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a b s t r a c t

Objectives: Understanding morphological changes and mineral content of tooth hard tissues may

influence dental treatment. In this study, the effect of Type 1 Diabetes Mellitus (T1DM) on tooth

structure was examined.

Methods: Experimental T1DM was induced in 3-week old male Wistar rats (n = 10) by a single dose

of 60 mg/kg body weight of Streprozotocin. All rats were injected with calcein twice during the

experiment and sacrificed at the age of 7 weeks old. Micro-computed tomography (micro-CT) was

used to determine the mineral density and thickness of enamel and dentine. Also, a histomorphom-

etery study was conducted to detect the rates of dentine mineral apposition and formation. The

examined area was in the crown analogue of the rat mandibular incisor parallel to the long axis

of the mesial surface of the first molar. All results were compared using Students’ t-test ( p < 0.05).

Results: Results showed that the enamel and dentine thickness were significantly reduced

(hypoplasia) and there was a significant reduction of the rate of dentine mineral apposition

and formation, while there was no significant effect of the T1DM condition on the mineral density

of enamel and dentine.

Conclusions: T1DM has a detrimental influence on the formation of enamel and dentine in the

early growth stage.

Clinical significance: T1DM condition may alter treatment planning of orthodontic treatment as

it is associated with decreased enamel and dentin thickness that may affect teeth size and their

resistance to caries.

# 2015 Elsevier Ltd. All rights reserved.

* Corresponding author at: Operative Dentistry Department, Faculty of Dentistry, King Abdulaziz University, P.O. Box 80209, Jeddah 21589,
Saudia Arabia. Tel.: + 00966593944171; fax: + (00966) 012 6404166.

E-mail address: drahmedbakry@gmail.com (A.S. Bakry).

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.intl.elsevierhealth.com/journals/jden
http://dx.doi.org/10.1016/j.jdent.2015.01.005
0300-5712/# 2015 Elsevier Ltd. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jdent.2015.01.005&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jdent.2015.01.005&domain=pdf
http://dx.doi.org/10.1016/j.jdent.2015.01.005
mailto:drahmedbakry@gmail.com
http://www.sciencedirect.com/science/journal/03005712
www.intl.elsevierhealth.com/journals/jden
http://dx.doi.org/10.1016/j.jdent.2015.01.005


j o u r n a l o f d e n t i s t r y 4 3 ( 2 0 1 5 ) 5 8 9 – 5 9 6590
1. Introduction

Type 1 Diabetes Mellitus (T1DM) is a chronic condition in

which the pancreas produces little or no insulin necessary for

glucose metabolism. It is one of the most prevalent systemic

disorders affecting an increasing number of individuals

globally. This disease exhibits various detrimental altera-

tions on bones, and mineral metabolism.1–3 However, there is

scant information available on the possible effects exerted by

the diabetic condition on tooth development and mineral

content. Various clinical studies reported high caries preva-

lence in diabetic children when compared with healthy

controls.4 Previous research suggested that the aforemen-

tioned increased caries prevalence associated with type 1

diabetes may be due to alteration in the salivary gland

functions that causes decreased salivary flow. Alternative

speculations were that T1DM produced increased salivary

glucose levels which may have increased permeability of the

parotid gland basement membrane to the elevated blood

glucose.4

Understanding the factors contributing to the increased

caries susceptibility in young patients suffering from the

diabetic condition, especially young orthodontic patients who

have high probability for the development of caries during

their orthodontic treatment may help dentists to plan suitable

strategies for protecting such patients against the expected

caries challenges. Moreover, it is of prime importance for

dentists and orthodontists to explore any factors that might

affect the dental tissues growth and thus the size of the teeth,

which has a strong impact on the orthodontic treatment

planning.5

In this study, non-destructive micro-computed tomogra-

phy (micro-CT) was used to examine the influence of induced

T1DM on enamel and dentine mineral density and thickness

using an experimental rat model. Micro-CT uses a focused

beam to provide higher resolution on small samples in vitro.6

This method has been frequently used in experiments

exploring bone7,8 and is considered a promising technique

for the assessment of tooth mineral density.9–12 Moreover, a

histomorphometric study was conducted to determine the

effect of the T1DM condition on dentine formation and

dentine mineral apposition rates in the continuously growing

lower incisors of Wistar rats. This is an appropriate model for

examining the effects of different factors on the development

of hard tissues.2 The tested null hypotheses in this study were

that the T1DM condition will not adversely affect thickness,

mineral density, and the rate of tissue formation and mineral

apposition in enamel and dentine.

2. Materials and methods

2.1. Animals and experimental diabetic model

Animal protocols were approved by the Institutional Animal

Care and Use Committee of King AbdulAziz University and

Tokyo Medical and Dental University, and the experiment was

carried out under the control of the University’s Guidelines for

Animal Experimentation.
Twenty 3-week old male Wistar rats were used for this

study. They were randomly divided into two groups, the

control group and the T1DM group; each group consisted of ten

rats. The rats in the control group were injected intra-

peritoneally with a single dose of 0.1 M sodium citrate buffer

(pH 4.5), while the rats in the T1DM group were injected intra-

peritoneally with a single dose of citrate buffer containing

60 mg/kg body weight of streptozotocin (STZ; Sigma Chemical

Co., St. Louis, MO, USA).2,13,14 All animals were fed standard

rodent diet (Rodent Diet CE-2; Japan Clea Inc., Shizuoka, Japan)

with free access to water. Body weights, the presence of

glucose in urine and blood glucose levels were recorded on day

0, 2, 7, 14, 21 and 28 after STZ injection.

T1DM condition was diagnosed by the presence of glucose

in urine and elevated blood glucose concentration. The urine

was tested using reagent strips (Uriace Ga; TERUMO).3 Blood

samples of the rats were obtained via tail vein, and blood

glucose levels were determined using a glucometer (Ascensia

Brio. Bayer Medical). Positive urine test and a blood glucose

level greater than 200 mg/dl was considered diagnostic for

T1DM.2

2.2. Calcein administrations and sections preparation

All rats were subcutaneously injected with 50 mg/kg body

weight calcein fluorescent marker on day 21 and day 28 after

STZ injection. At the end of the study, all animals were

anaesthetized and sacrificed by transcardiac perfusion by 4%

paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The

right mandibles were removed and fixed in the same solution.

After being embedded in polystyrene resin (Rigolac, Nisshin

EM Co. Ltd., Tokyo, Japan), undemineralized ground mesial

sections were cut using water-cooled diamond saw micro-

tome (1600 Microtome, Leitzwetzlar, Germany) parallel to the

long axis of the rat molars just 2 mm to the mesial surface of

the first lower molar crown; the distal second cut was done

2 mm distal to the crown of the first molar. The specimen

mesial surface was then ground flat with water-cooled silicon

carbide discs (600- and 1200-grade papers; Buehler) till it is

possible to observe the two mesial canals and two mesial pulp

chamber horns of the first molar. The ground mesial surface

was glued on a glass slide and the same grinding procedures

were repeated from the distal surface until we can observe the

two mesial canals and two mesial pulp horns of the first molar

from the distal side. The obtained specimen is then wet-

polished using diamond paste (1 mm; Buehler) to obtain a

highly polished surface.15

2.3. Analysis of histomorphometric indices

Dentine formation indices in control and T1DM groups were

determined in the crown analogue area parallel to the long

axis of the mesial surface of the first molar. A digitizing

morphometry system was used to measure the dentine

formation indices. The system consisted of a confocal laser

scanning microscope (LSM510, Carl Zeiss Co. Ltd., Jena,

Germany), and a morphometry program (LSM Image Browser,

Carl Zeiss Co. Ltd., Germany). Dentine formation indices

included dentine mineral apposition rate (mm/day) and

dentine formation rate (mm3/mm2/day). This method was



Fig. 1 – (A) Representative 3D reconstruction of the left mandible imaged by micro-CT. (B) The left mandible with the vertical

reference line extending parallel to the mesial surface of the first molar. (C) Mineral density calibration curve based on the

grey scale values obtained from the mineral reference phantoms (linear regression, R2 > 0.99). (D) Graph showing that there

was no significant difference in the incisor enamel and dentine mineral densities between the control and T1DM groups.
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modified from a method described by Parfitt16 for the

calculation of bone indices. The calcein-labelled dentine

surface (CLS, in mm) was calculated as the sum of the length

of double labels (dL) plus one half of the length of single labels

(sL) along the entire dentine surface; that is, CLS = dL + 0.5sL.17

The mineral apposition rate (MAR, in mm/day) was determined

by dividing the mean of the width of the double labels by the

interlabel time (7 days). The dentine formation rate (DFR) was

calculated by multiplying MAR by CLS.18 For the measure-

ments of mineral apposition rate, the average of 3 inter-label

widths at a 100-mm interval was calculated for each sample.

2.4. Microtomography of the mandible

All of the left mandibles were mounted on a computer-

controlled turntable of a micro-CT (inspeXio SMX-100CT;

Shimadzu Science, Kyoto, Japan), which synchronized the

rotation and axial shift. A 0.2-mm-thick brass (Cu–Zn) filter

was installed in the beam path to reduce beam-hardening

effect.19 The tube voltage was 90 kV at a current of 110 mA.

Specimens were scanned using a 3608 rotation with a step

rotation of 0.38. The nominal isotropic resolution of the setup

was 20.3 mm, with an integration time of 320 s. The distances

from the X-ray source to the sample and to the detector were

207 mm and 500 mm, respectively. The acquired data were

used to reconstruct a 3D image stack from 16-bit grey scale 2D

images, with a resolution of 1024 � 1024 pixel and an isotropic

volumetric pixel (voxel) size of 20.3 mm. The 3D image stacks of

the rat mandibular incisor were manually aligned with regard
to the first molar mesial surface (Fig. 1A and B) in each

specimen.

For the purpose of mineral density calibration, a series of

mineral reference phantoms (Phantoms, Ratoc System Engi-

neering, Tokyo, Japan) were scanned prior to specimen

scanning. Three phantoms were used; four hydroxyapatite

disks (0.30, 0.40, 0.60 and 0.80 gHAp cm�3) and a pure alumini-

um wire (1.55 gHAp cm�3) 0.9 mm in diameter. The phantoms

were scanned using the same setup and parameters as those

for the tooth specimens.

2.5. Micro-CT image analysis

3D image analysis software (TRI/3D-BON; Ratoc), originally

developed for bone morphometry,19 was used for visualization

and quantitative measurements. Micro-CT values were con-

verted into mineral density values (gHAp cm�3) using a linear

calibration curve based on the grey scale values obtained from

the mineral reference phantoms (linear regression,

R2 > 0.9995) as illustrated in Fig. 1C. A noise reducing median

filter was applied to the data. The assessment was performed

in a volume of interest (VOI) of 80 � 140 � 210 mm3.

The mean mineral density of enamel and dentine within

the volume of interest was calculated and visualized between

the range 1.25 and 3.20 gHAp cm�3 and 0.00 and 1.25 gHAp cm�3,

respectively.

The assessment of the incisor enamel and dentine

thickness was done by observing the various 2D sections

obtained from the micro CT observation and obtaining the



Fig. 2 – (A) The micro-CT oriented image of the rat mandibular incisor showing the three zones (E1–E3) selected for

evaluation of enamel thickness and the three zones (D1–D3) selected for evaluation of dentine thickness. B – Buccal, M –

Middle, Li – Lingual. (B) The T1DM group shows significant decrease in the thickness of enamel surface when compared to

control group in the 3 different zones. (C) The T1DM group showed significant decrease in the thickness of dentine surface

when compared to control group in the 3 different zones (p < 0.05).
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section showing the two mesial canals of the mesial roots and

two mesial pulp horns of the first molar. The digitized image

was analyzed using ImageJ software (v. 1.42, NIH) in three

zones as shown in (Fig. 2A) to obtain the thickness of enamel

and dentine in this area.20

2.6. Statistical analysis

Student’s t-test was used to compare data from the control

and the T1DM groups (n = 10) in the incisor crown analogue

regarding: the enamel thickness, dentine thickness, dentine

mineral apposition rate, dentine formation rate, enamel

mineral density, and dentine mineral density. Two way

ANOVA was used to examine the diabetic effect on the

experimental animals weights and blood glucose levels during

the experimental period. Multiple comparisons were done

using Tukey’s test. All statistical analysis was performed at a
Table 1 – Weights in the experimental animals.

Day 0 Day 2 

Control Mean 60.7 74 

SD 4.5 3.7 

T1DM Mean 60.2 83.3 

SD 5.9 12 

Values are presented in means and standard deviation (SD). Values hav
5% significance level using statistic software (SPSS version 10,

SPSS Inc, IL, USA).

3. Results

3.1. Body weight and glucose in urine and blood

The weights of the rats in both groups are shown in (Table 1).

The T1DM group showed a significant decrease in weight from

day 14 onwards in comparison with the control group

(p < 0.05). Forty-eight hours after injection of STZ, urine tests

showed that the entire T1DM group had a high glucose level

and this was confirmed by the high blood glucose measure-

ments (a value of >200 mg dl�1) was considered diagnostic of

T1DM (Table 2). Two way ANOVA showed that the Diabetic

condition and the experimental duration had a significant
Day 7 Day 14 Day 21 Day 28

104.2 153a 195.5b 227.2c

6.9 15.4 13.4 16.8

104.7 125.5a 141.7b 147.3c

11.7 11.7 24.7 30.2

ing same letters are statistically significant, p < 0.05.



Table 2 – Blood glucose level in the experimental animals.

Day 0 Day 2 Day 7 Day 14 Day 21 Day 28

Control Mean 162.6 130.3a 120.6b 130.5c 132.8d 120.2e

SD 15 2 20.2 25.7 24.2 12

T1DM Mean 151.6 406.5a 444.8b 393.3c 489.3d 459.3e

SD 11.4 90.6 100.2 99.9 69.6 70.8

Values are presented in means and standard deviation (SD). Values having same letters are statistically significant, p < 0.05.
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effects on the weight and the blood glucose levels of the

diabetic rats versus the control rats ( p < 0.05).

3.2. Microtomography of the mandible (micro-CT)

Results showed that there was no significant difference in the

enamel and dentine mineral densities between the two groups

(p > 0.05) (Fig. 1D). However, the T1DM group showed signifi-

cant decrease in the thickness of enamel and dentine surfaces

when compared to the control group (p < 0.05) (Fig. 2B and C).

3.3. Analysis of histomorphometric indices

Green fluorescent lines labelled with calcein fluorescent

marker at two different time points showed that dentine

formation took place between day 21 and day 28 in the control

and T1DM groups (Fig. 3A and B). In the T1DM group, there

were significant decreases in both mineral apposition and
Fig. 3 – (A) Frontal section of the lower right mandible. *Shows 

landmark for cutting all samples. (B, C) Frontal sections of the ra

Fluorescent labelling indicates the new dentine formation. (D) Th

incisor for the control group and the T1DM group. The data are 

significant difference from controls, with (p < 0.05). (E) The dent

for the control group and the DM group. The data are expressed

difference from controls, with (p < 0.05).
dentine formation rates (Fig. 3C and D) when compared to

control group (p < 0.05).

4. Discussion

Many investigations in medicine explored the various detri-

mental effects exerted by the T1DM on different body organs;

however, less attention was focused on the effect of this

condition on teeth.

A previous study21 suggested that the diabetic condition

may exert detrimental effects on enamel formation. However,

that study was conducted on an extremely small sample size

of different types of rodents suffering from diabetic conditions

that were either genetically induced or drug induced;

moreover, that study lacked a proper number of controlled

rats. Thus, it was of extreme importance to test the hypothesis

of the detrimental effect of diabetes on tooth structure
the lower first molar two roots which were considered the

t incisor mandibular first molar area. (B) Control; (C) T1DM.

e mineral apposition rate (MAR) of the dentine mandibular

expressed as means W SD. N = 10 for each group. *Denotes

ine formation rate (DFR) of the dentine mandibular incisor

 as means W SD. N = 10 for each group. *Denotes significant
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formation using enough number of experimental animals and

accurate methods of measurements as those adopted in the

current experiment. The null hypotheses tested in this study

were partly accepted because the T1DM condition adversely

affected the enamel and dentine thickness, and the dentine

mineral apposition and dentine formation rates; however

there was no significant effect of the T1DM condition on the

enamel and dentine mineral densities.

In the current experiment, rats’ incisors were examined

because they grow continuously and can exhibit all stages of

tooth formation at any time which render them ideal models for

the study of tooth development.22 Moreover, the age range for

the experimental rats was between 3 and 8 weeks of age,

because this time-period corresponds to the early growth stage

in humans.2,23,24 Previous research examined rat molar crown

enamel and dentine in genetically induced hormonal distur-

bance in rats. However, in the current experiment, examining

the first molar crown area was not possible because rats in the

current experiment exhibited normal blood glucose level till day

21 (Day of injecting the streptozotocin), which means that the

crown portions of the rats were already formed. On the other

hand, it was previously documented that it takes the Wistar rats

lower incisors 40 days to completely form a new lower incisor

and since we induced the diabetic condition at the age of 21

days, and sacrificed the rats at the age of 51 days, the enamel

and dentine development of the lower incisors under the area of

the first molar was affected by the diabetic condition.25,26

STZ was used to induce hyperglycemia in the T1DM group

of this experiment. Previous studies showed that the

streptozotocin-induced rat model is capable of demonstrating

various detrimental effects induced by T1DM condition on the

different organs and tissues of the body.1,2

Micro-CT was used in this study as a non-destructive

method to compare the mineral contents of both control and

diabetic rat teeth using a modified method of applying filters in

the beam path to avoid the beam hardening phenomenon. A

recent report9 advocated the use of this modified technique of

observation for the hard dental tissues which allows reliable

results compared to the results obtained from the transverse

microradiography (TMR) technique which is considered the

gold standard method to examine the mineral content of hard

dental tissues. Also, using the modified technique of application

of micro-CT allowed many advantages over the use the difficult

technique of preparing samples for TMR observation.19

This study demonstrated that the T1DM condition induced

detrimental changes on the thickness of enamel and dentine.

Thus, it is speculated that the metabolic functions of the

ameloblasts and the odontoblasts may be hindered by the

elevated blood glucose level associated with the T1DM

condition. It was previously suggested that the T1DM condi-

tion affect ameloblasts and odontoblasts by a mechanism

similar to the well documented mechanism exerted by the

T1DM condition on osteoblasts bone-forming cells due to the

similarities between the process of dentine, enamel and bone

development.27 Moreover, several genetic disorders were

found to affect both the osteoblasts and odontoblasts and

thus affecting the mineralization process of bone and dentine,

respectively.27 However, in contrast to bone, dentine and

enamel do not remodel and are not involved in the regulation

of the calcium and phosphate metabolism.28
It was previously demonstrated that a glucose concentration

similar to those observed in poorly controlled diabetic patients

inhibited the osteoblast cells from depositing calcium during the

mineralization process of the bone matrix.29 It is speculated that

a similar inhibitory effect was exhibited in the current study by

the high glucose level on the activities of the odontoblasts and

ameloblasts during the enamel and dentine formation. This

inhibitory effect of increased glucose level on ameloblasts and

odontoblasts was suggested by a previous study30 that showed

that the total calcium content in rat teeth suffering from type1

diabetes was significantly lower than those of their controls.

Another study31 reported a significant decrease of cultured pulp

cells ability to proliferate and decreased mineralized nodule

formation upon exposure to high levels of glucose.

Another mechanism that might explain the negative

effects exerted by the T1DM condition on odontoblasts and

ameloblasts activities may be attributed to the increase of

blood glucose level that interferes with the maturation and the

proper mineralization of the dentine collagen matrix during

the dentine development stages.32

Previous research work showed that the histological

features of the ameloblast and its function might be affected

by the increased glucose level associated with the T1DM

condition.33 Moreover, several clinical observations showed

that enamel susceptibility to caries and the incidence of

enamel hypoplasia increased in T1DM patients.4,34 Further-

more, it was previously suggested that T1DM condition may

exert a generalized decrease in the metabolic activities of bone

cells.2 All of the aforementioned findings may suggest that the

observed harmful effects exerted by the T1DM condition on

enamel and dentine in this study may be a part of a

generalized detrimental effect exerted by the diabetic condi-

tion on osteoblasts, odontoblasts and ameloblasts.

All possible attempts were done during the experimental

procedures of the current experiment to standardize the area

of observation of the specimens by the micro CT and the

confocal laser microscope however, the current results should

be cautiously interpreted and further confirmatory studies

should be followed as the current experiment is limited by

reporting the thickness of enamel and dentine using 2D

images35 rather than obtaining the 3D volumetric values for

the whole lower incisor hard tissues. This limitation was

attributed to the streptozotocin diabetic model adopted in this

study which resulted in superficial enamel and dentine (near

to the incisal edge) not affected by the diabetic condition,

which limited the ability of this study to report the total

volume of enamel of dentine. This limitation can be solved by

utilizing rats suffering from genetically induced diabetic

condition to observe the detrimental effects of diabetes

starting from the early developmental teeth stages, however

high costs and limited technical experience are still limita-

tions for utilizing these animal models in many laboratories.

5. Conclusion

In conclusion, within the limitation of this animal model

study, the results showed that the T1DM condition suppressed

the enamel and dentine formation, however, the enamel and

dentine densities were not affected. This indicates that
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diabetic patients may be more susceptible to dental caries and

teeth size discrepancies. T1DM patients’ dental problems

should be handled carefully and their diabetic condition

monitoring is of prime importance, especially during early

stage of tooth development.
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