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Abstract
Distraction osteogenesis (DO) is used to treat specific disorders associated with growth abnormalities and/or loss of bone 
stock secondary to trauma or disease. However, a high rate of complications and discomfort hamper its further application in 
clinical practice. Here, we investigated the effects of all-trans retinoic acid (ATRA) on osteogenic differentiation of rat bone 
marrow-derived mesenchymal stem cells (rBMSCs) and bone consolidation in a rat DO model. Different doses of ATRA 
were used to treat rBMSCs. Cell viability and osteogenic differentiation were assessed using CCK-8 and alkaline phosphatase 
staining, respectively. The mRNA expression of osteogenic differentiation-genes (including ALP, Runx2, OCN, OPN, OSX, 
and BMP2) and angiogenic genes (including VEGF, HIF-1, FLK-2, ANG-2, and ANG-4) were determined by quantitative 
real-time PCR analysis. Further, we locally injected ATRA or PBS into the gap in the rat DO model every 3 days until termi-
nation. X-rays, micro-computed tomography (Micro-CT), mechanical testing, and immunohistochemistry stains were used 
to evaluate the quality of the regenerates. ATRA promoted osteogenic differentiation of rBMSCs. Moreover, ATRA elevated 
the mRNA expression levels of osteogenic differentiation-genes and angiogenic genes. In the rat model, new bone proper-
ties of bone volume/total tissue volume and mechanical strength were significantly higher in the ATRA-treatment group. 
Micro-CT examination showed more mineralized bone after the ATRA-treatment, and immunohistochemistry demonstrated 
more new bone formation after ATRA-treatment than that in the PBS group. In conclusion, as a readily available and very 
cost effective bio-source, ATRA may be a novel therapeutic method to enhance bone consolidation in the clinical setting.
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Introduction

Distraction osteogenesis (DO) is a reconstructive technique 
that repairs bone defects and corrects osseous deformities by 
applying controlled gradual traction between the osteotomy 
cuts [1]. DO consists of three phases: the latency phase, the 
distraction phase, and the consolidation phase [2]. Although 
this technique has been used to treat orthopedic disorders 
[3], the main disadvantages, including a prolonged consoli-
dation of distracted bone, secondary surgical intervention, 
and limitation of morphological correction, have hampered 

its further application in clinical practice [4, 5]. Therefore, 
novel and effective approaches are urgently needed to accel-
erate bone regeneration during the DO process.

Recently, mesenchymal stem cells (MSCs), a subset of 
perivascular cells that reside in particular microenviron-
ments, have become available for enhancing angiogenesis, 
reducing inflammation, and promoting tissue repair by pro-
ducing the secretome in damaged tissue [6–8]. However, 
poor differentiation and survival rates after MSC transplan-
tation limit their suitability for cell therapy and tissue regen-
eration [9, 10]. It is well documented that the proliferation 
and differentiation of osteoblasts derived from MSCs in 
adjacent bone marrow can result in bone regeneration after 
DO treatment [11, 12]. Thus, a better understanding of the 
osteogenesis produced by MSCs may allow us to shorten the 
treatment periods needed for patients with DO and reduce 
the incidence of clinical complications.

As an active metabolite of dietary vitamin A, all-trans 
retinoic acid (ATRA) participates in the regulation of cell 

 *	 Jia Xu 
	 xujia0117@126.com

 *	 Yimin Chai 
	 ymchai@sjtu.edu.cn

1	 Department of Orthopedic Surgery, Shanghai Jiao Tong 
University Affiliated Sixth People’s Hospital, 600 Yishan 
Road, Shanghai 200233, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00223-018-0501-6&domain=pdf


321All-Trans Retinoic Acid Promotes Osteogenic Differentiation and Bone Consolidation in a Rat…

1 3

proliferation, differentiation, migration, and various biologi-
cal processes [13–15]. Its receptors belong to the nuclear 
receptor superfamily, including retinoic acid receptors 
(RARs) and retinoid X receptors (RXRs), of which RARs 
have the major bioactive effects [13–15]. The previous stud-
ies found that ATRA could promote favorable geometric 
remodeling of the rat carotid artery after balloon withdrawal 
injury and induce tissue factor in cultured human endothelial 
cells exposed to tumor necrosis factor [16–18]. Additionally, 
Zhang et al. reported that ATRA played a synergistic role in 
MSC osteogenic differentiation, and retinoic acid signaling 
pathways may be therapeutic targets in bone diseases [19]. 
Moreover, ATRA could significantly enhance the activity of 
alkaline phosphatase of BMSCs [20] as well as inhibit the 
growth of osteosarcoma (OS) tumors by promoting osteo-
genic differentiation in OS cells [21]. Combining insights 
from all these studies, we hypothesized that ATRA could 
promote bone formation and thus have the potential to be an 
effective therapeutic agent to stimulate bone regeneration in 
patients with DO.

In the present study, we investigated the effects of ATRA 
on osteogenic differentiation of rat bone marrow-derived 
MSCs (rBMSCs) and bone consolidation in a rat DO model. 
To the best of our knowledge, this study is the first to inves-
tigate the effect of ATRA on DO. Our findings thus might 
provide insights for developing a new therapy for bone 
regeneration.

Materials and Methods

Animals

Based on the previous study [22], twenty 12-week-old 
Sprague–Dawley (SD) male rats (410 ± 15 g) were selected, 
which were provided by the Laboratory Animal Research 
Centre of the SLAC Laboratory Animal Corporation 
(Shanghai, China).

Isolation and Culture of rBMSCs

The rBMSCs were isolated from the bone marrow of 4-week-
old SD male rats as previously described [23]. In brief, the 
rats were euthanized via intracardiac injection of 100-mg 
sodium pentobarbitone and it was confirmed by decapitation. 
To obtain mononuclear cells (MNCs), the rat bone marrow 
was flushed from the tibia and processed by density gradi-
ent centrifugation over Lymphoprep™ 1.077 g/mL (Axis-
Shield, Alere Technologies, Oslo, Norway). Then the MNCs 
were cultured in complete Modified Eagle’s Medium Alpha 
(α-MEM) (Invitrogen, Thermo Fisher Scientific, Waltham, 
MA, USA), 10% fetal bovine serum, and 2 mM l-glutamine 
(Invitrogen) at 37 °C with 5% CO2. When the cells were 

confluent, they were treated with trypsin and re-plated for 
expansion and further examination. The rBMSCs between 
passages three and six were used in the experiments. The 
surface antigens of rBMSCs including CD31, CD34, CD45, 
and CD90 were detected (BD Biosciences, San Jose, CA, 
USA) by flow cytometry (data not shown).

Cell Viability Assay

The cell viability was determined by CCK-8 assay. Briefly, 
the rBMSCs at an initial density of 5000 cells per well 
were placed in 96-well plates and incubated for 24 h. Then 
ATRA (Sigma-Aldrich, St. Louis, MO, USA) was added 
to the medium at different doses (0, 1 µM, 10 µM, 20 µM, 
or 30 µM). After incubation for 12, 24, 48, or 72 h, respec-
tively, 10 µL CCK-8 reagent was added to each 100 µL of 
medium (Beyotime, Jiangsu, China) and cells were incu-
bated at 37 °C for 2 h. The absorbance at 450 nm was meas-
ured with a microplate reader. All the experiments were 
repeated at least three times.

Osteogenic Differentiation

After trypsinization, the rBMSCs were seeded in a 12-well 
plate at a concentration of 5000 cells/cm2 and incubated in 
the α-MEM at 37 °C. When cell density reached 80% conflu-
ence, the medium was replaced with osteogenic induction 
medium (OIM: α-MEM, 10% FBS, 2 mM l-glutamine, 1 nM 
dexamethasone, 50 µM l-ascorbic acid-2-phosphate, 20 mM 
β-glycerophosphate, 100 U/mL penicillin, and 100 µg/mL 
streptomycin) as a positive control. For in vitro experiments, 
ATRA at different doses (0, 1 µM, 10 µM, 20 µM, or 30 µM) 
was added to 3 mL of α-MEM. Finally, α-MEM was used as 
a negative control.

ALP Staining

After the rBMSCs were treated with OIM and ATRA (at 
doses of 0, 1, 10, 20, and 30 µM) for 3 days, a detection kit 
(Yeasen) was used to measure the ALP activity. Briefly, the 
cells were washed with PBS and fixed with 70% ethanol for 
10 min. After equilibration in the ALP buffer for 5 min, the 
cells were incubated with ALP substrate solution at 37 °C 
in the dark for 60 min, followed by treatment with distilled 
water. Finally, the plate was dried and the positive rate of 
alkaline phosphatase was evaluated.

RNA Extraction and Quantitative Real‑Time PCR 
(qRT‑PCR)

After osteogenic induction with ATRA for 3 days, the total 
cellular RNA was extracted with an RNA Mini Kit (Invit-
rogen), and reversely transcribed into cDNA with M-MLV 
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reverse transcriptase (Invitrogen) according to the manu-
facturer’s instructions. Real-time PCR amplification was 
performed using the Step One Plus Real-Time PCR System 
(Applied Biosystems, Thermo Fisher Scientific, Waltham, 
MA, USA) by the following procedure: first at 95 °C for 
5 min, and then 40 cycles of 95 °C for 15 s and 60 °C for 
60 s. The primer sequences of the osteogenic and angiogenic 
markers are listed in Table 1. The relative quantification of 
gene expression was analyzed with the values of 2−ΔΔCt , and 
normalized by GAPDH expression level.

Animal Surgery

Twenty 12-week-old SD male rats were used for the in vivo 
experiments. Initially, five rats were housed in each cage, and 
then were placed under general anesthesia using intraperito-
neal injections of sodium pentobarbital (initially 50 mg/kg, 
followed by maintenance doses of 0.1 mL or 9 mg/kg, i.v., 
as required) for the surgery. The surgical site was shaved and 
cleaned with a 0.5% iodophor-in-alcohol solution, and then 
isolated with sterile drapes. Then 1% lidocaine/epinephrine 
1:105 was used for local infiltration to produce local vaso-
constriction. For the duration of the experimental protocol, 
anesthesia was maintained, and all of the animals were sub-
jected to a right tibial transverse osteotomy procedure with 
a closed fracture near the fibular–tibial junction under sterile 
and analgesic condition which was created by subcutane-
ous injection of enrofloxacin (50 mg/mL, 10 mg/kg) and 
buprenorphine (0.03 mg/mL, 0.05 mg/kg) 1 h before the 
procedure. The details of the transverse osteotomy procedure 
were as follows:

The right knee joint and ankle joint were fixed by hand, 
and the overlying skin was incised and retracted. To expose 
the facies medialis of the tibia, a 1–2-cm longitudinal inci-
sion was made along medial tissues overlying tibia, start-
ing 0.5 cm below the knee joint. Then the superficial fascia 
was bluntly dissected, and the muscle tissues were gently 

separated from the intermuscular space. When the tibia was 
exposed, a 1.0-mm dental drill (at low rotation) was used to 
create four paralleled anchor wells perpendicular to medial 
tibia for fixation. After the screws were rotated into place, 
a distraction fixator (Xinzhong Company, China) was fixed 
with them. The tibia was cut off between the second and 
third screws, and finally, the wound was flushed with normal 
saline and the wound site was sealed in layers.

Six hours after the surgery, the rats were subcutaneously 
injected again with buprenorphine (0.05 mg/kg) to ensure 
post-operative analgesia. For the first five post-operative 
days, the subcutaneous buprenorphine injections (0.05 mg/
kg) were performed twice a day for analgesia, and enro-
floxacin (5 mg/kg) was injected once a day to prevent bacte-
rial wound infections. The rats were randomized into two 
groups: a PBS group (n = 10) subjected to DO with PBS 
injections, and an ATRA group (n = 10) subjected to DO 
with ATRA injections. All rats were free to move in the cage 
and allowed to eat and drink ad libitum.

DO Protocol

Rat distraction was performed as previously reported [22, 
24]. The distraction was performed in three phases, includ-
ing latency phase of 5 days, 10-day active distraction phase 
(1 mm/day, in two equal increments), and a consolidation 
phase of 6 weeks. In the first two phases, the rats were 
monitored twice a day, and during the last phase, they were 
observed once a day, to evaluate the effectiveness of the 
analgesia. The procedure was modified by providing an 
appropriate amount of subcutaneous buprenorphine treat-
ment according to the behavioral signs of each animal. From 
the beginning of the consolidation phase, the two groups 
received injections of PBS (100 µL) and ATRA (10 µM, 100 
µL), respectively, into the distraction gap every 3 days until 
termination of the experiment. In order to minimize the inci-
dence of infections, pin site care was performed including 

Table 1   Primers for quantitative 
real-time polymerase chain 
reaction (qRT-PCR)

Gene Forward (5′–3′) Reverse (5′–3′)

ALP ACC​ATT​CCC​ACG​TCT​TCA​CATTT​ AGA​CAT​TCT​CTC​GTT​CAC​CGCC​
OCN CCT​CAC​ACT​CCT​CGC​CCT​ATT​ CCC​TCC​TGC​TTG​GAC​ACA​AA
Runx2 ACT​TCC​TGT​GCT​CGG​TGC​T GAC​GGT​TAT​GGT​CAA​GGT​GAA​
BMP2 GAA​GCC​AGG​TGT​CTC​CAA​GAG​ GTG​GAT​GTC​CTT​TAC​CGT​CGT​
OSX CCA​GGC​AAC​ACT​CCT​ACT​CC GCC​TTG​CCA​TAC​ACC​TTG​C
OPN GTA​CCC​TGA​TGC​TAC​AGA​CG TTC​ATA​ACT​GTC​CTT​CCC​AC
VEGF GGC​TCT​GAA​ACC​ATG​AAC​TTTCT​ GCA​GTA​GCT​GCG​CTG​GTA​GAC​
HIF-1 GCG​TGT​TCA​TCC​GTT​CTC​TA ACT​ACT​TCA​GCG​TCT​CGT​GTGT​
FLK-2 GTG​CAT​GAC​GCC​AAT​GAC​AAG​ TTT​CCA​GCC​AGC​ACG​TAC​CA
ANG-2 GGA​CAG​CAG​GCA​AAC​AGA​GCAGC​ CCA​CAG​GCA​TCA​AAC​CAC​CAACC​
ANG-4 ACA​AAG​AGC​AGC​ACG​GTT​GAGT​ GAC​CCT​CGT​AGC​CTT​CAT​AGCC​
GAPDH CCT​GCA​CCA​CCA​ACT​GCT​TA GGC​CAT​CCA​CAG​TCT​TCT​GAG​
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twice-daily cleaning and dressing with an external fixator 
for the entire length of the treatment. None of the animals 
became severely ill or died at any time prior to the planned 
endpoint of the experiments. Bilateral tibias and bone tissues 
were harvested from the distraction gap, and processed for 
further study.

Digital Radiographs

At the end of the 10-day active distraction phase, the dis-
traction zone had been monitored by weekly X-rays until 
termination using a digital X-ray machine (MX-20, Faxitron 
X-Ray Corp., Wheeling, IL, USA) under a voltage of 32 kV 
and an exposure time of 6000 MS.

Micro‑computer Tomography (Micro‑CT/µCT) 
Examination

Micro-computed tomography (Micro-CT) analysis was 
performed after euthanasia to quantitatively assess struc-
tural changes within the distraction zone for each animal. 
Briefly, all the specimens were imaged with a high-solution 
µCT (µCT40, Scanco Medical, Bassersdorf, Switzerland) 
equipped with a 10-mm focal-spot microfocus X-ray tube. 
The entire region of the surgical defect was scanned at a 
34-µ misotropic voxel size, a voltage of 70 keV, a current of 
114 µA, at a 10.5-µm isotropic resolution, and an integra-
tion time of 250 ms. Three dimensional (3D) reconstructions 
of mineralized callus were performed using the central 150 
layers in the horizontal plane of the distraction bone as the 
region of interest to eliminate the interference. According 
to different thresholds (low attenuation = 158, high attenu-
ation = 211) based on the established protocol [25], low- 
and high-density mineralized tissues were reconstructed. 
The high-density tissues (211–1000 threshold) formed the 
newly highly mineralized bone, while the lower density sites 
(158–211 threshold) represented the newly formed callus. 
Bone volume (BV) and tissue volume (TV) were recorded. 
The percentage of BV/TV of each specimen, which was the 
ratio of the segmented bone volume to the total volume of 
the region of interest, was determined [26].

Four‑Point Bending Mechanical Testing

Mechanical testing was performed 6 weeks after distrac-
tion. Specimens were harvested within 24 h after termi-
nation. A four-point bending device (H25KS; Hounsfield 
Test Equipment Ltd, Salfords, UK) with a 250 N load cell 
and a constant displacement rate of 5 mm/min was used to 
test the distracted tibiae to failure. The tibiae were loaded 
in the anterior–posterior direction with the posterior side 
in tension. The inner and outer span of the blades was 8 
and 20 mm, respectively, with the long axis of tibia placed 

perpendicular to the blades during the test. The contralat-
eral tibia was tested as an internal control. The modulus of 
elasticity (E-modulus), ultimate load, and energy to failure 
were recorded and analyzed using built-in software (QMAT 
Professional; Tinius Olsen, Inc., Horsham, PA, USA).

Immunohistochemistry

Immunohistochemistry staining was performed using a 
standard protocol as previously reported [27]. Paraffin sec-
tions were incubated with primary antibodies against OSX 
(1:100, ab22552, Abcam, Cambridge, MA, USA) and OCN 
(1:100, sc30045, Santa Cruz, USA) overnight at 4 °C, fol-
lowed by incubation with horseradish peroxidase-conjugated 
secondary antibodies. After counterstaining with hematoxy-
lin, the positive stained cell numbers and area in the whole 
distraction zone per specimen were counted and compared, 
which were expressed as the percentages of the bone vol-
ume. Before immunohistochemical staining, the specificity 
of the antibodies was confirmed through negative controls 
(stained with only secondary antibodies) and positive con-
trols (stained with both primary and secondary antibodies) 
in bone trabecula or ossification zone of cartilage in healthy 
knee joint of rats.

Statistical Analysis

All quantitative data were analyzed using SPSS 18.0 soft-
ware (SPSS, Chicago, IL, USA) for MS Windows. Experi-
mental data were presented as the mean ± SD. One-way 
analysis of variance was used to measure the significance 
of comparisons between groups. The analyses were per-
formed by the researchers who were blinded to the group-
ing. A p value of less than 0.05 was regarded as statistically 
significant.

Results

Different Doses of ATRA Had No Effect on Cell 
Viability but Promoted Osteogenic Differentiation 
of rBMSCs

To elucidate the biological effect of ATRA in bone con-
solidation in DO, we first compared cell viability of rBM-
SCs cultured in different doses of ATRA using the CCK-8 
assay. As shown in Fig. 1a, compared to the untreated 
controls (0 µM), 48-h, and 72-h cultures with ATRA sig-
nificantly decreased cell viability (p < 0.05 and < 0.01 at 
48 h and 72 h, respectively), but there was no significant 
difference among the four ATRA-treatment groups with 
doses varying between 1 and 30 µM. Next, we investigated 
the effect of different doses of ATRA on the osteogenesis 
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of rBMSCs in vitro by performing ALP staining. There 
was an apparent increase in ALP staining after expo-
sure to 10 µM ATRA (Fig. 1b) and this effect was subse-
quently confirmed through quantitative analysis (Fig. 1c). 
More importantly, quantitative analysis revealed that the 
ALP activity was highest in the 10 µM group than in the 
groups with other doses (Fig. 1c). Thus, 10 µM ATRA was 
selected for the following analysis.

ATRA Regulated the Expression of Osteogenic 
and Angiogenic Genes During Osteogenic 
Differentiation of rBMSCs

It has been reported that angiogenesis and osteogenesis 
play important roles in tissue regeneration and healing in 
improving DO technique [28]. Therefore, the expression 
of various osteogenic differentiation-related genes was 
detected by qRT-PCR. As shown in Fig. 2, the expres-
sion levels of ALP, BMP2, OSX, Runx2, OPN, and OCN 
were significantly increased after osteogenic induction 
(p < 0.05, p < 0.01, p < 0.001). Notably, ATRA (10 µM) 
treatment could further enhance these effects in osteogenic 
differentiation of rBMSCs (p < 0.01, p < 0.001). Further-
more, we found higher expression of VEGF, HIF-1, and 
FLK-2 was detected for rBMSCs cultured in ATRA, com-
pared with α-MEM medium alone (Fig. 3, p < 0.001). 
Moreover, 10 µM ATRA could significantly promote the 
expression of ANG-2 and ANG-4 (Fig. 3, p < 0.001).

Radiographic Assessment of Distraction Zone

As shown in Fig.  4, a representative series of X-rays 
across the time-course of DO showed the progression of 
bone consolidation. We observed little callus formation 
in the distraction gap immediately after distraction was 
completed in the PBS and ATRA groups. As time went 
on, more continuous callus was expected to appear in the 
ATRA-treatment group compared to the PBS group, espe-
cially at the end of the consolidation. However, we could 
not tell the difference between them through X-ray images. 
But the homogeneity of the regenerated bone seemed 
greater and formation of a new cortex was more evident 
in the ATRA-treatment group than in the PBS group at the 
end of the protocol. Subsequently, µCT examinations were 
further used to look for the expected outcome after the 
treatment. Compared with PBS group, the results demon-
strated a higher continuity (5 weeks) and homogeneity (6 
weeks) in the ATRA group (Fig. 5a, shown in red dotted 
line). Moreover, we found the value of BV/TV was signifi-
cantly increased in 158–1000 and 211–1000 three thresh-
olds after 5 weeks of ATRA-treatment, and in 158–211, 
158–1000, and 211–1000 three thresholds after 6 weeks 
of ATRA-treatment (Fig. 5b, c; p < 0.05), indicating more 
newly formed mineralized bone was present in the ATRA-
treatment group compared to the PBS group.

Fig. 1   Effects of different doses of ATRA on cell viability and oste-
ogenic differentiation of rBMSCs. a Cell viability was evaluated by 
the CCK-8 assay. b ALP staining of rBMSCs treated with different 

doses of ATRA for 3 days, c ALP quantitative assay of rBMSCs 
treated with different doses of ATRA. Data are presented as the mean 
value ± SD from triplicate experiments
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Fig. 2   Effects of ATRA on the expression of osteogenic genes in 
osteogenic differentiation of rBMSCs. The genes expression of oste-
ogenesis-related markers was assessed by quantitative real-time PCR 
after treatment of ATRA after osteogenic induction for 3 days. Data 

are presented as the mean value ± SD from triplicate experiments. 
*p < 0.05, **p < 0.01, ***p < 0.001, compared to the α-MEM group; 
##p < 0.01, ###p < 0.001, compared to the OIM group

Fig. 3   Effects of ATRA on the expression of angiogenic genes in 
rBMSCs. The expression of angiogenic-related genes was assessed 
by quantitative real-time PCR after treatment of ATRA. Data are 

presented as the mean value ± SD from triplicate experiments. 
***p < 0.001, compared to the α-MEM group
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Mechanical Testing

As shown in Fig. 5d, the four-point bending mechanical 
testing showed a significant improvement in the E-modulus 
(p < 0.05), ultimate load (p < 0.05), and energy to failure 
(p < 0.05), compared to those of the PBS group after they 
were normalized with respect to the contralateral intact tib-
iae at the end of the protocol.

Immunohistochemical Analysis

Immunohistochemical staining was performed to further 
confirm the effects of ATRA on osteogenic differentiation 
of the rBMSCs. As expected, examination for the osteogenic 
genes Osx and OCN revealed a significant increase in the 
amounts of positive osteogenic cells in the distraction gap 
in the ATRA-treatment group compared to the PBS group 
(Fig. 6a, b; p < 0.05).

Discussion

Until now, DO has been an effective tool for repair of defects 
and correction of osseous deformities in the treatment of 
orthopedic disorders. However, a high rate of complications, 
including a prolonged consolidation of distracted bone, as 
well as the need for secondary surgical interventions and 
limitations in the degree of morphological correction has 
restricted its application in clinical practice. In the present 
study, we demonstrated that ATRA may have novel potential 

in augmenting osteogenic differentiation of rBMSCs and 
consolidation in DO.

As an anti-proliferative and pro-differentiation factor, 
the ATRA has been shown to participate in various cellu-
lar functions such as differentiation, proliferation, migra-
tion, apoptosis, and inflammation [29]. Here, we found 
that ATRA-treatment promoted osteogenic differentiation 
of rBMSCs, with increased ALP activity. A related study 
indicated that MSCs have the ability to differentiate into 
various specific cell types and promote tissue regenera-
tion [30]. But the poor differentiation and poor survival 
rate observed following rBMSC transplantation limited 
their regenerative potential [31]. Thus, ATRA-treatment 
might be an important new approach to the maintenance 
of healthy bone tissue by promoting osteogenic differentia-
tion of MSCs. Moreover, we found osteogenesis-related 
genes, including ALP, Runx2, and BMP2 were all signifi-
cantly up-regulated following ATRA-treatment. Of those 
genes, ALP could hydrolyze pyrophosphate and generate 
inorganic phosphate for the proper mineralization of car-
tilage and bone [32]. BMP2 further promotes osteogenic 
differentiation as rBMSCs progressed during osteogenic 
differentiation [33]. As for Runx2, it has been shown to be 
essential for osteoblast differentiation and is also involved 
in the production of bone matrix proteins [34]. In addi-
tion, angiogenesis is a basic step in the process of bone 
regeneration, in that it provides a blood supply and thus 
benefits the subsequent progress of osteogenesis [35]. As 
a key angiogenic factor, VEGF could induce recruitment 
and survival of osteoblasts [36]. Related studies reported 

Fig. 4   Animal experimental design and representative X-rays of distraction regenerate at various time points. Animal experimental protocol (a) 
and representative X-rays (b) of distraction regenerate at various time points were present
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that VEGF expression becomes notably reduced in MSCs, 
during aging and this decrease results in reduced osteo-
blast differentiation [37, 38]. Additionally, ANGs are other 
important angiogenic factors that can stimulate angiogen-
esis [39]. Consistently, our results showed that ATRA 
enhances the expression of angiogenic genes, including 
VEGF, ANG-2, and ANG-4, which may support angioge-
netic capacity and facilitate bone healing in DO.

More importantly, the ability of ATRA to support bone 
regeneration was also examined in the rat DO model. The 
results from the micro-CT assay revealed that there was a 
significant increase in BV/TV with ATRA-treatment. Fur-
thermore, the mechanical test used to quantify the healing 
by new bone formation in the distraction zone showed bet-
ter results in the E-modulus, ultimate load, and energy to 
failure, demonstrating more callus formation and minerali-
zation in the ATRA-treatment group. This evidence further 

supports the conclusion that ATRA plays an important role 
in promoting bone regeneration in the rat DO model.

However, the further development of ATRA for clinical 
treatment of DO will require considerable effort. The nor-
mal physiological level of ATRA is ≤ 10−8 mol/L (that is, 
on a nanomolar scale), but the effective pharmacological 
concentration may be also > 10−7 mol/L as in the situa-
tion with acute myelocytic leukemia [40–42]. Therefore, 
the results reported in the present study need to be taken 
with caution and may not reflect normal cell responses. 
The high doses utilized here may have led to selection or 
preferential proliferation of a subpopulation of BMSCs, 
and whether proliferation of that subpopulation in a clin-
ical setting will do benefit or harm to the human body 
still needs to be elucidated. In addition, ATRA has many 
side effects when used clinically, such as typical retinoid 
toxicity, flu-like symptoms, and bleeding problems when 

Fig. 5   ATRA administration improved the quality of new callus via 
µCT analysis and mechanical test. a 3D µCT images of the tibia dis-
traction zone in the two groups after 5 and 6 weeks of treatment. b, c 
The value of BV/TV after the treatment for 5 and 6 weeks. d Mechan-

ical properties (including E-modulus, ultimate load, and energy to 
failure) of distraction regenerates. Data are presented as the mean 
value ± SD from triplicate experiments. *p < 0.05, compared to the 
PBS group
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administrated p.o. to patients with acute promyelocytic 
leukemia [43, 44]. As a result, the direct use of ATRA in 
DO may not be feasible at this time, and it may be neces-
sary for us to conduct further studies of both the efficacy 
and safety of ATRA administration.

In summary, we concluded that ATRA promotes osteo-
genic differentiation of rBMSCs and enhances bone forma-
tion and consolidation during DO in a rat model. These 
findings suggest that ATRA, which is readily available and 
could be very cost effective, might be a potential agent 
for enhancing bone consolidation during DO treatment in 
patients with bone defects.
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