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Abstract. Certain microRNAs (miRs) have important roles in 
the maintenance of bone development and metabolism, and a 
variety of miRs are known to be deregulated in diabetes. The 
present study investigated the role of miR‑203‑3p in the regu-
lation of bone loss by assessing jaw bones of a rat model of 
type 2 diabetes. The results indicated that miR‑203‑3p inhibited 
osteogenesis in the jaws of diabetic rats and in rat bone marrow 
mesenchymal stem cells cultured in high‑glucose medium. 
A luciferase reporter assay was used to verify the bioinfor-
matics prediction that miR‑203‑3p targets the 3'‑untranslated 
region of Smad1, which is an important mediator of the bone 
morphogenetic protein (BMP)/Smad pathway. Overexpression 
of Smad1 attenuated the miR‑203‑3p‑mediated suppression 
of osteogenic differentiation. It was therefore indicated that 
the BMP/Smad pathway is attenuated and the transforming 
growth factor‑β/activin pathway is promoted by Smad1 reduc-
tion. Taken together, it was indicated that miR‑203‑3p inhibits 
osteogenesis in jaw bones of diabetic rats by targeting Smad1 
to inhibit the BMP/Smad pathway.

Introduction

Type 2 diabetes mellitus (T2DM) is one of the most prevalent 
metabolic diseases, which is characterized by high levels of 
blood glucose as a result of insulin resistance and relative 
insulin deficiency. Diabetes is often associated with impaired 
bone metabolism and calcium and phosphorus metabolism 
disorders, causing secondary osteopenia, osteoporosis and 
other diabetic bone diseases. Diabetes interferes with bone 

formation, increases the risk of fractures and impedes frac-
ture healing. Jaw bones of DM patients often display loss of 
alveolar bone and osteoporosis, resulting in tooth loosening or 
even loss (1,2). Dental implantation is an important method for 
the repair of missing teeth. However, diabetes‑induced skeletal 
complications and an abnormal metabolic environment cause 
pathological changes that greatly reduce the success rate of 
dental implantation (3).

Unlike skeletal limbs, which originate from the mesoderm, 
the jaw develops from the neural crest of the embryo. Jaw 
injury is repaired by bone marrow mesenchymal stem cells 
(BMSCs) of neural crest origin, while limb bone injuries are 
repaired by mesoderm‑derived BMSCs. Studies that examined 
the BMSCs of the jaw and the BMSCs of the tibia indicated that 
BMSCs of different sources had different biological character-
istics. BMSCs from the two abovementioned sources exhibited 
differences in their ability of bone formation and proliferation, 
with the osteogenic abilities of neural crest‑derived BMSCs 
being greater due to the differences in embryonic origin and 
HOX gene expression in the process of bone regeneration (4). 
Furthermore, the jaw and skeletal limbs have different patterns 
of bone formation, which proceed via intramembrane osteo-
genesis in the jaw and via endochondral osteogenesis in skeletal 
limbs. Gene expression, including mRNA expression, during 
bone formation and the regulatory mechanisms under any stim-
ulation may be different in bone tissues of these two origins. 
Previous studies on diabetic osteopathia have mainly focused 
on cells or tissues derived from skeletal limbs. Even fewer 
studies have focused on the mechanism of diabetes‑associated 
pathological changes in the jaw, in which teeth are anchored 
and with which dental implants are combined.

MicroRNAs (miRNAs/miRs) are noncoding single‑stranded 
RNA molecules consisting of ~22 nucleotides. miRNAs are 
widely distributed in all types of organisms. By binding to 
the 3'‑untranslated region (3'‑UTR) of the mRNA of a target 
gene, miRNAs may cause their degradation or translational 
repression (5,6) and post‑transcriptionally regulate the process 
of gene expression, which is associated with individual growth, 
development and diseases. Various miRNAs have important 
roles in numerous human diseases, including diabetes, and are 
aberrantly expressed in affected patients/tissues. Studies have 
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indicated that certain miRNAs are important in the maintenance 
of bone development and metabolism. They regulate osteogen-
esis by modulating osteogenic transcription factors and their 
associated factors. A group of miRNAs, including miR‑133, 
miR‑23a and miR‑30c, have been reported to inhibit osteo-
genesis by targeting the key transcription factor Runt‑related 
protein 2 (Runx2)  (7‑12). Another group of miRNAs, 
including miR‑145, miR‑214 and miR‑31, inhibit osteogenesis 
by targeting Osterix (13‑18). Distal‑less homeobox 5, special 
AT‑rich sequence‑binding protein  2 and other associated 
factors have been reported to be the targets of miRNAs (19‑21). 
miRNA also regulates osteogenesis‑associated signaling 
pathways to regulate bone formation. Bone morphogenetic 
protein (BMP)/transforming growth factor (TGF)‑β and Wnt 
signaling pathways have been widely reported to be regulated 
by a group of miRNAs. miR‑29b, miR‑135a and miR‑199a have 
been reported to inhibit osteogenesis by targeting factors of the 
BMP/TGF‑β pathway (8,22‑25), while miR‑335‑5p, miR‑29a 
and miR‑27a regulate osteogenesis by targeting factors associ-
ated with the Wnt pathway (26‑29). While numerous factors 
and pathways associated with osteogenesis that have been 
identified to be regulated by miRNAs (30), only few studies 
have assessed miRNA expression in the jaw bone, and it has 
therefore remained elusive whether miRNAs are involved in 
loss of alveolar bone and osteoporosis of the jaw in diabetes.

The present study intended to i)  determined whether 
miRNAs have a role in the regulation of bone loss in the jaw 
bone in T2DM, and ii) investigate the underlying mechanisms. 
The results indicated that the expression of a group of miRNAs 
in the mandibles of diabetic rats is different from that in the 
mandibles of normal rats. For the first time, to the best of our 
knowledge, miR‑203‑3p was identified to be upregulated in 
the diabetic group and to participate in osteogenesis inhibi-
tion. Subsequently, miR‑203‑3p was indicated to target the 
3'‑UTR of Smad1 mRNA, the protein of which is an important 
mediator of the BMP/Smad pathway, and to thereby inhibit 
Smad1 expression and degrade Smad1 mRNA. Therefore, 
the BMP/Smad pathway was repressed by miR‑203‑3p. The 
present study provided a basis for a gene therapeutic approach 
by inhibition of miR‑203‑3p in diabetic jaw bones, which may 
ameliorate diabetic osteoporosis and improve fracture healing, 
tooth stability and implant osseointegration.

Materials and methods

Experimental animals. A total of 6 male Sprague Dawley 
(SD) rats (age, 10 weeks; weight, 290‑310 g) were purchased 
from the Experimental Animal Center of Chongqing Medical 
University (Chongqing, China). The rats were maintained 
in the same room under a 12‑h light/dark cycle (lights on at 
08:00 a.m.; 150 lux) with 60±10% relative humidity and an 
ambient temperature of 25±2˚C in barrier conditions. The rats 
had access to sterile chow and water ad libitum in a specific 
pathogen‑free facility in Chongqing Key Laboratory of Oral 
Diseases and Biomedical Sciences (Chongqing, China). The 
rats were randomly assigned to a diabetic group and control 
group. The diabetic group was treated by intraperitoneal 
injection of streptozotocin (STZ; 30  mg/kg body weight; 
Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) and was 
fed a high‑fat diet, which was composed of 66.5% basic feed, 

20% sucrose, 10% lard, 2.5% cholesterol and 1% cholic acid 
salt, for 8 weeks. Rats were considered to be diabetic when their 
blood glucose levels exceeded 16.7 mmol/l at 8 weeks after 
injection. The control group was injected with saline instead of 
STZ and was fed a normal diet. Another 3 male SD rats (age, 
8 weeks; weight, 270‑280 g) were used for isolation of rat (r)
BMSCs. The study was approved by the Ethics Committee of 
Chongqing Medical University (Chongqing, China).

Bone collection. Three rats of each group were sacrificed after 
8 weeks. Left and right mandibles of every rat were isolated 
within 5 min and washed with PBS (Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA). After the teeth were 
extracted, the mandibles were placed into liquid nitrogen and 
transferred into cryogenic vials (Corning Inc., Corning, NY, 
USA) and stored at ‑80˚C.

Cell culture and differentiation. rBMSCs were isolated 
from 3 male SD rats (age, 8 weeks). The bone marrow of the 
mandibles was flushed out with α‑Modified Eagle's Medium 
(α‑MEM; Gibco; Thermo Fisher Scientific, Inc.) containing 
20% fetal bovine serum (FBS; Gibco; Thermo Fisher 
Scientific, Inc.) and seeded in 60‑mm dishes. After 72 h of 
incubation, the medium was removed and the non‑adherent 
cells were removed by washing with PBS (Gibco; Thermo 
Fisher Scientific, Inc.). The adherent cells were further cultured 
with α‑MEM containing 10% FBS and passaged twice a week 
at a 1:3 ratio, and cells at passage 3‑4 were used in the subse-
quent experiments. C3H101/2 clone 8 cells from the American 
Type Culture Collection (Manassas, VA, USA) were cultured 
in Dulbecco's modified Eagle's medium (DMEM; Gibco; 
Thermo Fisher Scientific, Inc.) containing 10% FBS. rBMSCs 
or C3H101/2 cells were seeded in 24‑ or 6‑well plates and 
induced using osteogenic medium with 5.5 or 25 mM glucose 
plus 50  µg/ml ascorbic acid, 10  nM dexamethasone and 
10 mM β‑glycerophosphate. After 7 days, the RNA or protein 
was extracted at the indicated times, and the cells were fixed in 
4% paraformaldehyde for histochemical detection of alkaline 
phosphatase (ALP) (31).

RNA preparation. The mandibles were ground in liquid 
nitrogen. The total RNA of mandibles and cells was isolated 
with TRIzol reagent (Ambion; Thermo Fisher Scientific, Inc.) 
according to the manufacturer's instructions. The quality of the 
RNA samples for high‑throughput deep sequencing was deter-
mined with a Bioanalyzer 2100 (Agilent Technologies, Inc., 
Santa Clara, CA, USA), and the purity of the RNA samples for 
reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) was determined by measuring the absorbance at 
260/280 nm with a Nanodrop spectrophotometer (NanoDrop; 
Thermo Fisher Scientific, Inc.).

High‑throughput small RNA sequencing. After the left sides 
of the mandibles of 3 rats of each group were ground into 
powder in liquid nitrogen, the RNA was isolated with TRIzol 
reagent (Ambion; Thermo Fisher Scientific, Inc.) according to 
the manufacturer's instructions. The RNA was subjected to 
high‑throughput small RNA sequencing, which was performed 
by the Beijing Genomics Institute (Shenzhen, China). RNA 
(18‑30 nt) was isolated by PAGE and sequentially ligated to 
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5' and 3' small RNA adapters. The 5' adapter ligation reaction 
was performed at 20˚C for 6 h, and RNA (40‑60 nt) was isolated 
by PAGE and recycled. Following this, the 3' adapter ligation 
reaction was performed at 20˚C for 6 h, and RNA (60‑800 nt) was 
isolated by PAGE and recycled. Complementary DNA (cDNA) 
was then synthesized and amplified using proprietary RT 
primers and amplification primers (Illumina, Inc., San Diego, 
CA, USA). The reverse transcription reaction was performed as 
follows: 65˚C for 10 min, 48˚C for 3 min, 42˚C for 1 h and 70˚C 
for 15 min with First Strand Master Mix (Invitrogen; Thermo 
Fisher Scientific, Inc.) and SuperScriptTM II (Invitrogen; Thermo 
Fisher Scientific, Inc.). Several rounds of PCR amplification 
were performed to enrich the cDNA fragments as follows: 
98˚C for 30 sec, 12‑15 cycles of 98˚C for 10 sec and 72˚C for 
15 sec, followed by 72˚C for 10 min and 4˚C hold. Subsequently, 
PCR‑amplified fragments were extracted and purified using 
PAGE. The cDNA libraries were qualified and quantified with 
an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.) and 
an ABI StepOnePlus Real‑Time PCR machine (Thermo Fisher 
Scientific, Inc.). The 49‑nt sequence tags from Hiseq sequencing 
were subjected to data cleaning analysis to obtain credible clean 
tags. The difference in expression between the diabetic group 
and the control group was analyzed. miRNA expression levels 
were visualized by heatmaps generated by R 3.1.2. TargetScan 
(http://www.TargetScan.org), miRanda (http://www.microRNA.
org) and Pictar (http://pictar.mdc‑berlin.de) were used to search 
for predicted miRNA targets.

RT‑qPCR assay. Total RNA isolated from the right sides of 
the mandibles was used for RT‑qPCR analysis. The indicated 
miRNA RT primer was designed for each selected miRNA, 
which was differentially expressed in the diabetic group 
and control group detected by high‑throughput small RNA 
sequencing (Table  I). The cDNA of miRNA was obtained 
according to the instructions of the GoScript™  Reverse 
Transcription system (Promega Corp., Madison, WI, USA). 
Equal amounts of cDNA were used in duplicate and amplified 
with GoTaq® qPCR Master Mix (Promega Corp.). U6 small 
nuclear RNA was used as an internal reference. The primers 
used for qPCR are displayed in Table II.

The RNA isolated from mandibles or cells was also 
processed using the GoScript™ Reverse Transcription system 
(Promega Corp.) with OligodT as the primer. The subsequent 
qPCR was performed according to the instructions of the 
GoTaq® qPCR Master Mix. β‑actin was used as an internal 

reference. The forward and reverse PCR primers are displayed 
in Table III.

All PCRs were performed with a Bio‑Rad CFX Manager 
(Bio‑Rad Laboratories, Inc., Hercules, CA, USA). The cycling 
profile consisted of an initial denaturation at 95˚C for 10 min, 
followed by 40 cycles of 95˚C for 15 sec, 60˚C for 60 sec and 
95˚C for 15 sec, followed by melt curve analysis. RNA fold 
changes between different groups were calculated by the 2‑∆∆Cq 
method (32).

Western blot analysis. Cells were washed with pre‑cooled 
PBS twice and treated with radioimmunoprecipitation assay 
buffer (RIPA; Beyotime Institute of Biotechnology, Haimen, 
China) containing 1 mM phenylmethane sulfonyl fluoride and 
phosphatase inhibitor (Beyotime Institute of Biotechnology) for 
5 min, and the cells and the lysates were collected and centri-
fuged at 4˚C for 10 min at 13,400 x g. The supernatant was 
collected in fresh tubes, and the concentration was detected with 
a BCA protein assay kit (Beyotime Institute of Biotechnology) 
according to the manufacturer's instructions. After the concen-
tration of every sample was adjusted with RIPA, the samples 
were added to loading buffer (WB0091; Beijing Dingguo 
Changsheng Biotechnology Co., Ltd., Beijing, China) and 
boiled for 5 min. The treated samples were stored at ‑80˚C for 
further analysis. For western blot analysis, total protein (50 µg 
per lane) was separated using 10% SDS‑PAGE according to 

Table  II. Sequences of primers used for polymerase chain 
reaction analysis of miRs.

Gene name	 Sequence (5'‑3')

miR‑203a‑3p (F)	 GCGCGTGAAATGTTTAGGAC
miR‑23a‑3p (F)	 TGCATCACATTGCCAGGG
miR‑96‑5p (F)	 TCGTTTGGCACTAGCACATT
miR‑30c‑5p (F)	 GCGCTGTAAACATCCTACACT
miR‑17‑5p (F)	C GCAAAGTGCTTACAGTGC
miR‑320‑3p (F)	C GCAAAAGCTGGGTTGAGA
miRNA (R)	 GTGCAGGGTCCGAGGT
U6 (F)	C TCGCTTCGGCAGCACA
U6 (R)	 AACGCTTCACGAATTTGCGT

miR, microRNA; F, forward; R, reverse.

Table I. Sequences of reverse transcription primers for miRs.

Gene name	 Sequence (5'‑3')

miR‑203a‑3p	 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTAGTG
miR‑23a‑3p	 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGGAAAT
miR‑96‑5p	 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGCAAA
miR‑30c‑5p	 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGCTGAG
miR‑17‑5p	 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTACCT
miR‑320‑3p	 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCGCCC

miR, microRNA.
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the instructions of the SDS‑PAGE preparation gel kit (Beijing 
Dingguo Changsheng Biotechnology Co., Ltd.), followed by 
transfer onto polyvinylidene difluoride membranes (EMD 
Millipore, Billerica, MA, USA). The membranes were blocked 
using Tris/HCl‑buffered salt solution containing 0.1% Tween‑20 
and 5% bovine serum albumin (Sigma‑Aldrich; Merck KGaA) 
for 2 h at room temperature. The membranes were incubated with 
specific antibodies to Runx2 (1:1,000; cat. no. sc‑10758; Santa 
Cruz Biotechnology, Inc., Dallas, TX, USA), β‑actin (1:1,000; 
cat. no. 13E5), Smad1 (1:1,000; cat. no. D59D7), phosphorylated 
(p)‑Smad1 (1:1,000; cat. no. D40B7) and p‑Smad1/5/8 (1:1,000; 
cat. no. D5B10; Cell Signaling Technology, Inc., Danvers, MA, 
USA) overnight at 4˚C. Following this, the membranes were 
washed three times in 0.1% TBST and incubated for 1.5 h with 
the secondary antibody (1:2,000; cat. no. A21020‑1; Abkine, 
Wuhan, HB, China) at room temperature. Blots were developed 
using an enhanced chemiluminescence (ECL) kit (BeyoECL 
Plus; Beyotime Institute of Biotechnology), and images were 
captured using a Bio‑Rad Moleculer Imager® ChemiDoc™ XRS 
Imaging system (Bio‑Rad Laboratories, Inc.). Densitometry 
was performed with Quantity One® Software v. 4.6.9 (Bio‑Rad 
Laboratories, Inc.).

Plasmid construction. Plasmid construction was performed by 
Lengshuiquan Biotechnology Co., Ltd. (Chengdu, China). The 
RNA of mouse livers was extracted and reverse transcribed 
into cDNA. The wild‑type 3'‑UTR of Smad1 and a mutated 
sequence were amplified by PCR using primers with XbaI 
and FseI restriction sites. The wild‑type primer sequences 
were 5'‑TGT​TCT​AGA​AGA​CCT​GTG​GCT​TCC​GTC​TC 
T​TG‑3' (forward) and 5'‑AAT​GGC​CGG​CCT​TAT​TTA​AAA​
ATT​TCC​AGT​AGA​G‑3' (reverse), and the mutant primer 
sequences were 5'‑TGT​TCT​AGA​AGA​CCT​GTG​GCT​TCC​
GTC​TCT​TG‑3' (forward) and 5'‑ATA​GAG​AGA​TCT​TTA​
ATC​CTG​CGA​ATA​ATG​AAC‑3' (reverse). The PCR product 
was purified and then inserted into the XbaI‑FseI site of the 
pGL3‑control vector (Promega, Madison, WI, USA), and it 

was identified by DNA sequencing. The wild‑type plasmid 
containing the 3'‑UTR of Smad1 with the complementary 
sequence of miR‑203‑3p (pGL3‑Smad1 3'‑UTR WT) and the 
mutant plasmid with the mutation sequence containing the 
3'‑UTR of Smad1 without the complementary sequence of 
miR‑203‑3p (pGL3‑Smad1 3'‑UTR mut) were created.

To construct a Smad1 expression vector, cytomegaloviral 
vector (pCMV)‑Smad1, the Smad1 coding sequence was 
RT‑PCR‑amplified from mouse mRNA using the primer 
sequences 5'‑GTG​TAG​AAT​TCG​ACC​AGC​CGC​TAT​GAA​
TGT‑3' (forward) and 5'‑TTT​GCT​CGA​GAC​GGA​AGC​CAC​
AGG​TC‑3' (reverse). The PCR product was digested with 
EcoRI‑XbaI and sub‑cloned into the similarly digested pCMV 
vector (Invitrogen; Thermo Fisher Scientific, Inc.). The plas-
mids were sequenced to ensure authenticity.

miRNA and plasmid transfection. Prior to transfection, cells 
were seeded into 6‑well or 24‑well plates and were trans-
fected at 50‑70% confluence. Agomir‑203‑3p, Agomir‑NC, 
Antagomir‑203‑3p and Antagomir‑NC were purchased from 
GenePharma Co., Ltd. (Shanghai, China) and were trans-
fected into indicated cells at a concentration of 100 nM with 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) in Opti‑MEM® (Gibco; Thermo Fisher Scientific, Inc.). 
Smad1 overexpression plasmids were transfected into cells at 
1 µg per well for 24‑well plates or 4 µg per well for 6‑well 
plates. After 6 h of transfection, the Opti‑MEM® was replaced 
by medium with 10% FBS.

Luciferase reporter assay. C3H10T1/2 cells were seeded in 
24‑well plates, co‑transfected with three luciferase constructs 
containing pGL3‑Smad1 3'‑UTR wild or mut, phRL‑null 
(Renilla plasmid for normalization) and 100 nm Agomir‑203‑3p 
or Agomir‑NC. Luciferase assays were performed using 
the Promega Dual Luciferase Assay system (cat. no. E1910; 
Promega Corp.) according to the manufacturer's instructions. 
Three independent experiments were performed for 24  h 

Table III. Sequences of primers used for polymerase chain reaction analysis of mRNAs.

Gene name	 Forward (5'‑3')	 Reverse (5'‑3')

β‑actin (m)	C AGCCTTCCTTCTTGGGTAT	 TGGCATAGAGGTCTTTACGG
Runx2 (m)	 GGGAACCAAGAAGGCACAGA	 GGATGAGGAATGCGCCCTAA
Smad1 (m)	C AGAGGAGATGTTCAGGCAGTT	C TGTGAAACCATCCACCAGC
ALP (m)	 TCGGAACAACCTGACTGACC	 GTCAATCCTGCCTCCTTCCA
Osterix (m)	 TGCTTGAGGAAGAAGCTCACTA	 TGAAAGGTCAGCGTATGGCT
OC (m)	 ACCTCACAGATGCCAAGCC	 GCCGGAGTCTGTTCACTACC
β‑actin (r)	CCC GCGAGTACAACCTTCTTG	 GTCATCCATGGCGAACTGGTG
Col1a1 (r)	 AAGTCTCAAGATGGTGGCCG	 TACTCTCCGCTCTTCCAGTCA
Runx2 (r)	CC GAGACCAACCGAGTCATTTA	 AAGAGGCTGTTTGACGCCAT
Smad1 (r)	 TCAATAGAGGAGATGTTCAAGCAGT	 GAAACCATCCACCAACACGC
ALP (r)	CC TGCAGGATCGGAACGTCAATTA	 TGAGTTGGTAAGGCAGGGTCC
Osterix (r)	 GCCAGTAATCTTCGTGCCAG	 TAGTGAGCTTCTTCCTGGGGA
OC (r)	C TCAACAATGGACTTGGAGCC	 GGCAACACATGCCCTAAACG

m, mouse; r, rat; Runx2, runt‑related transcription factor 2; OC, osteocalcin; P, phosphate; Col1a1, collagen type 1 α 1; ALP, alkaline phosphatase.



INTERNATIONAL JOURNAL OF MOlecular medicine  41:  1595-1607,  2018 1599

and assayed in quadruplicate per group. Relative luciferase 
activity (firefly/Renilla) was detected with a Promega Glomax 
(Promega Corp.).

Statistical analysis. GraphPad Prism 5 software (GraphPad 
Software, Inc., La Jolla, CA, USA) was used for all statistical 
tests. Values are expressed as the mean ± standard deviation. 
For comparisons between 2 groups, a two‑tailed Student's t‑test 
was used. For comparisons between multiple groups, one‑way 
analysis of variance followed by Tukey's test was applied. 
RT‑qPCR assays, western blot analysis and luciferase reporter 
assays were repeated at least three times and representative 
results are presented. P<0.05 was considered to indicate a statis-
tically significant difference.

Results

Osteogenesis is downregulated in the mandibles of diabetic rats 
and high‑glucose‑treated rBMSCs. The mRNA expression of 

osteogenic genes in the mandibles of SD rats with high‑fat diet‑ 
and STZ‑induced T2DM as well as in normal rats was detected 
by RT‑qPCR. The osteogenic genes were significantly down-
regulated in the mandibles of diabetic rats (Fig. 1A), which was 
consistent with the results of another study (33). rBMSCs were 
osteogenically induced in high‑glucose or normal medium, and 
the histochemical detection of ALP on day 7 indicated that ALP 
expression was downregulated in cells grown in high‑glucose 
medium (Fig. 1B). The protein expression of the osteogenic key 
transcriptional factor Runx2 in cells cultured in high‑glucose 
medium was downregulated on days 1, 4, 7, 10, 14 and 21 
(Fig. 1C), and the mRNA expression of osteogenic genes was 
also downregulated during osteogenesis; however, towards the 
end of the in vitro experiment there was no significant differ-
ence for Runx2 and Alp (Fig. 1D‑G). These results suggested 
that diabetes and high glucose levels repress osteogenesis.

Changes of miRNA expression in mandibles of diabetic rats. A 
number of miRNAs has been verified to regulate osteogenesis in 

Figure 1. Osteogenesis is downregulated in the mandibles of diabetic rats and high‑glucose‑treated rBMSCs. (A) RT‑qPCR analysis of the mRNA expression 
of ALP, OC, Runx2, Osterix, Smad1 and Col1 in the mandibles of high‑fat diet‑ and STZ‑induced type 2 diabetic, as well as in normal rats. (B) Histochemical 
detection of ALP of osteogenically‑induced rBMSCs in high‑glucose or normal medium on day 7 of culture. (C) Protein expression of Runx2 in rBMSCs 
osteogenically induced for 1, 4, 7, 10, 14 and 21 days was detected by western blot analysis. (D‑G) RT‑qPCR analysis of mRNA expression of Runx2, ALP, 
Osterix and OC in rBMSCs osteogenically induced in high‑glucose and low‑glucose medium for 0, 3, 6, 9, 12, 15, 18 and 21 days. Values are expressed as 
the mean ± standard deviation (n=3). *P<0.05, **P<0.01, ***P<0.001. RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; L, low‑glucose 
medium; H, high‑glucose medium; rBMSCs, rat bone marrow mesenchymal stem cells; ALP, alkaline phosphatase; Runx2, runt‑related transcription factor 2; 
Col1, collagen type 1 α 1; OC, osteocalcin.
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various studies (30). In a previous study, the miR‑17~92 cluster 
was reported to critically regulate osteoblast differentiation (26). 
Therefore, the present study used high‑throughput small RNA 
sequencing to detect any differences in miRNA expression 
between experimental T2DM rats and normal rats. The heat map 
indicates that 126 miRNAs were differently expressed between 
the two groups of rats (Fig. 2A). RT‑qPCR was performed to 
verify these results on the miRNAs from the high‑throughput 
sequencing. miR‑30c‑5p, miR‑96‑5p and miR‑17‑5p were down-
regulated in the diabetic group, while miR‑203a‑3p, miR‑23a‑3p 
and miR‑320‑3p were upregulated (Fig. 2B‑G), which was 
consistent with the results of the high‑throughput sequencing.

Gain‑ and loss‑of‑function analyses. Agomir‑203‑3p, 
antagomir‑203‑3p and their negative control were transfected 
into C3H10T1/2 cells or rBMSCs (Fig. 3A). Cells were osteo-
genically induced and fixed in 4% paraformaldehyde for 
histochemical detection of ALP on day 7. Histological staining 
for ALP, an early marker of bone formation, revealed that 
miR‑203‑3p reduced ALP and inhibited osteogenesis (Fig. 3B). 
The protein expression of the key transcriptional factor Runx2 
was inhibited by miR‑203‑3p and promoted by the inhibitor of 
miR‑203‑3p on days 4, 7 and 14 of osteogenesis (Fig. 3C). The 
mRNA expression of several osteogenic genes was detected by 
RT‑qPCR on days 1, 4, 7 and 14 (Fig. 3D‑G). The expression of 

Figure 2. Changes of miRNA expression in mandibles of diabetic rats. (A) High‑throughput small RNA sequencing results of differently expressed miRNAs in 
mandibles of control and diabetic rats. (B‑G) High‑throughput small RNA sequencing results of (B) miR‑203a‑3p, (C) miR‑23a‑3p, (D) miR‑320‑3p, (E) miR‑30c‑5p, 
(F) miR‑96‑5p and (G) miR‑17‑5p were validated by reverse transcription‑quantitative polymerase chain reaction. Values are expressed as the mean ± standard 
deviation (n=3). **P<0.01, ***P<0.001. miR/miRNA, microRNA; rno, Rattus norvegicus; C1‑3, control rat 1‑3; T1‑3, testing rat (diabetic rat) 1‑3.
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Figure 3. Gain‑ and loss‑of‑function experiments. (A) RT‑qPCR analysis of levels of miR‑203‑3p expression in (a) C3H10T1/2 cells and (b) rBMSCs trans-
fected with agomir‑203‑3p, agomir‑NC, antagomir‑203‑3p and antagomir‑NC. (B) Cells were osteogenically induced and fixed in 4% paraformaldehyde 
for histochemical detection of ALP after 7 days of culture. Representative histological staining images (magnification, x1.4) for ALP (ALP staining) of 
(a) C3H10T1/2 cells and (b) rBMSCs transfected with agomir‑203‑3p, agomir‑NC, antagomir‑203‑3p and antagomir‑NC are displayed. (C) Protein expression 
of Runx2 in (a) C3H10T1/2 cells and (b) rBMSCs transfected with agomir‑203‑3p, agomir‑NC, antagomir‑203‑3p and antagomir‑NC after 4, 7 and 14 days 
of osteogenic induction detected by western blot analysis, revealing that miR‑203‑3p inhibited the expression of Runx2, while the inhibitor of miR‑203‑3p 
promoted its expression. (D‑G) The mRNA expression of (D) Runx2, (E) ALP, (F) Osterix and (G) OC in (a) C3H10T1/2 cells and (b) rBMSCs transfected with 
agomir‑203‑3p, agomir‑NC, antagomir‑203‑3p and antagomir‑NC after 1, 4, 7 and 14 days of osteogenic induction was detected by RT‑qPCR. The expression 
of Runx2 and ALP was inhibited by miR‑203‑3p and promoted by its inhibitor, while the expression of Osterix and OC was retarded by miR‑203‑3p and 
promoted by its inhibitor. Values are expressed as the mean ± standard deviation (n=3). *P<0.05, **P<0.01, ***P<0.001. miR, microRNA; RT‑qPCR, reverse 
transcription‑quantitative polymerase chain reaction; rBMSCs, rat bone marrow mesenchymal stem cells; ALP, alkaline phosphatase; Runx2, runt‑related 
transcription factor 2; OC, osteocalcin; NC, negative control; Agomir, miR agonist; Antagomir, miR antagonist.
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Figure 4. miR‑203‑3p targeting the Smad1 gene. (A) A putative target site of miR‑203‑3p, which is highly conserved in mammals, was predicted to be located in 
the 3'‑UTR of Smad1 mRNA, by using TargetScan software. The numbers represent the position of the ‘seed region’ matching miR‑203‑3p within the 3'‑UTR 
sequences. (B) Reverse transcription‑quantitative polymerase chain reaction analysis of levels of miR‑203‑3p expression in C3H10T1/2 cells and rBMSCs trans-
fected with agomir‑203‑3p, agomir‑NC, antagomir‑203‑3p and antagomir‑NC. (C) Protein was extracted at 48 h after transfection. (a) Western blot analysis 
demonstrated that the protein levels of Smad1 were repressed by overexpression of miR‑203‑3p and promoted by inhibition of miR‑203‑3p. (b) Expression of bone 
morphogenetic protein/Smad pathway‑associated proteins in C3H10T1/2 cells and rBMSCs. Representative western blot images demonstrate that Smad1, p‑Smad1 
and p‑Smad1/5/8 levels are repressed by overexpression of miR‑203‑3p. (D) mRNA was extracted at 24 and 48 h after transfection. The mRNA expression of 
Smad1 was depressed by overexpression of miR‑203‑3p in (a) C3H10T1/2 cells and (b) rBMSCs. (E) Smad1 protein levels in (a) C3H10T1/2 cells and (b) rBMSCs 
transfected with agomir‑203‑3p, agomir‑NC, antagomir‑203‑3p and antagomir‑NC on the days 4, 7 and 14 of osteogenic induction was detected by western blot 
analysis, revealing that overexpression of miR‑203‑3p caused the expression of Smad1 to be (a) depressed and retarded in C3H10T1/2 cells and (b) to be depressed 
in rBMSCs. Overexpression of miR‑203‑3p suppressed the expression of Smad1 in (a) C3H10T1/2 cells and (b) rBMSCs, while inhibition of miR‑203‑3p resulted in 
the promotion of Smad1. Agomir delayed the expression of Smad1 so that, in the osteogenic process, the Agomir group demonstrated the highest expression levels 
of Smad1 later than the Agomir‑NC group. At day 14, Smad1 appeared to be increased in the Agomir group compared with that observed in the Agomir‑NC group. 
(F-a) A luciferase reporter system containing a binding site (Smad1‑3'‑UTR‑WT) or a mutated site (Smad1‑3'‑UTR‑mut) located in the downstream region of the 
pGL3 luciferase reporter gene was constructed. C3H10T1/2 cells were co‑transfected with pGL3‑Smad1 or pGL3‑Smad1‑mut, phRL‑null and Agomir‑203‑3p or 
Agomir‑NC. (b) Compared with the negative control, the luciferase activity in the group co‑transfected with Agomir‑203‑3p and pGL3‑Smad1‑WT was decreased 
by 37.3%, while Agomir‑203‑3p did not affect the luciferase activity of the pGL3‑Smad1‑mut vector. Values are expressed as the mean ± standard deviation (n=3). 
***P<0.001. miR, microRNA; NC, negative control; Agomir, miR agonist; Antagomir, miR antagonist; UTR, untranslated region; mut/Mt, mutant; WT, wild‑type; 
rBMSCs, rat bone marrow mesenchymal stem cells; pSmad, phosphorylated Smad; Luc, luciferase.
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Runx2 and ALP was inhibited by miR‑203‑3p and promoted 
by its inhibitor (Fig. 3D and E); similarly, the expression of 
Osterix and osteocalcin (OC) was retarded by miR‑203‑3p 
and promoted by its inhibitor (Fig. 3F and G), which suggested 
that miR‑203‑3p inhibits osteogenesis in C3H10T1/2 cells and 
rBMSCs.

miR‑203‑3p directly targets Smad1. Using TargetScan software, a 
putative binding site for miR‑203‑3p was identified in the 3'‑UTR 
of Smad1 mRNA, which is highly conserved in mammals 
(Fig. 4A). To determine whether Smad1 is the direct target of 
miR‑203‑3p, agomir‑203‑3p, antagomir‑203‑3p and their nega-
tive control were transfected into in C3H10T1/2 cells or rBMSCs 
(Fig. 4B), and after 48 h of osteogenesis, the expression of Smad1 
was assessed by western blot analysis. The results demonstrated 
that the protein levels of Smad1 were repressed following 
enhancement of miR‑203‑3p and increased following inhibition 
of miR‑203‑3p (Fig. 4Ca). The protein levels of further Smads 
were detected in C3H10T1/2 cells or rBMSCs. Western blot 
analysis indicated that enhancement of miR‑203‑3p obviously 
repressed the protein levels of Smad1, p‑Smad1 and p‑Smad1/5/8 
in C3H10T1/2 cells or rBMSCs (Fig. 4Cb). Furthermore, the 
mRNA expression of Smad1 was depressed by overexpression 
of miR‑203‑3p in C3H10T1/2 cells and rBMSCs following 24 
and 48 h of osteogenesis (Fig. 4D). Furthermore, enhancement of 
miR‑203‑3p suppressed the expression of Smad1 in C3H10T1/2 

cells and rBMSCs, while inhibition of miR‑203‑3p resulted in 
the promotion of Smad1 at various time‑points of osteogenesis. 
Agomir delayed the expression of Smad1 so that, in the osteogenic 
process, the Agomir group demonstrated the highest expression 
levels of Smad1 later than the Agomir‑NC group. At day 14, 
Smad1 appeared to be increased in the Agomir group compared 
with that observed in the Agomir‑NC group (Fig. 4E). To demon-
strate the direct interaction between miR‑203‑3p and Smad1 
mRNA, a pGL3 luciferase reporter system containing a binding 
site (Smad1‑3'‑UTR WT) or a mutated site (Smad1‑3'‑UTR mut) 
located in the downstream region of the luciferase reporter 
gene was constructed. C3H10T1/2 cells were co‑transfected 
with pGL3‑Smad1‑WT or pGL3‑Smad1‑mut, phRL‑null and 
agomir‑203‑3p or agomir‑NC. The luciferase activity of the 
pGL3‑Smad1 vector in the agomir‑203‑3p group was decreased 
by 37.3% (P<0.01) compared with that in the agomir‑NC group, 
while agomir‑203‑3p did not affect the luciferase activity of the 
pGL3‑Smad1 mut vector (Fig. 4F). These results were consistent 
with the bioinformatics prediction that the 3'‑UTR of Smad1 
mRNA is a direct target of miR‑203‑3p (Fig. 4A).

Ectopic overexpression of Smad1 abrogates the suppres‑
sive effect of miR‑203‑3p on osteogenesis. To further 
investigate the association between miR‑203‑3p and Smad1, 
a Smad1 overexpression plasmid was constructed and 
transfected into C3H10T1/2 cells (Fig. 5A); in addition, the 

Figure 5. Overexpression of Smad1 rescues the repression of osteogenesis by miR‑203‑3p. (A) RT‑qPCR analysis of levels of Smad1 expression in C3H10T1/2 
cells transfected with Smad1 overexpression plasmid and NC plasmid. (B) Smad1 protein expression in C3H10T1/2 cells transfected with Smad1 overex-
pression plasmid or NC plasmid and agomir‑203‑3p or agomir‑NC was detected by western blot analysis. (C and D) Smad1 overexpression plasmid or NC 
plasmid and agomir‑203‑3p or agomir‑NC were co‑transfected into C3H10T1/2 cells, followed by osteogenic induction for 7 days. (C) RT‑qPCR was used to 
analyze the expression levels of Runx2, Alp, Osterix and OC. (D) Histochemical detection of ALP in C3H10T1/2 cells (magnification, x1.4). Overexpression 
of Smad1 appeared to attenuate the miR‑203‑3p‑mediated suppression of osteogenic differentiation. Values are expressed as the mean ± standard deviation 
(n=3). ***P<0.001. miR, microRNA; NC, negative control; Agomir, miR agonist; Antagomir, miR antagonist; ALP, alkaline phosphatase; Runx2, runt‑related 
transcription factor 2; OC, osteocalcin; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction.
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Smad1 overexpression plasmid was co‑transfected with 
agomir‑203‑3p or agomir‑NC into C3H10T1/2 cells and over-
expression of Smad1 protein was confirmed by western blot 
analysis (Fig. 5B). Ectopic expression of Smad1 appeared to 
attenuate the miR‑203‑3p‑mediated suppression of osteogenic 
differentiation (Fig. 5C and D). These results indicated that 
miR‑203‑3p inhibited osteogenic differentiation, in part via 
the downregulation of Smad1 expression.

Discussion

Diabetes mellitus is a metabolic disorder that affects bone 
metabolism in the entire body, which, in turn, inevitably 
affects the bone metabolism and bone mass in the jaw (1,2). 
Unlike skeletal limbs, which originate from the mesoderm, 
the jaw is derived from the neural crest of the embryo. Jaw 
injury is repaired by BMSCs of neural crest origin, while limb 
injury is repaired by BMSCs derived from the mesoderm. 
Studies that examined BMSCs of the jaw and of the tibia 
demonstrated that BMSCs of different sources had different 
biological characteristics (4). To date, studies on the effects 
of diabetes on osteogenesis have mostly focused on skeletal 
limbs and cells cultured in  vitro, while few studies have 
focused on the jaw bone (34‑36). Therefore, to determine the 
potential tissue‑specific factors that affect the stability of teeth 
and dental implants, DM‑associated changes in jaw bones 
were assessed. In the present study, a rat model of T2DM was 
generated and the osteogenesis‑associated gene expression 
in mandibles was assessed, revealing that osteogenesis was 
inhibited in the diabetic group, as were the cells cultured with 

high‑glucose medium in vitro, which was consistent with the 
results of previous studies (34‑36).

miRNAs may act as developmental regulators and modulate 
physiological and pathological processes by post‑transcrip-
tionally inhibiting gene expression (37). Previous studies have 
discovered that multiple miRNAs are involved in osteogenic 
differentiation. In the present study, it was hypothesized that 
certain miRNAs participate in inhibition of osteogenesis in 
diabetic jaw bones. To assess this, high‑throughput small RNA 
sequencing was performed, which determined that the expression 
of a number of miRNAs in the mandibles of diabetic rats was 
different from that in the mandibles of normal rats, which was 
verified by RT‑qPCR. Among them, the expression of certain 
miRNAs was consistent with the results obtained by screening 
BMSCs cultured under different glucose concentrations in vitro, 
including miR‑181a‑5p, miR‑345‑5p and miR‑872‑5p, while 
other miRNAs were not, including miR‑149‑5p, miR‑185‑5p 
and miR‑674‑3p (38). Therefore, there are differences between 
the in vivo and in vitro results, indicating that high‑glucose 
culture may not completely simulate diabetic conditions, and 
better models need to be established. A literature review did not 
provide any studies that had performed miRNA screening of 
bone in diabetic conditions, not even of skeletal limbs. In the 
diabetic group, the present study revealed and upregulation of 
miR‑203‑3p, which has been reported to regulate the inflam-
matory response, inhibit the progression of several types of 
tumor and participate in the regulation of pathological processes 
of diabetes  (39‑43). It was identified that osteogenesis was 
repressed by overexpression of miR‑203‑3p and promoted when 
miR‑203‑3p was inhibited, which indicated that miR‑203‑3p 

Figure 6. Schematic illustrating the association between high glucose, miR‑203‑3p and the BMP/Smad1 pathway. High glucose results in high expression of 
miR‑203‑3p, which represses osteogenesis by i) targeting Smad1 to directly attenuate the BMP/Smads pathway or promote the TGF‑β/activin pathway, which 
has an inhibitory role in osteoblast differentiation, by indirectly reducing Smad1 and Smad2/3 competition for Smad4 and the two pathways act synergistically; 
ii) targeting Runx2 to attenuate the synergistic effect on the BMP/Smads pathway or downregulating the downstream transcription of osteogenic genes. BMP, 
bone morphogenetic protein; TGF, transforming growth factor; miR, microRNA; Runx2, runt‑related transcription factor 2; OC, osteocalcin; P, phosphate; 
Col1a1, collagen type 1 α 1. 
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participates in the repression of osteogenesis. In addition, to the 
best of our knowledge, the present study was the first to demon-
strate that miR‑203‑3p suppresses osteogenesis.

To further study the mechanisms of osteogenesis repres-
sion by miR‑203‑3p, its target mRNAs were predicted with 
TargetScan, miRanda and Pictar, and the common results 
provided a pool of candidate genes. Among them, the predicted 
target site of Smad1 was evolutionarily conserved among 
vertebrates. The experimental results demonstrated that Smad1 
expression was lower in the mandibles of diabetic rats as 
compared with that in the mandibles of normal rats. RT‑qPCR 
and western blot analyses indicated that miR‑203‑3p mark-
edly decreased Smad1 expression levels, while inhibition of 
miR‑203‑3p resulted in the upregulation of Smad1 at the mRNA 
and protein level, respectively. Using a miRNA target luciferase 
reporter assay, it was revealed that miR‑203‑3p overexpression 
decreased the luciferase activity of the reporter vector driven 
by the Smad1 3'‑UTR, which indicated that miR‑203‑3p 
inhibits Smad1 expression by directly binding to its 3'‑UTR and 
thereby degrading Smad1 mRNA or inhibiting its translation. 
To determine whether miR‑203‑3p modulates osteogenesis by 
repressing Smad1, cells were transfected with agomir‑203‑3p, 
resulting in attenuation of the protein expression of Smad1, 
as indicated by western blot analysis. Finally, repressed 
osteogenesis by miR‑203‑3p was attenuated by ectopic overex-
pression of Smad1, which indicated that miR‑203‑3p represses 
osteogenesis partially through downregulation of Smad1. The 
BMP/Smad1/5/8 pathway was demonstrated to be repressed by 
miR‑203‑3p.

Smad1 is an immediate downstream transducer medi-
ating the BMP receptor in BMP signaling (44). Mice with 
osteoblast‑specific Smad1 gene knockout displayed impaired 
postnatal bone formation (45). TGF‑β superfamily members 
have a variety of biological functions, as Smads may combine 
with a variety of transcription factor‑targeting genes. 
Supra‑physiological glucose and insulin levels of T2DM 
inhibit the maturation of primary human osteoblasts, and 
human immortalized BMSCs treated with sera from T2DM 
patients exhibited significantly increased TGF‑β signaling, 
while inhibition of this signaling effectively restored osteo-
blast maturation in the T2DM group  (46). Smad proteins 
are classified into three subtypes: Receptor‑regulated 
Smads (R‑Smads), common‑partner Smads (Co‑Smads) and 
inhibitory Smads. Among them, Smad2 and Smad3 serve as 
R‑Smads transducing TGF‑β/activin‑like signals, whereas 
Smad1, Smad5 and Smad8 act as R‑Smads transducing 
BMP‑like signals. R‑Smads that are activated by BMP and 
Runx2 induce osteogenic differentiation. Smad4 is the only 
Co‑Smad in mammals and is shared by the TGF‑β/activin 
and BMP pathways (47). TGF‑β has been described as the 
central factor in bone homeostasis, as it induces the recruit-
ment and proliferation of osteoblasts (48), and several murine 
studies suggest that TGF‑β may also negatively influence the 
bone structure (49,50). Smad1/5/8 and Smad2/3 compete for 
combination with Smad4 for signal transduction (51). In addi-
tion, miR‑203‑3p was reported to target Runx2 (52,53), which, 
as a specific transcription factor, has an important role in the 
formation and reconstruction of bone tissue. Runx2 interacts 
with Smads to enhance the expression of osteogenesis‑specific 
genes (54). Using RT‑qPCR, the present study demonstrated 

that miR‑203‑3p markedly decreased Smad1 mRNA expres-
sion, and western blot analysis indicated that miR‑203‑3p 
markedly decreased Smad1 protein expression, while the inhi-
bition of miR‑203‑3p resulted in the upregulation of Smad1 
mRNA and protein. It may therefore be hypothesized that high 
expression of miR‑203‑3p prevails in T2DM, which represses 
osteogenesis by targeting Smad1 to directly attenuate the 
BMP/Smads pathway or promote the TGF‑β/activin pathway, 
which has an inhibitory effect on osteoblast differentiation by 
reducing Smad1 and Smad2/3 competition for Smad4 indi-
rectly, and these two pathways acting synergistically, as well 
as by targeting Runx2 to attenuate the synergistic effect on 
the BMP/Smads pathways or downregulating the downstream 
transcription of osteogenic genes (Fig. 6). Of course, further 
experiments are necessary to verify these mechanisms.

In conclusion, the present study suggested that miR‑203‑3p 
has a role in the inhibition of osteogenesis in the jaw bones 
of diabetic rats, and overexpression of miR‑203‑3p in the 
jaw bones of diabetic rats or cells cultured in high‑glucose 
medium inhibits osteogenesis by targeting Smad1, which is 
an important mediator of the BMP/Smad pathway. Therefore, 
the BMP/Smad pathway is attenuated, and the TGF‑β/activin 
pathway may be promoted through the reduction of Smad1. 
The present study provides a basis for gene therapy by 
inhibition of miR‑203‑3p in diabetic jaw bones, which may 
ameliorate diabetic osteoporosis and improve fracture healing, 
tooth stability and implant osseointegration.
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