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Curcumin improves bone microarchitecture in  
glucocorticoid-induced secondary osteoporosis  
mice through the activation of microRNA-365  
via regulating MMP-9
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Abstract: The present study aimed to investigate bone microarchitecture of the proximal tibia in glucocorticoid-
induced osteoporosis (GIOP) mice, and the underlying molecular mechanisms of curcumin in DXM-induced osteo-
porosis were performed. DXM-treated facilitated to induce hypercalciuria in mice, and curcumin-treated showed a 
decrease in urine calcium. Curcumin reversed DXM-induced bone resorption, including an increase in serum OCN 
and a decrease in bone resorption markers CTX and TRAP-5b. H&E staining showed the increased disconnections 
and separation in trabecular bone network as well as the reduction of trabecular thickness throughout the proximal 
metaphysis of tibia in GIOP group. Importantly, curcumin reversed DXM-induced trabecular deleterious effects and 
stimulated bone remodeling. The further evidence showed that curcumin supplement significantly decreased the 
TRAP-positive stained area and inhibited the activity of OPG/RANKL/RANK signaling in the GIOP mice. Moreover, 
bioinformatics analysis suggested that miR-365 was a regulator of MMP9. The levels of miR-365 were markedly 
suppressed; however, curcumin treatment could reverse the downregulation of miR-365 in the tibia of GIOP mice. 
Simultaneously, the results demonstrated that the mRNA and protein expression of MMP-9 were significantly in-
creased in GIOP mice compared with that of the control group. Curcumin treatment could suppress the expression 
of MMP-9 in the tibia of GIOP mice. The present study demonstrated the protective effects of curcumin against bone 
deteriorations in the experimentally DIOP mice, and the underlying mechanism was mediated, at least partially, 
through the activation of microRNA-365 via suppressing MMP9.

Keywords: Osteoporosis, curcumin, dexamethasone, miR-365, MMP9

Introduction

Glucocorticoids (GCs) have been widely used  
in clinics due to their anti-inflammatory and im- 
munomodulatory effects. However, the thera-
peutic use for immunosuppression after organ 
transplantation or for inflammatory diseases of 
glucocorticoids is always accompanied by de- 
creasing bone formation and increasing bone 
resorption and fragility [1]. The mechanisms 
account for GC-induced inhibition of bone for-
mation including the suppression of osteoblast 
differentiation, maturation and activity and the 
reduction of lifespan of osteoblast, which have 
been regarded as an important cause for osteo-
penia or osteoporosis [2, 3]. Curcumin is the 

major active ingredient of turmeric (Curcuma 
longa) and is known to possess potent anti-
inflammatory [4] and anti-arthritic [5] proper-
ties. In fact, the effects of curcumin on bone 
cells have previously been investigated in vitro 
[6, 7]. In co-cultures of bone marrow stromal 
cells (BMSC) and whole bone marrow cells 
(BMC), exposure to curcumin leads to dose-
dependent suppression of osteoclastogenesis 
in the coculture system and reduces the expres-
sion of RANKL in IL-1α-stimulated BMSCs [8]. 
Therefore, curcumin effects on bone microar-
chitecture in vivo warranted further evaluation. 
Previous studies have unveiled its action mech-
anisms to protect against ovariectomy-induced 
bone changes in rat model [9, 10] and decrease 
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osteoclastogenesis [11]. In APP/PS1 transgen-
ic mice, curcumin treatment leads to constant 
increases in the trabecular bone mass of the 
metaphysis [12]. However, the roles of curcum-
in in glucocorticoid-induced secondary osteo-
porosis have not been clearly delineated.

MicroRNAs (miRs) are endogenous non-coding 
RNAs and single-stranded RNA molecules of 
18~22 nucleotides in length that serve as 
important post-transcriptional gene regulators. 
The key features of miRs control cell prolifera-
tion and differentiation of various cell types. 
MiRs regulate biological processes by bind- 
ing to the mRNA 3’-untranslated region (UTR) 
sequences to attenuate protein synthesis. A 
growing number of studies have demonstrated 
that the pathogenic change in various tissues 
has been linked to miRs [13, 14]. Accumulat- 
ing evidence points to an intimate connection 
between miRNAs and bone homeostasis. In 
mouse preosteoblastic MC3T3-E1 cells, miR-
29b promotes osteoblast differentiation in by 
directly downregulating known inhibitors, HDA- 
C4, TGFb3, ACVR2A, CTNNBIP1 and DUSP2, of 
osteoblast differentiation via binding to target 
3’-UTR sequences in their mRNAs [15]. More- 
over, miR-2861 and miR-3960 play a positive 
role in regulating osteoblast differentiation [16, 
17]. In osteoclast differentiation, the expres-
sion of has-miR-148a increased, overexpres-
sion of miR-148a can promote CD14+ PBMCs 
differentiation into osteoclasts [18]. The ex- 
pression of avian musculoaponeurotic fibrosar-
coma oncogene homolog B (MAFB) a target 
gene of miR-148a is inhibited at the post-tran-
scriptional level and indirectly promotes the 
expression of NFATc1 and OSCAR, which can 
promote osteoclast differentiation [18]. In 
RAW264.7 cells, miR-7b is decreased in the 
present of M-CSF and RANK, however, its over-
expression attenuates the number of TRAP-
positive cells and the formation of multinu- 
cleated cells. In contrast, the inhibition of miR-
7b enhances osteoclastogenesis, and miR- 
7b inhibited osteoclastogenesis and cell-cell 
fusion by directly targeting DC-STAMP that is 
associated with expression of NFATc1 and c-fos 
[19]. These results indicate that alterations in 
the expression levels of miRs associated with 
bone metabolism can lead to osteoporosis and 
other bone diseases. However, the underlying 
signaling mechanisms accounting for miRs in 
glucocorticoid-induced osteoporosis (GIOP) are 
still not well characterized.

In the present study, bioinformatics analy- 
sis suggested that miR-365 was a regulator  
of matrix metalloproteinase-9 (MMP-9). There 
was a possibility that miR-365 might be in- 
volved in glucocorticoid-induced secondary 
osteoporosis and was utilized as a therapeu- 
tic target for curcumin in experimentally GIOP 
mice.

Materials and methods

Animal treatment

Ten-week-old male C57BL/6J mice (Guangzhou 
University of Traditional Chinese Medicine, 
Guangzhou, China) were allowed to acclimate 
to the environment for 1 week. All experiment- 
al procedures were carried out in accordance 
with the guidelines of the Fifth Affiliated Hos- 
pital of Sun Yat-sen University on Animal Care. 
All chemicals and reagents were purchased 
from Sigma (Oakville, Ontario, Canada), except 
where noted. The mice were randomly divided 
into three groups: (1) Vehicle group (n = 10); (2) 
Mice were injected intramuscularly with 5 mg/
kg body weight dexamethasone (DXM) three 
times a week for 12 weeks (GIOP, n = 10); (3) 
Mice in the GIOP group received curcumin oral-
ly at a dose of 200 mg/kg per day for 12 weeks 
(crucumin, n = 10).

Chemistries in serum and urine

The concentrations of calcium (Ca) and creati-
nine (Cre) in serum and urine were measured  
by standard colorimetric methods using a 
micro-plate reader (Bio-Tek, USA). The level of 
urine Ca was corrected by the concentration of 
urine Cre. Serum levels of tartrate resistant 
acid phosphatase-5b (TRACP-5b), Osteocalcin 
(OCN) and C-terminal telopeptide of type I  
collagen (CTX) were detected using mouse  
bioactive ELISA assay (Immutopics, Inc., San 
Clemente, CA, USA) with ELISA reader (MD 
SpectraMax M5, USA).

Bone histomorphology

The tibias were decalcified in 0.5 M EDTA (pH = 
8.0) and then embedded in paraffin by stan-
dard histological procedures. Section of 5  
μm were cut and stained with hematoxylin & 
eosin (H&E), and visualized under a microscope 
(Leica DM 2500, Germany). Tibias were sub-
jected to an assay for TRAP activity according 
to the manufacturer’s protocol (Sigma Alrich, St 
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Louis, MO, USA). The images were taken with  
a digital camera attached to the microscope 
(Leica DM 2500, Germany). The trabecular 
bone microarchitecture of the proximal metaph-
ysis of the tibia was measured using a microto-
mography scanner (SkyScan 1076, Kontizh, 
Belgium) with a slice thickness of 22 μm. Bone 
morphometric parameters, including bone vol-
ume over total volume (BV/TV), trabecula num-
ber (Tb. N), trabecula thickness (Tb. Th) and 
trabecula separation (Tb. Sp) were measured.

Cell culture and osteoclast differentiation

Osteoblast, MC3T3-E1 and RAW 264.7 main-
tained in α-MEM containing (Invitrogen, USA) 
supplemented with 10% FBS (Invitrogen, USA) 
at 37°C in a humidified incubator (Thermo, 
USA), 5% CO2, 95% air atmosphere. The medi-
um was replenished every two days. Bone mar-
row cells were prepared by removing from tibia 
and exposed to 50 ng/mL M-CSF and 50 ng/
mL RANKL for an additional 14 days. Cells were 
treated with 100 nM DXM for 72 h. MicroRNA 
groups were transfected with miR-365 for 48 h.

Overexpression of miR-365 and luciferase re-
porter gene activity assay

For the transfection of cells, lentiviral vectors 
harboring miR-365 was constructed, and the 
cells were infected. The 3’UTR of MMP-9 gene 
containing the predicated target sites for miR-
365 was obtained by PCR amplification. The 
fragment was inserted into the multiple cloning 
sites in the pMIR-REPORT luciferase microRNA 
expression reporter vector (Ambion, Austin, 
USA). HEK-293 cells were co-transfected with 
0.1 μg of luciferase reporters containing MMP-9 
3’UTR and miR-365 mimics by Lipofectamine 
2000 (Invitrogen, Carlsbad, USA). We harvest-
ed the cell lysates after 48 h transfection and 
measured the luciferase activity with a dual 
luciferase reporter assay kit according to man-
ufacturer’s instruction.

Reverse transcription-polymerase chain reac-
tion

The tibias of each animal were crushed under 
liquid nitrogen conditions and RNA extraction 
was performed according to the TRIzol manu-
facturer’s protocol (Invitrogen, Carlsbad, CA, 
USA). Synthesis of cDNAs was performed by 
reverse transcription reactions with 2 μg of 

total RNA using moloney murine leukemia virus 
reverse transcriptase (Invitrogen) with oligo dT 
(15) primers (Fermentas) as described by the 
manufacturer. The first strand cDNAs served  
as the template for the regular polymerase 
chain reaction (PCR) performed using a DNA 
Engine (ABI 7300). Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) as an internal 
control was used to normalize the data to deter-
mine the relative expression of the target 
genes. The reaction conditions were set accord-
ing to the kit instructions. The PCR primers 
used in this study were shown as following: 
miR-365, Forward 5’-GATCTGCAGGGGTTAGCT- 
TG-3’ and Reverse 5’-GATCATATGAGAGTGACA- 
TC-3’; ALP, Forward 5’-CCAGGGCGTACGGAGG- 
CCATT-3’ and Reverse 5’-GACCAAATTACGGCG- 
TAGCCTC-3’; osteocalcin, Forward 5’-TGGGCA- 
TGGCAGTACCCGTTCG-3’ and Reverse 5’-CGC- 
CGGTAGTCCGGACCCT-3’; TRAP, Forward 5’-AG- 
CATAAGGGTCCAAGTCCAA-3’ and Reverse 5’- 
TACCAAAAGCGGCGTAGTTA-3’; CTSK, Forward 
5’-AGGCGGAGGTCGATGCCCCG-3’ and Reverse 
5’-CACGATGATGTCACCCTCGATGT-3’; OPG, For- 
ward 5’-ACCGTGAGTTGTCCGTAGCATC-3’ and 
Reverse 5’-CGTAAGGGTCCGATACATCTC-3’; RA- 
NK, Forward 5’-CCTCGGGGTCTGGGAGTTCG-3’ 
and Reverse 5’-CGTACACCACGATGATGTCACC- 
CT-3’; RANKL, Forward 5’-CGTAGGTAGCCGGGT- 
AGGATC-3’ and Reverse 5’-GCGTGGGAGCCTG- 
ATGCTCA-3’; MMP-13, Forward 5’-AGGATGGAA- 
TGCCGAGTTCGCAGT-3’ and Reverse 5’-CGTG- 
CCCGATGGCAAGTCCCGCT-3’; MMP-9, Forward 
5’-CGGTGCCGATGTGGCCGTCATTG-3’ and Re- 
verse 5’-CGTAGTGCGGTGAAGGGTCCTA-3’; GA- 
PDH, Forward 5’-ACAGGGGAGGTGATAGCATT-3’ 
and Reverse 5’-GACCAAAAGCCTTCATACATCTC- 
3’.

Western blotting

The tibias were homogenized and extracted  
in NP-40 buffer, followed by 5-10 min boiling 
and centrifugation to obtain the supernatant. 
Samples containing 50 μg of protein were  
separated on 10% SDS-PAGE gel, transferred 
to nitrocellulose membranes (Bio-Rad Labo- 
ratories, Hercules, CA, USA). The membranes 
were incubated with the following antibodies, 
RANKL, CTSK, MMP-13 and MMP-9 (R&D Sys- 
tems, Minneapolis, MN, USA), at dilutions rang-
ing from 1:500 to 1:2,000. After three washes 
with TBST, membranes were incubated with 
secondary immunoglobulins (Igs) conjugated to 
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IRDye 800CW Infrared Dye (LI-COR), including 
donkey anti-goat IgG and donkey anti-mouse 
IgG at a dilution of 1:10,000-1:20,000. After  
1 hour incubation at 37°C, membranes were 
washed three times with TBST. Blots were visu-
alized by the Odyssey Infrared Imaging System 
(LI-COR Biotechnology) and normalized to the 
β-actin signals to correct for unequal loading 
using the mouse monoclonal anti-β-actin anti-
body (Bioworld Technology, USA).

Statistical analysis

The data from these experiments were report-
ed as mean ± standard deviation (SD) for each 
group. All statistical analyses were perform- 
ed using PRISM version 4.0 (GraphPad). Inter-
group differences were analyzed by one-way 
ANOVA. Differences with P value of < 0.05 were 
considered statistically significant.

Results

Effects of the dietary supplement of curcumin 
on physiological and biochemical properties

The body weight and calcium levels in serum 
and urine were measured in the three experi-
mental groups. The body weight increased in 
GIOP mice before the curcumin supplement 
was given, however, the body weight was signifi-
cantly reduced by the curcumin supplement. 
No effect of curcumin on serum calcium was 
observed. Moreover, the urinary calcium level, 
which significantly increased to 2-fold in GIOP 
mice as compared to control group, was signifi-
cantly decreased by the curcumin supplement 
(Table 1). These results indicated that gluco-
corticoid-treated could accelerate calcium out-
flow, and curcumin could reverse disequilibrium 
of calcium homeostasis in GIOP mice. Serum 

were decreased to about 66% of the control 
value. The curcumin supplement could reverse 
the decreased level of OCN in DIOP mice (Table 
1). From these biochemical data, it was well 
shown that curcumin exerted protective effects 
on DXM-induced bone deteriorations in mice.

Effects of the dietary supplement of curcumin 
on the mRNA levels of ALP, osteocalcin, TRAP 
and cathepsin K in the tibias

As shown in Figure 1, the results showed that 
the mRNA levels of ALP were significantly in- 
creased when compared to that of the control 
group, these increases were not restored by  
the curcumin supplement. Moreover, the mRNA 
levels of osteocalcin in the GIOP group sig- 
nificantly decreased to about 35% of the con-
trol level, these decreases were restored by  
the curcumin supplement. The mRNA levels  
of TRAP and cathepsin K in the GIOP mice were 
significantly higher than that of the control 
group. However, the increased levels were 
reduced to the control value by the curcumin 
supplement (Figure 1).

Effects of the dietary supplement of curcumin 
on bone microarchitecture and osteoclasto-
genesis

The analysis of trabecular bone microarchitec-
ture in proximal metaphysis of tibia was per-
formed by H&E staining (Figure 2A). The histol-
ogy of trabecular bone below growth plate was 
markedly different in the three experimental 
groups. H&E staining showed the increased dis-
connections and separation in trabecular bone 
network as well as the reduction of trabecular 
thickness throughout the proximal metaphysis 
of tibia in GIOP group. This accounted for the 
disconnections and separation of trabecular in 

Table 1. Physiological and biochemical properties
Vehicle DIOP Curcumin

Body weight (g) 25.5 ± 3.8 34.2 ± 4.5* 26.3 ± 3.7#

Serum Ca (mg/dL) 10.21 ± 0.46 9.89 ± 0.41 10.57 ± 0.55
Urine Ca/Cre (mg/mg) 0.069 ± 0.007 0.126 ± 0.014* 0.073 ± 0.009#

TRACP-5b (pg/mL) 2.48 ± 0.32 3.92 ± 0.44* 2.83 ± 0.37#

OCN (ng/mL) 479 ± 50.8 315 ± 32.4* 506 ± 59.2#

CTX (ng/mL) 37.7 ± 6.8 74.7 ± 8.9* 48.2 ± 9.2#

Values are expressed as mean ± SD, n = 8-10 in each group. *P < 0.05, versus 
vehicle group; #P < 0.05, versus GIOP group. Ca, calcium; Cre, creatinine; TRACP-
5b, tartrate resistant acid phosphatase-5b; OCN, osteocalcin; CTX, C-terminal 
telopeptide of type I collagen.

concentrations of bone metab-
olism markers, like TRAP-5b 
and CTX as a bone resorption 
marker, OCN as a bone forma-
tion marker, were determined. 
Serum TRAP-5b and CTX levels 
in DIOP mice significantly in- 
creased to about 1.6- and  
2.0-fold of the control value, 
respectively. These activities 
were markedly reduced to the 
control level by the curcumin 
supplement. The activities of 
OCN in serum with GIOP mice 
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the DIOP group which was due to the process  
of osteoclastosis resulting in bone resorption. 
Importantly, curcumin reversed DXM-induced 
trabecular deleterious effects and stimulated 
bone remodeling (Figure 2A). Importantly, the 
structural parameters of trabecular bone net-
work in proximal metaphysis of tibia were per-
formed. The results revealed that GIOP mice 
showed significantly lower trabecular BV/TV, 
Tb. N, Tb. Th and Tb. Sp, compared to that of 
the control group (Figure 2B). Notably, treat-
ment with curcuin for GIOP mice resulted in 
increasing the BV/TV, Tb. N, Tb. Th and Tb. Sp 
(Figure 2B). To clarify the role of curcumin in 
bone metabolism further, TRAP staining was 
performed to clarify the activity of osteoclasts 
in the proximal metaphysis of tibia. The results 
indicated that TRAP-positive stained area (red) 
was a significantly increased in the tibia of GIOP 
rat as compared to that of the control group. 
The curcumin supplement significantly decre- 
ased the TRAP-positive stained area in the 
GIOP mice (Figure 3A and 3B). OPG/RANKL/

RANK cytokine system is essential for osteo-
clast biology. Various studies suggest that met-
abolic bone diseases are related to alterations 
of this system. Therefore, the mRNA levels in 
the proximal metaphysis of tibia were mea-
sured. The mRNA levels of OPG were not chang- 
ed, but RANKL and RANK levels were increased 
in GIOP mice as compared to that of the con- 
trol group (Figure 3C-E). Intriguingly, curcumin 
could inhibit the activity of OPG/RANKL/RANK 
signaling in GIOP mice.

Involvement of miR-365 in DXM-induced 
RANKL, CTSK, MMP-13 and MMP-9 expression

We next studied the molecular mechanism by 
which miR-365 regulates osteoblast and osteo-
clast functions. Target prediction tools Target- 
Scan, PicTar and microRNA.org were utilized in 
order to find out possible target genes for miR-
365. We found that miR-365 regulated MMP-9 
through the predicted binding sites in its 3’- 
UTR (Figure 4A). To test whether miR-365 can 

Figure 1. Effects of the dietary supplement of curcumin on the mRNA expression of ALP, osteocalcin, TRAP and ca-
thepsin K in the tibia of mice. Values were expressed as mean ± SD, n = 10 in each group. *P < 0.05 versus vehicle 
group, #P < 0.05 versus GIOP group.
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directly regulate MMP-9, a luciferase reporter 
construct containing the 3’-UTR of MMP-9 was 
used. In addition, a luciferase reporter con-
struct containing mutations in the 3’-UTR of 
MMP-9 was also synthesized. The wild-type  
and mutant MMP-9 luciferase expression vec-
tors were transfected with mimic miR-365 in 
calvarial osteoblast cells and the level of lucif-
erase enzyme activity was measured. Over-
expression of miR-365 suppressed the lucifer-
ase activity of the reporter gene. Mutation of 
three nucleotides within the miRNA binding site 

abolished this repression of luciferase activity 
confirming the specificity of the action (Figure 
4B). Next, the regulation of miR-365 expression 
by DXM in osteoblasts, MC3T3-E1, osteoclasts 
and RAW 264.7 was measured. We observed 
that DXM caused a significant decrease of  
miR-365 expression in osteoblasts, MC3T3-E1, 
osteoclasts and RAW 264.7 (Figure 4C and 
4D). In addition, DXM also stimulated the ex- 
pression of RANKL in osteoblasts and MC3T3- 
E1, however, miR-365 gain-of-function could 
inhibit the up-regulation of RANKL induced by 

Figure 2. Hematoxylin and eosin staining of the proximal metaphysis of the tibia, trabecular bone zone below growth 
plate was shown (A: 50×). Bone volume over total volume (BV/TV), trabecula number (Tb. N), trabecula thickness 
(Tb. Th) and trabecula separation (Tb. Sp) were measured (B). Values were expressed as mean ± SD, n = 6 in each 
group. *P < 0.05 versus vehicle group, #P < 0.05 versus GIOP group.
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Figure 3. TRAP staining of the proximal metaphysis of the tibia (A) and the quantitative analysis of TRAP-positive stained area (B). Real-time PCR quantification of 
OPG (C), RANKL (D) and RANK (E) in the tibia of mice. Values were expressed as mean ± SD, n = 6 in each group. *P < 0.05 versus vehicle group, #P < 0.05 versus 
GIOP group.
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DXM administration (Figure 4E). Furthermore, 
DXM could increase the protein expression of 
CTSK, MMP-13 and MMP-9 in osteoclasts and 
RAW 264.7, however, co-application of miR-
365 gain-of-function and DXM almost com-
pletely abolished the effect of DXM in the ex- 
pression of CTSK, MMP-13 and MMP-9 (Figure 
4F-H). Application of miR-365 gain-of-function 
alone decreased the levels of RANKL (Figure 
4E) in osteoblasts and MC3T3-E1 and CTSK 
(Figure 4F), MMP-13 (Figure 4G) and MMP-9 
(Figure 4H) in osteoclasts and RAW 264.7 as 
compare to control group. These results sug-
gested that miR-365 gain-of-function could in- 
hibit DXM-induced osteoclastogenesis through 
the suppression of RANKL expression in osteo-
blasts and directly regulate the bone resorption 
of osteoclasts.

MiR-365 is a regulator of curcumin for bone 
formation in vivo

In vivo studies, we found that the levels of miR-
365 were suppressed in the tibia from GIOP 
mice (Figure 5A). In contrast, the mRNA and 
protein expression of CTSK, MMP-13 and MMP- 
9 were significantly higher in the tibia from 
GIOP mice than that of the control group (Figure 
5B-D). The higher levels of CTSK and MMP-13 
returned to the control value in the curcumin-
supplemented GIOP mice. Interestingly, the  
levels of miR-365 was increased (Figure 5A), 
simultaneously, the mRNA and protein expres-
sion of MMP-9 were inhibited in the curcumin-
supplemented GIOP mice (Figure 5C and 5D).

Discussion

Bone homeostasis is maintained by osteoclast-
mediated bone resorption and osteoblast-
mediated bone formation. However, GCs can 
cause disequilibrium of bone homeostasis 
through the inhibition of osteoblastogenesis 
and the apoptosis of osteoblasts and osteo-
cytes, which are considered to be the primary 
cause for bone deteriorations inducing by GCs 
[20]. Previous studies have revealed that GCs 
up-regulate the expression of RANKL and M- 

CSF in osteoblasts indirectly acting on the 
osteoclastogenesis. However, the molecular 
mechanisms of GCs-induced osteoblasts and 
osteoclasts dysfunction remain elusive. In the 
present study, we demonstrated that GCs  
could increase MMP-9 expression in osteo-
clasts directly enhancing osteoclastogenesis 
and bone resorption in GIOP mice. Intriguingly, 
curcumin as a new and effective drug had an 
inhibitory effect on bone resorption in GIOP 
mice. The effect of this compound was not only 
its ability to inhibit the activity of osteoclasts, 
but also its ability to stimulate the activity of 
osteoblasts and accelerate bone formation. In 
addition, the underlying mechanism of inhibit-
ing bone resorption and accelerating bone for-
mation by curcumin was mediated, at least par-
tially, through the activation of microRNA-365 
via suppressing MMP9.

MMP-9 is a zinc-dependent endopeptidase 
that participates in a variety of physiological 
and biochemical processes. In bone biology, 
MMP-9 is produced by osteoclasts and plays 
an important role in the degradation of extra-
cellular matrix [21]. MMP-9 knockout mice 
exhibit altered growth plate vascularization and 
ossification during development and delayed 
repair of experimental induced bone fractures 
[22, 23]. Extracellular matrix (ECM) degrada-
tion by osteoclasts is a critical process in both 
normal bone remodeling and bone resorption 
inducing by bone diseases. Because it is highly 
expressed in osteoclasts, MMP-9 (type IV col-
lagenase or gelatinase B) is a feasible candi-
date drug target of curcumin for regulating 
bone metabolism in experimentally GIOP mice. 
In our work, the mRNA and protein expression 
of MMP-9 were significantly higher in the tibia 
from GIOP mice than that of the control group. 
The higher levels of MMP-9 returned to the con-
trol value in the curcumin-supplemented GIOP 
mice. Therefore, we have reason to believe that 
curcumin could significantly ameliorate bone 
deteriorations in GIOP mice through the sup-
pression of MMP-9. Moreover, cathepsin K as 
an activator of MMP-9 was investigated in GIOP 
mice. Cathepsin K is also highly expressed in 

Figure 4. Schematic representation of the putative miR-365 binding site in the MMP-9 3’UTR (A). Luciferase activity 
assay (B). The levels of miR-365 were measured in osteoblast (OB) and MC3T3-E1 in the present of DXM (C). The 
levels of miR-365 were measured in osteoclast (OC) and RAW 264.7 in the present of DXM (D). The protein expres-
sion of RANKL was measured by western blotting in osteoblast (OB) and MC3T3-E1 (E). The protein expression of 
CTSK (F), MMP-13 (G) and MMP-9 (H) was measured by western blotting in osteoclast (OC) and RAW 264.7. Values 
were expressed as mean ± SD, n = 3 in each group. *P < 0.05 versus CN group, #P < 0.05 versus DXM group.
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Figure 5. The levels of miR-365 were measured in the tibia of mice (A). The mRNA expression of CTSK and MMP-13 was measured in the tibia of mice (B). Gene 
expression of MMP-9 was measured by real-time PCR in the tibia of mice (C). Western blotting analysis of CTSK, MMP-13 and MMP-9 in the tibia of mice (D). Values 
were expressed as mean ± SD, n = 6 in each group. *P < 0.05 versus vehicle group, #P < 0.05 versus GIOP group.
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osteoclasts and synovial fibroblasts where it 
contributes to degradation of the ECM [24, 25]. 
Osteoclast-specific cathepsin K deletion stimu-
lates S1P-dependent bone formation, in con-
trast, targeted deletion of cathepsin K in osteo-
blasts had no effect on bone resorption or bone 
formation rate [26]. Our data provided pharma-
cological evidence that the mRNA and protein 
expression of cathepsin K were increased in 
GIOP mice as compared to that of the control 
group. Curcumin could inhibit the upregulation 
of cathepsin K in GIOP mice.

Several miRs have been found to be related to 
GC-induced bone deteriorations. More recently, 
miR-29a protected against GC-induced distur-
bance of Wnt and Dkk-1 actions and improved 
osteoblasts differentiation and mineral acquisi-
tion [27]. Moreover, DXM acts on osteoblasts  
to up-regulate the expression of RANKL by 
decreasing microRNA-17/20a, which indirectly 
affects osteoclast differentiation and bone re- 
sorption [20]. In our study, microRNA as a tar-
get of drug action was investigated. MiR-365 as 
an upstream regulator of MMP-9 was selected 
to elaborate the pharmacological mechanisms 
for curcumin in experimentally GIOP mice. In 
vivo studies, we found that the levels of miR-
365 were suppressed in the tibia from GIOP 
mice. Interestingly, the levels of miR-365 was 
increased, simultaneously, the mRNA and pro-
tein expression of MMP-9 were inhibited in the 
curcumin-supplemented GIOP mice. Therefore, 
we have reason to believe that curcumin could 
significantly ameliorate bone deteriorations in 
GIOP mice, and the underlying mechanism was 
mediated, at least partially, through the activa-
tion of miR-365 via suppressing MMP-9.
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