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Abstract 

Diabetic osteoporosis is gradually attracted people's attention. However, the process of bone 
microstructure changes in diabetic patients, and the exact mechanism of osteoblast iron overload 
are unclear. Therefore, the present study aimed to explore the function of DMT1 in the patho-
logical process of diabetic osteoporosis. We build the type two diabetes osteoporosis models with 
SD rats and Belgrade rats, respectively. Difference expression of DMT1 was detected by using the 
method of immunohistochemistry and western blotting. Detection of bone microstructure and 
biomechanics and iron content for each group of samples. We found that DMT1 expression in type 
2 diabetic rats was higher than that in normal rats. The bone biomechanical indices and bone 
microstructure in the rat model deficient in DMT1 was significantly better than that in the normal 
diabetic model. The loss of DMT1 can reduce the content of iron in bone. These findings indicate 
that DMT1 expression was enhanced in the bone tissue of type 2 diabetic rats, and plays an im-
portant role in the pathological process of diabetic osteoporosis. Moreover, DMT1 may be a 
potential therapeutic target for diabetic osteoporosis. 

Key words: DMT1, type 2 diabetes, osteoporosis, biomechanics, micro-CT 

Introduction 
Due to economic developments, the incidence of 

chronic diseases such as diabetes is rising year by 
year. Various complications caused by diabetes sig-
nificantly affect human health. A survey suggested 
that the risk of fractures in patients with diabetes is 
much higher than that in patients without diabetes[1]. 
A variety of complications in diabetics related to 
fractures affect the patient's quality of life and health, 
and result in a heavy economic burden and effects on 
society. Therefore, a study on the mechanism of dia-
betic bone microstructure changes is necessary to 
prevent fractures. 

 The relationship between iron overload and os-
teoporosis has previously been confirmed. Weiss G 
found excessive deposition of iron in patients with 
hemochromatosis, and 63% of patients developed 
osteoporosis[2]. Chen B and other researchers found 

that iron overload had an inhibitory effect on osteo-
genesis[3]. However, the process of bone microstruc-
ture changes in diabetic patients, and the exact 
mechanism of osteoblast iron overload are unclear. 

 Divalent metal ion transporter 1 (DMT1) trans-
ports metal ions across membranes in mammals. The 
transporter is widely distributed in the human body. 
Studies have shown that DMT1 transports iron into 
epithelial cells in the intestinal membrane[4]. In Bel-
grade rats with DMT1 gene mutations, iron was not 
transferred into the cytoplasm, and the iron eventu-
ally returned to the cell surface, demonstrating that 
DMT1 is necessary for iron to be released into the 
cytoplasm[5].  

The mechanism involved in bone microstructure 
changes in diabetes may be related to increased ex-
pression of DMT1in bone tissue, which promotes the 
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release of iron ions from osteoblasts, causing iron 
overload in cells, leading to bone microstructure 
changes resulting in increased bone fragility and an 
increased risk of fracture. In the present study, Bel-
grade rats were used to verify the above hypothesis, 
which if confirmed will provide a new method way 
for studying the theory of diabetic osteoporosis, and 
provide potential therapeutic targets for the clinical 
treatment of osteoporosis.  

Materials and Methods 
The experimental design fully complies with the 

randomized controlled trial principle 

Ethics Statement 
The institutional Ethics Review Board of the First 

Hospital of China Medical University approved the 
study. The using of animal in our experiments is con-
sistent with ethical requirements. All activities asso-
ciated with this research project will be performed in 
accordance with the First Hospital of China Medical 
University Institutional Guidelines and Clinical Reg-
ulations. 

Experimental animals 
Male SPF SD rats, 3-months old, weighing 200± 

20g were purchased from China Medical University, 
Department of Experimental Animals(Animal Certif-
icate Number: SCXK (Liaoning) 2008-0005). Male 
Belgrade rats, the Belgrade rat is an animal model of 
DMT1 deficiency, 3-months old, weighing 200± 20g 
were purchased from the Rat Resource & Research 
Center at the University of Missouri, USA. 20 SD rats 
(10 rats were used to establish a type 2 diabetes model 
and 10 used for comparison) were used to determine 
the differential expression of DMT1. 30 SD rats and 15 
Belgrade rats (15 SD rats were used to establish a 
normal type 2 diabetes model group, 15 SD rats were 
included in the sham group, 15 Belgrade rats were 
used to establish a type 2 diabetes Belgrade model 
group) were included to determine the targets of 
biomechanics and bone microstructure. 

Models and specimen collection 
The rats received a high-fat diet for two months 

and were allowed water for 12 hours/day. The rats 
were given an intraperitoneal injection of strepto-
zotocin (STZ) at a dose of 30mg/kg. After 72 hours, 
fasting plasma glucose ＞ 7.8mmol/Land reduced 
insulin sensitivity were observed and the models 
were successfully established[6]. The rats not used for 
modeling were fed a normal diet. All rats were 
housed under standard laboratory conditions and 
maintained under controlled temperature (22 ± 3℃) 
and humidity conditions with a daily cycle of 12 h 

light and 12 h dark. The weight of the rats was main-
tained between 220g and 270g, and blood glucose was 
maintained between 5mmol/Land 18mmol/L. Rats 
with values outside these ranges were eliminated. The 
rats were fed up to 8 months of age, killed by cervical 
dislocation, the tibia was immediately removed asep-
tically and placed into fresh4% phosphate buffered 
formalin solution, and stored at 4℃ in a refrigerator. 

Immunohistochemistry 
Tissue sections (5µm) were incubated with rabbit 

anti-rat DMT1 (1:800; Santa Cruz Biotechnology) 
primary antibody. Horseradish peroxidase-labeled 
goat anti-rabbit (1:400; Santa Cruz Biotechnology) 
secondary antibody was used. Semi-quantitative 
analysis was performed at 200× magnification per 
visual field (0.145 mm2) for DMT1 extravasation, us-
ing imaging software (ImagePro Plus 6.0; Media Cy-
bernetics, Bethesda, MD, USA). The mean IOD values 
were analyzed and averaged. The semi quantitative 
analysis of immunohistochemical results on the basis 
of the positive cell percentage ratio and tinting 
strength.－and± judged as the negative, + and + + 
judged as positive, the positive cells : 0% recorded as 0 
points, ≤25% recorded as 1 points, 26-50% recorded as 
2 points, 51-75% recorded as 3 points, >75% recorded 
as 4 points. Coloring intensity: no color recorded as 0 
points, Light yellow recorded as 1 point, Claybank 
recorded as 2 points, Brown recorded as 3 points. Two 
results are combined: 0 points for (－), 2-3 points for (
±), 4-5 points for (+),6-7 points for (+ +). 

Bone biomechanical test 
The rat tibias were analysis by Biomechanical 

properties with 858 Mini Bionix materials testing 
systems. The tibias were placed on rheometer 
three-point bending test , loading rate was 0.01mm.s-1, 
a span of 15mm. Amount of inner and outer middle 
backbone by the load , degree of conversion and draw 
radial stress-strain curve. We got maximum strength 
and elastic modulus through this curve.  

Micro-CT scan 
Fixed the handle good right distal femur (trun-

cated) along the long axis perpendicular to the spec-
imen in the sample holder, viva CT 40 to select scan 
parameters : image matrix of 1024 × 1024, Integration 
time (integration time) for 200 ms, energy/intensity 
for 70 kVp, 114 μA, 8W. After the scan is complete, 
select from the distal growth plate 1.0mm, 3.0mm 
thickness of the bone tissue is interested in cancellous 
bone area (region of interest, ROI) line of reconstruc-
tion, the lowest threshold of 190 extracts image in-
formation. After recombinant images using Micro-CT 
comes with software for quantitative analysis. Physi-
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cal parameters as follows: bone mineral density 
(BMD), bone volume/total volume (BV/TV), trabec-
ular number (Tb.N), trabecular thickness (Tb.Th). 

Haematoxylin and eosin (HE) staining 
 Tissues were fixed in 4% paraformaldehyde/ 

phosphatebuffered saline (PBS), post-fixed with the 
same fixative and cut into 16 μm sections on a freezing 
microtome. Standard HE staining was performed and 
degeneration grade was scored by two independent 
observers as previously reported[7]. 

Western blotting 
Proteins of NP tissue and cultured cells were 

lysed by Lysis Buffer containing PMSF on ice. The 
extracted proteins were electrophoresed through 12% 
SDS polyacrylamide gels and transferred to a PVDF 
membrane (Invitrogen). After being blocked in PBS 
containing 5% fat-free milk powder for 1 h, antibodies 
against DMT1 (Abcam, Cambridge, MA,USA) were 
used to detect the proteins. Goat anti-rabbit immuno-
globulin conjugated to horseradish peroxidase (Sig-
ma, St. Louis, MO, USA) was used as the secondary 
antibody. Signals were detected using Pierce ECL 
western blotting substrate (Pierce Biotechnology, 
Rockford, CA, USA). 

Tibia detect iron content 
The tibia dried to constant weight, referred to the 

dry weight, is placed 650℃calcined to the powder in a 
muffle furnace, grind with a mortar sufficiently Piec-
es, accurately weighed sample taken post-ash 0.05g, 
was added into 1mL 1: 1 HNO3, 0.2 mL 1: 1 HCl solu-
tion a mixed solution of Solution with ultrapure water 
(18.2 megohms) volume to 10 mL, and then fully dis-
solve ultrasound to translucent, in inductively cou-
pled plasma Daughter emission spectrometer 
(ICP-AES, the US Perkin Elmer Corporation, Model : 
Optima 2100DV) adopted on Determination of iron 
content by atomic absorption spectrometry. 

Plasma measurements 
Venous blood (tail vein) was collected before 

experimentation to measure fasting concentrations of 
blood glucose (FBG) (Roach blood glucose instru-
ment). Intraocular angular vein blood (2.5-4mL) was 
collected for measurement of fasting plasma insulin 
(FINS) by radioimmunoassay (3v-diagnostic Bioen-
gineer, Shandong, China) and plasma estrogen by 
ELISA (Rat Estrogen/E ELISA Kit, 3v-Diagnostic Bi-
oengineer, Shandong, China). The insulin sensitivity 
index (ISI) was calculated using the formula 
(1/FBG×FINS)[8]. 

Statistical analysis 
Two-group comparisons were performed using 

Student’s t-test. Multiple group parameters compari-
sons were performed using one-way analysis of var-
iance followed by Turkey’s post-test. A P value less 
than 0.05 was considered statistically significant. The 
statistical analysis was performed using the SPSS sta-
tistical package (SPSS, Chicago, IL, USA). 

Results 
Correlation between DMT1 and diabetic 
osteoporosis 

The tibias removed from SD rats which were 
used as a model of type II diabetic osteoporosis were 
analyzed by immunohistochemistry and western 
blotting. The expression level of DMT1 in the type 2 
diabetic osteoporosis model was found to be higher 
than that in normal rats (Figure 1). 

Evaluation of the type 2 diabetic osteoporosis 
model 

Fasting plasma glucose and fasting plasma insu-
lin were determined in each group of rats, and the 
insulin sensitivity index (ISI) was calculated. We 
found that the normal model group and the Belgrade 
model group conformed to the standard, and were 
regarded as successful models (Figure 2, Table 1). 

 

Table 1. Each group of data 

 sham normal belgrade 
BMD (g/cm2) 0.277±0.010 0.207±0.017 0.245±0.004 
Iron content (μg/g) 79.230±10.200 150.230±11.500 65.510±13.600 
MaxStrength (MPa) 139.900±12.000 106.100±9.800 122.500±10.300 
ElasticModulus 
(KPa) 

5.460±1.000 5.310±0.800 5.030±0.600 

Tb.N (cm-1) 25.100±1.400 19.100±2.600 22.210±1.600 
BV/TV (%) 44.400±5.300 23.300±5.200 33.300±5.200 
Tb.Th (cm-1) 1.770±0.200 1.210±0.100 1.520±0.150 

FINS (U/L) 23.5400±12.200 79.300±17.000 80.000±15.000 

FBG (mmol/L) 4.300±15.000 8.300±2.000 8.500±1.600 

 

Effects of DMT1 on bone mineral density and 
iron content 

The bone mineral density and iron content in 
each rat tibia were determined. We found that the 
bone mineral density in the Belgrade model group 
and normal model group was lower than that in the 
sham group. However, bone mineral density in the 
Belgrade model group was higher than that in the 
normal model group. The iron content in the normal 
model group was higher than that in the sham group, 
and the iron content in the Belgrade model group was 
lower than that in the sham group (Figure 3, Table 1). 

Effects of DMT1 on bone microstructure 
The rat tibias were scanned and analyzed using 

micro-CT. Bone microstructure in the Belgrade model 
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group was better than that in the normal model 
group, however, bone microstructure in both model 
groups was worse than that in the sham group. The 
results of HE staining confirmed these findings (Fig-
ure 4, 5, Table 1). 

Effects of DMT1 on bone biomechanics 
 Using the MaxStrength and ElasticModulus 

tests on the tibia from each group of rats, we found 
that bone biomechanics in the Belgrade model group 
was better than those in the normal model group, but 
the two groups were worse in terms of the Max-
Strength indices than the sham group. However, no 
statistical differences of in the ElasticModulus test 
were observed between the groups (Figure 6, Table 1).  

Discussion 
In the type 2 diabetes Belgrade rat model, we 

determined the function of DMT1 in diabetic osteo-
porosis, and found the following: (1) DMT1 expres-
sion in type 2 diabetic rats was higher than that in 
normal rats. (2) The bone biomechanical indices in the 
rat model deficient in DMT1 were significantly better 
than those in the normal diabetic model.(3) Bone mi-
crostructure in the rat model deficient in DMT1 was 
significantly better than that in the normal diabetic 
model. (4) The loss of DMT1 can reduce the content of 
iron in bone. 

 

 
Figure 1. Correlation between DMT1 and diabetic osteoporosis. (A) Western blot analysis shows expression of DMT1 in diabetic osteoporosis group is 
stronger than normal rats group. (B) The situation of DMT1 expression in bone tissue using immunohistochemical method. Diabetic osteoporosis group 
significantly was stronger than normal rats group. Scale bars, 20μm. n=10 per group. Data are means ± SD. *P < 0.05. 
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Figure 2. Evaluation of the type 2 diabetic osteoporosis model. No significant difference between Belgrade model group and normal model group, but 
compared with sham group had significant difference, n=10 per group. Data are means ± SD. *P < 0.05. 

 

 
Figure 3. Effects of DMT1 on bone mineral density and iron content. There were statistically significant differences between the each group. The bone 
mineral density of Belgrade model group was higher than normal model group, but the two groups were lower than those in sham group. Iron content of 
Belgrade model group was the lowest. Iron content of normal model group was the highest, n=10 per group. Data are means ± SD. *P < 0.05. 
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Figure 4. Effects of DMT1 on bone microstructure. Through the HE staining we observed the number and thickness of trabecular bone. Belgrade model 
group was better than normal model group, but the two groups were worse than those in sham group. This result can also be verified by micro-CT image. 
Scale bars, 100μm. 

 
Figure 5. Effects of DMT1 on bone microstructure. According to the results of BV/TV, Tb.N, Tb.Th, Belgrade model group was better than normal model 
group, but the two groups were worse than those in sham group, n=10 per group. Data are means ± SD. *P < 0.05. 
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Figure 6. Effects of DMT1 on bone biomechanics. According to the results of MaxStrength and ElasticModulus tests, Belgrade model group was better 
than normal model group, but the two groups were worse than those in sham group, n=10 per group. Data are means ± SD. *P < 0.05. 

 
Diabetic osteoporosis belongs to secondary os-

teoporosis, which is a serious diabetes complications 
in human skeletal system, the concept was first pro-
posed in 1948[9]. It has recently become apparent that 
the risk of osteoporosis-related bone fracture is in-
creased in both type 1 and type 2 diabetic patients[10, 
11]. Type 1 diabetes is generally associated with a 
reduction in BMD, but the change of BMD in type 2 
diabetic osteoporosis are not obvious [12], so the 
pathogenesis of osteoporosis in type 2 diabetes com-
pared with type 1 diabetes osteoporosis is more com-
plex, and the incidence of type 2 diabetes is higher 
than the incidence of type 1 diabetes, so this study 
focuses on type 2 diabetes.  

When the binding capacity of transferritin is 
overwhelmed by a high iron concentration in the cir-
culation and tissues, free iron is deposited in tissues 
and thus creates a pathological condition called iron 
overload[13]. Existing research shows that iron over-
load is associated with many diseases, such as he-
mochromatosis, sickle cell disease, and liver 
diseases[14-16]. However, research has also suggested 
that iron overload is associated with bone metabolism 
abnormalities, such as osteopenia, osteoporosis, and 
osteomalacia[17-20]. However, the mechanism of iron 
overload in osteoporosis has not been extensively 
studied. The present study, for the first time, showed 
a difference in DMT1 expression between diabetic rats 
and normal rats. This discovery is of great significance 
in determining the mechanism of iron overload. 

DMT1 is the major apical transporter responsible 
for intestinal Fe2+ absorption, and is also ubiquitously 
expressed in the endosomalcompartments where it is 

responsible for Fe2+ export from the endosome during 
the transferrin cycle[21, 22]. Thus, DMT1 expression is 
closely related to iron overload. DMT1 is not only 
involved in iron and manganese metabolism, but is 
also involved in the uptake of other metals. Research 
has shown that DMT1 also participates in Cu2+ and 
Cd2+ transport[23, 24]. Due to the characteristics of 
DMT1, there are currently many research studies be-
ing carried out. However, to date, there is no relevant 
research on the relationship between DMT1 and os-
teoporosis. For the first time, we found that DMT1 
affects the biological characteristics of bone and bone 
microstructure. And we confirmed the effect of DMT1 
on iron content in bone tissue. This discovery has 
highlighted the important role of DMT1 in the process 
of osteoporosis. 

Belgrade rats were described for the first time in 
1966 and were the offspring of an X-irradiated albino 
rat in Belgrade, Yugoslavia[25]. The Belgrade rat is an 
animal model of DMT1deficiency.This deficiency is 
due to a glycine-to-arginine substitution (G185R) in 
the fourth putative transmembranedomain of DMT1 
resulting in loss of activity of the transporter[26]. 
There are multiple examples where the Belgrade rat, 
as a model of iron deficiency, has been useful in 
characterizing not only the role of DMT1 in the 
transport of this metal, but also its contribution to 
pathologies of intermediary metabolism, its protective 
role in detoxification of the lungs, its participation in 
neurotoxicity of airborne metal uptake by the olfac-
tory pathway, in the development of the kidneys, in 
promoting altered renal function, in brain iron me-
tabolism and in hepatic iron handling[27-29]. How-
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ever, the reason why these rats were chosen for this 
study was due to their stable lack of DMT1. In addi-
tion, interference and individual differences are small, 
and these rats have many other advantages. This 
study is the first to establish a diabetic osteoporosis 
model using Belgrade rats. This is of significant im-
portance in the study of DMT1 and osteoporosis. 

Laboratory animals have played a key role in the 
unprecedented recent improvements in the manage-
ment of osteoporosis. Animal models of osteoporosis 
involve a variety of animals and a variety of methods. 
Each model has its own advantages, disadvantages 
and scope of use[30, 31]. This study used a rat model 
of diabetes mellitus combined with osteoporosis es-
tablished using intralipid and a small dose of strep-
tozotocin. Because our research goal was to explore 
the mechanism of type 2 diabetes complicated by os-
teoporosis, the model needed to imitate the patho-
logical process of type 2 diabetes. This model was 
helpful in our study. Three-month old rats are sex-
ually mature, 6-monthold rats have mature bones, 
and 17-month old rats are relatively old[32]. We used 
8-monthold rats, as the rat bones were fully mature 
and completely affected by diabetes. The bone char-
acteristics of these rats sufficiently reflected the effects 
of the differential expression of DMT1. Type 1 diabe-
tes is the absolute lack of insulin, and the main char-
acteristic of type 2 diabetes is insulin resistance. We 
tested the ISI in order to assess whether this model is 
type 2 diabetes model.  

 There are several limitations in the present 
study. For example, although our data demonstrated 
the relationship between DMT1 and osteoporosis, we 
did not perform in vitro experiments. This study fo-
cused on the effects of DMT1 on diabetic osteoporosis, 
which has laid the foundation to explore the specific 
mechanism involved and indicate the direction for 
future research. Further in-depth studies on this topic 
are required.  

In conclusion, DMT1 expression was enhanced 
in the bone tissue of type 2 diabetic rats, and plays an 
important role in the pathological process of diabetic 
osteoporosis. Moreover, DMT1 may be a potential 
therapeutic target for diabetic osteoporosis. 
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