
Dental Traumatology. 2023;39:361–370.	﻿�   | 361wileyonlinelibrary.com/journal/edt

Received: 21 August 2022  | Revised: 10 February 2023  | Accepted: 12 February 2023

DOI: 10.1111/edt.12831  

O R I G I N A L  A R T I C L E

Histological analysis for pulp mineralisation after severe 
intrusive luxation of immature molars in rats

Nan Wang1  |   Yike Gao1 |   Huihui Ren1 |   Linhai He2,3 |   Yuming Zhao1

© 2023 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd.

1Department of Pediatric Dentistry, 
Peking University School and Hospital 
of Stomatology & National Center for 
Stomatology & National Clinical Research 
Center for Oral Diseases & National 
Engineering Laboratory for Digital and 
Material Technology of Stomatology, 
Peking University, Beijing, China
2Department of Oral and Maxillofacial 
Surgery, Peking University School and 
Hospital of Stomatology, Beijing, China
3First Clinical Division, Peking University 
School and Hospital of Stomatology, 
Beijing, China

Correspondence
Yuming Zhao, Department of Pediatric 
Dentistry, Peking University School and 
Hospital of Stomatology, Zhongguancun 
South Avenue 22, Haidian District, Beijing, 
China.
Email: yumingzhao70@sina.com

Funding information
Research Foundation of Peking University 
School and Hospital of Stomatology 
(PKUSS20210105)

Abstract
Background/Aim: Pulp mineralisation is a survival process that may occur in the pulp 
of immature teeth following trauma. However, the mechanism of this process remains 
unclear. The aim of this study was to evaluate the histological manifestations of pulp 
mineralisation after intrusion in immature molars of rats.
Materials and Methods: Three-week-old male Sprague–Dawley rats were subjected 
to intrusive luxation of the right maxillary second molar by an impact force from a 
striking instrument through a metal force transfer rod. The left maxillary second 
molar of each rat was used as a control. The control and injured maxillae were col-
lected at 3, 7, 10, 14, and 30 days after trauma (n = 15 per time group) and evaluated 
using haematoxylin and eosin staining and immunohistochemistry. Independent two-
tailed Student's t-test was used for statistical comparison of the immunoreactive area.
Results: Pulp atrophy and mineralisation were observed in 30%–40% of the animals, 
and no pulp necrosis occurred. Ten days after trauma, pulp mineralisation, with osteoid 
tissue rather than reparative dentin, formed around the newly vascularised areas in 
the coronal pulp. CD90-immunoreactive cells were observed in the sub-odontoblastic 
multicellular layer in control molars, whereas the number of these cells was decreased 
in the traumatised teeth. CD105 localised in cells around the pulp osteoid tissue of the 
traumatised teeth, whereas in control teeth, it was only expressed in the vascular en-
dothelial cells of capillaries in the odontoblastic or sub-odontoblastic layers. In speci-
mens with pulp atrophy at 3–10 days after trauma, hypoxia inducible factor expression 
and CD11b-immunoreactive inflammatory cells increased.
Conclusions: Following intrusive luxation of immature teeth without crown fractures 
in rats, no pulp necrosis occurred. Instead, pulp atrophy and osteogenesis around 
neovascularisation with activated CD105-immunoreactive cells were observed in the 
coronal pulp microenvironment characterised by hypoxia and inflammation.
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1  |  INTRODUC TION

Intrusive luxation causes injury to the periodontal ligament, ce-
mentum, alveolar bone, and dental pulp. Complications of intruded 
permanent teeth include external replacement resorption, external 
inflammatory resorption, pulp necrosis with infection, and pulp min-
eralisation.1 Pulp necrosis after intrusion is less frequent in immature 
permanent teeth than in mature teeth, but immature teeth are more 
prone to pulp mineralisation, which occurs in 35%–42% of immature 
teeth after intrusive luxation.2,3

The histological manifestations of normal and aging dental pulp 
mineralisation are pulp stones or diffuse calcifications exhibiting 
smooth and compact surface structures, respectively.4,5 However, 
the morphology of mineralisation in the traumatised dental pulp of 
immature teeth has been rarely reported. Andreasen proposed that 
pulp mineralisation may present as reparative dentin, osteoid dentin, 
or even as bone (tissue metaplasia).6 Using an electron microscope, 
Heling et al. showed bone-like tissue growing in the root canals of 
five young permanent teeth after trauma.7 In vivo studies of avul-
sion in rat molars have shown both reparative dentin and osteoid 
mineralisation in the pulp.8–10 No studies on the histology and de-
velopment of pulp mineralisation in intrusive teeth were found in 
the literature.

Pulp mineralisation is an abnormal process of pulp survival in 
traumatised teeth that might be initiated by long-term, low-intensity 
stimuli. Severed or injured dental pulp produces angiogenesis-
related growth factors that promote angiogenesis.11–13 Various 
hypotheses for excessive mineralisation and dentin deposition in 
dental pulp have been proposed, and the most common cause is 
hypoxia or inflammatory stimulation caused by alterations in blood 
flow.14–16 Whether intrusive luxation induces pulp hypoxia or inflam-
mation needs to be determined.

Infection or trauma can cause cells in the dentin-pulp com-
plex, including immune cells, fibroblasts, and dental pulp stem cells 
(DPSCs), to mount a defence response.17 During tissue repair, low-
level inflammation can promote stem cell migration.18 The main 
pluripotent stem cells in dental pulp repair are DPSCs, which often 
express mesenchymal stem cell (MSC) surface markers, including 
CD29, CD44, CD59, CD73, CD90, CD105, and CD146, but rarely 
express haematopoietic stem cell markers (CD14, CD34, CD45, and 
CD11b).19 DPSCs primarily differentiate into odontoblasts but they 
can differentiate into osteoblasts in vitro.19 However, the specific 
differentiation mechanism is unknown. With the advent of single-
cell sequencing technology, researchers have investigated different 
DPSC subpopulations.20–24 Comparison of sequencing data from ex-
tracted and monolayer-cultured DPSCs has revealed that their cell 
compositions differ. The proportion of CD146-positive DPSCs was 
similar in vivo and in vitro, although these cells had stronger prolifer-
ation and osteogenesis abilities in vitro.21 Whether the mineralised 
tissues in dental pulp and normal dentin originate from the same 
subpopulation of MSCs and the mechanism underlying mineralisa-
tion is unclear.

A rat model of intrusive luxation of immature molars has been 
established, and in this model, pulp mineralisation developed in the 
coronal pulp at 14 days after injury.25 The aim of this study was to 
evaluate the histology and cell activities in traumatised pulps with 
mineralisation and to preliminarily explore their origin and develop-
ment. The proposed hypothesis was that dental pulp mineralisation 
after intrusion is reparative dentin formed by activated DPSCs.

2  |  MATERIAL S AND METHODS

This manuscript of an animal study was written in accordance with 
the Preferred Reporting Items for Animal Studies in Endodontology 
(PRIASE) 2021 guidelines (Nagendrababu et al. 2021, doi: 10.1111/
iej.13477) (Figure 1).

Male Sprague–Dawley rats (n  =  75; age, 3 weeks) purchased 
from Beijing Vital River Laboratory Animal Technology (Beijing, 
China) were housed in individually ventilated cage (IVC)-supervised 
facilities (three rats per cage; ad libitum food and water) under 
climate-controlled conditions and a 12-h light–dark cycle. All an-
imal procedures were approved by the Animal Research Ethics 
Committee of the Peking University Health Science Center, Beijing, 
China (LA2021160).

In the prior study, two or three of the five rats developed pulp 
mineralisation.25 In the present study, to ensure at least five sam-
ples with pulp mineralisation for statistical analysis of the histology 
(in case of animal death or other loss), the final sample size was in-
creased to three times that of the prior experiment (n = 15 per time 
point).

All experimental procedures were performed under anaesthe-
sia with an intraperitoneal injection of 2% sodium pentobarbital 
(0.20 mL/100 g body weight). Traumatic intrusion was experimen-
tally induced as previously described by applying a striking instru-
ment to the occlusal surface of the right maxillary second molar.25 
The left maxillary second molar was used as a control. The animals 
were resuscitated on a thermostatic appliance. No intervention was 
administered after intrusion.

Animals were sacrificed at 3, 7, 10, 14, and 30 days (n  =  15/
time point) after injury. Fifteen control and injured maxillae were 
collected for each time point and fixed in 4% paraformaldehyde, 
followed by decalcification in 10% ethylenediaminetetraacetic acid 
(EDTA) (pH 7.0) at 37°C for 4–6 weeks. Tissues were then dehy-
drated, embedded in paraffin the mesiodistal direction, and sec-
tioned into 4-μm thick sagittal sections using a microtome (Leica 
Instruments, Hubloch, Germany) for haematoxylin and eosin (HE) 
staining and immunohistochemistry.

For immunohistochemistry staining, sections were deparaffin-
ised with xylene and graded ethanol (100%−70%). Heat-mediated 
antigen retrieval was performed in Tris-EDTA buffer (pH 9.0) or ci-
trate buffer (pH 6.0) for 20 min at 70°C. After cooling and wash-
ing in phosphate-buffered saline (PBS, pH 7.2), the sections were 
incubated in 3% hydrogen peroxide and 10% goat serum for 20 min 
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at room temperature to block endogenous peroxidase activity and 
prevent non-specific binding, respectively. Thereafter, the sections 
were probed with rabbit or mouse anti-rat antibodies overnight at 
4°C. Specific information regarding the host, concentration, and 
manufacturer of the antibodies is shown in Table 1. Negative con-
trols were probed with PBS (pH 7.2). All sections were then incu-
bated with biotin-conjugated goat anti-rabbit or anti-mouse IgG and 
horseradish peroxidase (HRP)-conjugated streptavidin (ZSGB-BIO, 
Beijing, China) at room temperature for 20 min. After washing in 

PBS, the slides were incubated with 3,3-diaminobenzidine-tetrahyd
rochloride (DAB) in 0.05 M Tris–HCl buffer (pH 7.6) for visualisation 
and with haematoxylin (HE) for 30 s for nuclear staining.

To differentiate mineralised pulp from dentin, expression of 
the osteoblast-related proteins (runt-related transcription factor 2 
[Runx2], osterix [OSX], and osteocalcin [OCN]) and the odontoblast-
related proteins (nestin, dentin sialophosphoprotein [DSPP], and 
dentin matrix protein 1 [DMP1]) was evaluated. To investigate the 
origin of the mineralised tissue and the activities of different MSC 
subtypes in the coronal pulp, the expression of CD90, CD105, and 
CD146, which are surface markers of MSCs, was evaluated via im-
munohistochemistry. In addition, to explore the mechanism of oste-
oid mineralisation in the traumatised coronal pulp, the presence of 
inflammatory-related myeloid cells (CD11b+) and the expression of 
hypoxia inducible factor (HIF-1α) were evaluated.

All sections were observed under a light microscope (Olympus, 
Tokyo, Japan). In HE stained images, the coronal pulp was observed 
at 4× and 20× magnification. The frequency of pulp degeneration and 
mineralisation were determined. For immunohistochemical analyses, 
sections with intact tooth structure (including coronal pulp, root pulp 
and apical foramen) were involved. The coronal pulp segments in each 
specimen were examined at 20× magnification. Semi-quantitative im-
munohistochemical analyses were performed by measuring the per-
cent immunoreactive area in the matrix and cytoplasm (area%) of the 
whole coronal pulp using ImageJ software (Java 1.8.0_112). For each 
time point, three specimens from teeth with signs of pulp degenera-
tion or mineralisation, normal pulp after injury, and control pulp were 
chosen randomly for measurements. The data were analysed using an 
independent two-tailed Student's t-test in GraphPad Prism 7.0 statis-
tical software, and the significance level was set at p < .05.

3  |  RESULTS

Of the 75 rats (average weight 67.1 g), three died during recovery 
owing to excessive anaesthesia. The mean weight increases (g) of 
the animals at 3, 7, 10, 14, and 30 days after dental trauma were 
21.5 ± 2.5, 59.4 ± 7.3, 71.2 ± 6.5, 94.3 ± 11.2, and 263.5 ± 17.9, re-
spectively. The remaining animals were alive and had no systemic 
symptoms. No crown fractures or pulp necrosis occurred in any of 
the teeth. However, pulp atrophy and mineralisation initially devel-
oped in the coronal pulp but not in the root pulp during healing at 
3–30 days after intrusion (Figure 2). The occurrence of coronal pulp 
atrophy and mineralisation are presented in Table 2.

After injury, multicellular layer disappearance and vacuolar de-
generation of odontoblasts or fibroblasts were observed in the cor-
onal pulp at 3 days, followed by vasodilatation at 7 days. From day 
10, the number of cells around the vascularisation area increased. At 
14–30 days after trauma, osteoid mineralisation appeared in the cor-
onal pulp of some teeth and filled the coronal pulp chamber, replac-
ing the connective tissues. There were no histological differences 
of pulp between the non-mineralised injured specimens (Figure 2U–
Z,I–IV) and the control specimens (Figure 2A–J).

F I G U R E  1  PRAISE 2021 flow chart.
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Runx2 and OSX are usually expressed in pre-osteoblasts. 
Nestin, a marker of neural stem cells, is expressed in pre-
odontoblasts. In this study, Runx2, OSX, and OCN, but not Nestin, 
DSPP, or DMP1, were highly expressed in immature and mature 
mineralisation tissues (Figure  3G–R), indicating that the coronal 
mineralised matrix was bone and not dentin. Thus, the functional 
cells around the osteoid tissue were more likely to be osteoblasts 
than odontoblasts.

In control molars, CD90-immunoreactive cells were primarily ob-
served in the sub-odontoblastic multicellular layer, and some were 
observed in the perivascular region of the coronal pulp. In intrusive 
molars with pulp atrophy and mineralisation, CD90-immunoreactive 
cells were decreased in the sub-odontoblastic layers and were not 
present around the osteoid tissue (Figures 4H–N,III and 5A).

More CD105 localised in cells outside the vascular endothelial 
cells around the pulp osteoid tissue at 3–14 days after dental trauma 
compared with that in normal teeth after injury and control teeth, 
where it was only expressed in the vascular endothelial cells of cap-
illaries in the odontoblastic or sub-odontoblastic layers (Figures 4O–
U,III and 5B). At 30 days after trauma, it disappeared, indicating that 
when osteoid tissue development was complete, the role of CD105-
positive cells was complete.

CD146 was expressed in the odontoblastic layer of control mo-
lars and normal teeth after injury. In molars with pulp atrophy and 
mineralisation, CD146 was highly expressed in the vascular endo-
thelial cells around the osteoid tissue of the coronal pulp and did 
not disappear until 30 days after the dental trauma, which was con-
sistent with the expression of CD34, a marker of neovascularisation 
(Figures 4A–G,V–Z,I–III and 5C).

CD11b expression gradually increased in the coronal pulp from 
day 3 to day 10 after trauma and decreased in the mineralised re-
gion (Figure  6F–J). HIF-1α was primarily expressed in the odonto-
blastic layer of control molars where dentin formation was active 
(Figure 6K). After injury, it was highly expressed in the pulp tissue 
at 3–10 days (Figure 6L–N). At 14 days after trauma, cells enclosed 
in the osteoid mineralisation (osteocytes) were negative for HIF-1α, 
and the cells around the mineralised region (osteoblasts) had weak 

HIF-1α staining (Figure 6O), which was similar to the expression in 
the odontoblastic layer.

4  |  DISCUSSION

This study used an animal model of dental trauma and described the 
pulp-healing processes following intrusive luxation in young perma-
nent teeth of rats. In the model, osteoid mineralisation developed in 
the coronal pulp.

Osteoclasts and bone marrow-like structures were observed 
around the pulp osteoid tissue. The presence of OSX/OCN-positive 
and Nestin/DSPP/DMP1-negative cells during osteogenesis in-
dicated that the osteoblastic, not odontoblastic, differentiation 
occurred in the coronal pulp. Those intra-pulp osteoblasts might 
originate from: (1) DPSCs or (2) stems cells recruited from Hertwig's 
epithelial root sheath, periodontal ligament and/or bone marrow mi-
grating to the pulp through the open apical foramen.

Many studies have shown that DPSCs can differentiate into os-
teoblasts in vitro, which may support the first possibility.26–29 The 
results of this study show that MSCs in the dental pulp space may 
form histologically different structures in the mineralised tissue (i.e., 
dentin or bone). However, the key factors and mechanisms that in-
duce MSCs differentiation into odontoblasts or osteoblasts have yet 
to be confirmed.

Some studies have used models of tooth avulsion in immature 
rat molars.8–10 During the process of pulp healing, reparative den-
tin and osteoid tissue were simultaneously observed, which was 
very similar to the findings in this study. In addition, 30%–40% of 
the specimens had osteogenic pulp mineralisation, while others 
had reparative dentin formation. Although avulsion and intrusion 
are different types of dental trauma, there are some similarities 
between them, since, both keep the crown intact (without bacte-
rial infection) and the apical blood supply is severed. It is suggested 
that osteoid mineralisation in the pulp may be related to apical 
blood supply reconstruction. In an experiment involving the trans-
plantation of a GFP-transgenic rat tooth into a wild-type rat tooth 

Antibody Host Dilution Manufacturer ID number

CD11b Rabbit 1:4000 Abcam ab133357

HIF-1α Rabbit 1:500 GeneTex GTX127309

Runx2 Rabbit 1:2000 Abcam ab236639

OSX Rabbit 1:1000 Abcam ab209484

Nestin Mouse 1:10,000 Abcam ab6142

OCN Rabbit 1:200 Bioss bs-4917R

DMP1 Rabbit 1:200 Bioss bs-12359R

DSPP Mouse 1:50 Santa Cruz sc-73,632

CD34 Rabbit 1:2500 Abcam ab81289

CD90 Rabbit 1:200 Abcam ab92574

CD105 Rabbit 1:1000 Abcam ab252345

CD146 Rabbit 1:250 Abcam ab75769

TA B L E  1  Antibodies used in this study.
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socket, GFP-positive cells were detected on the surface of dentin-
like tissue, but not in osteoblast-like cells on the surface of newly 
formed intra-pulp osteoid tissue. This implies that osteoblast-like 

cells came from MSCs that migrated from the recipients.9 Further 
studies are required to verify the origin of osteoid tissue in the 
dental pulp after trauma.

F I G U R E  2  Healing of dental pulp in the intrusive immature molars of rats. (A–J) The coronal pulp of control teeth consisted of fibrous 
connective tissue. The dentin continued to develop as the distance between the top and bottom of the pulp cavity gradually decreased; 
(K–T) Pulp atrophy occurred in the early stage after trauma (K, L, P, Q), and repair began 10 days later (M, R). Osteoid mineralisation was 
observed in the coronal pulp around the vascularisation area, and the development of normal dentin was interfered (N, O, S, T); (U–Z, I–IV) 
Normal pulp after injury: no histological difference between non-mineralised injured pulp and control pulp. Scale bars: 200 μm (A–E, K–O, 
U–Y), 50 μm (F–J, P–T, Z, I–IV).

n/N

Day 3 Day 7 Day 10 Day 14 Day 30

Pulp atrophy 6/14 5/14 4/14 1/15 0/15

Pulp mineralisation 0/14 0/14 5/14 5/15 5/15

Normal pulp 6/14 9/14 5/14 9/15 10/15

Note: n: Number of animals with pulp atrophy, pulp mineralisation, or normal pulp.
N: Total number of animals at each time point.

TA B L E  2  Occurrence of atrophy and 
mineralisation in traumatic dental pulp in 
the immature molars of rats.
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F I G U R E  3  Coronal pulp mineralisation after dental trauma. The coronal pulp tissue of control rat molars consisted of the dentin, pre-
dentin, odontoblast layer, multicellular layer (red arrow), and pulp core with fibrotic connective tissues and equally distributed cells (A). 
Beginning at 10 days after trauma, cell proliferation (B), followed by osteoid mineralisation (C–E) appeared around the vascularisation area, 
wherein osteoclasts were observed (black arrows). The osteoid tissue in the pulp cavity at 30 days after trauma (E) was similar to the normal 
alveolar bone at the furcation of teeth (F), which had bone marrow structures (yellow arrows). The multicellular layer and development of 
pre-dentin were interfered (C–E, red arrow) in teeth with central osteoid tissue formation. In the cell proliferation region (G–I) and premature 
osteogenic site (M–O), the osteoblast-related proteins Runx2 (G, M) and OSX (I, O) were expressed rather than the odontoblastic-related 
protein Nestin (H, N). In mature traumatic pulp mineralised sites, OCN was highly expressed in surrounding cells (R), while in control teeth it 
was weakly expressed in odontoblasts (L). Compared with the strong expression in odontoblasts closely related to dentin formation (J, K, Q, 
blue arrow), DSPP and DMP1 were not shown in cells around pulp osteoid mineralisation (P, Q). Scale bar: 50 μm. D, dentin; OD, odontoblast 
layer; pr, pre-dentin; P, pulp core.

(A)

(G)

(M)

(B)

(H)

(N)

(C)

(I)

(O)

(D)

(J)

(P)

(E)

(K)

(Q)

(F)

(L)

(R)

F I G U R E  4  Localisation of mesenchymal stem cell subtypes in normal and traumatic dental pulp. (A–G) CD34 localised in neovascular 
endothelial cells around the neovascularisation area in traumatic dental pulp compared with that in the control molar. (H–N) CD90-
immunoreactive cells were observed in the sub-odontoblastic multicellular layer and perivascular region of control coronal pulp (H) and 
in normal pulp after injury (I). In the abnormal pulp of intrusive molars at 3–30 days after dental trauma, CD90 expression was decreased 
in the sub-odontoblastic layers and disappeared around osteoid tissue (O–U), CD105 localised in cells of pulp with atrophy and osteoid 
mineralisation of injured teeth at 3–14 days after dental trauma (Q–T). In control teeth and in normal pulp after injury, CD105 was 
only expressed in the vascular endothelial cells of capillaries in the odontoblastic or sub-odontoblastic layers (O, P). (V–Z, I–II) CD146 
located in the odontoblastic layer in control pulp and normal pulp after injury. In abnormal traumatic pulp, CD146 was expressed in the 
vascular endothelial cells and continued until 30 days after dental trauma. (III) Semi-quantitative analysis of CD90, CD105, and CD146 
immunohistochemistry. Scale bar: 50 μm. *p < .05, **p < .01, ***p < .001, ****p < .0001.
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This study preliminarily detected the changes in stem cell mark-
ers in dental pulp tissue and found that CD90-immunoreactive cells 
were distributed in the sub-odontoblastic layer, which was close 
to the odontoblasts and pre-dentin, but were not related to post-
traumatic dental pulp osteogenesis, suggesting that they might be 
related to dentin development. Other studies have also shown that 
CD90-immunoreactive cells are related to reparative dentin forma-
tion in molars and continuous dentin development in mouse inci-
sors.30–32 Although CD146 immunoreacted with cells around the 
osteoid tissue, it was highly expressed in the vascular endothelial 
cells and kept stable until the process of osteogenesis finished. This 
finding indicated that CD146-positive cells might have differentiated 
into vascular endothelial cells in the traumatised pulps, but not into 

osteoblasts. CD105 was not found in the sub-odontoblastic layer 
close to the pre-dentin in the control pulps, while it was activated 
in cells outside the vascular endothelial cells around the neovascu-
larisation after trauma and disappeared when osteogenesis stopped, 
suggesting that they might be related to perivascular pulp osteogen-
esis. However, whether CD105-positive cells are derived from peri-
cytes, MSCs or vascular endothelial cells need further confirmation.

It has been reported that MSC subpopulations with different 
combinations of surface markers exhibit different tendencies to-
wards osteo/odontogenic, adipogenic, and neurogenic commit-
ment,33,34 but the specific stem cell subtype most closely related 
to odontoblast differentiation is unknown. Distinguishing stem cell 
subsets and detecting their functions is another potential research 

F I G U R E  5  Cell morphology and localisation of CD90, CD105 and CD146 in mineralised pulp at higher magnification. (A) No signs of 
CD90 were detected around neovascularisation and osteoid tissue. (B) CD105 located in cells outside the vascular endothelial cells around 
neovascularisation at intra-pulp osteogenic region. (C) CD146 was expressed in the intra-pulp vascular endothelial cells. Scale bar: 20 μm.

(A) (B) (C)

F I G U R E  6  Evaluation of the coronal pulp microenvironment after intrusive luxation. Normal pulp consists of the dentin, pre-dentin, 
odontoblast layer, multicellular layer, and pulp core (A, B), and there was no expression of the inflammatory cell marker CD11b (G). HIF-1α 
was primarily expressed in the odontoblast layer rather than at the centre of control pulp (M). CD11b and HIF-1α expression in normal pulp 
after injury (H, N) were the same as that in the control. In contrast, in the coronal pulp of abnormal traumatic molars, the multicellular layer 
disappeared, and vacuolar degeneration of odontoblasts or fibroblasts occurred at 3–10 days after intrusion (C–E) along with increases in 
CD11b-positive inflammatory cells (I–K) and HIF-1α expression (O–Q). At 14 days after trauma, osteoid tissue (red asterisk) was observed in 
coronal pulp (F), and CD11b and HIF-1α expression were decreased in the mineralised region (L and R, red asterisk). (S–X) Negative control 
of specimens probed only with secondary antibody. (Y) Semi-quantitative analysis of CD11b and HIF-1α immunohistochemistry. Scale bar: 
50 μm. *p < .05, **p < .01, ***p < .001, ****p < .0001.
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direction. Alvarez et al. found that CD271 was the most useful sur-
face marker for identifying dental MSCs with high odontogenic po-
tential.33 Gli1+ cells around the artery of the neurovascular bundle 
can proliferate and differentiate into dental pulp cells and odonto-
blasts in the incisors of mice, and their offspring cells nearly fill the 
dental pulp within 4 weeks.35 These markers could be tracked in this 
rat model of dental intrusion to verify their impact on MSCs and ex-
plore the post-injury activities of MSCs. This would provide a theo-
retical basis for determining the mechanisms of dentin development 
and post-traumatic pulp repair.

CD11b-positive inflammatory cells infiltrated the traumatised 
dental pulp. CD11b is a marker of myeloid-derived cells, including 
monocytes, macrophages, dendritic cells, neutrophils, and lym-
phocytes. The specific inflammatory cells involved in dental pulp 
recovery require further investigation. Rungvechvuttivittaya et al. 
reported that dendritic cells concentrated in the normal pulp tissue 
and showed a marked accumulation along the pulp-dentine border.10 
While, in replanted avulsed teeth, the macrophages, TRAP-positive 
and CK-positive cells (typical markers of osteoclasts) were more 
active and contacted with MSCs around intra-pulp osteoid miner-
alisation.8 This suggests that immune microenvironment may have 
effects on the differentiation of MSCs, providing a valuable research 
direction for pulp regeneration.

Trauma always induces ischaemia, leading to local hypoxia 
caused by blood deficiency. HIF-1α is a hypoxia-related protein. In 
experimental molars, pulp mineralisation developed in the coronal 
pulp with expansive vascularisation, and expression of CD34 and 
HIF-1α increased, indicating hypoxia. Hypoxia and HIF-1α can pro-
mote osteo/odontoblast differentiation of human DPSCs in vitro,36 
which is partially dependent on Wnt/β-catenin signalling, and B-cell 
CLL/lymphoma 9 (BCL9) is a key mediator.16 It was suggested that 
enhanced angiogenic potential through VEGF-A and Ang-2 released 
from hDPSCs under hypoxia supported vascularised osteogenesis in 
the pulp.14,15

Differentiation of hDPSCs into osteo/odontoblasts in vitro 
under different hypoxic conditions (1%–5%) resulted in increased 
expression of osteogenesis- and odontogenesis-related proteins, 
such as BSP, OCN, DSPP, and DMP1.36 In contrast, in this study, 
expression of only the osteogenesis-related proteins (Runx2, OSX, 
and OCN) was increased in the region of pulp mineralisation and the 
odontogenesis-related proteins (Nestin, DSPP, and DMP1) were not 
detected. This suggests that hypoxia promotes mineralisation, and 
MSC differentiation, that is, osteogenesis or odontogenesis, might 
be regulated by other factors. Pasiewicz et al. reported that the 
complement fragment C5a modulated the odontogenic differentia-
tion of hDPSCs under normoxic conditions. However, a low oxygen 
tension microenvironment could reverse its differentiation effect.37 
Understanding microenvironmental control of stem cell differentia-
tion is essential for establishing successful dentin repair strategies 
in injured pulps. C5a and hypoxia and the interaction between the 
immune system and oxygen levels might be key initial signals con-
trolling odontogenic differentiation of DPSCs. Therefore, reversing 
the hypoxic environment in the pulp might be a solution to promote 

normal dentin development after trauma. For instance, oxygen-
carrying biomaterials for pulp capping or hyperbaric oxygen therapy 
using a periodontal approach may be potential treatment options. 
However, before applying these treatment options, the hypoxic sta-
tus of the dental pulp must be confirmed. This can be achieved via 
Laser Doppler Flowmetry to detect blood oxygen saturation.38–40

This study used a previously established rat model of intrusive 
luxation. The advantage of this model is that the force and direc-
tion of trauma are consistent and repeatable. No crown fracture oc-
curred during the experiment, indicating no bacterial infection, thus 
providing a good model to investigate the host response to trauma. 
However, this model has some limitations. In clinical practice, 
trauma often occurs to the incisors. In this study, rat molars were 
used, as rat incisors continue to grow throughout their lives, thereby 
differing from human incisors. Whether pulp healing of molars is 
equivalent to that of incisors needs to be confirmed. Additionally, 
because of the thin bone plate in the molar area of rats, traumatic 
intrusion of molar is often accompanied by alveolar bone frac-
ture. This does not always occur in incisor's intrusion and instead 
the tooth becomes wedged into the alveolar bone. Although pulp 
osteoid mineralisation has substantial research value, periodontal 
tissue complications in this animal model, such as external replace-
ment resorption, do not occur frequently. Therefore, research on 
periodontal tissue healing cannot be conducted. Other models with 
controllable and standardised intrusive luxation using more accu-
rate forces are needed.

5  |  CONCLUSION

After intrusive luxation of immature teeth without crown fractures 
in rats, no pulp necrosis was observed. However, pulp atrophy and 
osteogenesis occurred in the coronal pulp. The number of CD90-
immunoreactive cells in the sub-odontoblastic layer decreased, 
whereas CD105-immunoreactive cells appeared around the intra-
pulp mineralisation during healing after trauma in the pulp micro-
environment, which is characterised by hypoxia and inflammation.
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