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Abstract. The present study assessed the effects of 
microRNA‑1 (miR‑1) on the development of osteoarthritis using 
human tissues and a Col2a1‑Cre‑ERT2/GFPfl/fl‑RFP‑miR‑1 
mouse model of osteoarthritis. Human cartilage tissues 
(n=20) were collected for reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR), histological analysis 
and immunohistochemistry experiments. A transgenic 
mouse model of osteoarthritis was established by subjecting 
Col2a1‑Cre‑ERT2/GFPfl/fl‑RFP‑miR‑1 transgenic mice to ante-
rior cruciate ligament transection (ACLT). Mice were subjected 
to radiography and in vivo fluorescence molecular tomography 
(FMT), while mouse tissues were collected for histological 
analysis, RT‑qPCR and Safranin O staining. It was found 
that the miR‑1 level was downregulated, whereas the levels 
of Indian hedgehog (Ihh), as well as those of its downstream 
genes were upregulated in human osteoarthritic cartilage. In 
the transgenic mice, treatment with tamoxifen induced miR‑1, 
as well as collagen, type II (Col2a1) and Aggrecan (Acan) 
expression; however, it decreased Ihh, glioma‑associated onco-
gene homolog (Gli)1, Gli2, Gli3, smoothened homolog (Smo), 
matrix metalloproteinase (MMP)‑13 and collagen type X 
(Col10) expression. Safranin O staining revealed cartilage 
surface damage in the non‑tamoxifen + ACLT group, compared 
with that in the tamoxifen + ACLT group. Histologically, an 

intact cartilage surface and less fibrosis were observed in the 
tamoxifen + ACLT group. Immunohistochemistry revealed 
that the protein expression of Ihh, Col10, and MMP‑13 was 
significantly higher in the joint tissues of the non‑tamox-
ifen + ACLT group than in those of the tamoxifen + ACLT 
group. However, Col2a1 expression was lower in the joint 
tissues of the non‑tamoxifen + ACLT group than in those of 
the tamoxifen + ACLT group. The results of RT‑qPCR and 
FMT further confirmed these findings. On the whole, the find-
ings of the present study demonstrate that miR‑1 expression 
protects against osteoarthritis‑induced cartilage damage and 
gene expression by inhibiting Ihh signaling.

Introduction

Osteoarthritis is a common joint disease affecting elderly 
individuals that induces joint pain and stiffness, thus severely 
affecting the quality of life of these individuals (1). The inci-
dence rate of osteoarthritis among Asians aged ≥65 years is 
predicted to more than double from 6.8% in 2008 to 16.2% 
in 2040. In addition, due to an increase in the incidence of 
sports‑associated trauma, the average age of patients with 
osteoarthritis is estimated to decrease (2). As a chronic joint 
disease, osteoarthritis is often characterized by articular carti-
lage degeneration and osteophyte formation. The lack of an 
articular cartilage blood supply, neural control and lymphatic 
vessels render the repair of this type of damage difficult (3). 
To date, the precise pathogenesis and molecular mechanisms 
responsible for the development and progression of osteoar-
thritis remain unclear; thus, there is no effective method yet 
available for the prevention or treatment of osteoarthritis. 
The risk factors of osteoarthritis include previous joint injury, 
abnormal joint or limb development and genetic background, 
as well as being overweight or having a job which requires 
the lifting of heavy objects, in which the mechanical stress on 
the joints and low‑grade inflammation cause degenerative joint 
disease, such as osteoarthritis (4). Therefore, further studies 
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on the molecular pathogenesis of osteoarthritis may aid in the 
development of novel approaches with which to prevent and 
control this disease in order to improve the quality of life of 
affected individuals.

Recently, microRNAs (miRNAs or miRs) in the cartilage 
under conditions of homeostasis and osteoarthritis have 
gained increasing attention. miRNAs are a class of endog-
enous non‑coding RNAs of 18‑24 nucleotides in length that 
post‑transcriptionally regulate the expression of protein‑coding 
genes. miRNAs can recognize and bind to the 3'‑untranslated 
region of gene transcripts (mRNA) through base complemen-
tary pairing to guide the RNA‑induced silencing complex 
and degrade the target mRNA or repress translation of the 
target mRNA (5‑7). Previous studies have demonstrated that 
both miR‑140 and miR‑146a are involved in the pathogen-
esis of osteoarthritis, thus suggesting that miRNAs play an 
important role in cartilage homeostasis (8‑12). A more recent 
study revealed that miR‑1 inhibited the ossification of the 
posterior longitudinal ligament via the MALAT1/miR‑1/Cx43 
regulatory axis in patient ligament samples (13). However, the 
role of miR‑1 in the development of osteoarthritis remains 
unknown. A recent study demonstrated that miR‑1 was highly 
expressed in the hypertrophic zone of growth plate carti-
lage, and regulated chondrocyte phenotypes during growth 
plate development (14). Therefore, it was hypothesized that 
miR‑1 regulates chondrocyte homeostasis. Previous studies 
have revealed that both miR‑1 and Indian hedgehog (Ihh) 
are distributed in the pre‑hypertrophic region of cartilage 
tissues  (11,14,15). This region is involved in chondrocyte 
hypertrophy, suggesting that miR‑1 and Ihh play a role in 
chondrocyte homeostasis.

Indeed, Ihh is involved in cartilage degeneration and 
osteoarthritis progression (16). It has been demonstrated that 
chondrocytes undergo hypertrophic differentiation in the early 
stages of osteoarthritis (17,18), while Ihh functions to regulate 
chondrocyte hypertrophy, thereby achieving endochondral 
ossification (19‑21). It was previously demonstrated that the 
disruption of the Ihh signaling pathway in vivo was able to 
attenuate osteoarthritis progression in a transgenic mouse 
Ihhfl/fl model of osteoarthritis induced by surgery (22), while 
Ipriflavone was able to reduce cartilage degeneration in rats by 
blocking Ihh signaling (23). Thus, the upregulation of the Ihh 
pathway plays an important role in osteoarthritis progression, 
whereas the inhibition of the Ihh pathway attenuates cartilage 
degradation.

In the present study, the levels of miR‑1 and Ihh 
were first assessed in the tibial plateau of humans with 
or without osteoarthritis, and a transgenic mouse model 
of osteoarthritis was then established after subjecting 
Col2a1‑Cre‑ERT2/GFPfl/f l‑RFP‑miR‑1 transgenic mice to 
anterior cruciate ligament transection (ACLT)  (24,25). The 
effects of miR‑1 expression in mice on the regulation of Ihh, 
glioma‑associated oncogene homolog (Gli)1, Gli2, Gli3, 
smoothened homolog (Smo), MMP‑13, collagen type X (Col10), 
Col2a1 and Aggrecan (Acan) expression were also analyzed.

Materials and methods

Human cartilage tissues. The present study was approved 
(2019YX260) by the Institutional Ethics Committee of the 

Second Hospital of Shanxi Medical University (Taiyuan, 
China), and all patients provided informed consent. Cartilage 
tissues (n=20) were obtained from the cartilage samples of 
the tibial plateau during total knee arthroplasty of patients 
with osteoarthritis who were diagnosed according to the 
American Rheumatism Association Criteria for osteoar-
thritis (26). Histologically, these cartilage samples exhibited 
severe damage and were harvested from the medial region 
of the tibial plateau, while the relatively normal cartilage 
was harvested from the normal appearing non‑loaded area 
of the tibial plateau of the same patient as a control (normal). 
These cartilage tissue samples after harvest were ground in 
liquid nitrogen using a mortar and pestle and used for reverse 
transcription‑quantitative PCR (RT‑qPCR), while the articular 
cartilage tissue sections were processed and stained by 
Safranin O/fast green or immunohistochemistry.

RT‑qPCR. The whole‑knee cartilage was first dissected with 
a scalpel and then ground in liquid nitrogen, and total cellular 
RNA was isolated from the human and mouse samples (for 
mouse samples, please see below) using TRIzolTM reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.), according to 
the manufacturer's instructions. The cartilage samples from 
3 mice were pooled together, and 3 pooled samples per group 
were used for RNA isolation. These RNA samples were then 
subjected to reverse transcription into complementary DNA 
(cDNA) using PrimeScriptTM RT Master Mix (Takara Bio, 
Inc.). Total cellular miRNA was isolated from these human 
and mouse cartilage samples using the miRNeasy Mini 
kit (Qiagen), according to the manufacturer's protocol, and 
reverse transcribed into cDNA using the MiScript Reverse 
Transcription kit (Qiagen). rRNA 18s and U6 were used 
as internal controls for mRNA and miRNA, respectively. 
The stem‑loop primers for miR‑1 were purchased from 
Qiagen. These cDNA samples were then subjected to qPCR 
amplification using the TB GreenTM Premix Ex TaqTM II kit 
(Takara) with the Applied BiosystemsTM QuantStudioTM 6 
Flex real‑time PCR system (Applied Biosystems; Thermo 
Fisher Scientific, Inc.). The qPCR conditions were as follows: 
Pre‑incubation of samples at 50˚C for 2 min and 95˚C for 
10  min, and then 40  cycles of denaturation at  95˚C for 
10 sec, annealing at 55˚C for 30 sec, and extension at 72˚C 
for 30 sec. The level of each transcript was quantified by 
using the threshold cycle (Ct) 2‑ΔΔCq method (27). The primer 
sequences are presented in Table I.

Animals and care. The animal protocol of the present study 
was approved (SYDL2019010) by the Institutional Animal 
Care and Use Committee (IACUC) of The Second Hospital 
of Shanxi Medical University (Taiyuan, China) and following 
the Guidelines of the Care and Use of Laboratory Animals 
issued by the Chinese Council on Animal Research. A total 
of 92 mice of 2‑months age were maintained in a specific 
pathogen‑free (SPF) ‘barrier’ facility and housed under 
controlled temperature and humidity and alternating 12‑h 
light and dark cycles. The mice received SPF mouse chow 
and were provided with sterile drinking water ad libitum. 
During the experiment, the behavior and health of the mice 
were monitored daily and recorded every 3 days. The mice 
were anesthetized with pentobarbital sodium by an intra-
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peritoneal injection (35 mg/kg). Mice were then euthanatized 
using 100% CO2 when the following humane endpoints were 
reached: i) The mice experienced weight loss (15‑20% of their 
original body weight rapidly decreased); ii) anorexia (no food 
at all for 24‑36 h); iii) weakness (unable to eat and drink on 
their own); and iv) infection of body organs (penicillin treat-
ment not effective). Following euthanasia, the death of the 
mice was confirmed by continuous non‑breathing for 2‑3 min, 
no heartbeat and no blink reflex.

Transgenic mice and surgical induction of osteoarthritis with 
ACLT. Col2a1‑Cre‑ERT2/GFPfl/fl‑RFP‑miR‑1 transgenic mice 
with conditional miR‑1 overexpression were generated at the 
Department of Orthopedics, Warren Alpert Medical School, 
Brown University and were provided by the Department 
of Orthopedics, Warren Alpert Medical School, Brown 
University. Specifically, Col2a1‑Cre‑ERT2 mice were mated 
with GFPfl/fl‑RFP‑miR‑1 mice to obtain next‑generation mice 
with the Col2a1‑Cre‑ERT2/GFPfl/f l‑RFP‑miR‑1 genotype. 

Table I. Primers for used for RT‑qPCR.

Species	 Gene	D NA sequence

Mouse	 Col2a1	 5'‑AAGGGACACCGAGGTTTCACTGG‑3'
		  5'‑GGGCCTGTTTCTCCTGAGCGT‑3'
	 Col10	 5'‑GCCAGGAAAGCTGCCCCACG‑3'
		  5'‑GAGGTCCGGTTGGGCCTGGT‑3'
	 Acan	 5'‑CAGTGGGATGCAGGCTGGCT‑3'
		  5'‑CCTCCGGCACTCGTTGGCTG‑3'
	 MMP‑13	 5'‑GGACCTTCTGGTCTTCTGGC‑3'
		  5'‑GGATGCTTAGGGTTGGGGTC‑3'
	 Ihh	 5'‑CCACTTCCGGGCCACATTTG‑3'
		  5'‑GGCCACCACATCCTCCACCA‑3'
	 Gli1	 5'‑GGTCCGGATGCCCACGTGAC‑3'
		  5'‑TCCCGCTTGGGCTCCACTGT‑3'
	 Gli2	 5'‑TGGCAGCGATGGGCCTACCT‑3'
		  5'‑GTGTGCTGCTGTTTGGC‑3'
	 Gli3	 5'‑CATGAACAGCCCTTTAAGAC‑3'
		  5'‑TCATATGTGAGGTAGCACCA‑3'
	 Smo	 5'‑CTCCTACTTCCACCTGCTCAC‑3'
		  5'‑CAAAACAAATCCCACTCACAGA‑3'
Human	 COL2A1	 5'‑TGAGGGCGCGGTAGAGACCC‑3'
		  5'‑TGCACACAGCTGCCAGCCTC‑3'
	 COL10	 5'‑TGCCTCTTGTCAGTGCTAACC‑3'
		  5'‑GCGTGCCGTTCTTATACAGG‑3'
	 Acan	 5'‑CATTCACCAGTGAGGACCTCGT‑3'
		  5'‑TCACACTGCTCATAGCCTGCTTC‑3'
	 MMP‑13	 5'‑TGCTGCATTCTCCTTCAGGA‑3'
		  5'‑ATGCATCCAGGGGTCCTGGC‑3'
	 Ihh	 5'‑ATCATCTTCAAGGACGAGGAGA‑3'
		  5'‑GGGCCTTTGACTCGTAATACAC‑3'
	 Gli1	 5'‑GAACCCTTGGAAGGTGATATGTC‑3'
		  5'‑GGCAGTCAGTTTCATACACAGAT‑3'
	 Gli2	 5'‑GCGTGTTTACCCAATCCTGT‑3'
		  5'‑GATGCTCCCTCAGAGTCCTG‑3'
	 Gli3	 5'‑CTTTGCAAGCCAGGAGAAAC‑3'
		  5'‑TTGTTGGACTGTGTGCCATT‑3'
	 Smo	 5'‑CCTTTGGCTTTGTGCTCATTACCTT‑3'
		  5'‑CGTCACTCTGCCCAGTCAACCT‑3'
Mouse and human	 18s	 5'‑CGGCTACCACATCCAAGGAA‑3'
		  5'‑GCTGGAATTACCGCGGCT‑3'

RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; COL(Col), collagen; Acan, Aggrecan; MMP‑13, matrix metallopro-
teinase‑13; Ihh, Indian hedgehog; Gli, Glioma‑associated oncogene homolog; Smo, smoothened homolog.
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To stimulate tamoxifen‑induced CreERT2 recombinase and 
miR‑1 expression in the cartilage, the mice were intraperitone-
ally injected with tamoxifen (100 µg/g body weight/day for 
5 consecutive days), as described in a previous study (11).

In the present study, 5 of wild‑type C57BL/C mice and 
5 transgenic mice were utilized, at 2 months old. These mice 
were photographed, X‑ray detected, and the knee joints were 
then harvested following euthanasia for Safranin O staining 
to assess the phenotypic differences between the transgenic 
and wild‑type mice. Furthermore, 20 of transgenic mice were 
utilized, at 2 months old, and were randomly divided into 
the tamoxifen (intraperitoneal injection) or control group 
(intraperitoneal injection of corn oil; n=10/group). The mice 
were euthanized at 3 months of age, and the knee joints were 
then harvested for RT‑qPCR to assess the levels of miR‑1 and 
Ihh. In addition, another 60 of these transgenic mice were 
selected, aged 2 months old, and were randomly divided into 
the following 4 groups (n=15/group): Non‑tamoxifen + ACLT, 
non‑tamoxifen + Sham (sham‑operated), tamoxifen + ACLT, 
tamoxifen + Sham. Tamoxifen was intraperitoneally injected 
into 2‑month‑old mice (100 µg/g body weight/day for 5 consec-
utive days), while ACLT was conducted in 3‑month‑old mice. 
The surgery was conducted on the right knees of the mice; 
2 months later, these mice were euthanized and the right hind 
limbs were harvested immediately for further analyses.

Radiography. Small‑animal X‑ray radiography was performed 
to detect the changes in the knee joints of these mice 
at 2 months after surgery using a small‑animal X‑ray apparatus 
(UltraFocus, Faxitron). In brief, the X‑ray films were acquired 
at the anteroposterior and lateral positions of the mice under 
anesthesia (pentobarbital sodium by an intraperitoneal injec-
tion; 35 mg/kg), and the exposure time and kV were set to the 
auto setting.

Histological evaluation. At 2  months after the different 
procedures, the knee joint of the right hind limb was harvested 
and fixed in 4% buffered paraformaldehyde for 48 h and 
decalcified in a 10% ethylenediaminetetraacetic acid solution 
(pH 7.2) for 8 weeks. These samples underwent routine tissue 
processing and were then embedded in paraffin and sectioned 
in the coronal orientation using a rotary microtome (Leica 
Microsystems GmbH) to provide 6‑µm‑thick coronal sections. 
Following deparaffinization in xylene and rehydration in 
graded ethanol solutions and then in H2O, the sections were 
stained with Safranin O/Fast Green (Sigma‑Aldrich; Merck 
KGaA). The sections were reviewed and scored for cartilage 
degradation by 2 pathologists who were without knowledge of 
the study groups, according to The International Association 
of Osteoarthritis Research (OARSI) grading system (28). The 
score ranged from 0 to 6, with a higher score indicating more 
severe degradation.

Immunohistochemistry. Paraffin‑embedded sections of 
these mouse tissue specimens were immunostained for the 
expression of Ihh, MMP‑13, Col10 and Col2a1. The deparaf-
finized and rehydrated sections were incubated in 3% H2O2 
in phosphate‑buffered saline (PBS) to block any endogenous 
peroxidase activity at room temperature for 10  min. The 
sections were washed with PBS and digested with 0.1% trypsin 

at 37˚C for 30 min to expose antigens that may be blocked 
by tissue fixation and processing. Subsequently, the sections 
were incubated with 20% normal serum at room tempera-
ture for 30  min and then with anti‑mouse Col2a1 (1:100; 
cat. no. ab34712; Abcam), anti‑Col10 (1:100; cat. no. BA2023; 
Wuhan Boster Biological Technology, Ltd.), anti‑Ihh 
(1:50; cat. no. bs‑6624R; BIOSS), or anti‑MMP‑13 (1:100; 
cat. no. ab39012; Abcam) at 4˚C overnight. The sections were 
then washed 3 times with PBS and were then incubated with 
a horseradish peroxidase‑conjugated secondary antibody 
(Stock solution; cat. no. PV‑9001; ZSGB‑BIO) at 37˚C for 
30 min; the color reaction was conducted by brief incubation 
of the sections in 3,3'‑diaminobenzidine solution. The immu-
nostained sections were reviewed and photographed under a 
Leica DM6B microscope (Leica Microsystems GmbH) for 
quantitation.

Fluorescence molecular tomography (FMT). FMT is a sensi-
tive and quantitative technique that provides 3‑dimensional 
tissue images in vivo (29,30). The FMT 4000 In Vivo Imaging 
System from PerkinElmer, Inc. was utilized to monitor the 
levels of MMPs and cathepsins in the mouse knee joints 
at 2 months after surgery. The mice received a single dose 
of MMPSense 645 FAST Fluorescent Imaging Agent (10 µl, 
0.4 nmol; PerkinElmer, Inc.) and ProSense 750 FAST (10 µl, 
0.4 nmol; PerkinElmer) via tail vein injection at 24 h before 
imaging. MMPSense is able to detect MMP‑2, MMP‑3, 
MMP‑7, MMP‑9, MMP‑12 and MMP‑13, while ProSense 
can detect cathepsins B, L, S, K, V and D, as well as plasmin. 
The concentrations of MMPs and PRO probes in the mouse 
knee joints were calculated by using the region of the interest 
method, and the data are expressed as the means ± standard 
deviation (SD; n=5 mice per group).

Statistical analysis. The data are expressed at the means ± SD 
and statistically analyzed by using SPSS software 
(version 19.0; IBM Corporation) and Graph Prism Software 
(version 5.0; Graph Prism Software, Inc.). The comparisons 
of 2 groups of samples were analyzed by two‑way analysis of 
variance followed by Tukey's test. A Kruskal‑Wallis analysis 
with post‑hoc Dunn's test was performed to test differences in 
OARSI grading score between groups. A P‑value ≤0.05 was 
considered to indicate a statistically significant difference.

Results

Downregulation of miR‑1 and upregulation of Ihh levels in 
human osteoarthritic cartilage. In the present study, the 
miR‑1 and Ihh levels were first assessed in osteoarthritic carti-
lage by RT‑qPCR. The data revealed that the normal samples 
expressed higher levels of miR‑1 (hsa‑miR‑1‑5p; P=0.009), 
COL2A1 (P=0.016), and Acan (P=0.025), whereas they 
exhibited lower levels of Ihh (P=0.017), Gli2 (P=0.027), Gli3 
(P=0.024), Smo (P=0.001), MMP‑13 (P=0.005) and COL10 
(P=0.014), compared with those of the osteoarthritis group 
(Fig. 1A and B). However no marked differences were observed 
in the Gli1 level (P=0.058) between the normal and diseased 
samples. The results of immunohistochemistry revealed that 
the expression of Ihh and MMP‑13 was markedly higher in the 
osteoarthritis group than in the normal group (Fig. 1C).
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Characterist ics of transgenic mice. Subsequently, 
Col2a1‑Cre‑ERT2/GFPfl/fl‑RFP‑miR‑1 mice were successfully 
generated (Fig. 2A) and the presence of miR‑1 and Col2a1‑Cre 
was confirmed by genotyping (Fig. 2B). In particular, prior 
to the tamoxifen injection, the transgenic and wild‑type mice 
at 2 months of age exhibited no differences in phenotype, with 
the mice exhibiting a similar body type, X‑ray appearance 
and normal Safranin O staining (Fig. 2C). However, following 
the tamoxifen injection, the transgenic mice exhibited lower 
levels of Ihh (P=0.024), Gli2 (P=0.004), Gli3 (P=0.006), Smo 
(P=0.002), MMP‑13 (P=0.016) and Col10 (P=0.027); however, 
they exhibited elevated levels of Col2a1 (P=0.006) and Acan 

(P=0.036) expression, compared with those in the non‑tamox-
ifen‑injected mice; of note, the level of Gli1 (P=0.009) did not 
differ significantly between the groups. Moreover, the level of 
miR‑1 (mmu‑miR‑1a‑5p; P=0.004) expression was evaluated, 
indicating the successful generation of these transgenic mice 
(Fig. 2D and E).

Transgenic mouse model of osteoarthritis. A transgenic mouse 
model of osteoarthritis was then established by subjecting mice 
to ACLT. At 2 months after ACLT, X‑ray examination of the 
knee joints revealed that the patella, tibial plateau and tibial 
intercondylar formed osteophytes in the non‑tamoxifen + ACLT 

Figure 1. Downregulation of miR‑1 and upregulation of Ihh levels in human osteoarthritic cartilage. (A and B) RT‑qPCR. Human osteoarthritic cartilage and 
adjacent normal cartilage were collected and subjected to RT‑qPCR analysis of miR‑1. *P<0.05. (C) Safranin O staining and immunohistochemistry. Human 
osteoarthritic cartilage and adjacent normal cartilage were collected and subjected to the staining procedure (blue scale bar: 200 µm). OA, osteoarthritis; Acan, 
Aggrecan; COL2A1, collagen, type II; COL10, collagen type X; MMP, matrix metalloproteinase; Ihh, Indian hedgehog; Gli, glioma‑associated oncogene 
homolog; Smo, smoothened homolog.
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group, and the joint space was narrowed; by contrast, in the 
tamoxifen + ACLT group, although there were osteophytes, 
there were no evident changes in these joints, and the joint space 
was also normal (Fig. 3). In addition, there was no obvious 
osteophyte formation in the 2 sham‑operated groups.

Subsequently, the articular cartilage was stained with 
Safranin O for the visualization of glycosaminoglycans. 
Cartilage surface damage, as well as weaker Safranin O 
staining was observed in the non‑tamoxifen + ACLT group, 
compared with that in the tamoxifen + ACLT group (Fig. 4A). 
Histologically, there was an intact cartilage surface and less 
fibrosis in the tamoxifen + ACLT group. The OARSI grading 
score was significantly higher in the non‑tamoxifen + ACLT 
group (2.52±0.24), compared with the tamoxifen + ACLT 

group (0.57±0.14; P<0.05; Fig. 4B), indicating more severe 
degradation and damage in the non‑tamoxifen + ACLT group.

miR‑1 inhibits Ihh expression and cartilage catabolism, 
whereas it promotes anabolism in the transgenic mouse 
model of osteoarthritis. Immunohistochemistry revealed that 
the protein expression of Ihh, Col10 and MMP‑13 was mark-
edly higher in the joint tissues of the non‑tamoxifen + ACLT 
group than in those of the tamoxifen + ACLT group (Fig. 5). 
However, Col2a1 expression was lower in the joint tissues 
of the non‑tamoxifen + ACLT group than in those of the 
tamoxifen + ACLT group (Fig. S1).

Furthermore, the RT‑qPCR data confirmed the immuno-
histochemical data (Fig. 4C and D), indicating that the joint 

Figure 2. Transgenic mouse model of osteoarthritis. (A) Illustration of the Col2a1‑Cre‑ERT2/GFPfl/fl‑RFP‑miR‑1 mice. (B) DNA gel electrophoresis showing 
the insertion of the loxP restriction enzyme site in the miR‑1 allele confirmed by PCR. Lane 1, miR‑1 and Col2a1‑Cre (300 bp and 450 bp); lane 2, Col2a1‑Cre 
(450 bp); lane 3, miR‑1 (300 bp). (C) X‑ray radiography and Safranin O staining (yellow scale bar: 20 µm). (D and E) RT‑qPCR. Mouse cartilage samples 
from tamoxifen‑treated mice and control mice were collected 8 weeks after the surgery and subjected to RT‑qPCR analysis. *P<0.05. WT, wild‑type; Acan, 
Aggrecan; Col2a1, collagen, type II; Col10, collagen type X; MMP, matrix metalloproteinase; Ihh, Indian hedgehog; Gli, glioma‑associated oncogene homolog; 
Smo, smoothened homolog.
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Figure 3. X‑ray radiography analysis of the mouse knee joints at eight weeks after ACLT. The data show significant changes in osteophyte formation along 
the patella, tibial plateau, and tibial intercondylar eminence in the transgenic mouse model of osteoarthritis compared with that of the miR‑1‑overexpressed 
ACLT mice (black arrow heads). In contrast, there was no obvious osteophyte formation in the two sham‑operated mice. Sham, sham‑operated; ACLT, anterior 
cruciate ligament transection.

Figure 4. Effect of miR‑1 overexpression on the inhibition of disease progression in the transgenic mouse model of osteoarthritis. (A) Safranin O staining. 
Mouse tissues were collected at 8 weeks after ACLT and subjected to Safranin O staining (black scale bar: 100 µm). The images the bottom panels are magni-
fied images of the are in the yellow boxes in the top panels. (B) OARSI scores. (C and D) RT‑qPCR. Mouse tissues were collected at 8 weeks after ACLT and 
subjected to RT‑qPCR analysis. *P<0.05. Sham, sham‑operated; ACLT, anterior cruciate ligament transection; Acan, Aggrecan; Col2a1, collagen, type II; 
Col10, collagen type X; MMP, matrix metalloproteinase; Ihh, Indian hedgehog; Gli, glioma‑associated oncogene homolog; Smo, smoothened homolog.
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tissues of the tamoxifen  +  ACLT group expressed lower 
levels of Ihh (P=0.026), Gli2 (P=0.028), Gli3 (P=0.004), Smo 
(P=0.001), MMP‑13 (P=0.010) and Col10 (P=0.004); however, 
they expressed higher levels of Col2a1 (P=0.012) and Acan 
(P=0.035), compared with those of the non‑tamoxifen + ACLT 
group; the Gli1 (P=0.061) level did not differ significantly 
between the 2 groups.

In addition, FMT with the appropriate probes was used to 
monitor the levels of MMPs and cathepsins in the knees of alive 
mice (Fig. 6). The data revealed that the MMP level was signif-
icantly lower in the tamoxifen + ACLT group (3.74±0.45 pmol) 
than in the non‑tamoxifen + ACLT group (8.20±1.51 pmol; 
P<0.001). Moreover, the cathepsin level was also significantly 
lower (6.36±1.80 pmol) in the tamoxifen + ACLT group than in 
the non‑tamoxifen + ACLT group (16.18±4.42 pmol; P=0.016), 

further confirming the immunohistochemistry and RT‑qPCR 
results.

Discussion

miRNAs post‑transcriptionally regulate gene expression 
and control a wide range of biological processes in cells and 
tissues (31). miR‑1 plays a role in myocyte proliferation and 
differentiation (32), as well as in the growth of growth plate 
chondrocytes during development (14). In the present study, it 
was found that miR‑1 expression was low in human osteoar-
thritic joint tissues and that miR‑1 induction was able to suppress 
osteoarthritis in a Col2a1‑Cre‑ERT2/GFPfl/fl‑RFP‑miR‑1 mouse 
model of osteoarthritis. Furthermore, Ihh is a secreted protein 
that is expressed in pre‑hypertrophic chondrocytes  (33), 

Figure 5. Expression of different proteins in the transgenic mouse model of osteoarthritis. Mouse tissues were collected at 2 months after ACLT and then 
subjected to tissue processing and immunohistochemistry (black scale bar: 100 µm). The images the bottom panels are magnified images of the are in the 
yellow boxes in the top panels. Sham, sham‑operated; ACLT, anterior cruciate ligament transection; MMP, matrix metalloproteinase; Col10, collagen type X; 
Ihh, Indian hedgehog.
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indicating that the upregulation of Ihh can promote the 
hypertrophic phenotype and induce the expression of typical 
hypertrophic markers, such as COL10 and MMP‑13 (10). Thus, 
upregulated Ihh signaling can contribute to the development of 
osteoarthritis (34‑37). In the present study, it was revealed that 
the miR‑1‑induced inhibition of Ihh (data not shown) signaling 
was able to suppress the development of osteoarthritis in a 
Col2a1‑Cre‑ERT2/GFPfl/fl‑RFP‑miR‑1 mouse model of osteo-
arthritis. Specifically, it was found that Ihh expression was low 
in normal human articular cartilage, whereas it was increased 
in osteoarthritis‑damaged cartilage. Ihh expression was asso-
ciated with the severity of osteoarthritis, in terms of cartilage 
damage, thus confirming previous observations and analyses of 
human samples (10,38). The expression of miR‑1 was inversely 
proportional to that of Ihh in human osteoarthritis‑damaged 
articular cartilage. Therefore, the development of therapies 
that target Ihh may be a novel approach for the treatment or 
prevention of osteoarthritis.

Indeed, the transgenic mouse model of osteoarthritis is 
a useful tool with which to assess the effects of miR‑1 on the 
regulation of osteoarthritis development and treatment. In the 
current study, Col2a1‑Cre‑ERT2/GFPfl/fl‑RFP‑miR‑1 mice were 
obtained and generated and a transgenic mouse model of osteo-

arthritis was then established following surgical ACLT. Mouse 
cartilage was then resected for the assessment of osteoarthritis 
by radiography, histology, gene expression and Safranin O 
staining. The X‑ray examination of the knee joints of mice 
at 2 months following ACLT revealed that the patella, tibial 
plateau and tibial intercondylar formed osteophytes in osteo-
arthritic mice and that the joint space was narrowed; whereas 
ACLT mice with miR‑1 overexpression had no obvious changes 
in these joints or the joint space. Safranin O staining of the 
articular cartilage revealed more cartilage surface damage in 
the osteoarthritic mice compared with that in the ACLT mice 
with miR‑1 overexpression. Histologically, the mice subjected 
to ACLT with miR‑1 overexpression had an intact cartilage 
surface with less fibrosis. These data clearly revealed the role of 
miR‑1 in the control of osteoarthritis development in these mice.

The data of the present study also demonstrated that 
the levels of Ihh and its downstream genes (such as Gli2, 
Gli3, and Smo), MMP‑13 and Col10 were lower in the 
miR‑1‑overexpressing cartilage, whereas the levels of Col2a1 
and Acan were higher. These findings were further confirmed 
by the immunohistochemistry and FMT data. FMT is an 
advanced, sensitive bioimaging method that provides nonin-
vasive, in‑depth tissue imaging and quantification of in vivo 

Figure 6. The in vivo FMT measurement of total MMPs and cathepsins in the transgenic mouse model of osteoarthritis. These mice were subjected to in vivo 
FMT at 2 months after ACLT. (A and B) Detection of the MMP level in the mice. The graph summarizes the FMT data. (A and C) Detection of the cathepsin 
level in the mice. The graph summarizes the FMT data (n=5 per group). *P<0.05. Sham, sham‑operated; ACLT, anterior cruciate ligament transection; MMP, 
matrix metalloproteinase.
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biological targets (10). In the present study, in vivo FMT was 
performed and it was found that the expression of MMPs and 
cathepsins was downregulated in miR‑1‑overexpressing mice 
subjected to ACLT compared to that of osteoarthritic mice. 
These findings were consistent with the immunohistochem-
istry and RT‑qPCR results.

However, the present study does have some limitations; for 
example, the reason why there was no change in Gli1 expression 
between the normal and osteoarthritic human samples or between 
the tissues from osteoarthritic and miR‑1‑overexpressed ACLT 
mice cannot be explained. Moreover, the direct miR‑1 binding 
or regulation of Ihh expression was not confirmed, although in 
another study by the authors, bioinformatics analysis of miR‑1 
target genes using TargetScan (http://www.targetscan.org) and 
miRanda (http://www.microrna.org) revealed that there are two 
specific binding sites (miRBas Accession no. #MIMAT0000416) 
between miR‑1 and the 3'‑untranslated region of Ihh (unpub-
lished data). Further research using a luciferase reporter assay is 
required to validate their direct interaction.

In conclusion, the present study revealed that miR‑1 plays 
an important role in protection of the articular cartilage from 
osteoarthritis‑induced degeneration and is accompanied by the 
downregulation of Ihh expression. Future studies are required 
to further investigate miR‑1 as a novel target for the prevention 
and treatment of osteoarthritis.
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