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10.1            Introduction 

 In reaction to a slow carious decay, continuous 
abrasion or noxious effects of monomers released 
by resin composites, odontoblasts may be wounded 
but are still alive (Figs.  10.1 ,  10.2 , and  10.3a – c ). 
They synthesize and secrete a true extracellular 
matrix which contributes to the formation of a 
mineralized  reactionary tubular dentin - like   or a 
bone - like structure . A “calciotraumatic” or a 
“reverse” line separates the newly formed reac-
tionary dentin from the primary or secondary den-
tin already formed before any development of the 
traumatic decay (Figs.  10.4a, b  and  10.5a – d ). 
It happens that odontoblasts wounded by the 
release of carious toxins are unable to survive. 
During dentinogenesis, odontoblast cell bodies 
constitute a thick layer at the pulp periphery, and 
four rows of cells may be scored during early den-
tin formation. Aging infl uences the thickness of 
this layer, which is gradually reduced. Although 
there is no direct evidence that the cells from the 
Hoehl’s layer may be reactivated, differentiated, 
and become secondary odontoblasts, this is prob-
ably what happens. Even if some differences are 
well  identifi ed between a true orthodentin and 

reactionary  dentin-like  structure, odontoblasts 
and/or Hoehl’s cells are responsible for the forma-
tion of reactionary dentin.
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  Fig. 10.1    Longitudinal    section of the three mandibular 
molars (M1, M2, and M3). A cavity was prepared in the 
mesial part of M1.  P  pulp,  C  cavity       

  Fig. 10.2    Schematic drawing showing the formation of 
reactionary dentin beneath a cavity prepared in the mesial 
aspect of the fi rst molar       
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  Fig. 10.3    ( a ) Histological 
   section of the demineralized 
fi rst mandibular molar. After 
the preparation of a cavity in 
the mesial aspect ( c ), a slight 
reaction occurs in the pulp 
( P ). In ( b ), the tooth is seen 
after a cervical electrosur-
gery, and in ( c ), a cavity is 
drilled in the mesial aspect       

a

b

  Fig. 10.4    Atubular reactionary dentin ( RD ) is formed by 
the odontoblasts and Hoehl’s cells, beneath a calciotrau-
matic line ( CTL ) at the junction between a tubular dentin 
and odontoblast layer ( O ). The dental pulp is fi brous but 
still alive. ( a ) Thin reactionary dentin formation; 
( b ) thicker reparative dentin formation, produced in the 
same experimental conditions       
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       If the carious lesion is progressing quickly, the 
lesion may destroy the residual dentin and pene-
trate the dental pulp. The pulp exposure favors 
the diffusion of bacteria from the contaminated 
dentin within the dental pulp. Pulp infl ammatory 
cells control the infection and immune cells tend 
to slow down the progression of the lesion. 

 The  reparative dentin - like  structure that is 
formed constitutes an attempt to close the pulp 
exposure. In this case, odontoblasts and Hoehl’s 
cells are irreversibly wounded. Pulp progenitors 
or stem cells are implicated in the formation of a 
reparative dentin bridge or in a “bone-like” struc-
ture, also named osteodentin (Fig.  10.6a – d ). Pulp 
cells are embedded in a bone-like structure simi-

lar to osteocyte-like cell being. These cells are 
located inside a lacuna. Reparative dentin- like 
fi lls partially or totally the mesial part of the pulp 
chamber of a rat’s molar. The dentin bridge seen 
at early stages of pulp capping expands and seals 
the mesial pulp chamber. The mineralization pro-
cess expands up to the isthmus between the 
mesial and central parts. In humans, the repara-
tive process is initially located beneath the pulp 
exposure. Then an osteodentin bridge gradually 
loads the pulp chamber. The mineralized struc-
ture is either in continuity with the newly formed 
reactionary dentin or appears as free pulp stone 
(calcospherites), developing around endothelial 
cells of capillaries.

a c

b d

  Fig. 10.5    ( a ,  b ) The preparation of a cavity induces the 
interruption of dentinogenesis. Beneath the tubular dentin 
formation, the  dark arrows  show interrupted physiologi-
cal dentin deposit. The effects of the trauma lead to calco-
spherite formation (globular structures). The newly 
formed dentin ( asterisks ) comprises globular structures 
and interglobular spaces. Odontoblasts and pulp are “normal.” 

( c ) After a more severe decay, tubular orthodentin (stained 
in purple by the “stains all” method) is interrupted; 
and the new osteodentin formed in reaction to the trauma, 
is atubular, and contains a few osteoblast lacunas. The 
dental pulp is apparently sound. ( d ) Reactionary osteo-
dentin is separated from orthodentin by a calciotraumatic 
line ( CTL )       
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   In many publications, some confusion occurs 
between reactionary and reparative dentin-like 
structures. To be precise, a clear-cut difference 
should be made between a tubular or atubular 
reactionary dentin, formed under the control of 
odontoblasts and Hoehl’s cells, and reparative 
dentin, appearing mostly as osteodentin and pro-
duced by pulp stem cells or progenitors. 

 A series of questions result from the available 
valid data. Wound healing results from repair or 
regeneration processes. Many major questions arise, 
including can we restore the original architecture 
and the biological function of the injured pulp tis-
sue? Complete regeneration occurs during the fetal 
period, within the 24 weeks of gestation. However, 
in a clinical setting, we are treating young patients 
with already erupted teeth and/or adult patients. This 

implies that the postnatal wound healing combines a 
cascade of events leading to pulp repair and/or 
regeneration. The recruitment and differentiation of 
potential progenitors/stem cells are prerequisites. 
This is followed by pulp reconstruction.  

10.2     In Vivo Approach 

10.2.1     Preparation of a Cavity 
Without Pulp Exposure 

 In response to the preparation of a cavity in the 
mesial aspect of the fi rst maxillary molar, odonto-
blasts, Hoehl’s cells, and pulp tissue refl ect the reac-
tion to the preparation of a  cavity. Drilling a cavity 

a b

c d

  Fig. 10.6    In ( a ), 2–6 days after pulp capping a pulp 
exposure with Ca(OH) 2 , some dentin debris are pushed 
within the pulp. A pulp infl ammatory process is limited 
to the mesial part of the pulp chamber. In ( b ), after 
8 days, the calcium hydroxide induces the early forma-
tion of a dentin bridge, in close association with dentin 

debris ( arrows ). In ( c ), after 15 days, the dentin bridge is 
thicker and more homogeneous. ( d ) After 30 days, the 
dentin bridge occludes totally the pulp exposure. 
However, some tunnellike structures or cell remnants 
persist, allowing bacterial penetration toward the dental 
pulp.  P  pulp,  C  cavity       
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caused the displacement of some  odontoblasts and 
their penetration into dentin tubules. Infl ammatory 
exudation was seen soon after drilling. The endo-
thelium of capillaries showed an increase of 
pinocytic vesicles, an event associated with the 
formation of an exudative lesion. After 1 day, 
many damaged odontoblasts degenerate. Cells 
with a high nucleus/cytoplasm ratio and prominent 
nucleoli accumulate around the subodontoblas-
tic capillaries. Newly differentiating odontoblasts 
received nutritional supply from the capillaries. 
After 3 days, differentiating odontoblasts increased 
in number. They start to produce reactionary den-
tin by 5 days after cavity preparation. Differences 
were seen between the original dentin layer formed 
before the drilling of the cavity and reactionary 
dentin-like formation [ 1 ].  

10.2.2     Preparation of a Cavity 
Followed by a Pulp Exposure 

 Different repair responses were recorded between 
the coronal and radicular areas after the implanta-
tion of bone morphogenetic protein-7 (BMP-7) in a 
pulp exposure. Used as a capping agent, BMP-7 
induces after 8 days the formation of a reparative 
osteodentin bridge, formed by globular mineral-
ized areas at the exposure site and leaving unminer-
alized interglobular areas containing pulp remnants. 
A heterogeneous mineralization was seen in the 
coronal part of the pulp. Complete fi lling of the 
radicular pulp by a homogeneous mineralization 
was seen in the root, behind a calciotraumatic line. 
These results emphasize the biological differences 
between the coronal and radicular parts of the pulp 
[ 2 ]. Indeed, the crown is formed under the control 
of enamel organ, whereas the extracellular matrix 
(ECM) secreted by the epithelial Hertwig’s root 
sheath infl uences the root construction.   

10.3     Reactionary Dentin 
(Tertiary Dentin) 

 Reviewing data on reactionary dentinogenesis, 
Smith et al. [ 3 ] differentiate between tertiary den-
tin and reparative dentinogenesis (Figs.  10.6a – d  
and  10.7a – d ). It is indeed diffi cult to discriminate 

between the dentin secreted by postmitotic 
 odontoblasts and a mineralized structure formed 
by a new population of pulp-derived, odonto-
blast-like cells. The tertiary dentin beneath a cari-
ous decay may comprise both reactionary and 
reparative dentins. Hence, a clear-cut defi nition 
for each of the tissues is needed and is diffi cult 
to obtain.

   Reactionary dentin is formed in response to a 
carious decay, to excessive abrasion, or to the cyto-
toxic effects of monomers released by a restorative 
material. This is how the pulp limits undesirable 
noxious effects. Trans-dentin stimulation is medi-
ated by bioactive extracellular matrix components 
during a cavity preparation, the dental pulp being 
nonexposed. As an example, OP-1, used as a cav-
ity liner, stimulates the formation of reactionary 
dentin [ 4 ]. Odontoblasts respond to the stimulating 
presence of ECM. Diffusion of ECM proteins, as 
determined by the residual dentin thickness (RDT) 
after preparation of a cavity, infl uences the signal-
ing process [ 5 ]. They synthesize and secrete the 
ECM of a tubular or atubular dentin-like structure 
beneath a calciotraumatic line [ 6 ]. This line is sim-
ilar to the reverse line seen in the bone. Sometimes 
this dentin-like structure is globular, but very often 
appears as lamellar or amorphous. Reactionary 
dentin also named tertiary dentin differs from the 
orthodentin formed prior to the lesion. The matrix 
of reactionary dentin displays reduced hardness 
and lowers elastic modulus. The residual dentin 
thickness (RDT) interferes with the pulp activ-
ity. The maximal dentin deposition of reactionary 
dentin appears beneath cavities with an RDT vary-
ing between 0.5 and 0.25 mm. Odontoblasts are 
reducing in number in cavities closer to the indi-
rectly injured pulp. The restoration material infl u-
ences also the odontoblast activities [ 7 ]. 

10.3.1     Molecules Expressed 
or Infl uencing Reactionary 
Dentin Formation 

 Differences were observed between reactionary 
dentin (RD) and primary or secondary orthoden-
tin with respect to the distribution of  fi ve 
SIBLINGs  ( BSP ,  OPN ,  DMP - 1 ,  DSPP , and  DSP  
(a fragment of DSPP)). BSP and OPN were 
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observed in RD but not in predentin, whereas the 
expression of DMP-1 and DSP was lower in RD 
compared with predentin [ 8 ]. DSP was increased 
in density and spatial resolution. This molecule 
contributes to putative HAp nucleation on colla-
gen scaffold. DSP antibodies showed weak stain-
ing in RD, whereas osteopontin (OPN) was 
extensively positive in RD [ 9 ]. OPN was not 
detected in physiological and reactionary dentin, 
but seen to be strongly immunoreactive in repara-
tive dentin alone [ 10 ] (Fig.  10.7a – d ).  

10.3.2     Other ECM Molecules 

•      Metalloproteinase - 2  ( MMP - 2 ) is increased. 
Parallel upregulation occurs for TIMP-2 and 

for the membrane type 1-matrix metallopro-
teinase (MT1-MMP). Furthermore, the genes 
encoding components of the TGF-β signaling 
pathway, namely,  SMAD - 2  and  SMAD - 4 , may 
explain the increased synthesis of collagen 
[ 11 ,  12 ].  

•    Odontogenic ameloblast - associated protein  
( ODAM ) is expressed by ameloblasts and 
odontoblasts. The molecule plays a role in 
enamel mineralization, possibly through the 
regulation of MMP-20. Experimental results 
show that rODAM accelerates reactionary 
dentin formation near the pulp exposure area, 
preserving normal odontoblasts in the remain-
ing pulp [ 13 ].  

•   Finally, the expression of  Toll - like receptors  
was altered in response to caries.      

a

c d

b

  Fig. 10.7    Capping effects of bone sialoprotein ( BSP ). At 
day 0 ( a ) and at day 8 ( b ). Dentin debris are pushed within 
the pulp. ( c ) At day 15, beginning of the formation of a 

reparative dentin bridge. ( d ) 30 days after pulp capping 
with BSP, a thick and homogeneous dentin bridge closes 
totally the pulp exposure       
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10.4     Reparative Dentin-Like: 
From the Initial Formation 
of a dentin Bridge to Pulp 
Mineralization 

10.4.1     Cells Implicated in Reparative 
Dentin-Like Formation 

 When odontoblasts are injured and destroyed, 
replacement cells express types I and III colla-
gen gene-specifi c riboprobes. The cells form-
ing reparative dentin synthesize type I collagen 
but not type III. Antibodies raised against DSP 
positively stain the cells. Therefore, they are 
odontoblast- like cells [ 14 ]. 

 Adult human dental pulp stem cells (hDPSCs) 
have been isolated from the pulp as precursor 
cells. They differentiate into cells implicated in 
the formation of reparative dentin. Lysyl oxidase- 
like 2 (LOXL2) was downregulated when hDP-
SCs differentiate into odontoblast-like cells. 
Therefore, LOXL2 has negative effect on the dif-
ferentiation of pulp cells into odontoblasts [ 15 ]. 
In contrast, the other LOX family members 
including LOX, LOXL1, LOXL3, and LOXL4 
are increased. 

 Cells emerging from dental pulp explant 
were studied to elucidate the origin of precur-
sor cells implicated in the formation of repara-
tive dentin. Early outgrowing cells emerging 
from cultured explant were round or elon-
gated, with thin spinous processes. They were 
highly mobile and contain numerous lipid 
vesicles. Radioautography suggested that these 
lipids resulted from micropinocytosis. After 
10–20 days, the cells started to be converted 
into fi broblast-like cells, less mobile and lack-
ing lipid vesicles. It was concluded that they 
might be mononuclear phagocytic/histiocytic 
mesenchymal cells [ 16 ]. 

 In vivo, 10 days after Ca(OH) 2  pulp capping, 
focal calcifi cations were seen within the collagen- 
rich matrix. Numerous extracellular matrix vesi-
cles display electron-dense material composed of 
hydroxyapatite crystals [ 17 ]. At this early stage, 
similarities were detected between chondrocyte 
and the mineralization of cartilage septa and the 
early formation of reparative dentin. 

 Frozoni et al. [ 18 ] have used the 3.6-green fl uo-
rescent protein (GFP) transgenic mice to in vivo 
the biological sequence of events during pulp heal-
ing and reparative dentinogenesis. After pulp 
exposure and capping, followed by chemical fi xa-
tion and processing for histological and epifl uores-
cence analysis, immediately after pulp exposure 
no 3.6-GFP-labeled odontoblast was detected at 
the injury site. Four weeks after the surgery, repar-
ative dentin started to be formed, and this was even 
more obvious at 8 weeks. The cells expressing 3.6-
GFP lined an atubular dentin bridge. A few fl uo-
rescent cells were embedded within the atubular 
matrix, hence appeared as a bone-like structure 
(Figs.  10.8a – c  and  10.9a – d ).

    Dentin regeneration may be obtained by using 
porcine deciduous pulp stem cells mixed with 
β-tricalcium phosphate. Four months after trans-
plantation, regeneration of a dentin-like structure 
was completely completed, closing the roof 
defects [ 19 ] (Fig.  10.10a ,  b ).

   Canonical Wnt/β-catenin regulates odontoblast- 
like differentiation, improves moderately the 
expression of type I collagen, and enhances 
strongly the expression of osteopontin. Wnt-1 
inhibited alkaline phosphatase and the formation 
of mineralized nodules. Scheller et al. [ 20 ] con-
cluded that the canonical Wnt signaling regulates 
negatively the differentiation and mineralization 
of dental pulp stem cells.  

10.4.2     Cell Mediators Implicated 
in Reparative Dentin-Like 
Formation 

  Bone morphogenetic proteins  (BMPs) are multi-
functional proteins structurally related to the 
 transforming growth factor - beta  (TGF-beta) and 
 activin , which can induce cartilage and bone 
growth in vivo. BMPs are members of the TGF- 
beta superfamily. Their effects on pulp cells and 
reparative dentin formation have been reported. 

 The  TGF - beta1  superfamily infl uences the 
expression of BSP, DSP, TGF-beta1 receptor I, 
and Smad 2/3 proteins during reparative dentino-
genesis. In vitro, TGF-beta2 had minimal effect 
on cultured tissues, whereas TGF-beta1 and 
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TGF-beta3 stimulate the secretion of ECM by 
odontoblasts. They are mitogenic for pulp cells 
and might be important during reparative pro-
cesses [ 21 ]. The level of BSP is increased, but 
DSPP is decreased. Smad 2/3 level was higher in 
the reparative dentin than in the normal dentin. 
Hwang et al. [ 22 ] concluded that both dentinoge-
netic and osteogenetic characteristics are medi-
ated by TGF-beta1. 

10.4.2.1     Bone Morphogenetic Proteins 
 The nuclear proto-oncogenes c-jun and jun-B 
were induced by growth factors identifi ed as 
 bone morphogenetic proteins  ( BMPs ). The gene 
products enhance the expression of osteocalcin 
and collagen types. In tooth germs, c-jun and 
jun-B were co-expressed in the odontoblast 

 lineage. In rat adult molars, c-jun was expressed 
in the odontoblast layer, in contrast with jun-B, 
which was absent from the cells. After cavity 
preparation, c-jun and jun-B were expressed only 
in the pulp cells lining the irregular surface of the 
thick reparative dentin. The limited expression of 
jun-B suggests that this gene is involved in active 
formation of reparative dentin, but is not a major 
actor [ 23 ]. 

 Reparative dentin was formed by recombinant 
 human osteogenic protein - 1  ( OP - 1 or BMP - 7 ) in 
a time and dose dependences [ 24 ]. hOP-1 
implanted in vivo in extra- and intra-skeletal sites 
induces cartilage and bone. The reparative dentin 
was not completely mineralized after 6 weeks of 
healing. Radicular pulp vitality was maintained 
and reparative dentin formed, and mineralization 

A-4

D8

D15

a

b

c

  Fig. 10.8    ( a ) Implantation within the dental pulp of beads 
loaded with an amelogenin gene splice product A-4 after 
8 days. ( b ) Committed cells are recruited and form a ring 
around the agarose bead ( b ). ( c ) At 15 days, reactionary 

dentin is formed uniformly along the root canal, behind a 
calciotraumatic line. In the crown, a mineralized area starts 
to be formed ( asterisk )       
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was nearly 75 % complete after 1 month and 
more than 95 % after 4 months [ 25 ]. However, 
implantation of BMP-7 in infl amed dental pulp 
did not produced reparative dentin in LPS-treated 
pulp [ 26 ]. Indeed, BMP-7 gene induces  reparative 
dentin formation, except when the dental pulp is 
infl amed due to a bacterial infection [ 27 ]. 

 Pellets of  bone morphogenetic protein-2  
( BMP-2 ) implanted into amputated pulps stimu-
late direct progenitor/stem cell differentiation into 
odontoblasts and reparative dentin formation [ 28 ]. 
The BMP signal is probably mediated by interac-
tion of types I and II BMP receptors. RT-PCR 
suggests that resident pulp cells are able to 
respond to BMPs to initiate tissue formation [ 29 ].  

10.4.2.2     Other Growth Factors 
•     The  lymphoid enhancer - binding factor 1  ( Lef1 ) 

is a transcription factor that mediates Wnt sig-
naling and regulates DSPP expression [ 30 ].  

•   The in vivo transfer of  growth / differentiation 
factor 11  ( Gdf11 ) by electroporation stimu-
lates the reparative dentin formation [ 31 ].  

•   The proinfl ammatory cytokine  tumor necrosis 
factor - α  ( TNF - α ) may be a mediator involved 
in the differentiation of pulp cells toward the 
odontoblast phenotype. TNF-α stimulates 
the differentiation of dental pulp cells toward 
an odontoblast phenotype via p38, while 
negatively regulating MMP-1 expression. 
Extracellular DPP and DSP were detected 

a

c d

b

  Fig. 10.9    ( a ) After a pulp exposure and dentin sialopro-
tein ( DSP ) immunolabeling, an odontoblast layer is 
densely stained. ( b ) No staining is detected around the 
beads ( b ), but near the pulp exposure ( c  cavity), odonto-
blast-like cells are well stained by the antibody. ( c ) In con-
trast, osteopontin immunolabeling is dense around the 

carrier bead ( b ) and in close proximity. ( d ) The cells 
located around the bead are densely immunostained by the 
anti-osteopontin. The two immunostainings reveal that the 
nature of cells nearby the pulp exposure ( DSP  dentin ECM 
protein) is very different from the cells implicated in pulp 
infl ammation and bone formation (osteopontin)       
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in higher amount in conditioned media from 
TNF-α-treated pulp cells [ 32 ].  

•   The  connective tissue growth factor / CCN fam-
ily 2  ( CTGF / CCN2 ) is involved in reparative 
dentinogenesis through the formation of miner-
alized tissues in human carious teeth [ 33 ].  

•   Recombinant human  insulin - like growth fac-
tor - 1     ( rhIGF - 1 ) used for direct pulp capping 
was seen to induce after 28 days a whole den-
tin    bridge where tubular dentin formation was 
observed [ 34 ].  

•    Glypican - 1  ( GPC - 1 ), a cell surface heparin sul-
fate proteoglycan, is acting as a coreceptor for 

heparin-binding growth factor and member of 
the TGF-β. It is related to reparative dentin for-
mation. Downregulation of expression resulted 
in a 3.9-fold increase of  TGF - β1  expression in 
the pulp cells and 0.3-fold decrease in  DSPP  
expression compared with control. The two 
molecules are necessary at the onset of differ-
entiation, but should be downregulated before 
other molecules could be in formation [ 35 ].  

•    Fibroblast growth factor 23  ( FGF23 ) increased 
the predentin volume and expression of bigly-
can in dentin. FGF23 overexpression plays a 
negative role on dentinogenesis [ 36 ].     

a

b

  Fig. 10.10    In ( a ), A+4 was 
implanted in the dental pulp 
15 days earlier. A forming 
homogeneous reparative 
dentin bridge ( asterisk ) is 
closing the pulp exposure. 
( b ) After 30 days, the 
reparative dentin bridge is 
much thicker ( asterisk ) and 
many beads ( b ) are 
embedded within dentin       
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10.4.2.3     ECM 
   Collagens 
 Absent in normal dentin, type III collagen is 
present in reparative dentin. Type III collagen is 
more frequently observed in the root than in the 
crown. They are mostly located in the peritubular 
dentin. Collagen fi brils showed a clear cross-
banding and unusual collagen aggregations, seg-
ment, and fi brous long-spacing-like structures, 
intensely stained for type I collagen, but weakly 
for type III collagen. The type III collagen- 
positive fi bers often extended toward the pulp 
beyond the odontoblast layer. They may be pro-
duced at least partially by the pulp cells [ 37 ].   

10.4.2.4     SIBLINGs 
•      Dentin phosphophoryn  ( DPP ),  either phos-

phorylated or dephosphorylated , promotes 
cell migration in a concentration-dependent 
manner, but has no effect on cell proliferation. 
The addition of αvβ3 integrin antibody to the 
medium suppressed the cell migration. 
Porcine DPP-derived RGD peptide signifi -
cantly promotes the cell migration of human 
dental pulp cells [ 38 ].  

•    Bone sialoprotein  ( BSP ) implanted in the pulp 
of the fi rst maxillary molar induced a slight 
infl ammation 8 days after implantation. After 
15 days, a dentin bridge starts to be formed. 
After 30 days osteodentin formation fi lled the 
mesial part of the pulp chamber, which 
occluded totally the pulp exposure [ 39 ].  

•   BSP induced a homogeneous and well- 
mineralized reparative dentin. BMP-7 gave 
reparative dentin of the osteodentin type in the 
coronal part of the tooth and generated the for-
mation of a homogeneous mineralized struc-
ture in the root canal [ 40 ].  

•    Dentin matrix protein - 1  ( DMP - 1 ) induces 
cytodifferentiation of dental pulp stem cells 
into odontoblasts [ 41 ]. After pulp exposure 
and implantation of collagen matrix impreg-
nated with DMP-1, it was seen that DMP-1 
acts as a morphogen on undifferentiated cells 
that have the capacity to regenerate a collagen- 
rich dentin-like tissue.  

•    Dentonin , a peptide derived from the 
 phosphorylated extracellular matrix protein 

( MEPE ), promotes the proliferation of pulp 
cells at day 8 after implantation in the pulp 
exposure. Osteopontin, weakly labeled at day 
8, was increased at 15 days. DSP was unde-
tectable at any time. Dentonin affects primar-
ily the initial cascade of events leading to pulp 
healing [ 42 ].  

•   The layer of  fi bronectin  is denser in  fi brodentin 
after 3 days after MTA pulp capping, more 
than after Ca(OH)2. Fibronectin is involved 
in the initial stages of odontoblast differentia-
tion. Dystrophic calcifi cations in association 
with cell debris and irregular fi brous matrix 
were fi bronectin positive, supporting that 
fi bronectin plays a mediating role during 
reparative dentinogenesis [ 43 ].  

•    Ameloblastin  (also named amelin or sheath-
lin) infl uences reparative dentin formation 
[ 44 ], whereas the  amelogenin  gene splice 
products A+4 and A-4 determine the reorien-
tation of CD45-positive cells to an osteochon-
drogenic lineage as shown by the positive 
markers RP59, Sox9, and BSP [ 45 ]. A peptide 
including two amelogenin exons (exons 8 and 
9) enhances leucine-rich amelogenin peptide 
(LRAP)-mediated dental pulp repair [ 46 ].  

•    MMP - 3 and MMP - 9  are upregulated at 24 h 
and 12 h, respectively, after the pulp wound, 
whereas MMP-2 and MMP-14 are unchanged. 
MMP-3 induced angiogenesis, pulp healing, 
and reparative dentin formation [ 47 ].       

10.5     Summary 

 In response to a dentin lesion (caries or abrasion) 
or to the diffusion of resin monomers or to the 
release of bacterial toxins, odontoblasts and/or 
Hoehl’s cells produce a reactionary dentin-like 
layer that increases the residual dentin thickness. 
This leads to the formation of a  reactionary dentin - 
like     layer (Fig.  10.11a ,  b ). In such a case, dentin 
adsorbs the noxious molecules and contributes to 
the closure of dentin lumens by mineral precipita-
tion, and the protection of the pulp is increased.

   After a pulp exposure, pulp cells are recruited, 
differentiate into odontoblast-like cells, and 
 contribute to the formation of a  dentin bridge . 
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For a long time, pulp capping has been a therapy, 
but defects in the dentin bridge lead to failures of 
the capping method. New therapies arise from 
the implantation of ECM molecules and the mas-
sive formation of  reparative dentin - like  struc-
tures. Either as appended dentin layers or as 
diffuse mineralization within the pulp, the 
remaining vital tissue is alive. 

 Comprehensive studies on the formation of 
the two different dentin-like layers will lead to a 
better understanding of the mechanisms that are 
involved. They may be used in the framework of 
new regenerative therapies.     

   References 

    1.    Ohshima H. Ultrastructural changes in odontoblasts 
and pulp capillaries following cavity preparation in rat 
molars. Arch Histol Cytol. 1990;53:423–38.  

    2.    Six N, Lasfargues JJ, Goldberg M. Differential repair 
responses in the coronal and radicular areas of the 
exposed rat molar pulp induced by recombinant 
human bone morphogenetic protein 7 (osteogenic 
protein 1). Arch Oral Biol. 2002;47:177–87.  

    3.    Smith AJ, Cassidy N, Perry H, Bégue-Kirn C, Ruch 
J-V, Lesot H. Reactionary dentinogenesis. Int J Dev 
Biol. 1995;39:273–80.  

    4.    Rutherford B, Spångberg L, Tucker M, Charette 
M. Transdentinal stimulation of reparative dentine 

formation by osteogenic protein-1 in monkeys. Arch 
Oral Biol. 1995;40:681–3.  

    5.    Smith AJ, Tobias RS, Murray PE. Transdentinal stim-
ulation of reactionary dentinogenesis in ferrets by 
dentine matrix components. J Dent. 2001;29:341–6.  

    6.    Smith AJ, Murray PE, Sloan AJ, Matthews JB, Zhao 
S. Trans-dentinal stimulation of tertiary dentinogene-
sis. Adv Dent Res. 2001;15:51–4.  

    7.    Murray PE, About I, Lumley PJ, Franquin JC, 
Remusat M, Smith AJ. Cavity remaining dentin thick-
ness and pulpal activity. Am J Dent. 2002;15:41–6.  

    8.    Moses KD, Butler WT, Qin C. Immunohistochemical 
study of small integrin-binding ligand, N-linked gly-
coproteins in reactionary dentin of rat molars at differ-
ent ages. Eur J Oral Sci. 2006;114:216–22.  

    9.    Yuan G, Yang G, Song G, Chen Z, Chen 
S. Immunohistochemical localization of the NH(2)-
terminal and COOH-terminal fragments of dentin sia-
loprotein in mouse teeth. Cell Tissue Res. 2012;
349:605–14.  

    10.    Aguiar MC, Arana-Chavez VE. Ultrastructural and 
immunocytochemical analyses of osteopontin in reac-
tionary and reparative dentine formed after extrusion 
of upper rat incisors. J Anat. 2007;210:418–27.  

    11.    Charadram N, Farahani RM, Harty D, Rathsam C, 
Swain MV, Hunter N. Regulation of reactionary dentin 
formation by odontoblasts in response to polymicrobial 
invasion of dentin matrix. Bone. 2012;50:265–75.  

    12.    Charadram N, Austin C, Trimby P, Simonian M, 
Swain MV, Hunter N. Structural analysis of reaction-
ary dentin formed in response to polymicrobial inva-
sion. J Struct Biol. 2013;181:207–22.  

    13.    Yang IS, Lee DS, Park JT, Kim HJ, Son HH, Park 
JC. Tertiary dentin formation after direct pulp capping 

a b

  Fig. 10.11    Ninety days after A-4 implantation, reaction-
ary dentin is formed in the pulp chamber and in the root 
canal ( a ). Reparative dentin fi lls the pulp exposure 

( b ). Here an agarose bead and cell remnants are seen, 
embedded in the dentin bridge       

 

M. Goldberg



153

with odontogenic ameloblast-associated protein in rat 
teeth. J Endod. 2010;36:1956–62.  

    14.    D’Souza RN, Bachman T, Baumgardner KR, Butler 
WT, Litz M. Characterization of cellular responses 
involved in reparative dentinogenesis in rat molars. 
J Dent Res. 1995;74:702–9.  

    15.    Kim JH, Lee EH, Park HJ, Park EK, Kwon TG, Shin 
HI, Cho JY. The role of lysyl oxidase-like 2 in the 
odontogenic differentiation of human dental pulp 
stem cells. Mol Cells. 2013;35:543–9.  

    16.    Stanislawski L, Carreau JP, Pouchelet M, Chen ZH, 
Goldberg M. In vitro culture of human dental pulp 
cells: some aspects of cells emerging early from the 
explant. Clin Oral Investig. 1997;1:131–40.  

    17.    Sela J, Tamari I, Hirschfeld Z, Bab I. Transmission 
electron microscopy of reparative dentin in rat molar 
pulps. Primary mineralization via extracellular matrix 
vesicles. Acta Anat (Basel). 1981;109:247–51.  

    18.    Frozoni M, Balic A, Sagomonyants K, Zaia AA, Line 
SR, Mina M. A feasibility study for the analysis of 
reparative dentinogenesis in pOBCol3.6GFPtpz trans-
genic mice. Int Endod J. 2012;45:907–14.  

    19.    Zheng Y, Wang XY, Wang YM, Liu XY, Zhang CM, 
Hou BX, Wang SL. Dentin regeneration using decidu-
ous pulp stem/progenitor cells. J Dent Res. 2012;
91:676–82.  

    20.    Scheller EL, Chang J, Wang CY. Wnt/β-catenin inhib-
its dental pulp stem cell differentiation. J Dent Res. 
2008;87:126–30.  

    21.    Sloan AJ, Smith AJ. Stimulation of the dentine-pulp 
complex of rat incisor teeth by transforming growth 
factor-beta isoforms 1–3 in vitro. Arch Oral Biol. 
1999;44:149–56.  

    22.    Hwang YC, Hwang IN, Oh WM, Park JC, Lee DS, 
Son HH. Infl uence of TGF-beta1 on the expression of 
BSP, DSP, TGF-beta1 receptor I and Smad proteins 
during reparative dentinogenesis. J Mol Histol. 2008;
39:153–60.  

    23.    Kitamura C, Kimura K, Nakayama T, Terashita 
M. Temporal and spatial expression of c-jun and 
jun-B proto-oncogenes in pulp cells involved with 
reparative dentinogenesis after cavity preparation of 
rat molars. J Dent Res. 1999;78:673–80.  

    24.    Rutherford RB, Wahle J, Tucker M, Rueger D, 
Charette M. Induction of reparative dentine formation 
in monkeys by recombinant human osteogenic pro-
tein- 1. Arch Oral Biol. 1993;38:571–6.  

    25.    Rutherford RB, Spångberg L, Tucker M, Rueger D, 
Charette M. The time-course of the induction of 
reparative dentine formation in monkeys by recombi-
nant human osteogenic protein-1. Arch Oral Biol. 
1994;39:833–8.  

    26.    Rutherford RB, Gu K. Treatment of infl amed ferret 
dental pulps with recombinant bone morphogenetic 
protein-7. Eur J Oral Sci. 2000;108:202–6.  

    27.    Rutherford RB. BMP-7 gene transfer to infl amed fer-
ret dental pulps. Eur J Oral Sci. 2001;109:422–4.  

    28.    Iohara K, Nakashima M, Ito M, Ishikawa M, 
Nakasima A, Akamine A. Dentin regeneration by 

dental pulp stem cell therapy with recombinant human 
bone morphogenetic protein 2. J Dent Res. 2004;83:
590–5.  

    29.    Gu K, Smoke RH, Rutherford RB. Expression of 
genes for bone morphogenetic proteins and receptors 
in human dental pulp. Arch Oral Biol. 1996;41:
919–23.  

    30.    Nakatomi M, Ida-Yonemochi H, Ohshima H. Lymphoid 
enhancer-binding factor 1 expression precedes dentin 
sialophosphoprotein expression during rat odontoblast 
differentiation and regeneration. J Endod. 2013;39:
612–8.  

    31.    Nakashima M, Mizunuma K, Murakami T, Akmine 
A. Induction of dental pulp stem cell differentiation 
into odontoblasts by electroporation-mediated gene 
delivery of growth/differentiation factor 11(Gdf11). 
Gene Ther. 2002;9:814–8.  

    32.    Paula-Silva FWG, Ghosh A, Silva LAB, Kapila 
YL. TNF-α promotes an odontoblastic phenotype in 
dental pulp cells. J Dent Res. 2009;88:339–44.  

    33.    Muromachi K, Kamio N, Matsumoto T, Matsushima 
K. Role of CTGF/CCN2 in reparative dentinogenesis 
in human dental pulp. J Oral Sci. 2012;54:47–54.  

    34.    Lovschall H, Fejerskov O, Flyvbjerg A. Pulp-capping 
with recombinant human insulin-like growth factor I 
(rhIGF-I) in rat molars. Adv Dent Res. 2001;15:
108–12.  

    35.    Murakami Masuda Y, Wang X, Yokose S, Yamada Y, 
Kimura Y, Okano T, Matsumoto K. Effect of glypi-
can- 1 gene on the pulp cells during the reparative den-
tine process. Cell Biol Int. 2010;34:1069–74.  

    36.    Chen L, Liu H, Sun W, Bai X, Karaplis AC, Goltzman 
D, Miao D. Fibroblast growth factor 23 overexpres-
sion impacts negatively on dentin mineralization and 
dentinogenesis in mice. Clin Exp Pharmacol Physiol. 
2011;38:395–402.  

    37.    Nagata K, Huang YH, Ohsaki Y, Kukita T, Nakata M, 
Kurisu K. Demonstration of type III collagen in the 
dentin of mice. Matrix. 1992;12:448–55.  

    38.    Yasuda Y, Izumikawa M, Okamoto K, Tsukuba T, 
Saito T. Dentin phosphophoryn promotes cellular 
migration of human dental pulp cells. J Endod. 
2008;34:575–8.  

    39.    Decup F, Six N, Palmier B, Buch D, Lasfargues JJ, 
Salih E, Goldberg M. Bone sialoprotein-induced 
reparative dentinogenesis in the pulp of rat’s molar. 
Clin Oral Investig. 2000;4:110–9.  

    40.    Goldberg M, Six N, Decup F, Buch D, Soheili Majd 
E, Lasfargues JJ, Salih E, Stanislawski L. Application 
of bioactive molecules in pulp-capping situations. 
Adv Dent Res. 2001;15:91–5.  

    41.    Almushayt A, Narayanan K, Zaki AE, George 
A. Dentin matrix protein 1 induces cyto differentia-
tion of dental pulp stem cells into odontoblasts. Gene 
Ther. 2006;13:611–20.  

    42.    Six N, Septier D, Chaussain-Miller C, Blacher R, 
DenBesten P, Goldberg M. Dentonin, a MEPE frag-
ment, initiates pulp-healing response to injury. J Dent 
Res. 2007;86:780–5.  

10 Reactionary and Reparative Dentin-Like Structures



154

    43.    Yoshiba K, Yoshiba N, Nakamura H, Iwaku M, 
Ozawa H. Immunolocalization of fi bronectin during 
reparative dentinogenesis in human teeth after pulp 
capping with calcium hydroxide. J Dent Res. 1996;
75:1590–7.  

    44.    Nakamura Y, Slaby I, Spahr A, Pezeshki G, 
Matsumoto K, Lyngstadaas SP. Ameloblastin fusion 
protein enhances pulpal healing and dentin formation 
in porcine teeth. Calcif Tissue Int. 2006;78:278–84.  

    45.    Lacerda-Pinheiro S, Septier D, Tompkins K, Veis A, 
Goldberg M, Chardin H. Amelogenin gene splice 
products A+4 and A-4 implanted in soft tissue deter-
mine the reorientation of CD45-positive cells to an 

osteo- chondrogenic lineage. J Biomed Mater Res A. 
2006;79:1015–22.  

    46.    Huang Y, Goldberg M, Le T, Qiang R, Warner D, 
Witkowska HE, Liu H, Zhu L, DenBesten P, Li 
W. Amelogenin exons 8 and 9 encoded peptide 
enhances Leucine Rich Amelogenin Peptide (LRAP) 
mediated dental pulp repair. Cells Tissues Organs. 
2012;196:151–60.  

    47.    Zheng L, Amano K, Iohara K, Ito M, Imabayashi K, 
Into T, Matsushita K, Nakamura H, Nakashima 
M. Matrix metalloproteinase-3 accelerates wound 
healing following dental pulp injury. Am J Pathol. 
2009;175:1905–14.      

M. Goldberg


	10: Reactionary and Reparative Dentin-Like Structures
	10.1	 Introduction
	10.2	 In Vivo Approach
	10.2.1	 Preparation of a Cavity Without Pulp Exposure
	10.2.2	 Preparation of a Cavity Followed by a Pulp Exposure

	10.3	 Reactionary Dentin (Tertiary Dentin)
	10.3.1	 Molecules Expressed or Influencing Reactionary Dentin Formation
	10.3.2	 Other ECM Molecules

	10.4	 Reparative Dentin-Like: From the Initial Formation of a dentin Bridge to Pulp Mineralization
	10.4.1	 Cells Implicated in Reparative Dentin-Like Formation
	10.4.2	 Cell Mediators Implicated in Reparative Dentin-Like Formation
	10.4.2.1	 Bone Morphogenetic Proteins
	10.4.2.2	 Other Growth Factors
	10.4.2.3	 ECM
	Collagens

	10.4.2.4	 SIBLINGs


	10.5	 Summary
	References


