA (2002) Pulp-dentin biology in restorative dentistry. 7.
The exposed pulp. Quintessence International. 33, 113-35.
Moore KA, Lemischka IR (2006) Stem cell and their niches.

Science 311, 1880-5.

Morrison SJ, Shan NM, Anderson DJ (1997) Regulatory
mechanisms in stem cell biology. Cell 88, 287-98.

Morrison JI, Loof S, He P et al. (2006) Salamander limb
regeneration involved the activation of a multipotent

International Endodontic Journal, 44, 889-906, 2011

skeletal muscle satellite cell population. Journal of Cell
Biology 172, 433—40.

Nair PNR (1997) Apical periodontitis: a dynamic encounter
between root canal infection and host response. Periodon-
tology 2000 13, 121-48.

Nair PNR (2004) Pathogenesis of apical periodontitis and the
causes of endodontic failures. Critical Reviews in Oral Biology
& Medicine 15, 348-81.

Nakashima M, Akamine A (2005) The application of tissue
engineering to regeneration of pulp and dentin in endodon-
tics. Journal of Endodontics 31, 711-8.

Nakashima M, Iohara K, Zheng L (2006) Gene therapy for
dentin regeneration with bone morphogenetic proteins.
Current Gene Therapy 6, 551-60.

Nanci A (2007) Ten Cate’s Oral Biology, 7th edn. St. Louis, MO,
USA: Mosby.

Neville BW, Damm DD, Allen CM, Bouquot JE (2009) Oral and
Maxillofacial Pathology, 3rd edn. St. Louis, MO: Saunders.
Nevins AJ, Finkelstein F, Borden BG et al. (1976) Revitaliza-
tion of pulpless open apex teeth in rhesus monkeys, using
collagen-calcium phosphate gel. Journal of Endodontics 2,

159-65.

Ogawa M (1993) Differentiation and proliferation of hemato-
poietic stem cells. Blood 81, 2844-53.

Oguntebi BR, Heaven T, Clark AE et al. (1995) Quantitative
assessment of dentin bridge formation following pulp-
capping in miniature swine. Journal of Endodontics 21, 79—
82.

Orstavik D, Pitt Ford TR (2007) Essential Endodontology, 2nd
edn. London, UK: Blackwell Munksgaard.

Pajcini KV, Corbel SY, Sage ] et al. (2010) Transient inacti-
vation of Rb and ARF yields regenerative cells from
postmitotic mammalian muscle. Cell Stem Cell 7, 198-213.

Park JE, Barbul A (2004) Understanding the role of immune
regulation in wound healing. American Journal of Surgery
187(Suppl 1), S11-6.

Perinpanayagam H, Al-Rabeah E (2009) Osteoblasts interact
with MTA surfaces and express Runx2. Oral Surgery Oral
Medicine Oral Pathology Oral Radiology and Endodontics 107,
590-6.

Petrino JA, Boda KK, Shambarger S et al. (2010) Challenges in
regenerative endodontics: a case series. Journal of Endodon-
tics 36, 536—41.

Pitt Ford TR, Torabinejad M, Abedi HR et al. (1996) Using
mineral trioxide aggregate as a pulp-capping material.
Journal of the American Dental Association 127, 1491-4.

Pittenger MF, Mackay AM, Beck SC et al. (1999) Multilineage
potential of adult human mesenchymal stem cells. Science
284, 143-7.

Poss KD, Wilson LG, Keating MT (2002) Heart regeneration in
zebrafish. Science 298, 2188-90.

Prockop DJ (1997) Marrow stromal cells as stem cells for
nonhematopoietic tissues. Science 276, 71-4.

Rafter M (2005) Apexification: a review. Dental Traumatology
21, 1-8.

© 2011 International Endodontic Journal



Lin & Rosenberg Repair and regeneration in endodontics

Rando TA (2006) Stem cells, ageing and the quest for
immortality. Nature 441, 1080-6.

Reeves R, Stanley HR (1966) The relationship of bacterial
penetration and pulpal pathosis in carious teeth. Oral
Surgery Oral Medicine Oral Pathology 22, 52—60.

Regan MC, Barbul A (1991) The role of the immune system in
the regulation of wound repair. Clinical Materials 8, 197—
201.

Ricketts DNJ, Kidd EAM, Innes N et al. (2006) Complete or
ultraconservative removal of decayed tissue in unfilled teeth.
Cochrane Database of Systematic Review 3, CDO03808.

Ricucci D, Lin LM, Spanberg L (2009) Wound healing of apical
tissues after root canal therapy: a long-term clinical,
radiographic, and histopathologic observation study. Oral
Surgery, Oral Medicine, Oral Radiology, Oral Radiology, and
Endodontology 108, 609-21.

Roberts HW, Toth JM, Berzins DW et al. (2008) Mineral
trioxide aggregate material use in endodontic therapy: a
review of literature. Dental Materials 24, 149-64.

Roberts-Clark D, Smith AJ (2000) Angiogenetic growth factors
in human dentin matrix. Archive Oral Biology 45, 1013-6.

Rossi DJ, Bryder D, Zahn JM et al. (2005) Cell intrinsic
alterations underlie hematopoietic stem cell aging. Proceed-
ings of National Academy of Sciences 102, 9194-9.

Rossi DJ, Bryder D, Seita J et al. (2007) Deficiencies in DNA
damage repair limit the function of haematopoietic stem
cells with age. Nature 447, 725-9.

Ruch JV (1998) Odontoblast commitment and differentiation.
Biochemistry and Cell Biology 76, 923-38.

Saad AY (1988) Calcium hydroxide and apexogenesis. Oral
Surgery Oral Medicine Oral Pathology 66, 499-501.

Sabeti MA, Nekofar M, Motahhary P et al. (2006) Healing of
apical periodontitis after endodontic treatment with and
without obturation in dogs. Journal of Endodontics 32, 628—
33.

Scadden DT (2006) The Stem-cell niche as an entity of action.
Nature 441, 1075-9.

Sculean A, Stavropoulos A, Berakdar M et al. (2005) Forma-
tion of human cementum following different modalities of
regenerative therapy. Clinical Oral Investigation 9, 58—64.

Seo B-M, Mirura M, Gronthos S et al. (2004) Investigation of
multipotent postnatal stem cells from human periodontal
ligament. The Lancet 364, 149-55.

Shabahang S, Torabinejad M, Boyne PP et al. (1999) A
comparative study of root-end induction using osteogenic
protein-1, calcium hydroxide, and mineral trioxide aggre-
gate in dogs. Journal of Endodontics 25, 1-5.

Shah N, Logani A, Bhaskar U etal (2008) Efficacy of
revascularization to induce apexification/apexogenesis in
infected, nonvital, immature teeth: a pilot clinical study.
Journal of Endodontics 34, 919-25.

Shi S, Gronthos S (2003) Perivascular niche of postnatal
mesenchymal stem cells in human bone marrow and dental
pulp. Journal of Bone Mineral Research 18, 696-704.

© 2011 International Endodontic Journal

Shi S, Bartold PM, Miura M et al. (2005) The efficacy of
mesenchymal stem cells to regeneration and repair dental
structures. Orthodontics and Craniofacial Research 8, 191-9.

Silva H, Conboy IM (2008) Aging and stem cell renewal.
StemBook (Internet). Cambridge (MA): Harvard Stem Cell
Institute. BookshelfID: NBK27025PMD: 20614587.pp. 1-13

Skoglund A, Tronstad L (1981) Pulp changes in replanted and
autotransplanted teeth of dogs. Journal of Endodontics 7,
309-15.

Slauson DO, Cooper BJ (2002) Mechanisms of Disease, 3rd edn.
St. Louis, MO: Mosby.

Smith AJ (2002) Dentin formation and repair. In: Hargreaves
KM, Goodis HE, ed. Dental Pulp. Chicago, MI, USA: Quin-
tessence, pp. 41-62.

Smith AJ, Lesot H (2001) Induction and regulation of crown
dentinogenesis: embryonic events as template for dental
tissue repair? Critical Review of Oral Biology and Medicine 12,
425-37.

Smith AJ, Tobias RS, Cassidy N et al. (1994) Odontoblast
stimulation in ferrets by dentin matrix components. Archive
Oral Biology 39, 13-22.

Smith AJ, Cassidy N, Perry H et al. (1995) Reactionary
dentinogenesis. International Journal of Developmental Biology;
39, 273-80.

Smith AJ, Murray PE, Sloan ] et al. (2001) Trans-dentinal
stimulation of tertiary dentinogenesis. Advances in Dental
Research 15, 51-4.

Smith AJ, Murray PE, Lumley PJ (2002) Preserving the vital
pulp in operative dentistry: a biological approach. Dentistry
Update 29, 64-9.

Solheim E (1998) Growth factors in bone. International
Orthopedics 22, 410-6.

Son BR, Marquez-Curtis LA, Kucia M et al. (2006) Migration
of bone marrow and cord blood mesenchymal stem cells in
vitro is regulated by stromal-derived factor-1-CXCR4 and
hepatocyte growth factor-c-met axes and involves matrix
metalloproteinase. Stem Cells 24, 1254—64.

Sonoyama W, Seo B-M, Yamaza T et al. (2007) Human
Hertwig's epithelial root sheath cells play crucial roles in
cementum formation. Journal of Dental Research 86, 594-9.

Sonoyama W, Liu Y, Yamaza T et al. (2008) Characterization
of the apical papilla and its residing stem cells from human
immature permanent teeth: a pilot study. Journal of Endo-
dotics 34, 166-71.

Stappenbeck TS, Miyoshi H (2009) The role of stromal stem
cells in tissue regeneration and wound repair. Science 324,
1666-9.

Steiner JC, Van Hassel HJ (1971) Experimental root apexifi-
cation in primates. Oral Surgery Oral Medicine Oral Pathology
31, 409-15.

Stelnicki EJ, Holmes D, Largman C et al. (1997) The human
homeobox genes MSX-1, MSX-2, MOX-1 are differentially
expressed in the dermis and epidermis of fetal and adult skin.
Differentiation 62, 33-41.

International Endodontic Journal, 44, 889-906, 2011

905



Repair and regeneration in endodontics Lin & Rosenberg

Stelnicki EJ, Arbeit ], Cass DL et al. (1998) Modulation of human
homeobox genes PRX-2 and HOXB13 in scarless fetal
wounds. Journal of Investigative Dermatology 111, 57—63.

Stratos I, Graff J, Rotter R et al. (2010) Open blunt crush
injury of different severity determines nature and extent of
local tissue regeneration and repair. Journal of Orthopedic
Research 28, 950-7.

Sullivan KM, Lorenz HP, Adzick NS (1993) The role of TGF in
human fetal wound healing. Surgery Forum 44, 625-7.
Tanaka EM (2003) Regeneration: if they can do it, why can't

we? Cell 113, 559-62.

Tanaka EM, Weidinger G (2008) Micromanaging regenera-
tion. Genes Development 22, 700-5.

Thibodeau B, Teixeira F, Yamauchi M et al. (2007) Pulp
revascularization of immature dog teeth with apical peri-
odontitis. Journal of Endodontics 33, 680-9.

Thompson V, Craig RG, Curro FA et al. (2008) Treatment of
deep carious lesions by complete excavation or partial
removal. A critical review. Journal of the American Dental
Association 139, 705-12.

Thomson TS, Berry JE, Sommerman M] etal. (2003)
Cementoblasts maintain expression of osteoclacin in the
presence of mineral trioxide aggregate. Journal of Endodontics
29, 407-12.

Tonnesen MG, Feng X, Clark RA (2000) Angiogenesis in
wound healing. Journal of Investigative Dermatology Sympo-
sium Proceedings 5, 40-6.

Torabinejad M, Pit Ford TR, McKendy DJ et al. (1997) Histo-
logical assessment of mineral trioxide aggregate as a root-end
filling in monkeys. Journal of Endodontics 23, 225-8.

Torneck CD, Smith ]S, Grindall P (1973) Biologic effects of
endodontic procedures on developing incisor teeth, IV. Effect
of debridement procedures and calcium hydroxide-cam-
phorated parachlorophenol pasts in the treatment of exper-
imentally induced pulp and periapical disease. Oral Surgery
Oral Medicine Oral Pathology 35, 541-54.

Tziafas D (2004) The future role of a molecular approach to
pulp-dentinal regeneration. Caries Research 38, 314-20.
Tziafas D, Kodonas K (2010) Differentiation potential of dental
papilla, dental pulp, and apical papilla progenitor cells.

Journal of Endodontics 36, 781-9.

Vojinovic O, Vojinovic J (1993) Periodontal cell migration into
the apical pulp during the repair process after pulpectomy in
immature teeth: an autoradiographic study. Journal of Oral
Rehabilitation 20, 637-52.

Wagers AJ, Weissman IL (2004) Plasticity of adult stem cells.
Cell 116, 639-48.

International Endodontic Journal, 44, 889-906, 2011

Wang X, Thibodeau B, Trope M et al. (2010) Histological
characterization of regenerated tissues in canal space after
the revitalization/revascularization procedure of immature
dog teeth with apical periodontitis. Journal of Endodontics 36,
56-63.

Watt FM, Hogan BLM (2000) Out of Eden: stem cells and their
niches. Science 287, 1427-30.

Werner S, Gross R (2003) Regulation of wound healing by
growth factors and cytokines. Physiology Review 83, 835—
70.

Werner S, Krieg T, Smola H (2007) Keratinocyte-fibroblast
interactions in wound healing. Journal of Investigative
Dermatology 127, 998-1008.

Whitby DJ, Ferguson MW] (1991) Immunohistochemical
localization of growth factors in fetal wound healing.
Developmental Biology 147, 207-215.

Witherspoon DE (2008) Vital pulp therapy with new materi-
als: new directions and treatment perspectives — permanent
teeth. Journal of Endodontics 34, S25-8.

Witherspoon DE, Small JC, Harris GZ (2006) Mineral trioxide
aggregate pulpotomies: a case series outcomes assessment.
Journal of the American Dental Association 137, 610-8.

Wu H, Sun YE (2006) Epigenetic regulation of stem cell
differentiation. Pediatric Research 59, 21R—5R.

Wu Y, Chen L, Scott PG et al. (2007a) Mesenchymal stem cells
enhance wound healing through differentiation and angio-
genesis. Stem cells 25, 2648-59.

Wu Y, Wang J, Scott PG et al. (2007b) Bone-marrow-derived
stem cells in wound healing: a review. Wound Repair and
Regeneration 15, S18-26.

Yamauci N, Yamauchi S, Nagaoka H et al. (2011) Tissue
engineering strategies for immature teeth with apical
periodontitis. Journal of Endodontics 37, 390-7.

Yang S-F, Yang Z-P, Change K-W (1990) Continuing root
formation following apexification treatment. Dental Trauma-
tology 6, 232-5.

Zeichner-David M (2006) Regeneration of periodontal tissues:
cementogenesis revisited. Periodontology 2000 41, 196—
217.

Zeichner-David M, Oishi K, Su Z et al. (2003) Role of Hertwig's
epithelial root sheath cells in tooth root development.
Development Dynamics 228, 651-63.

Zhang C-P, Fu X-B (2008) Therapeutic potential of stem cells
in skin repair and regeneration. Chinese Journal of Trauma-
tology 11, 209-21.

© 2011 International Endodontic Journal



This document is a scanned copy of a printed document. No warranty is given about the accuracy of the copy.
Users should refer to the original published version of the material.



