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Abstract. Stem cell‑based therapies are promising strategies 
to stimulate bone regeneration. Carbon monoxide releasing 
molecule‑3 (CORM‑3) exhibits multiple regulatory effects in 
a number of cells by releasing carbon monoxide (CO). The 
present study aimed to investigate the influence of CORM‑3 on 
the osteogenic differentiation of rat bone marrow mesenchymal 
stem cells (BMSCs). BMSCs were divided into five groups: 
A CORM‑3‑osteogenic group, in which cells were pretreated 
with CORM‑3 and subjected to osteogenic differentiation 
induction using osteogenic medium; an osteogenic group, in 
which cells were cultured in osteogenic medium; a degassed 
CORM‑3‑osteogenic group, in which cells were pretreated 
with degassed CORM‑3 and subjected to osteogenic differ-
entiation induction; a CORM‑3 group, in which cells were 
cultured in control medium containing CORM‑3; and a 
control group, in which cells were cultured in control medium 
alone. The osteo‑specific mRNA and protein expression of 
runt‑related transcription factor 2 (Runx2), osteocalcin (OCN) 
and osteopontin (OPN) were assessed using reverse tran-
scription‑quantitative polymerase chain reaction and western 
blot analysis. Alkaline phosphatase (ALP) activity was also 
examined and mineralization was detected using alizarin 
red staining. Levels of Runx2, OCN and OPN mRNA and 
protein in the CORM‑3‑osteogenic group were significantly 
increased compared with the osteogenic group (P<0.05), with 
the exception of OCN protein levels on day 3. The mRNA and 
protein expression of Runx2, OCN and OPN in the degassed 
CORM‑3‑osteogenic and osteogenic groups were similar. In 

addition, the mRNA and protein expression of Runx2, OCN 
and OPN in the CORM‑3 and control group were similar. 
ALP activity in the CORM‑3‑osteogenic group was increased 
from day 3 and remained significantly higher compared with 
all other groups on days 3, 5 and 7 (P<0.05). Additionally, the 
results indicated that the optical density value of alizarin red 
staining in the CORM‑3‑osteogenic group was significantly 
increased compared with the other groups (P<0.05). Therefore, 
the present study demonstrated that CORM‑3 may promote 
the osteogenic differentiation of BMSCs by releasing CO.

Introduction

Bone defects are usually caused by severe trauma, tumor 
resection and periodontal disease (1,2). The limited intrinsic 
regenerative ability of the bone following destruction remains 
a notable medical problem and is associated with a severe 
reduction in the quality of patients. Therefore, it is important 
to develop methods of stimulating bone regeneration.

Bone marrow mesenchymal stem cells (BMSCs) are stem 
cell populations capable of self‑renewal and may be main-
tained in a multipotent state in vitro (3,4). They are also one 
of the most important cells contributing to musculoskeletal 
tissue development  (1). BMSCs differentiate into multiple 
lineages, including osteoblasts, chondrocytes, adipocytes and 
myoblasts via different signaling pathways (5,6). Preserving 
bone morphology and function relies on maintaining the 
delicate balance between bone formation and resorp-
tion  (1,2). Osteoblasts, which form the bone, differentiate 
from BMSCs (7,8). BMSCs are therefore currently regarded 
as the gold standard cell source for tissue engineering and 
applications in regenerative medicine (9). Previous studies 
have successfully demonstrated the potential of BMSCs 
in promoting bone regeneration using in vitro and in vivo 
models (10,11).

Carbon monoxide (CO), a byproduct of heme catalysis 
by hemeoxygenase, has long been regarded as a poisonous 
gas. However, previous studies have indicated that CO may 
be cytoprotective as it induces vasorelaxation (12,13), inhibits 
cell apoptosis (14), suppresses inflammation (15) and protects 
organs against ischemia/reperfusion injury  (16,17). CO 
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releasing molecule (CORMs) are newly identified transition 
metal carbonyl‑based compounds able to efficiently regulate 
the release of CO in  vitro and in  vivo under appropriate 
conditions (18). These molecules may therefore be used as a 
novel approach of delivering CO. One such CORM, known 
as CORM‑3 [tricarbonylchloro (glycinato) ruthenium (II)], 
is fully water‑soluble and has the ability to rapidly liberate 
CO when dissolved in physiological solutions (19). As with 
CO, CORMs exhibit potent anti‑inflammatory effects (20). 
Furthermore, CORMs are able to improve vascular function by 
inducing significant vasodilation in rat aortas pre‑contracted 
with phenylephrine (19).

Although various studies  (18‑20) have suggested that 
CORMs induce beneficial effects, the effect of CORMs on 
osteogenic differentiation remains unclear. In the present 
study, rat BMSCs were used as an in vitro model to investigate 
the effect of CORM‑3 on osteogenic differentiation.

Materials and methods

Isolation and culture of rat BMSCs. A total of 6 male Sprague 
Dawley rats (specific pathogen‑free grade, aged 4‑5 weeks 
old and weighing 100‑150 g) were obtained from the Animal 
Experimental Center of Shandong University (Jinan, China). 
Rats were kept at a temperature of 20‑25˚C, humidity of 
50‑65% and 12‑h light‑dark cycle. Rats had ad libitum access to 
food and water. The present study was approved by the Ethics 
Committee of the School of Dentistry, Shandong University. 
Rats were euthanized by intraperitoneal injection of buffered 
and diluted pentobarbital sodium (150 mg/kg; Beijing Solarbio 
Science & Technology Co., Ltd., Beijing, China), then soaked 
in 75% alcohol at 37˚C for 10 min. Subsequently, the femur 
and tibia were removed and the bone marrow cavity was 
rinsed with α‑Minimum Essential Medium (MEM) (Shanghai 
Hui Ying Biological technology Co., Ltd., Shanghai, China) 
supplemented with 20% fetal bovine serum (FBS) and 
100 U/ml penicillin‑streptomycin (HyClone; GE Healthcare 
Life Sciences, Logan, UT, USA). Bone marrow fluid was 
incubated at 37˚C in an atmosphere containing 5% CO2. The 
medium was changed every 2‑3 days, non‑adherent cells were 
discarded and cells were observed using the Olympus CKX53 
phase‑contrast microscope (Olympus Corporation, Tokyo, 
Japan). When cells reached 80‑90% confluence, BMSCs were 
digested with 0.25% Trypsin (HyClone; GE Healthcare Life 
Sciences) containing 0.02% EDTA. BMSCs from passages 
(P)3 to 5 were used in the present study.

Flow cytometric identification of BMSC surface antigens. 
BMSCs were digested with 0.25% Trypsin containing 
0.02% EDTA (HyClone; GE  Healthcare Life Sciences,), 
rinsed with phosphate buffered saline (PBS; Beijing 
Solarbio Science & Technology Co., Ltd.) three times, then 
resuspended in 0.5  ml PBS. Cell density was 2x105/ml, 
assessed using a cell counting plate (Shanghai QIUJING 
Biochemical Reagent and Instrument Co., Ltd., Shanghai, 
China). Anti‑cluster of differentiation (CD)45‑fluorescein 
isothiocyanate (FITC; cat no.,  ab33916, dilution 1:500), 
anti‑CD34‑phycoerythrin (PE; cat. no., ab187284, dilution 
1:1000), anti‑CD90‑FITC (cat. no., ab226, dilution 1:500) and 
anti‑CD44‑PE (cat. no., ab23396, dilution 1:500) monoclonal 

antibodies (all from Abcam, Cambridge, MA, USA) were 
added separately and were incubated with cells in the dark at 
37˚C for 20 min. Cells were then rinsed with PBS three times, 
centrifuged at 4˚C and 12,000 x g for 5 min and resuspended 
in PBS. Subsequently, labeled BMSCs were analyzed using a 
FACSCalibur flow cytometer and assessed using FACSDiva™ 
Version 6.1.3 (BD Biosciences, Franklin Lakes, NJ, USA). 
Unstained cells were used as a control.

Alizarin red staining. P3 BMSCs were seeded in 6‑well plates at 
density of 8x103 cells/cm2 and cultured in osteogenic medium, 
consisting of α‑MEM medium supplemented with 50 µmol/l 
ascorbic acid (Sigma‑Aldrich; Merck  KGaA, Darmstadt, 
Germany), 10 mmol/l β‑glycerophosphate (Sigma‑Aldrich; 
Merck KGaA) and 10‑8 mol/l dexamethasone (Beijing Solarbio 
Science & Technology Co., Ltd.) at 37˚C. Cells in the control 
group were treated with α‑MEM supplemented with 10% FBS 
and 100 U/ml penicillin‑streptomycin (the control medium) 
and cultured at 37˚C. Ascorbic acid was freshly prepared 
prior to each medium change. Following 21 days culture, cells 
were fixed with 4% paraformaldehyde at 37˚C for 30 min. 
Following three washes with PBS, cells were incubated with 
0.1% (pH 4.2) Alizarin Red S (Beijing Solarbio Science & 
Technology Co., Ltd.) at 37˚C for 10 min and subsequently 
washed with PBS three times to remove any excess stain. 
Samples were observed using a phase‑contrast microscope at 
a magnification of x100 to verify the presence of mineralized 
nodules.

Oil red O staining. P3 BMSCs were seeded as aforementioned 
and cultured in adipogenic medium, consisting of α‑MEM 
supplemented with 0.1 mmol/l 3‑isobutyl‑1‑methylxanthine 
(Sigma‑Aldrich; Merck KGaA), 10 mg/l insulin, 0.1 mmol/l 
indometacin, 1 µmol/l dexamethasone (all Beijing Solarbio 
Science & Technology Co., Ltd.) at 37˚C. Cells in the control 
group were cultured in control medium at 37˚C. Following 
21 days culture, cells were fixed in 4% paraformaldehyde 
at 37˚C for 30 min. Following three washes with PBS, cells 
were incubated with Oil Red O (Beijing Solarbio Science & 
Technology Co., Ltd.) at 37˚C for 30 min and subsequently 
washed with PBS three times. Samples were observed using 
phase‑contrast microscopy at a magnification of x100.

Cell proliferation assay. P3 BMSCs were seeded in 96‑well 
plates at a density of 5x103 cells/cm2 and cultured in control 
medium for 24  h at 37˚C. Subsequently the medium was 
removed and cells were cultured in fresh control medium 
containing 0 (CCK‑8 control group), 100, 200, 400 and 800 µM 
CORM‑3. CORM‑3 was freshly prepared prior to the experi-
ment by dissolving the compound in distilled water. Following 
24 h, 10 µl Cell Counting Kit‑8 (CCK‑8; Dojindo Molecular 
Technologies, Inc., Beijing, China) was added to each well and 
cells were incubated for a further 2 h at 37˚C. Subsequently, 
absorbance at 450 nm [optical density (OD)450 nm] was measured 
using a SPECTROstar Nano ultraviolet spectrophotometer 
(Spectro Analytical Instruments GmbH, Kleve, Germany). 
The experiment was repeated in triplicate.

Effects of CORM‑3 on osteogenic differentiation. Cells 
were divided into 5 groups. The CORM‑3‑osteogenic group 
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received BMSCs that were pretreated with control medium 
supplemented with 200  µM CORM‑3 at 37˚C for 24  h. 
Subsequently, the medium was completely replaced with 
osteogenic medium for 3 days. The osteogenic group received 
BMSCs cultured in 37˚C osteogenic medium for 3 days. The 
degassed CORM‑3‑osteogenic group received BMSCs that 
were pretreated with control medium supplemented with 
200 µM degassed CORM‑3 at 37˚C for 24 h. Following this, 
the medium was replaced with 37˚C osteogenic medium 
for 3 days. The CORM‑3 group received BMSCs cultured 
in control medium supplemented with 200 µM CORM‑3 at 
37˚C for 3 days. The control group received BMSCs that were 
cultured in control medium alone at 37˚C for 3 days. For the 
experiments performed for 5 and 7 days, the medium was 
changed every third day in all groups.

CORM‑3 was freshly prepared as aforementioned. 
Degassed CORM‑3 was produced by dissolving CORM‑3 in 
distilled water and placing the solution in a vacuum device 
at 37˚C for 24 h prior to the experiments. Degassed CORM‑3 
was used as a negative control to assess the direct involvement 
of CO in the pharmacological activity of CORM‑3 (18). For 
osteogenic differentiation experiments, BMSCs were seeded 
in 6‑well plates at a density of 5x104 cells/well and cultured in 
the indicated medium. The mRNA and protein expression of 
osteoblast marker genes, alkaline phosphatase (ALP) activity 
and matrix mineralization were subsequently analyzed.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Following 3, 5 and 7 days culture, total RNA 
was isolated using TRIzol reagent (Thermo Fisher Scientific, 
Inc., Waltham, MA, USA), according to the manufacturer's 
protocol. cDNA was synthesized from 1 µg total RNA using 
a PrimeScript Reverse Transcriptase reagent kit (Takara 
Biotechnology Co., Ltd., Dalian, China), following the manu-
facturer's protocol. cDNAs were subjected to qPCR with 
SYBR Green (Takara Biotechnology Co., Ltd.) on a Light 
Cycler II Real‑time PCR system (Roche Diagnostics, Basel, 
Switzerland) to detect mRNA levels of runt‑related transcrip-
tion factor 2 (Runx2), osteocalcin (OCN) and osteopontin 
(OPN). The qPCR thermocycling conditions were as follows: 
Initial denaturation at 95˚C for 15 min, followed by 40 cycles 
of denaturation at 95˚C for 10  sec, annealing at 60˚C for 
20 sec and extension at 72˚C for 30 sec. β‑actin served as the 
housekeeping gene for normalization. The primer sequences 
used were as follows: Runx2, forward 5'‑CAG​ACA​CAA​TCC​
TCC​CCA​CC‑3', and reverse 5'‑GCC​AGA​GGC​AGA​AGT​CAG​
AG‑3'; OCN, forward 5'‑ATT​GTG​ACG​AGC​TAG​CGG​AC‑3' 
and reverse 5'‑TCG​AGT​CCT​GGA​GAG​TAG​CC‑3'; OPN, 
forward 5'‑TCA​AGG​TCA​TCC​CAG​TTG​CC‑3' and reverse 
5'‑GAC​TCA​TGG​CTG​GTC​TTC​CC‑3'; and β‑actin, forward 
5'‑CTC​TGT​GTG​GAT​TGG​TGG​CT‑3' and reverse 5'‑CGC​
AGC​TCA​GTA​ACA​GTC​CG‑3'. Each sample was tested in 
triplicate and gene expression levels were assessed using the 
LightCycler 480 Software 1.5 (Roche Diagnostics). Results 
were quantified using the 2‑ΔΔCq method (21).

Western blot analysis. Following 3, 5 and 7 days culture, 
cells were washed twice with precooled PBS and treated 
with radio immunoprecipitation assay lysis buffer (Beijing 
Solarbio Science & Technology Co., Ltd.) containing 

1 mmol/l phenylmethylsulfonyl fluoride protease inhibitors. 
The protein concentration of each group was measured using a 
BCA protein assay kit (Wuhan Boster Biological Technology 
Co., Ltd., Wuhan, China), following the manufacturer's 
protocol. Protein samples (20 µg/lane) were resolved using 
12% SDS‑PAGE (Wuhan Boster Biological Technology Co., 
Ltd.) and electrotransferred to a polyvinylidene difluoride 
membrane (Pall Corporation, Port Washington, NY, USA). 
Following blocking in 5% skimmed milk in Tris‑buffered 
saline with 0.1% Tween‑20 (TBST) at 37˚C for 1  h, the 
membrane was incubated overnight at 4˚C with primary anti-
bodies, including rabbit anti‑rat Runx2 (cat no., 12556s, 1:1,000 
dilution; Cell Signaling Technology, Inc., Danvers, MA, USA), 
mouse anti‑rat OCN (cat no., ab13420, 1:500 dilution) and 
rabbit anti‑rat OPN (cat no., ab8448, 1:1,000 dilution; both 
from Abcam). Following three washes with TBST, membranes 
were incubated with horseradish peroxidase‑conjugated 
goat anti‑rabbit or goat anti‑mouse secondary antibodies 
(cat. nos., SA00001‑2, SA00011; both 1:10,000 dilution, 
Proteintech Group, Inc., Rosemont, IL, USA) for 1 h at room 
temperature and washed three times with TBST. Following 
this, membranes were visualized using enhanced chemilu-
minescence (EMD Millipore, Billerica, MA, USA) and a 
ChemiScope Western Blot Imaging System (Clinx Science 
Instruments Co., Ltd., Shanghai, China). Loading differences 
were normalized using a monoclonal GAPDH antibody (cat. 
no., C W0100, 1:2,000 dilution; Beijing ComWin Biotech 
Co., Ltd., Beijing, China). Protein band densities on scanned 
films were quantified using ImageJ 1.48u software (National 
Institutes of Health, Bethesda, MD, USA) and compared with 
the control.

ALP activity assay. Following 3, 5 and 7 days culture, cells 
were washed twice with ice‑cold PBS, harvested in 1% 
Triton and subsequently centrifuged at 4˚C for 15 min at 
12,000 x g. The supernatant was mixed with an ALP kit 
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China), 
following the manufacturer's protocol. OD values were read 
at 520 nm using an ELISA plate reader. The protein concen-
tration of each sample was measured using a BCA protein 
assay kit. ALP activity was calculated according to the ALP 
kit protocol and expressed as King‑Armstrong units/g of total 
cellular protein.

Analysis of mineralization. Following 21  days culture, 
mineralization was detected in all groups using alizarin red 
staining, as aforementioned. Staining was dissolved in 100 µM 
cetylpyridinium chloride (CPC) for 1 h at 37˚C. For further 
evaluation, the OD value of the staining dissolved by CPC was 
measured at 562 nm using an ELISA plate reader. All experi-
ments were repeated in triplicate.

Statistical analysis. Data were obtained from at least three 
independent experiments. The significance of differences 
was assessed by one‑way analysis of variance method using 
GraphPad Prism  5 software (GraphPad Software, Inc., 
La Jolla, CA, USA), followed by the Tukey's post hoc test. 
Data are presented as the mean ±  standard deviation and 
P<0.05 was considered to indicate a statistically significant 
difference.
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Results

Identification of BMSCs. As indicated in Fig. 1, cultured BMSCs 
were identified by assessing their morphology using different 
techniques. BMSCs presented with fibroblast‑like morpholog-
ical features (Fig. 1A). Flow cytometric analysis demonstrated 
that expression of the MSC surface markers CD90 (98.4%) and 
CD44 (92.1%) was high in BMSCs, whereas expression of the 
hematopoietic surface markers CD45 (0.2%) and CD34 (0.1%) 
was low (Fig. 1B). Furthermore, the multilineage differentia-
tion potential of BMSCs was evaluated. BMSCs were induced 
to differentiate into osteoblasts or adipocytes. The mineralized 

matrix was visualized using alizarin red staining (Fig. 1C) and 
lipid droplets were identified using oil red O staining (Fig. 1E). 
Control cell cultures were negative for alizarin red (Fig. 1D) 
and oil red O staining (Fig. 1F).

Effect of CORM‑3 on BMSC proliferation. BMSCs were 
cultured with different concentrations of CORM‑3. The 
proliferative ability of the cells was assessed using a CCK‑8 
kit. As indicated in Fig.  2, 100 and 200  µM CORM‑3 
significantly promoted the proliferation of BMSCs, whereas 
400 µM CORM‑3 had no significant effect on cell prolif-
eration compared with the control (P<0.05). Notably, 800 µM 

Figure 1. Identification of BMSCs. (A) BMSC morphology was assessed using a microscope. (B) Flow cytometry was performed to identify BMSC surface 
antigens. (C and D) Identification of osteogenic differentiation. Alizarin red staining of BMSCs cultured in the (C) osteogenic or (D) control medium for 
21 days. (E and F) Adipogenic differentiation identification. Oil red O staining of BMSCs cultured in the (E) adipogenic or (F) control medium for 21 days. 
Magnification, x100; scale bar, 50 µm. BMSCs, bone marrow mesenchymal stem cells.
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CORM‑3 significantly inhibited cell proliferation compared 
with the control (P<0.05). Based on these results, 200 µM 
CORM‑3 was selected for the following experiments.

Ef fect of CORM‑3 on ALP activity during osteo‑
genic dif ferentiation. ALP activity was assessed on 
days 3, 5 and 7 (Fig. 3). ALP activity in the CORM‑3‑osteogenic 
group increased rapidly from day 3 and peaked on day 7; it 
was significantly higher compared with the other groups on 
days 3, 5 and 7 (P<0.05). ALP activity was only significantly 
increased in the osteogenic group on day 7 compared with 
the control group (P<0.05). Notably, there were no significant 
differences in ALP activity in the CORM‑3 group compared 
with the control group. The ALP activity in the degassed 
CORM‑3‑osteogenic group was not increased compared with 
the osteogenic group on days 3, 5 and 7, suggesting that the 
influence of CORM‑3 on ALP activity was mediated by CO 
release (Fig. 3).

Effects of CORM‑3 on Runx2, OCN and OPN mRNA levels 
during osteogenic differentiation. To determine whether 
CORM‑3 promotes the expression of osteo‑specific genes, 
BMSCs were subjected to osteogenic differentiation with or 
without CORM‑3 pretreatment. mRNA levels of the osteoblast 
key transcription factor Runx2 and the osteoblast marker genes 
OCN and OPN, were assessed using RT‑qPCR at different time 
points during osteogenic differentiation. Degassed CORM‑3 
was used to determine the involvement of CO on the effect of 
CORM‑3. As indicated in Fig. 4, levels of Runx2 mRNA in cells 
cultured in osteogenic medium and pretreated with CORM‑3 
were significantly increased compared with all other groups 
on days 3, 5 and 7 (P<0.05). By day 7, CORM‑3 pretreatment 
in the CORM‑3‑osteogenic group had increased the expres-
sion of Runx2 mRNA by 4.9‑fold compared with the control 
group (P<0.05), and 2.2‑fold compared with the osteogenic 
group (P<0.05). CORM‑3 without osteogenic solution had no 
significant effect on the expression of Runx2 mRNA compared 
with the control group. These results in CORM‑3‑osteogenic, 
osteogenic and degassed CORM‑3‑osteogenic groups suggest 
that the effect of CORM‑3 on the expression of Runx2 
mRNA was mediated by the release of CO, as degassed 
CORM‑3 was ineffective compared with osteogenic group. 
Similar effects were also observed regarding the expression 
of OPN mRNA. Levels of OCN mRNA peaked on day 5 in 
the CORM‑3‑osteogenic group and were significantly higher 
in the CORM‑3‑osteogenic group compared with all other 
groups at each time point (P<0.05).

Effects of CORM‑3 on Runx2, OCN and OPN protein 
expression during osteogenic differentiation. The protein 
expression of Runx2 and OPN in the CORM‑3‑osteogenic 
group was significantly increased compared with all other 
groups at all time points (P<0.05; Fig.  5). The protein 
expression of Runx2 in the CORM‑3‑osteogenic group was 
increased by 2.5‑fold compared with the control group, 

Figure 3. Quantitative evaluation of the osteogenic differentiation capacity of bone marrow mesenchymal stem cells using the ALP activity assay. Data are 
presented as the mean ± standard deviation (n=3). ▲P<0.05 vs. Control; *P<0.05 as indicated. ALP, alkaline phosphatase; CORM‑3, carbon monoxide releasing 
molecule‑3.

Figure 2. Effects of CORM‑3 on bone marrow mesenchymal stem cell prolif-
eration. Data are presented as the mean ± standard deviation (n=3). *P<0.05 
vs. control group. CORM‑3, carbon monoxide releasing molecule‑3.
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2.08‑fold compared with the osteogenic group on day 5, 
and 4.1‑fold compared with the control group and 1.52‑fold 
compared with osteogenic group on day 7 (P<0.05). The 
expression of OCN in the CORM‑3‑osteogenic group 
peaked on day  5 and then declined on day  7. However, 
OCN expression remained significantly increased in the 
CORM‑3‑osteogenic group compared with all other groups 
on days 5 and 7 (P<0.05). CORM‑3 alone had no signifi-
cant effect on the protein expressions of Runx2, OCN and 
OPN compared with the control group. These results 
from the CORM‑3‑osteogenic, osteogenic and degassed 
CORM‑3‑osteogenic groups suggest that the influence of 

CORM‑3 on the protein expression of these factors was 
mediated by CO release, as the degassed solution of CORM‑3 
did not significantly increase the expression of any proteins 
tested, compared with osteogenic group (Fig. 5).

Effects of CORM‑3 on mineralization. The results from the 
alizarin red staining demonstrated that mineralization in the 
CORM‑3‑osteogenic group was markedly enhanced compared 
with the osteogenic group after 21 days culture (Fig. 6A). To 
evaluate the mineralization in a quantitative manner, the OD 
value of the staining dissolved by CPC was analyzed. As indi-
cated in Fig. 6B, alizarin red staining in the CORM‑3‑osteogenic 

Figure 4. mRNA expression of the osteogenic differentiation markers Runx2, OCN and OPN in bone marrow mesenchymal stem cells following treatment 
with different mediums on 3, 5 and 7 days. Data are presented as the mean ± standard deviation (n=3). ▲P<0.05 vs. Control; *P<0.05 as indicated. Runx2, 
runt‑related transcription factor 2; OCN, osteocalcin; OPN, osteopontin; CORM‑3, carbon monoxide releasing molecule‑3. 
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group was significantly higher than in the osteogenic groups 
(P<0.05). The osteogenic promotion effect of CORM‑3 was 

mediated by releasing CO as the degassed CORM‑3 did not 
affect osteogenesis compared with osteogenic group.

Figure 5. Protein expression of the osteogenic differentiation markers Runx2, OCN and OPN in bone marrow mesenchymal stem cells following treatment 
with different mediums on 3, 5 and 7 days. (A) Representative western blot images of three independent experiments in all groups. (B) Quantitative results of 
western blot images in all groups using ImageJ software. Data are presented as the mean ± standard deviation (n=3). ▲P<0.05 vs. Control; *P<0.05 as indicated. 
Runx2, runt‑related transcription factor 2; OCN, osteocalcin; OPN, osteopontin; CORM‑3, carbon monoxide releasing molecule‑3. 

Figure 6. Effects of CORM‑3 on mineralization during osteogenic differentiation of bone marrow mesenchymal stem cells. (A) Representative alizarin red 
staining images of all groups. (B) Quantitative results of alizarin red staining in all groups. Data are presented as the mean ± standard deviation (n=3). ▲P<0.05 
vs. Control; *P<0.05 as indicated. CORM‑3, carbon monoxide releasing molecule‑3; OD, optical density; CPC, cetylpyridinium chloride.
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Discussion

Previous studies have identified the beneficial effects of CO 
and CORMs; however, little is known regarding the influence 
of CORMs on osteogenesis. In the present study, rat BMSCs 
were used as an in vitro model to investigate the effects of 
CORM‑3 on the osteogenic differentiation of BMSCs. The 
results suggested that 100 and 200 µM CORM‑3 significantly 
promotes the proliferation of BMSCs. Additionally, pretreat-
ment with CORM‑3 upregulated the mRNA and protein 
expression of the osteo‑specific markers Runx2, OCN and OPN. 
Notably, CORM‑3 pretreatment also increased ALP activity and 
enhanced cell mineralization. The results of the present study 
suggest that these effects were mediated by the release of CO.

Various diseases, including cancer, infection and degenera-
tive diseases, may cause bone defects (1,2). Stem cell‑based 
bone engineering has emerged as a promising and effective 
alternative approach of treating these diseases (22). BMSCs 
are presently regarded as the gold standard cell source for 
bone tissue engineering, due to their great potential for 
self‑renewal and their ability to differentiate into cell lineages 
characteristic of bone  (23). The predominant objective of 
bone tissue engineering is to stimulate effective and sufficient 
bone regeneration, which is typically based on a successful 
osteoinduction. Multiple strategies have been implemented for 
osteoinduction, including the application of selected growth 
factors  (24). Cytokines that promote osteogenesis include 
bone morphogenetic proteins (BMPs), platelet‑derived growth 
factor and fibroblast growth factor  (25). The osteogenic 
properties of BMPs have been determined in a number of 
studies, and recombinant human (rh)BMP2 and rhBMP7 have 
been approved by the US Food and Drug Administration 
for specific clinical applications  (26,27). However, recent 
investigations have reported notable side effects associated 
with rhBMP‑2, including renal complications, wound compli-
cations, increased inflammation and an increased risk of 
cancer (25‑29). Therefore, novel approaches to induce effective 
osteoinduction are required.

CORMs are a novel group of compounds that are 
carriers of CO and reproduce its biological actions (18). The 
anti‑inflammatory properties of CORMs have previously been 
identified in vitro and in vivo  (15,20). It has been reported 
that CORM‑3 inhibits the expression of adhesion molecules 
on human gingival fibroblasts concurrently stimulated by 
tumor necrosis factor‑α and interleukin‑1β (30). It has also 
been identified that the systemic administration of CORM‑2 
reduces periodontal inflammation and alveolar bone loss in 
rats with experimental periodontitis (31). To further outline the 
cause for reduced bone loss, it was hypothesized that CORMs 
may not only inhibit bone loss by suppressing inflammation, 
but may also directly enhance osteogenesis and/or suppress 
osteoclastogenesis. Subsequently, the present study aimed to 
investigate the effect of CORM‑3 on osteogenesis.

It is well known that Runx2, which belongs to the 
runt‑domain gene family, is a critical transcription factor 
for the differentiation of BMSCs and regulates a number 
of downstream genes associated with differentiation  (32). 
Furthermore, Runx2 is a marker for early osteogenic differ-
entiation (33). When the expression of Runx2 was inhibited 
in fetal mice, the skeletal systems of these mice subsequently 

exhibited a complete lack of bone formation (34). OCN and 
OPN are markers of osteoblasts (35). The results of the present 
study indicated that pretreatment with CORM‑3 significantly 
upregulated the expression of Runx2, OCN and OPN during 
osteogenic induction from day 3. On day 7, CORM‑3 pretreat-
ment enhanced levels of Runx2 mRNA by 4.9‑fold compared 
with the control group and 2.2‑fold compared with osteogenic 
group. These results suggest that CORM‑3 may promote 
osteogenic differentiation. Notably, the present results also 
suggest that this effect may be mediated by the release of CO.

ALP, which is considered to be an early marker of osteo-
genic differentiation, serves an important role in regulating cell 
differentiation. ALP produces inorganic phosphate from pyro-
phosphate (36). Phosphate is further crystallized with calcium 
and accelerates mineralization. The increased activity of ALP 
provides favorable conditions for the mineralization process and 
promotes the differentiation of cells into osteoblasts (37). Based 
on our unpublished data, the expression of heme oxygenase‑1 
(HO‑1) mRNA and protein in BMSCs is significantly increased 
24 h following treatment with CORM‑3. Several studies have 
suggested that the change in HO‑1 expression in response to 
different stimuli is consistent with that of ALP activity and 
demonstrated that the overexpression of HO‑1 increases ALP 
activity (38,39). In the present study, CORM‑3 pretreatment 
significantly increased ALP activity after 3 days culture and 
these levels were maintained following 7 days culture. The 
formation of mineralized nodules is another essential marker 
of osteogenesis and in the current study, CORM‑3 pretreatment 
significantly enhanced cell mineralization on day 21.

Despite the known toxicity of CO at high concentrations, 
previous studies have revealed that low concentrations of CO may 
exhibit vasoregulatory properties (13) and modulate inflamma-
tion (15). A clinical study by Bathoorn et al (40) demonstrated the 
feasibility of administering inhaled CO to humans with chronic 
obstructive pulmonary disease. Notably, an advantage of CORMs 
is that they deliver CO to tissues that exhibit lower levels of 
carboxyhemoglobin build‑up, which is typical of inhaled CO (18). 
Although CORMs have potential to be used in treatment, further 
pharmacokinetic and toxicological response analyses of CORMs 
are required prior to their clinical application.

In conclusion, the results of the present study indicate that 
CORM‑3 promotes the osteogenic differentiation of BMSCs 
by releasing CO, suggesting CORM‑3 may be developed as a 
method of stimulating bone regeneration. However, the molec-
ular mechanisms of its action require further elucidation. CO 
is a well‑known secondary messenger involved in a range of 
physiological and pathological responses via interaction with 
specific receptors (41). The primary signaling pathways of 
CO include the HO‑1, mitogen‑activated protein kinase and 
glutathione signaling pathways (14,15,42). Further studies are 
required to assess the mechanism by which CORM‑3 promotes 
the osteogenic differentiation of BMSCs.
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