
O R I G I N A L  R E S E A R C H

Carbon Monoxide Releasing Molecule-3 Enhances 
Osteogenic Differentiation of Human Periodontal 
Ligament Stem Cells by Carbon Monoxide Release

Hui Chen1,2 

Yan Dai1,3 

Jing Cui4 

Xiaochun Yin2 

Wei Feng2 

Meiyi lv1,5 

Hui Song1

1Department of VIP Center, School and 
Hospital of Stomatology, Cheeloo 
College of Medicine, Shandong University 
& Shandong Key Laboratory of Oral 
Tissue Regeneration & Shandong 
Engineering Laboratory for Dental 
Materials and Oral Tissue Regeneration, 
Jinan, 250012, Shandong, People’s 
Republic of China; 2Department of 
Endodontics, Jinan Stomatological 
Hospital, Jinan, Shandong Province, 
People’s Republic of China; 3Department 
of Oral and Maxillofacial Surgery, Zibo 
Central Hospital, Zibo, Shandong 
Province, People’s Republic of China; 
4Department of Oral and Maxillofacial 
Surgery, Jinan Stomatological Hospital, 
Jinan, Shandong Province, People’s 
Republic of China; 5Pediatric Dentistry, 
Jinan Stomatological Hospital, Jinan, 
Shandong Province, People’s Republic of 
China 

Purpose: Limited intrinsic regeneration capacity following bone destruction remains 
a significant medical problem. Multiple regulatory effects of carbon monoxide releasing 
molecule-3 (CORM-3) have been reported. The aim of this study was to investigate the effect 
of CORM-3 on the osteogenic differentiation of human periodontal ligament stem cells 
(hPDLSCs) during osteogenesis.
Patients and Methods: hPDLSCs obtained from healthy periodontal ligament tissues were 
cultured and identified with specific surface antigens by flow cytometry. Effect of CORM-3 
on the proliferation of hPDLSCs was determined by CCK-8 assay. Alizarin red staining and 
alkaline phosphatase (ALP) activity were used to assess the osteogenic differentiation of 
hPDLSCs. Real-time quantitative polymerase chain reaction (RT-qPCR) and Western blot 
analysis were used to detect the expression of the indicated genes. Critical-sized skull defect 
was made in Balb/c-nude mice, microcomputed tomography (Micro-CT) and Masson tri-
chrome staining were used to assess the new bone regeneration in mice.
Results: CORM-3 (400 μmol/l) significantly promoted the proliferation of hPDLSCs. 
CORM-3 pretreatment not only notably enhanced the mRNA and protein expression of 
osteo-specific marker OPN, Runx2 and ALP, but also increased mineral deposition and 
ALP activity by the release of CO on day 3, 7 and 14 (P<0.05). Degassed CORM-3 did 
not show the same effect as CORM-3. In animal model, application of CORM-3 with 
hPDLSCs transplantation highly increased new bone formation in skull defect region.
Conclusion: CORM-3 promoted osteogenic differentiation of hPDLSCs, and increased 
hPDLSCs-induced new bone formation in mice with critical-sized skull defect, which 
suggests an efficient and promising strategy in the treatment of disease with bone defect.
Keywords: CORM-3, hPDLSC, osteo-specific marker, micro-computed tomography, 
osteopontin, Runx2

Introduction
Periodontitis (PD), a chronic periodontal disease characterized by irreversible and 
progressive degradation of periodontal supporting structures, alveolar bone defects 
and tooth loss.1 As the very important concerns not only in dental health but also in 
systemic health, periodontitis has been considered as the sixth most widespread 
disease worldwide.2 The ideal treatments for periodontitis not only include the 
inhibition of inflammation, but also the regeneration of periodontal tissues. 
Therapies based on stem cells increasingly become promising strategies in period-
ontal tissue regeneration. Periodontal ligament stem cells (PDLSCs) have self- 
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renewal ability and multidifferentiation potency,3 which 
could be applied for the repair of periodontal bone defects 
in the context of the existing microenvironment in PD.4

Carbon monoxide (CO), a by-product of heme oxyge-
nase catalyzing heme, has long been considered as a toxic 
gas. However, previous researches have shown that CO 
may have protective effects for the inhibition of cell 
apoptosis5 and inflammation,6 induction of vasodilation7,8 

and organ protection from ischemia/reperfusion injury.9,10 

Newly synthesized transition metal carbonyl-compounds, 
CO release molecules (CORMs), are effective in regulat-
ing CO release in vivo and in vitro in appropriate 
circumstances.11 These CO releasing molecules can there-
fore be used as the new carrier to provide exogenous CO. 
CORM-3 [tricarbonylchloro (glycinato) ruthenium (II)] is 
completely soluble in water with fast release of CO when 
dissolved in a physiological solution.12

By releasing CO, CORMs also induce an anti- 
inflammatory effect. Our previous study showed that 
CORM-2 reduced periodontal inflammation and alveolar 
bone resorption in rats with experimental periodontitis.13 We 
also reported CORM-3 suppressed the expression of adhesion 
molecules in human gingival fibroblasts co-stimulated by 
tumor necrosis factor-α and interleukin-1 β,14 and CORM-3 
enhanced osteogenic differentiation of rat BMSCs.15

To date, the effects of CORM-3 on osteogenesis of 
hPDLSCs have rarely been reported. In this study, we 
used human PDLSCS as an in vitro model to investigate 
the effect of CORM-3 on the osteogenic differentiation of 
hPDLSCs, we also applied the balb/c-nude mice with 
critical-sized skull defect as in vivo model to explore the 
effect of CORM-3 on the hPDLSCs-induced bone 
regeneration.

Materials and Methods
Isolation and Culture of hPDLSCs
All experiments were approved by the Ethics Committee of 
the School and Hospital of Stomatology, Shandong University 
(Jinan, China) (NO.202000104). The patients of 11–18-year- 
old without systemic disease were selected for this study. Prior 
to the surgery, written informed consents were signed by the 
patients and their guardians in writing. 10 premolars and 8 
impacted wisdom teeth removed for orthodontic treatment 
were collected for cell isolation. The methods and procedure 
of hPDLSCs isolation and culture were processed as pre-
viously reported.16,17 Briefly, the extracted teeth were stored 
in a sterile centrifuge tube containing α-MEM (HyClone, GE 

Healthcare Life Sciences, Logan, UT, USA) supplemented 
with streptomycin 100 mg/mL and penicillin G 100 U/mL 
(Sigma-Aldrich, St Louis, MO, USA) on ice, and then were 
immediately transported from the hospital to the laboratory. 
The periodontal ligament tissues in the middle third of the 
tooth root were scraped off, and were then cut into tiny pieces 
and put into the 25 cm2 culture bottles (Corning Inc., Corning, 
NY, USA) containing 4 mL α MEM supplemented with 100 
U/mL penicillin, 100 mg/mL streptomycin and 20% fetal 
bovine serum (Gibco; Thermo Fisher Scientific, Inc.), in an 
incubator at 37°C with 5% CO2. hPDLSCs for the study were 
obtained by colony formation assay. Cells of passages 2–5 
were used in the study. Isolation and culture of hPDLSCs was 
conducted in accordance with the Declaration of Helsinki.

Identification of Isolated hPDLSCs by 
Flow Cytometry
After reaching 90% confluence, hPDLSCs were trypsinized 
with 0.25% Trypsin containing 0.02% EDTA (HyClone; GE 
Healthcare Life Sciences), and rinsed by phosphate-buffered 
saline (PBS; Thermo Fisher Scientific, Inc.) for three times. 
The cells were then resuspended in 0.5 mL PBS, and incu-
bated at dark with fluorescent dye-conjugated monoclonal 
antibody on ice for 20 min. Cells were analyzed using 
a FACSCalibur flow cytometer (BD Biosciences, Franklin 
Lakes, NJ, USA) with a BD Stemflow™ hMSC Analysis kit 
for the detection of human CD90, CD44, CD105, CD34 and 
CD45 (BD Falcon) expression.

Cell Proliferation by Cell Counting Kit-8 
(CCK-8) Assay
The cell proliferation and the toxicity of different concen-
tration of CORM-3 on the hPDLSCs was detected by Cell 
Counting Kit8 (CCK-8; Dojindo Molecular Technologies, 
Inc., Beijing, China). P3 hPDLSCs were inoculated in 96- 
well plates (5000 cells/well) and cultivated in control 
medium for 1 day at 37°C. The medium was refreshed 
with CORM-3 medium at the concentration of 0 (control 
group), 100, 200, 400 and 800 μM, respectively. Following 
24 h incubation, 10 μL CCK8 reagent was added to each 
well. Following 2 h incubation, the cells were measured 
for spectrophotometric absorbance at OD450 nm (optical 
density) by using a microplate reader (Spectro Analytical 
Instruments GmbH, Kleve, Germany). The assay was done 
in triplicate and each experiment was repeated three times.
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Multiple Differentiation Potency of hPDLSCs
The P3 hPDLSCs were seeded in 6-well plates (2x105 cells/ 
well). When reaching 90% confluence, the medium was 
refreshed with osteogenic induction medium or adipogenic 
induction medium for cell differentiation. For osteogenic dif-
ferentiation, hPDLSCs were incubated with osteogenic induc-
tion medium (OIM) (Cyagen Biosciences Inc., Guangzhou, 
China) containing 0.2 mM ascorbic acid, 10 mM β- 
glycerophosphate, 10−7 M dexamethasone; 10% FBS, and 
100 U/mL penicillin-streptomycin at 37°C. Cells grown in 
the medium supplemented with 10% FBS and 100 U/mL 
penicillin-streptomycin (control medium) were used as con-
trol. After 3 weeks of induction, cells were fixed with 4% 
paraformaldehyde for 30 min at 37°C. The cells were washed 
with PBS for three times, and then incubated with 2% Alizarin 
red S (pH 4.3) (AR; Sigma-Aldrich; Merck KGaA) at room 
temperature for 5 min, followed by another three washes. The 
formation of mineralized nodules was observed using an 
inverted microscope (Olympus Corp., Tokyo, Japan). The 
relative amount of calcium was quantified using 10 mM 
sodium phosphate solution and 10% (w/v) cetylpyridinium 
chloride (CPC) (Solarbio). The absorbance at wavelength of 
562 nm was measured.

For adipogenic differentiation, P3 cells were cultured 
in the adipogenic induction medium containing 100 U/mL 
penicillin-streptomycin, 10% FBS, 2 μmol/l dexametha-
sone (Beijing Solarbio Science & Technology Co., Ltd.), 
0.2 mmol/l indomethacin, 0.01 g/l insulin and 0.5 mmol/l 
isobutylmethylxanthine (all Sigma-Aldrich; Merck KGaA) 
at 37°C. Cells grown in the medium supplemented with 
10% FBS and 100 U/mL penicillin-streptomycin (control 
medium) were used as control. Following 3 weeks of 
culture, cells were fixed with 4% paraformaldehyde and 
washed with PBS, cells were then incubated with Oil Red 
O (Cyagen Biosciences, Suzhou, China) at room tempera-
ture for 30 min and subsequently washed with PBS three 
times. The lipid droplets in the cells were detected using 
an inverted microscope (Olympus Corp.)

Effects of CORM-3 on Osteogenic 
Differentiation of hPDLSCs
The hPDLSCs were divided into four groups. Osteogenic 
group, in which the cells were cultured in osteogenic 
induction medium at room temperature; CORM-3+osteo-
genic group, in which the cells were pretreated with 400 
μM CORM-3 at room temperature for 24h, and subse-
quently the medium was completely refreshed with 

osteogenic induction medium; Degassed CORM-3+osteo-
genic group, in which the cells were pretreated with 400 
μM degassed CORM-3 for 24h, and then replaced with 
osteogenic medium; Control group, in which the cells 
were cultivated in the control medium. The medium of 
all groups was refreshed every three days. CORM-3 med-
ium was prepared freshly before the experiment. Degassed 
CORM-3 was prepared by placing CORM-3 medium in 
a 50 mL sterile centrifuge tube in an incubator at room 
temperature with the lid open for 24 hrs prior to the 
experiment. As the negative control, degassed CORM-3 
group was designed to evaluate whether CO was involved 
in the pharmacological activity of CORM-3. The mRNA 
and protein expression of osteogenesis-related factor 
Runx2, ALP, OPN (encoding gene SPP1, 
NM_000582.3), and ALP activity and mineralization 
deposits were detected on the 3rd, 7th and 14th day.

RT-qPCR Analysis
On the 3rd, 7th and 14th day, 1mL TRIzol (Takara, Kusatsu, 
Japan) was added to each well of all groups and total RNA was 
extracted according to the manufacturer’s protocol 
(Invitrogen; Thermo Fisher Scientific, Inc). RNA concentra-
tion was assessed by an ultramicro spectrophotometer 
(Thermo Fisher Scientific, Waltham, USA). The cDNA was 
synthesized from total RNA (1 μg) using a PrimeScript 
Reverse Transcriptase reagent kit (Takara Biotechnology 
Co., Ltd., Dalian, China), according to protocol. The cDNA 
samples were then amplified in 20 μL reaction system contain-
ing SYBR Green (Takara Biotechnology Co., Ltd.) on a Roche 
Light Cycler® 480 (Hoffmann-La Roche Ltd., Basel, 
Switzerland) for the gene expression of ALP, Runx2 and 
SPP1 (encoding gene of OPN, NM_001251830.2). The RT- 
qPCR thermal cycling was as follows: initial denaturation at 
95°C for 30 sec, 40 cycles of 95°C for 5 sec and then 60°C for 
20 sec. The 2-ΔΔCt method was used to analyze the relative 
gene expression results,18 and the gene expression was nor-
malized with GADPH level. The sequences of specific primers 
used were as follows: GAPDH, forward 5ʹ-GCA CCG TCA 
AGG CTG AGA AC-3ʹ and reverse 5ʹ-TGG TGA AGA CGC 
CAG TGG A-3ʹ; Runx2, forward 5ʹ-TCCACACCAT 
TAGGGACCATC-3ʹ and reverse 5ʹ-TGCTAATGCTTC 
GTGTTTCCA-3ʹ; ALP, forward 5ʹ-ATGGGATGGGTGTCT 
CCACA-3ʹ and reverse5ʹ-CCACGAAGGGGAACTTGTC 
-3ʹ; SPP1, forward 5ʹ-TCCTAGCCCCACAGACCCTT-3ʹ 
and reverse 5ʹ-CACACTATCACCTCGGCCAT-3ʹ
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Western Blot Analysis
Following 3, 7 and 14 days of cultivation, cells were rinsed 
with ice-cold PBS and lysed with radio immunoprecipitation 
assay lysis buffer (Beyotime Institute of Biotechnology, 
Jiangsu, China) containing 1% phenylmethanesulfonyl fluor-
ide protease inhibitors (1 mmol/l) (Solarbio). Total protein 
concentration of each group was quantified with 
a Bicinchoninic Acid Protein Assay kit (Beyotime Institute 
of Biotechnology, Jiangsu, China). Subsequently, Protein sam-
ples (20 μg/lane) were separated electrophoretically with 12% 
SDS-PAGE (Boster, Wuhan, China) and then electroblotted 
onto PVDF membranes (Bio-Rad Laboratories, Hercules, 
USA). Following blocked with 5% nonfat milk for 1 h at 
37°C, the membranes were incubated at 4°C overnight with 
the primary antibodies: mouse anti-GAPDH monoclonal anti-
body (cat no., HRP-60004, Proteintech) (1:10,000 dilution); 
rabbit anti-Runx2 Polyclonal antibody (cat no., ab23981, 
Abcam) (1:1000 dilution); rabbit anti-ALP monoclonal anti-
body (cat no., ab108337, Abcam) (1:10,000 dilution); and 
rabbit anti-OPN Polyclonal antibody (cat no., ab8448, 
Abcam) (1:1000 dilution), respectively. Membranes were 
washed with TBST for three times, and then incubated with 
horseradish peroxidase-labeled secondary antibodies (cat. 
nos., SA00001-2; Proteintech Group, Inc., Rosemont, IL, 
USA) (1:10,000 dilution) at room temperature for 1 h. The 
immunoreactive protein bands were visualized using the che-
miluminescent HRP substrate (EMD Millipore, Billerica, 
USA) and the densities of the band were quantified using 
ImageJ 1.45V software (NIH, Bethesda, MD, USA).

Alkaline Phosphatase (ALP) Activity Assay
Cells were rinsed twice with pre-cold PBS and scraped off, 
then lysed with 1% Triton (Solarbio) for half an hour. 
Subsequently, the collected cell lysates were centrifuged at 4° 
C for 15 min at 12,000 x g. The protein concentration of the 
collected cell lysates was measured with a Bicinchoninic Acid 
Protein Assay kit (Solarbio). The ALP activity was detected 
according to the instructions of the ALP activity assay kit 
(Nanjing Jiancheng Bioengineering Institute, Nanjing, 
China). OD values were measured at a wavelength of 520 
nm using an ELISA plate reader. ALP activity was calculated 
and expressed as King-Armstrong units/g of total cellular 
protein.

Analysis of Mineralization of hPDLSCs
Alizarin red S (pH 4.3, Sigma Aldrich) was used to eval-
uate the extracellular matrix calcification As mentioned 

above, staining of the cells in the well was dissolved in 
100 μM cetylpyridinium chloride (CPC) at room tempera-
ture for 1 h. For the evaluation, the absorbance was 
detected at a wavelength of 562 nm on ELISA plate 
reader.

Experimental Animals
Twenty-four seven-week-old male balb/c-nude mice (weight 
20–25g, Beijing Vital River Laboratory Animal Technology 
Co., Ltd.) were domesticated for 7 days prior to the experiment 
and maintained on water ad libitum and a normal hard food 
diet. Nude mice were randomly divided into 4 groups. 
CORM-3+hPDLSC group and normal saline+hPDLSC 
group: defects were filled with collagen membrane seeded 
with hPDLSCs, in the presence (CORM-3+hPDLSC group) 
or absence (normal saline+ hPDLSC group) of CORM-3, 
respectively; CORM-3 group: defects were filled with col-
lagen membrane with the application of CORM-3; and normal 
saline group (control group): defects were filled with collagen 
membrane without application of CORM-3. The experiment 
on nude mouse was performed in accordance with the 3R 
principle of the guidelines for the Care and Use of 
Laboratory Animals and authorized by Animal Care and Use 
Medical Ethical Committee of School and Hospital of 
Stomatology, Shandong University. (NO. 20190802)

Cell Seeding Before Skull Defect Surgery
Collagen membranes (Zhenghai Bio-tech, Co., Ltd, Yantai, 
China) were cut into 4 mm diameter round pieces and 
sterilized for use. The hPDLSCs (1×105 P2) were sus-
pended in 10 μL α-MEM medium containing 10% fetal 
bovine serum (FBS), and inoculated on the surface of the 
collagen membrane, followed by 12 h culture in the incu-
bator at 5% CO2 at 37°C.

Skull Defects Operation
Twenty-four balb/c-nude mice (20–25g) were anesthetized 
by intraperitoneal injection with 10% chloral hydrate 
(400 mg/1kg body weight). No toe contraction reflex 
demonstrated that the nude mice were completely anesthe-
tized. A vertical cut in the middle of the scalp was made 
under sterile condition. The skull was exposed, an outer 
diameter of 4 mm full-thickness skull defect on the bilateral 
areas was created with a bone trephine (Nobel, Sweden). 
Collagen membranes with or without hPDLSCs were trans-
ferred into the defect areas of the animals in different groups. 
Elevated flaps were restored and sutured with absorbable 
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suture line. After surgery, the heartbeat and respiration of the 
animals were monitored until the animals woke up.

After operation, penicillin sodium (500,000 units/kg) 
was injected intramuscularly for 3 days, the wound healing 
and mental status of the animals was observed at any time. 
Abnormal behavior or post-operative complications was 
monitored. Animals had free access to water and food. No 
mouse exhibited signs of peritonitis after the administra-
tion of 10% chloral hydrate.

Intraperitoneal administration of CORM-3 was started 
on the 3rd day after surgery and performed every 
other day. CORM-3 dissolved in 1mL 0.9% normal saline 
(10 mg/kg) was injected intraperitoneally in CORM-3 
+hPDLSC group and CORM-3 group, while 0.9% normal 
saline (1mL) was in the hPDLSC+normal saline group and 
normal saline group. For nude mice in CORM-3+hPDLSC 
group and CORM-3 group, the body weights of the ani-
mals were recorded before each administration.

During the experiment, when the following humane 
endpoints were reached, the nude mice were euthanized 
by means of cervical dislocation: i) mice for weight loss 
(15–20% rapidly decrease of the original body weight); ii) 
weakness (incapable of eating and drinking on their own); 
iii) anorexia (not any food at all within 24–36 hours); iv) 
body organ infection (treatment of penicillin was ineffec-
tive). The mice were confirmed to be dead based on 
cardio-respiratory arrest for 2 minutes, and no blink reflex.

Tissue Preparation
Four weeks and seven weeks after operation, the mice 
were euthanized. The skull was dissected and placed in 
4% paraformaldehyde and fixed at 4°C for 24–48 hours.

Masson Trichrome Staining
Trichromatic staining of Masson was carried out using 
Masson staining Kit (Jiancheng Biological Inc, Nanjing, 
China).19 Tissues from defect regions were examined and 
photographed by an optical microscope at the same mag-
nification. Imagepro-plus6.0 (Media Cybernetics, Inc. MD, 
USA) was used to analyze newly formed bone regions.

Hematoxylin and Eosin Staining and 
Micro-CT Detection
Hematoxylin and eosin staining were performed according to 
the standard protocols. Briefly, the sections were dewaxed by 
xylene, hydrated in gradient ethanol, and then treated with 
hematoxylin to stain the nuclei for 15 minutes. Subsequently, 

the sections were added with eosin staining solution. The slices 
were sealed with a transparent mountant and a coverslip. The 
morphology of the tissue was observed under the microscope. 
Image-Pro-Plus 6.0 software was used for the measurement 
and analysis of areas of new bone formation. The skulls were 
detected in three dimensions using Micro-CT (μCT-100; 
SCANCO Medical AG, Switzerland) and scanned at 65 kV/ 
380 µA as mentioned previously.20 For animals of each group, 
three fixed specimens were randomly selected for micro-CT 
scans. A 4 mm diameter circular region was selected as the 
region of interest (ROI) in the skull defect area. The skull 
defect area was three-dimensionally reconstructed using the 
V6.5–3 analysis software. Volume measurement was per-
formed after selecting a 3D area of interest (ROI) based on 
skull defect. The microstructural parameters such as the bone 
volume fraction (BV/TV%) of the new bone, the number of 
trabecular bone (Tb.N, mm-1), the trabecular separation (Tb. 
Sp, mm) and the thickness of trabecular (Tb.Th, mm) were 
simultaneously analyzed using software (CT Analyser; 
Bruker). The measurement was repeated for 3 times.

Statistical Analysis
All data were presented as mean ± standard deviation (SD). 
The significance of difference between two groups was statis-
tically analyzed by one-way ANOVA followed by the Turkey’s 
post hoc test. P< 0.05 was set as a significant difference.

Results
Identification of Human PDLSCs
hPDLSCs were identified by cell morphology and specific cell 
surface antigen. As shown in Figure 1A, the primary cultured 
hPDLSCs exhibited a typical spindle-shaped fibroblast-like 
morphology. The osteogenic differentiation or adipogenic dif-
ferentiation was testified by the formation of mineralized 
nodules (Figure 1B and C) or lipid droplets (Figure 1F and 
G) following 21 days of induction. A cluster of cells obtained 
from a single hPDLSC is shown in Figure 1E. Flow cytometric 
analysis showed the cultured hPDLSCs lowly or negatively 
expressed CD45 (0.16%) and CD34 (1.39%), whereas highly 
and positively expressed CD44 (99.9%), CD90 (99.9%) and 
CD105 (99.7%) (Figure 1D).

Effect of CORM-3 on hPDLSC Proliferation
The hPDLSCs were treated with CORM-3 at different con-
centrations. The effect of CORM-3 on hPDLSC proliferation 
was assessed using a CCK-8 proliferation assay. As indicated 
in Figure 2, 100, 200 and 400 μM CORM-3 treatment 
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promoted the proliferation of hPDLSCs, however, only 400 
μM CORM-3 showed the significant promotive effect 
(P<0.05). 800 μM CORM-3 treatment induced a clear 
decrease in cell viability, compared with the control group 
(P<0.05). Based on these data, 400 μM CORM-3 was selected 
as the working concentration for the following experiments.

ALP Activity of hPDLSCs During 
Osteogenic Differentiation
After treated with 400 μM CORM-3 for 3, 7 and 14 
days, the ALP activity of hPDLSCs was assessed 

(Figure 3). ALP activity in the CORM-3+osteogenic 
group showed significantly higher than that in other 
groups on day 3, 7 and 14 (P<0.001). ALP activity 
was also increased in the osteogenic group and 
degassed CORM-3+osteogenic group, compared with 
the control group (P< 0.05). Notably, there were no 
significant differences in ALP activity between the 
degassed CORM-3+osteogenic group and the osteo-
genic group at each time-point, suggesting that the 
effect of CORM-3 on ALP activity depended on the 
released CO (Figure 3).

Figure 1 Characterization of hPDLSCs. (A) hPDLSCs grown from the periodontal ligament tissue mass were cultured in the normal medium, cell morphology was assessed 
by a microscope. (B) and (C) hPDLSCs were cultured in control medium (B) or osteogenic induction medium (C) for 21 days. Then the cell mineralization was checked by 
Alizarin red S staining. (D) The surface expression of CD44, CD90, CD105, CD34 and CD45 was assessed by flow cytometry. (E) hPDLSCs were isolated by using limiting 
dilution to form single cloning. (F and G) hPDLSCs were induced in control medium (F) or adipogenic induction medium (G) for 21 days. Then the cell adipogenic 
differentiation was examined by Oil red O staining.
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Effect of CORM-3 on mRNA and Protein 
Expression of ALP, Runx2, and OPN 
During Osteogenic Differentiation
In order to investigate the effect of CORM-3 on osteogenic 
differentiation in hPDLSCs, the mRNA expression of SSP1, 
Runx2 and ALP were detected by RT-qPCR on day 3, 7 and 14 
during osteogenic differentiation. As shown in Figure 4, in the 
CORM-3+osteogenic group, the mRNA expression of the 
three osteogenic markers increased significantly at all time 
points examined, compared with that in other groups. The 
highest mRNA expression of SSP1, Runx2 and ALP occurred 
on day 14. In consistent with the mRNA expression results, the 
cells in the CORM-3+osteogenic group expressed significantly 

higher protein level of OPN, ALP and Runx2 than other group 
on day 3, 7 and 14 (P<0.001). In the CORM-3+osteogenic 
group, the expression of Runx2 was maximally increased by 
3.5-fold compared to the control group, and 2-fold with the 
osteogenic group on day 14 (P<0.001) (Figure 5A and B).

The cells in the degassed CORM-3+osteogenic group 
showed no significantly different mRNA and protein 
expression of Runx2, ALP and OPN, compared to the 
osteogenic group, suggesting that the regulatory effect of 
CORM-3 was mediated by the released CO.

CORM-3 Increased Mineralization of 
hPDLSCs
HPDLSCs in different groups were cultured in the conditions 
as indicated for 14 and 21 days, respectively. Extracellular 
matrix calcification of the cells was examined by AR staining 

Figure 2 Effect of CORM-3 on the proliferation of hPDLSCs. hPDLSCs were 
incubated in the medium in the presence of CORM-3 at the concentration of 
100, 200, 400 and 800 μM, respectively. Cells grown in the normal medium were 
used as control. After 24 h, the cell proliferation was assessed by CCK-8 kit. The 
experiment was repeated for at least three times. Data were expressed as the mean 
OD value ± standard deviation (n=3). *P<0.05 vs 0 μmol/l group.

Figure 3 Effect of CORM-3 on ALP activity. hPDLSCs were divided into four groups. 
Control group, in which the cells were cultivated in the control medium; osteogenic 
group, in which the cells were cultured in osteogenic induction medium; degassed 
CORM-3+osteogenic group, in which the cells were pretreated with 400 μM 
degassed CORM-3 for 24 h, then replaced with osteogenic medium; CORM-3 
+osteogenic group, in which the cells were pretreated with 400 μM CORM-3 for 
24 h, and subsequently the medium was changed with osteogenic induction medium. 
On day 3, 7, and 14, the ALP activity of the cells was assessed. Data were expressed 
as the mean ± standard deviation (n=3). #P<0.05 vs Control; ***P<0.001 as indicated.

Figure 4 Effect of CORM-3 on the mRNA expression of osteogenesis-specific 
genes. hPDLSCs were divided into four groups. Control group, osteogenic group, 
degassed CORM-3+osteogenic group, and CORM-3+osteogenic group, as 
described above. The mRNA expression of SSP1, Runx2 and ALP was determined 
by RT-qPCR on day 3, 7 and 14. Data were presented as the mean ± standard 
deviation (n=3). #P<0.05 vs Control; ***P<0.001 as indicated.
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(Figure 6A). As shown in Figure 6B, the mineralization of the 
cells in the CORM-3+osteogenic group was significantly 
higher than that in other three groups on the 14th and 
21st day (P<0.001). The calcium deposition in the osteogenic 
group increased significantly, compared with that in the control 
group (P<0.05). The mineralization in the degassed CORM-3 
+osteogenic group showed no significant difference with 
osteogenic group, indicating that the effect of CORM-3 on 
osteogenic differentiation was through CO release (Figure 6B).

CORM-3 with hPDLSC Transplantation 
Enhanced New Bone Formation in Nude 
Mice with Critical-Sized Skull Defect
Skull defect with an outer diameter of 4 mm was established 
and collagen membrane (with or without hPDLSCs plantation) 
was transplanted into the defect region. HE staining and 
Masson staining were used to evaluate the new bone mass in 
the skull defect region (Figure 7A). HE staining showed that 4 
weeks after surgery, a large piece of new bone was found in the 

Figure 5 Effect of CORM-3 on the protein expression of osteogenesis-specific factors. hPDLSCs were divided into four groups. Control group, osteogenic group, degassed 
CORM-3+osteogenic group, and CORM-3+osteogenic group, as described above. The protein expression of OPN, Runx2 and ALP was determined by Western blot on day 
3, 7 and 14. (A) Representative Western blot images of the OPN, Runx2 and ALP protein expression of the three independent experiments. (B) Quantitative results of 
Western blot images using ImageJ software. Data were presented as the mean ± standard deviation (n=3). #P<0.05 vs Control; ***P<0.001 as indicated.
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defect region in CORM-3+hPDLSC group, the area ratio of 
new bone measured by Image-Pro-Plus 6.0m software was 1.7, 
1.54, and 16 times higher than that in CORM-3 group, normal 
saline + hPDLSC group and control group, respectively. The 
difference was statistically significant (P<0.05) (Figure 7B). 
The percentage of newly formed bone in CORM-3 group and 
normal saline+hPDLSC group was significantly higher than 
that in control group (P < 0.05). No obvious new bone was 
found in the control group, only some cells were scattered in 
the bone defect area.

As shown in Figure 7C, Masson staining results showed 
the mineralization of newly formed bone in different groups. 
The red dye area represented the mineralized bone and the 
blue dye area represented mineralizing bone. The new bone 
mass in CORM-3+hPDLSC group was notably higher than 
that in other three groups (P<0.05) (Figure 7D). New bone 
mass in CORM-3 group and normal saline+hPDLSC group 
was much higher than that in normal saline group (control 
group) (P<0.05).

CORM-3 with hPDLSC Transplantation 
Increased the Bone Defect Repair in Nude 
Mice with Critical-Sized Skull Defect
As shown in Figure 8A, collagen membranes (engrafted with 
or without hPDLSCs) were transplanted into the defect area. 
Micro-CT analysis showed that larger high-density areas were 
found in skull defect region of animals in CORM-3+hPDLSC 
group (Figure 8B). Further measurement and quantitative ana-
lysis of the region of interest (ROI) revealed that the bone 
volume fraction (BV/TV) in CORM-3+hPDLSC group was 
significantly higher than that in other three groups, which was 
1.41, 1.33, and 2 times higher than that in CORM-3 group, 
normal saline+hPDLSC group and control group, respectively. 
Both number of trabeculae (Tb.N) and Tb.Th (Figure 8C) in 
CORM-3+hPDLSC group were the highest in four groups 
(P<0.05), whereas Tb.Sp (Figure 8C) was significantly lower 
than that in other three groups (P<0.05). There was no signifi-
cant difference of Tb.Sp between CORM-3 group and normal 
saline+hPDLSC group.

Figure 6 Effect of CORM-3 on cell mineralization during osteogenic differentiation of hPDLSCs. hPDLSCs were divided into four groups. Control group, osteogenic group, 
degassed CORM-3+osteogenic group, and CORM-3+osteogenic group, as described above. (A) On day 7 and 14, the mineralization of the cells was checked by alizarin red staining. 
(B) Quantitative results of alizarin red staining in all groups. Data were presented as the mean ± standard deviation (n=3). #P<0.05 vs Control; ***P<0.001 as indicated.
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Discussion

It has been reported that PDLSCs have the multi-lineage 
differentiation potential when exposed to appropriate inducing 
conditions, such as differentiation into cartilage, osteogenesis, 
and adipogenesis.21 A number of studies have revealed the 

favorable effects of CORMs and CO in in vitro and in vivo 
experiments.11 However, very little is known about the effect 
of CORMs on osteogenic differentiation of hPDLSCs. In this 
study, we used hPDLSCs as in vitro model to explore the effect 
of CORM-3 on osteogenesis of hPDLSCs. We also applied the 
balb/c-nude mice with critical sized skull defect as in vivo 

Figure 7 Effect of CORM-3 on new bone formation in nude mice with critical-sized skull defect. Animals were randomly divided into four groups. CORM-3+hPDLSC group 
and normal saline+hPDLSC group: defects were filled with collagen membrane seeded with hPDLSCs, in the presence (CORM-3+hPDLSC group) or absence (normal saline 
+hPDLSC group) of CORM-3; CORM-3 group: defects were filled with collagen membrane with the application of CORM-3; and control group: defects were filled with 
collagen membrane without application of CORM-3. (A and B) Four weeks after surgery, the new bone formation, and the area ratio of new bone in bone defect area was 
checked by H&E staining (A). Data were quantified by Image-Pro-Plus 6.0software (B). (C and D) Masson staining was used to show new bone and the percentage of newly 
formed bone in bone defect region (C). Data were quantified by Image-Pro-Plus 6.0software (D). #P<0.05 vs Control; *P<0.05 as indicated.
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Figure 8 Effect of CORM-3 on the bone repair in nude mice with critical-sized skull defect. Animals were randomly divided into four groups. CORM-3+hPDLSC group, 
normal saline+hPDLSC group, CORM-3 group and control group, as described above. Bone repair in the defect area was examined by Micro-CT 7 weeks after surgery. (A) 
Surgical process. Skull defect with an outer diameter of 4 mm was established and collagen membrane (with or without hPDLSCs plantation) were transplanted into the 
defect region. (B) Three-dimensional micro-CT images and (C) the statistical analysis. The bone volume fraction (BV/TV, %), trabecular number (Tb.N, 1/mm), trabecular 
thickness (Tb.Th, mm) and trabecular separation (Tb.Sp, mm) of the new bone were measured. *P< 0.05 and ****P< 0.0001 as indicated.
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model to investigate whether CORM-3 together with 
hPDLSCs transplantation could enhance the bone repair. The 
results of the study were as following: firstly, CORM-3 sig-
nificantly enhanced the proliferation of hPDLSCs at 
a concentration of 400 μM, which was consistent with the 
results of the previous study.22 Secondly, pretreatment with 
400 μM CORM-3 not only significantly increased the mRNA 
and protein expression of osteogenesis-related marker ALP, 
Runx2 and OPN, but also promoted the activity of ALP and the 
mineralization of hPDLSCs. Degassed CORM-3 did not show 
promotive effect on osteogenic differentiation of hPDLSCs, 
suggesting the modulatory effect of CORM-3 relied on the 
released CO. Thirdly, CORM-3 together with hPDLSCs trans-
plantation significantly enhanced the repair of skull defects of 
nude mice, as evidenced by the increased new bone area and 
mineralization, and the augmented bone volume fraction.

Many diseases, such as infection, cancer, and degenera-
tive diseases, etc., may cause bone resorption and defects.23 

Periodontitis and periapical diseases induced inflammation 
may give rise to the alveolar bone defects, tooth loss, 
aesthetic problems, and finally affects chewing function.24 

Researches have shown that PDLSCs are able to regenerate 
periodontal tissue,21 which suggests that the cells be an 
ideal source for alveolar bone repair and regeneration.25

Tissue engineering technology based on mesenchymal 
stem cells, scaffold materials and growth factors provide new 
ideas for tissue regeneration.26–30 In some bone defect diseases 
induced by inflammation, the inflammatory environment 
further increases the difficulty of bone regeneration. 
Searching for the novel approaches with both anti- 
inflammation and bone regeneration enhancement capacity 
has therefore become a more attractive focus in the clinical 
treatment.

CORMs, carriers of CO, are a kind of novel compounds 
which could reproduce the biological actions of CO,11 Studies 
have shown that CORMs exert anti-inflammatory effect in 
many cell lineages. CORM-2 has been found to inhibit the 
pathway of TXNIP/NLRP3 inflammasome.6,31 It was also 
reported that CORM-3 could suppress the expression of adhe-
sion molecule of human gingival fibroblasts32 and inhibit 
osteoclastogenic and inflammatory cytokines of hPDLCs 
when co-stimulated by nicotine and lipopolysaccharide.22 

Preclinical evidence in both large and small animal disease 
models confirmed the protective effects of CORMs 
on necrotizing enterocolitis,33 hyperacute endotoxic shock,34 

and pulmonary hypertension35 at low concentration.
Based on the findings mentioned above, it was hypothe-

sized that CORMs may not only suppress bone loss by 

inhibiting inflammation, but also directly promote osteogen-
esis and/or inhibit osteoclastogenesis. It has been widely 
known that Runx2 is a critical transcription factor in early 
stage of osteogenesis.36 It has been found that a complete 
lack of bone formation on skeletal systems in fetal mice with 
suppression of Runx2.37 Both OPN and ALP are osteogenic- 
related markers.38 ALP plays an important role in regulating 
the differentiation of the cells. The increased ALP activity of 
the cells by CORM-3 provides beneficial conditions for the 
mineralization procedure which enhances the differentiation 
into osteoblasts.39 The data of this study demonstrated that 
CORM-3 notably increased the mRNA and protein expression 
of ALP, OPN and Runx2, enhanced the ALP activity during 
the osteogenic induction of the hPDLSCs by releasing CO, 
which eventually resulted in the increased osteogenic 
differentiation.

Previous researches have shown that the HO-1 (encoding 
gene HMOX1, NM_002133.3) expression is regulated in 
response to various stimuli, and up-regulation of HO-1 
expression enhances ALP activity.40,41 In our unpublished 
data, we found that CORM-3 induced high expression of 
HO-1, which may contribute to the increased ALP activity 
during osteogenesis. In clinical practice, bone distraction and 
transport osteogenesis have been extensively used to stimu-
late or enhance bone regeneration.42 However, these 
approaches consequently lead to healthy bone loss, deformi-
ties, infections, and chronic pains.43 The present study 
showed that implantation of hPDLSCs alone or CORM-3 
injection alone could promote the repair of skull defect to 
a certain extent. The collagen membrane seeded with 
hPDLSCs transplantation with CORM-3 treatment showed 
the most prominent promotive effect on the new bone for-
mation and mineralization. In addition, CORM-3 with 
hPDLSCs transplantation gave rise to a better bone micro-
structural system, evidenced by the increased Tb.Th and BV/ 
TV, and decreased Tb.Sp. These results provided a new idea 
for the treatment of bone defect diseases. Though we showed 
the increased new bone formation in the bone defect region 
by CORM-3 with hPDLSCs transplantation, we could not 
elucidate that the new bone was formed from the direct 
differentiation of the implanted cells. Fluorescence labeled 
hPDLSCs will be applied in our future experiment. In addi-
tion, the mechanism by which CORM-3 exerted the benefi-
cial effect on the osteogenic differentiation and bone repair 
will be another focus.

Although CO at high concentration has been known to be 
toxic, many studies demonstrated that the treatment of CO at 
low concentration is feasible and effective for many diseases, 
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such as chronic obstructive pulmonary disease, post-organ 
transplantation complications44 and hemorrhagic shock.45 

Recently, hybrid molecules-termed HYCOs-by conjugating 
a CORM with various nuclear factor erythroid 2-related factor 
2 (Nrf2) activators has been reported. CORMs which can 
release CO in target region are being explored. CO adminis-
tration will be a promising treatment strategy in the future.

Conclusion
Taken together, our study reported that CORM-3 significantly 
enhanced the osteogenic differentiation of hPDLSCs by 
released CO. CORM-3 with hPDLSCs transplantation nota-
bly increased the repair of skull defects in nude mice. These 
results suggest that CORM-3 be used as an available strategy 
of improving bone regeneration for bone defect diseases.
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