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Abstract Background/purpose: Type 2 diabetes mellitus (T2DM), characterized by hypergly-
cemia, is a systematic disease affecting structure and healing ability in various tissues. This
study aimed to investigate whether T2DM could impair the dental pulp healing and cause un-
derlying pathological changes in the dental pulp before an injury occurred.
Materials and methods: Goto-Kakizaki rats were used as T2DM model animals and performed
with direct pulp capping procedures on the first maxillary molars. The molars at 1, 2, 4 weeks
after operation and non-injured molars were examined using hematoxylin and eosin staining,
immunohistochemical staining, immunofluorescence staining, and Masson’s trichrome staining.
The fresh dental pulp of maxillary incisors was collected for transmission electron microscopy
and glucose content evaluation.
Results: The T2DM rats showed deficient reparative dentin formation compared with the
healthy rats. Before the occurrence of an injury, underlying pathological changes of major
components in the pulp tissue were observed in T2DM rats, including vasculopathy; collagen
abnormalities; decreased proliferation, decreased odontogenetic differentiation and damaged
ultrastructure of dental pulp cells. High glucose content and advanced glycation end products
accumulation were further found in the pulp tissue in T2DM rats.
Conclusion: T2DM can impede pulp healing process in rats, which is associated with underlying
pathological changes in the non-injured pulp caused by the advanced glycation end products
accumulation under high-glucose conditions.
ª 2023 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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Introduction

Diabetes mellitus (DM) is a group of metabolic disorders
characterized by hyperglycemia. It is considered one of the
most common systemic diseases worldwide and its incidence
has been increasing progressively each year.1 Accumulating
clinical data have demonstrated that chronic hyperglycemia
can cause structural changes and impair self-repairing
capability of various tissues in diabetic patients, thus lead-
ing to diabetes-related complications, such as diabetic foot
ulcer,2 diabetic retinopathy,3 and diabetic periodontitis.4

With the widespread prevalence of DM, researches on the
relationship between DM and dental pulp healing has
recently garnered attention. In 2009, Garber et al.5 firstly
reported deficient reparative dentin formation after direct
pulp capping procedures in streptozotocin-induced type 1
diabetic rats. Later a few in vitro studies reported that
dental pulp cells (DPCs) exhibited aberrant proliferation and
odontogenic differentiation in high-glucose (HG) environ-
ment.6,7 The biologic basis of vital pulp therapy (VPT) is the
self-renewal and -repair ability of dental pulp, which rely on
the proliferation and odontogenic differentiation of DPCs to
generate reparative dentin.8 These researches suggested
that DMmay impair the self-repair ability and cause the poor
wound healing in the dental pulp, thereby resulting in an
increased failure risk when administering VPT in the clinic.
However, this statement has not been confirmed yet owing to
the absence of sufficient in vivo evidence. Hitherto, the ef-
fect of type 2 DM (T2DM,w90% DM) on the healing process of
the dental pulp remains unclear. Furthermore, the possible
mechanism that underlies the impairment of diabetic pulp
healing requires elucidation.

A wide variety of factors is believed to contribute to
impaired diabetic wound healing, involving vascular dis-
eases, collagen abnormalities and aberrant cell biological
behaviors.9e11 These lesions, caused by metabolic alter-
ations, could exist in diabetic skin before an injury occurs,
thus affecting all phases of wound healing and resulting in a
chronic wound.12 Studies have demonstrated that persis-
tent hyperglycemia can trigger the activation of abnormal
metabolic pathways. Nonenzymatic glycation is one of the
major metabolic remodeling activities and its biochemical
outcome involves the accumulation of advanced glycation
end products (AGE).13 Hyperglycemia and AGE accumula-
tion are identified as characteristic features of metabolic
alterations that occur during diabetes, which may disturb
the homeostasis in the microenvironment and are respon-
sible for the formation of the abovementioned lesions in
non-injured diabetic skin.13 Similar to the dermis, the
dental pulp is a type of connective tissue and it predomi-
nantly contains blood vessels (BVs), collagen and fibroblasts
(i.e., DPCs), all of which are known to play vital roles in
pulp healing.14,15 However, whether T2DM causes alter-
ations in these major components that are associated with
HG contents and AGE accumulation in the non-injured
dental pulp remains unclear. It is worth mentioning that
the dental pulp has a specific structure feature, which
contains a microcirculation system without collateral BVs.
It makes the pulp prone to irreversible inflammation, ulti-
mately leading to infection and necrosis.16 If vasculopathy
occurs in the diabetic pulp, the inflammatory response
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after injury may be more significant, which more likely
leads to impaired wound healing.16

Therefore, the current study aims to investigate
whether T2DM could impair pulp healing and cause under-
lying pathological changes of major components in the
dental pulp before an injury occurs. Addressing the issue
may help provide a theoretical basis for the establishment
of VPT strategies in diabetic patients.

Materials and methods

Animal procedures

All experimental animal studies were approved by the local
ethics committee ([2021]-DW-21). Male Goto-Kakizaki (GK)
and Wistar (age, 8 weeks; n Z 25) rats were used in the ex-
periments. All rats were obtained from Shanghai SLAC Lab-
oratory Animal Co., Ltd (SLAC, Shanghai, China). All animals
in both groups were anesthetized via an intraperitoneal in-
jection of 30 mg/kg pentobarbital sodium (SigmaeAldrich,
St. Louis, MO, USA). Then, 7 rats in each group were sacri-
ficed via intracardiac perfusion with 4% paraformaldehyde
(PFA) (SigmaeAldrich). The dental pulp of bilateralmaxillary
first molars was collected for follow-up experiments. The
remaining animals in each groupwere used to perform direct
pulp capping procedures. The dental pulp of bilateral
maxillary first molars in each group was exposed on the
mesial half of the occlusal surface with No. 1/4 surgical
round burs (Shofu, San Marcos, CA, USA). All cavities were
immediately restored with ProRoot MTA (Dentsply, Tulsa,
OK, USA) and composite resin (Kerr Corp, Orange, CA, USA).
After 1, 2 and 4 weeks postoperatively, the animals were
sacrificed via intracardiac perfusion with 4% PFA and maxil-
lary first molars were collected for follow-up experiments.

Histology, immunohistochemical and
immunofluorescence staining

After fixing the specimens in 4% PFA for 48 h, they were
decalcified for approximately 2 months, embedded in
paraffin and cut into 5-mm-thick sections. Hematoxylin and
eosin (H&E) staining was performed on these sections
(Sangon Biotech, Shanghai, China).

For immunohistochemical staining, the sections under-
went antigen retrieval by incubating with hyaluronidase,
treatment with 3% hydrogen peroxide, blocking with goat
serum blocking agent and incubation with primary anti-
bodies. The following primary antibodies were used: VEGF
(1:200; Affinity, Cincinnati, OH, USA), Col1A1 (1:200; Bos-
ter, Wuhan, China), Col3A1 (1:200; Boster), DMP1 (1:200;
gifts from Dr. Chunlin Qin, College of Dentistry, Texas A&M
University, College Station, TX, USA) and AGE (1:200;
Abcam, Cambridge, UK). For staining, biotin-labelled sec-
ondary antibody, streptavidin peroxidase, and DAB Detec-
tion Kit (Maxim, Fuzhou, China) were used according to
manufacturer’s instructions. The nuclei were counter-
stained with the hematoxylin solution. In each section,
positive signals were counted by a blinded observer in six
randomly selected areas from both the dental crown and
root at �200 magnification. Three different sections from
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one specimen were examined, with seven specimens in
each group. Image-Pro Plus 6.0 (Media Cybernetics, Silver
Spring, MD, USA) was used to perform immunohistochem-
ical quantification and analyses.

For immunofluorescence staining, the sections under-
went antigen retrieval through incubation with hyaluroni-
dase, treatment with 3% hydrogen peroxide, blocking with
goat serum blocking agent and incubation with anti-PCNA
primary antibody (1:200; Boster). Then sections were
incubated with Alexa Fluor 488 IgG labelled secondary
antibody (1:1000; Invitrogen, Carlsbad, CA, USA) and
counterstained with DAPI. The ImageJ (National Institute of
Health, Bethesda, ML, USA) software was used to measure
the percentage of positive nuclei.

Masson’s trichrome staining

Collagen fibers were evaluated with Masson’s trichrome
staining according to manufacturer’s instructions (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). The
morphometric analysis, corresponding to the blue color,
was performed using the ImageJ software (National Insti-
tute of Health).

Transmission electron microscopy (TEM)

The fresh dental pulp of maxillary first incisors was collected
for TEM analysis in rats aged 8 weeks. The tissue was fixed
with 2.5% glutaraldehyde, post-fixed with 0.5% OsO4, dehy-
drated with standard ethanol series, embedded in epoxy
resin and then cut into 70 nm-thick slides. After heavy metal
staining with 2% uranium acetate and 2.6% lead citrate, the
slides were observed via TEM (Hitachi, Tokyo, Japan) ac-
cording to the previously reported protocol.17 In each slide,
the BV diameter, basement membrane (BM) thickness and
pericyte coverage were counted at one randomly selected
BV. Collagen fiber density was measured at one randomly
selected field at �20,000 magnification. Furthermore, the
collagen fiber diameter was measured at an interval of 50
pixels in a single randomly selected collagen fiber at�40,000
magnification. For every ten slides, the first slide was
observed anda total of threedifferent slideswere calculated
for each specimen, with seven specimens in each group.

Glucose content assay in pulp tissue and blood
glucose test

The fresh dental pulp of maxillary first incisors was collected
for evaluation of glucose content in pulp tissue via glucose
assay reagent (Beyotime, Shanghai, China) in rats aged 8
weeks. At the meanwhile, the random blood glucose in tail
vein of each rat was tested with Accu-Chek Active Blood
Glucose Meter (Roche Diagnostics GmbH, Mannheim,
Germany).

Statistical analysis

Experiment data were statistically tested using SPSS 21.0
(SPSS Inc, Chicago, IL, USA) and GraphPad Prism 9.0
(GraphPad Prism Software, San Diego, Calif, USA). Data
were presented as mean � SD or median with the first and
312
third quartile. Comparisons between the two groups were
performed using the student’s t-test. Fisher exact test was
performed to analyze H&E results for the formation of
reparative dentin between two groups. Difference was
considered statistically significant at the P < 0.05 level.

Results

Impaired reparative dentin formation in T2DM rats

To evaluate the reparative dentin formation, histological
analysis was performed as shown in Fig. 1A. In the majority
of the cases, in the postoperative week 1, extensive
diffused reparative dentin was observed in healthy rats,
whereas no reparative dentin was observed in T2DM rats
accompanied by tissue necrosis, the area of which was
confined to the exposed cavity. In the postoperative week
2, a thin reparative dentin bridge was observed in healthy
rats; however, no reparative dentin was observed in T2DM
rats accompanied by tissue necrosis, which covered an area
of approximately 34.4% of the pulp chamber. In the post-
operative week 4, a thick dentin bridge was observed in
healthy rats, and necrosis covered an area of approximately
85.8% of the pulp chamber in T2DM rats. Regarding statis-
tical analyses, at 4 weeks after operation, 83.3% of cases
showed the formation of complete reparative dentin bridge
in healthy rats; 8.3% of cases showed no dentin bridge but
reparative dentin formation; and 8.3% of samples showed
no reparative dentin formation. However, in T2DM rats,
only an estimated 7.1% of cases showed complete dentin
bridge formation; 35.7% of cases showed no bridge but
reparative dentin formation; and 57.2% of cases showed no
reparative dentin formation (Table 1).

Morphological changes in the non-injured pulp in
T2DM rats

To investigate whether impaired diabetic pulp healing was
associated with underlying pathological changes in dental
pulp prior to the onset of an injury, we performed the his-
tological analysis in non-injured pulp. The results revealed
that the shape of pulp cavity in T2DM rats was irregular and
constricted. Furthermore, the arrangement of pulp cells was
considerably disordered, and thickened predentinwas noted
in some areas (Fig. 1B). Considering the morphological
changes observed, the histological changes of major com-
ponents in pulp tissue were further evaluated.

Vasculopathy in the non-injured pulp in T2DM rats

Compared with healthy rats, the vascular density in the
pulp tissue in T2DM rats appeared to be significantly
increased (P < 0.05), which was accompanied by an in-
crease in the expression of VEGF protein in BV wall
(P < 0.01; Fig. 2A and B). Obvious lumen deformation was
observed in terms of structural changes (Fig. 2C); however,
the BV diameter showed no significant changes in the T2DM
rats when compared with healthy rats (1.26 [0.83e1.99]
mm vs. 1.73 [0.88e2.30] mm, P > 0.05; Fig. 2D). Vascular
BM was significantly thickened in the T2DM rats, 1.67 times



Figure 1 Impaired reparative dentin formation after direct pulp capping procedures and morphological changes in the non-injured
dental pulp in T2DM rats. (A) Representative H&E staining images of reparative dentin formation at 1, 2, 4 weeks after direct pulp
capping procedures. N Z 6 per time point. The red triangles represent the exposed foramen. Scale bar: 400 mm. (B) Representative
H&E staining images of non-injured dental pulp. N Z 7. The arrows show the irregular shape of pulp cavity. The asterisks show the
disordered arrangement of dental pulp cells. Scale bar: 400 mm (left row), 200 mm (right rows). D: dentin; P: pulp; RD: reparative
dentin; IF: inflammation infiltration area; NA: necrosis area; PD: predentin. **P < 0.01 versus the control group.

Table 1 Proportion of teeth in the type 2 diabetic and
healthy rats with dentin bridge formation.

Group Sample
size

Dentin
bridge

No bridge
but form
reparative
dentin

No
reparative
dentin

P value
for
dentin
bridge

Control 12 10 1 1
T2DM 14 1 5 8 <0.01
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thicker than that observed in healthy rats
(80.15 � 11.41 nm vs. 47.98 � 5.00 nm, P < 0.01; Fig. 2E).
Vascular endothelial cells were damaged in T2DM rats,
manefested by mitochondrial swelling, cristae disturbance
and disappearance, and the decreased electron density in
the mitochondrial matrix (Fig. 2C). Compared with the
healthy rats, peripheral cell coverage in T2DM rats
appeared to be significantly decreased (15.54 � 3.52% vs.
41.15 � 5.72%, P < 0.01; Fig. 2F).
Collagen abnormalities in the non-injured pulp in
T2DM rats

Compared with the healthy rats, collagen fiber staining was
more obvious in the pulp tissues in T2DM rats when
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observed via optical microscopy (P < 0.01; Fig. 3A),
whereas the content of type I collagen was decreased
(P < 0.05), and the content of type III collagen showed no
significant changes (P > 0.05; Fig. 3B and C). The ratio of
type I/III collagen in the pulp tissue in T2DM rats appeared
to be significantly decreased (4.15 � 0.33 vs. 5.45 � 0.93,
P < 0.05; Fig. 3D). Notably, no significant change was
observed in terms of collagen fiber density in the pulp tis-
sue in T2DM rats via TEM (19.80 � 3.834 vs. 23.77 � 5.09,
P > 0.05; Fig. 3E and F). However, the diameter of collagen
fibre showed an irregular increase (39.49 [36.51e44.28] nm
vs. 35.62 [33.97e38.75] nm, P < 0.01; Fig. 3E, G).

Decreased proliferation, decreased odontogenic
differentiation, and damaged ultrastructure of
DPCs in the non-injured dental pulp in T2DM rats

Functionally, compared with the healthy rats, the level of
PCNA and DMP1 protein in the pulp tissue in T2DM rats were
significantly decreased (P < 0.01; Fig. 4A and B). This
indicated a decreased of cell proliferation and odontogenic
differentiation. Structurally, DPCs in the healthy rats were
predominantly spindle-shaped, whereas those in rats with
T2DM were mostly irregular and showed mitochondrial
swelling, cristae disorder and disappearance; decreased
electron density in the mitochondrial matrix; and bilayer
structure disappeared in some areas. The dilatation and



Figure 2 Vasculopathy in the non-injured dental pulp in T2DM rats. (A) Immunohistochemistry staining of VEGF in the pulp tissue.
The black arrows indicate the strong positive signals. Scale bar: 100 mm. Right panel shows the quantitative measurement of IOD/
area of VEGF. BV: blood vessel. (B) Blood density was calculated on VEGF staining images. (C) TEM images of blood capillary in the
pulp tissue. The triangles show the healthy mitochondria. The asterisks show the damaged mitochondria. The black arrow shows
the pericyte. The couple white arrows show the basement membrane (BM). Scale bar: 2 mm (left row) and 1 mm (right rows). The
diameter of blood capillary diameter (D), BM thickness in capillary (E), and pericyte coverage (F) were calculated on TEM images.
Data are presented as the mean � SD or median with the first and third quartile of seven independent experiments. **P < 0.01
versus the control group. NS, non-significantly difference between two different groups.
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vesiculation of the rough endoplasmic reticulum (ER) were
also observed (Fig. 4C).
High glucose content and AGE accumulation in the
non-injured pulp in T2DM rats

T2DM rats showed significantly higher blood glucose levels
than healthy rats (18.90 � 3.05 mmol/L vs.
6.67 � 0.81 mmol/L, P < 0.01). Glucose content in the pulp
tissue in T2DM rats also showed a significant increase
(12.61 � 2.72 mg/g tissue vs. 3.25 � 0.56 mg/g tissue,
P < 0.01). Immunohistochemical results revealed that the
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AGE levels in both the BV wall and extracellular matrix
(ECM) in the pulp tissue in T2DM rats were significantly
higher than those in healthy rats (P < 0.01; Fig. 5AeC). In
addition, periodic acid-Schiff (PAS)-positive substances
were excessively deposited in both the BV wall and ECM in
the pulp tissue in T2DM rats when compared with the
healthy rats (P < 0.01; Fig. S1).
Discussion

In this study, the dental pulp in T2DM rats showed impaired
wound healing and underlying disorders before an injury



Figure 3 Collagen abnormalities in the non-injured dental pulp in T2DM rats. (A) Masson staining of collagen fibres in the pulp
tissue. Scale bar: 200 mm (left row), 400 mm (right rows). Right panel shows the quantitative measurement of Masson staining
density, corresponding to the blue colour. (B) Immunohistochemistry staining of Col1 and Col3 in the pulp tissue. Scale bar: 200 mm.
(C) The quantitative measurement of IOD/area of type I and III collagen staining, respectively. (D) The ratio of type I/III collagen
content was calculated. (E) TEM images of collagen fibres in the pulp tissue. The black arrows show the irregular thickened collagen
fibre. Scale bar: 500 nm. The collagen fibre density (F) and diameter of collagen fibres (G) were calculated on TEM images. D:
dentin; P: pulp. Data are presented as the mean � SD or median with the first and third quartile of seven independent experiments.
*P < 0.05 and **P < 0.01 versus the control group. NS, non-significantly difference between two different groups.

Journal of Dental Sciences 19 (2024) 310e320
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Figure 4 Decreased proliferation, decreased odontogenic differentiation, and damaged ultrastructure of DPCs in the non-injured
dental pulp in T2DM rats. (A) Immunofluorescence staining of PCNA in the pulp tissue. Scale bar: 100 mm. Right panel shows the
quantitative measurement of the percentage of PCNA-positive nuclei/total nuclei. (B) Immunohistochemistry staining of DMP1 in
the pulp tissue. Scale bar: 200 mm. Right panel shows the quantitative measurement of IOD/area of DMP1. (C) TEM images of DPC in
the pulp tissue. The triangle shows the healthy mitochondria. The asterisks show the damaged mitochondria. The arrow shows the
dilation of endoplasmic reticulum. Scale bar: 1 mm. D: dentin; P: pulp; N: nuclear. Data are presented as the mean � SD of seven
independent experiments. **P < 0.01 versus the control group.
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occurred. In the clinic, expanding the indications for root
canal therapy or proposing a specific VPT strategy for T2DM
patients may be necessary.

A previous report on the effect of diabetes on pulp
healing after direct pulp capping procedures has been
316
aforementioned,5 in which streptozotocin-induced type 1
diabetic animal model was used. In this study, GK rat was
selected as a spontaneous T2DM animal model, which is a
preferrable animal model for T2DM with typical complica-
tions such as microangiopathy and macroangiopathy.18 Our



Figure 5 AGE accumulation in the non-injured dental pulp in T2DM rats. (A) Immunohistochemistry staining of AGE in the pulp
tissue. Scale bar: 200 mm. The quantitative of IOD/area in BV wall (B) and ECM (C) of AGE levels were measured. The black arrows
indicate the strong positive signals. D: dentin; P: pulp; BV: blood vessels. Data are presented as the mean � SD of seven inde-
pendent experiments. **P < 0.01 versus the control group.
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findings revealed that T2DM could also impede the dental
pulp healing process in rats, manifested by the deficient
formation of reparative dentin after direct pulp capping
procedures. Moreover, the success rate of dentin bridge
formation at 4 weeks after operation in T2DM rats was
lower than that reported by Garber et al., which may be
related to the different type or duration periods of DM.5 In
GK rats, hyperglycemia is detectable around 3.5 weeks of
age.19 Thus the duration periods of DM were 4.5 weeks in
our study, whereas it was 1 week in the study from Garber
et al.5

Several factors, involving BVs, collagen and DPCs, are
believed to contribute to physical pulp healing.14,15 More-
over, vasculopathy, collagen abnormalities and fibroblast
damage were reportedly known to exist in the diabetic skin
before injuries occur, thereby resulting in poor wound
healing.12 Therefore, we further investigated whether
these alterations could exist in the diabetic non-injured
dental pulp. Vasculopathy in combination with BM thick-
ening, ultrastructural damage of ECs, decreased pericyte
coverage, lumen deformation and increased vascular
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density was observed in the pulp BVs in T2DM rats. BM
thickening and damaged ultrastructure of ECs indicated the
endothelial dysfunction and were considered as early
typical changes in diabetic vasculopathy, which was not
conducive to vasodilation and leukocyte migration to the
wound site.20 Additionally, an over-deposition of PAS-
positive substances was observed in the pulp BV wall in
T2DM rats, which may explain for the BM thickening in the
diabetic pulp (Fig. S1). Pericyte, an important component
in the BV wall, constitutes the barrier between the BV and
interstitial tissue in combination with ECs.21 Pericyte defi-
ciency may manifest exocentric dilatation and tortuosity in
BVs.22 In the current study, the decreased pericyte
coverage may explain the severe lumen deformation in the
BVs of the diabetic dental pulp, which may affect local
blood flow and interfere with nutrient diffusion. In addi-
tion, increased BV density in the diabetic pulp may have
occurred due to VEGF overexpression. However, studies
previously reported a reduction in the number of BVs in the
pulp tissue of patients diagnosed with T2DM for more than
one year.16,23 Considering that the pulp BVs were observed
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in the early stages of T2DM (age, 8 weeks) in our study, the
duration periods of diabetes may be an important factor
affecting angiogenesis. Our data indicated that although
the BV density was increased, the endothelial function
remained limited and more studies were required to further
elucidate this finding. Retrospective analyses of previous
studies on the vasculopathy in the diabetic pulp revealed
that Russell and Bissada et al.20 have firstly reported
controversial vascular structural changes in the pulp tissue
of diabetics in the 1960s and 1970s e the former reported
angiopathies and thickened BM and the latter reported no
vascular changes in diabetics. However, relevant reports on
this issue are lacking and the influence of diabetes on
dental pulp microcirculation remains predominantly theo-
retical. Further research is warranted to acquire additional
valuable data on potential structural/molecular alterations
in pulp vessels to understand their correlation with poor
pulp healing in diabetic patients.

Collagen, the major component of pulp ECM, not only is
the structural protein for mineralization but also provides
tissue scaffold for DPCs and growth factors during dentin
formation.24,25 Our findings showed that under an optical
microscope, collagen fibers were more obvious in the
dental pulp in T2DM rats, and these results were consistent
with those reported by Moraru et al.16 Indeed, we found
that collagen fiber density did not change in the diabetic
pulp when examined via TEM, whereas the diameter of
collagen fiber showed irregularly thickening. These data
indicated that only qualitative changes occurred in collagen
fibers in the early stage of T2DM, and quantitative changes
may occur over time. The thickened collagen fibers might
transform the pulp from a loose connective tissue into a
fibrous tissue in the diabetic pulp, which may impede the
formation of the tissue scaffold for cell recruitments, and
was not beneficial for mineralization during pulp healing.
Furthermore, a decline in the content of type I collagen was
observed in the diabetic pulp. A previous report indicated
that HG directly down-regulated type I collagen synthesis in
pulp tissue in vitro.26 It raised the possibility that declined
content of type I collagen in diabetic pulp may have
occurred as a result of the decreased collagen synthesis in
DPCs under hyperglycemia condition. Type III collagen,
another component of collagen fiber,24 was found no
intergroup changes. Therefore, a relative decline in the
ratio of type I/III collagen was noted in the diabetic pulp.
Previous studies have reported that this low ratio is
attributable to the impairment of the stability of connec-
tive tissue as indicated in studies on hernia,27 which may
also facilitate the decrease in the mechanical properties of
diabetic skin and impaired diabetic wound healing.28 This
may provide a perspective regarding the pathogenesis of
poor diabetic pulp healing. Hitherto, researches on the
influence of diabetes on the pulp collagen are scarce. A
thorough understanding of diabetic pulp collagen is needed
to elucidate its pathological role in diabetic pulp healing.

DPCs are the most abundant cell type in pulp tissue and
play pivotal roles in pulp healing.15 A Few in vitro studies
have suggested that HG may inhibit DPC proliferation and
odontogenic differentiation.6,7 The in vivo experiments
performed in this study demonstrated that there was a
decrease in the proliferation and odontogenic differentia-
tion of DPCs in the pulp tissue in T2DM rats. Furthermore,
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damaged ultrastructure in DPCs in the diabetic pulp was
observed, manifested by mitochondrial swelling, cristae
disorder or disappearance and the ER dilatation. An
increasing number of studies have reported that mito-
chondria are critical modulators of various cells, involving
osteoblast,29 keratinocyte,30 periodontal ligament stem
cells31 under diabtic condition. Recently, studies reported
that the ER is a central organelle involved in cellular
function and metabolic adaptation. Disturbed ER function,
also known as “ER stress,” is an essential feature of
metabolic disorders, including T2DM.32 The aberrant ul-
trastructure of mitochondria and ER observed in our study
may provide important clues to the pathogenensis of
impaired DPC functions under diabetic conditions.

AGE formation is one of the main characteristics of
dysregulated metabolism in HG environment and plays an
important role in underlying disorders in diabetic non-
injured skin.13 AGEs are nonenzymatic glycated forms of
free amino acids and can cause abnormal crosslinking of
extra-cellular and intracellular proteins through the
disruption of the normal structure.33 Components of the
connective tissue matrix or BV wall are prime targets, such
as collagen, which is abundant in the dental pulp.34 Naka-
jima et al.35 reported a higher AGE content in diabetic pulp
tissue, however, the deposition location was not
mentioned. In the present study, AGE accumulated exten-
sively in the pulp ECM and BV walls in T2DM rats. Glyco-
sylation modification of collagen can alter its spatial
conformation and make it resistant to proteolytic degra-
dation of matrix metalloproteinases, thereby preventing its
replacement with new functional fibers. This indicated that
the thickening of collagen fibers may be partially a
compensatory response to AGE.36 Studies have reported
that AGE can directly cross-link with vascular BM proteins
and lead to BM thickening;33; AGE in ECs and pericytes can
directly impair the conformation and function of intracel-
lular proteins, and result in endothelial dysfunction;33,37;
AGE can exert a stimulatory role in endothelial cell pro-
duction of VEGF, which is involved in the development of
diabetic retinopathy.33 These suggested that vasculopathy
in the diabetic pulp may be attributable to the AGE
accumulation.

Apart from aforementioned histological changes, the
morphological changes were the first to be noticed in the
dental pulp in T2DM rats, which were constricted pulp
cavity and the irregularly thickened predentin. The struc-
tural changes in the pulp tissue was previously reported in
STZ-induced type 1 diabetic rats, and the possibility was
raised that constricted pulp cavity and extend predentin
might be due to AGE stimulation, which was further sup-
ported by our study.6,38 However, this causative relation-
ship warrants further elucidation, and the relationship
among constricted pulp cavity, thickened predentin and
deficient diabetic pulp healing also needs to be investi-
gated. In addition, the pulp matrix in T2DM rats was much
more viscous than that in healthy rats; this was observed
during sample collection, and it might be associated with
the over-deposition of PAS-positive substances (i.e., poly-
saccharides such as glycogen and emplastic substances such
as mucopolysaccharide) in the pulp ECM in T2DM rats
(Fig. S1), which further supported the sign of metabolic
alterations in the diabetic pulp.
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In conclusion, T2DM can inhibit the reparative dentin
formation in rats, which may be associated with underlying
pathological changes in the dental pulp before an injury
occurs, including vasculopathy; collagen abnormalities;
decreased proliferation, decreased odontogenic differen-
tiation and damaged ultrastructure of DPCs. Furthermore,
these preexisting pathological changes may be attributable
to the AGE accumulation under HG condition. In the clinic,
it has been a dilemma whether to conduct VPT or extend
the indication for root canal treatment in medically
compromised diabetic patients. Our study provides a pre-
liminary histological basis for solving this problem; howev-
er, this research is relatively incomplete. Additional clinical
data need to be collected. Extensive fundamental patho-
logical data is also needed to reveal and describe cellular
and molecular mechanisms of recognized alterations in the
non-injured pulp and reparative response to injuries during
diabetes to provide potential therapeutic targets for VPT in
diabetic patients.
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