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Background: Hypervitaminosis A, alcoholism or medical treatment for acute promyelocytic

leukaemia may cause unphysiologically high accumulation of all-trans retinoic acid (ATRA),

which could inhibit osteoblastogenesis, thereby triggering osteoporosis. We have shown that

bone morphogenetic protein-2 (BMP-2) can only partially antagonize the inhibitive effects of

ATRA. In this study, we hypothesized that antagonists of retinoic acid receptors (RARs) could

further antagonize the inhibitive effect of ATRA and rescue BMP2-induced osteoblastogenesis.

Materials and Methods: We first screened the dose-dependent effects of the specific antago-

nists of RAR α, β and γ and transforming growth factor-beta receptor (ER-50891, LE-135,

MM11253, and SB-43142, respectively) on ATRA-induced inhibition of the total cell metabolic

activity and proliferation of preosteoblasts. We selected ER-50891 and tested its effects on

osteoblastogenesis with the presence or absence of 1 μM ATRA and/or 200 ng/mL BMP-2. We

measured the following parameters: Alkaline phosphatase activity (ALP), osteocalcin (OCN)

expression and extracellular matrix mineralization as well as the level of phosphorylated Smad1/5.

Results: ER-50891 but not LE-135, MM11253, or SB-431542 significantly antagonized the

inhibition of ATRA and enhanced the total cell metabolic activity and proliferation of preosteo-

blasts. Dose-dependent assays show ER-50891 could also rescue ATRA inhibited OCN expression

and mineralization with or without the induction of BMP. ER-50891 also suppressed the ALP

activity that was synergistically enhanced by BMP and ATRA. Neither ATRA, nor ER-50891 or

their combination significantly affected the level of BMP-induced phosphorylated Smad1/5.

Conclusion: The antagonist of RARα, ER-50891 could significantly attenuate ATRA’s

inhibitive effects on BMP 2-induced osteoblastogenesis.

Keywords: bone morphogenetic protein 2, all-trans retinoic acid, retinoic acid receptor,

osteoblastogenesis, transforming growth factor beta

Introduction
Bone tissues with sufficient quantity and quality are highly important for the proper

functions of musculoskeletal systems and therein-implanted medical devices, such as

dental implants.1 As a paramount biological process to maintain bone tissue and repair

bone defects, mesenchymal stem cells are osteogenically committed to become

a preosteoblast and thereafter undergo osteoblastogenesis.2Osteoblastogenesis comprises

a series of sequential cellular events, such as proliferation, alkaline phosphatase (ALP)

expression (early differentiation marker), osteocalcin (OCN) expression (late
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differentiation marker) and final extracellular matrix

mineralization.3 In pathogenic conditions, osteoblastogenesis

can be inhibited by metabolites or drugs, which may result in

various bone diseases, such as osteoporosis4 ─ a metabolic

bone disease characterized by significantly reduced density

and deteriorated microstructure of bone tissue with increased

risks of fractures.5

One of such metabolites or drugs is all-trans retinoic acid

(ATRA).6 In physiological microenvironments, ATRA is

a metabolite of alcohol and vitamin A and widely involved in

regulating a large variety of physiological events, such as

epithelial differentiation,7 breast cancer8 and embryogenic

development.9 Unhealthy dietary habits such as hypervitami-

nosis A can cause the unphysiological accumulation of ATRA

in human body,whichmay result in a series of diseases, such as

neural toxicity and osteoporosis.10–12 On the other hand,

ATRA may also, at least partially, mediate the detrimental

effects of alcohol abuse.13 Alcoholism is highly prevalent

worldwide with a prevalence of 18.4% adult for heavy alcohol

abuse.14 Chronic alcohol abuse can result in low bone

density,15–18 bone fragility and fractures.15,19–21 Data from

animal studies show that alcohol abuse is associated with

significantly reduced osteogenesis22 and delayed implant

osteointegration,23 which is at least partially, due to the sig-

nificantly reduced osteoblastogenesis.24 Alcoholism can result

in compromised osteoinduction, leading to compromised bone

defect healing.24 Furthermore, prenatal alcohol exposure also

significantly affects fetal bone development.25 Apart from

these dietary aspects, high-dose ATRA is also given to adult

patients to treat acute promyelocytic leukemia (APL).26 For

this purpose, oral administration of high dosage (45 mg/m2)

of ATRA is conventionally recommended, which results

in a median concentration of approximately 1 μM in

plasma.27,28 Osteoporosis occurs as a side effect of ATRA.29

ATRA at pharmacological concentration of 1 μM is frequently

used in in-vitro experiment.30 All these findings suggest that

ATRA has an inhibitive effect on osteoblastogenesis. ATRA

takes effect through two types of nuclear receptors, e.g. retinoic

acid receptors (RARs) and retinoid X receptors (RXRs).10

Each type of receptors is comprised of three subtypes (α, β,
and γ). The RARs can bind RXRs to form heterodimers that

directly modulate target gene expression through retinoic acid

response elements (RAREs).31 Apart from RAR-mediated

signaling, ATRA is also reported to inhibit cell proliferation

by inducing endogenous transforming growth factor βs (TGF-
βs).32 TGF-βs bind to TGF-β receptors and cause cell cycle

arrest.32–34 Hitherto, it is unclear which receptor plays a critical

role in the inhibitive effect of ATRA on osteoblastogenesis.

On the other hand, in clinic, bone morphogenetic proteins

(BMPs), one group of highly potent osteoinductive growth

factors, are widely used to promote osteoblastogenesis so as

to facilitate rapid and complete bone healing. BMP-2 or BMP-

7 carried by absorbable collagen sponge, have been approved

by FDA to apply in clinic aiming to promote bone

regeneration.35,36 BMPs take effects by binding to BMP recep-

tor complex on cell membrane, which results in significantly

enhanced level phosphorylated Smad1/5 (p-Smad1/5). By

forming a complex with Smad4, P-Smad1/5 translocates into

nucleus and binds to DNA promoters so as to induce the

expression of osteogenic genes, leading to osteoblastogenesis.

Recently, we report that 1 µM ATRA inhibits osteoblastogen-

esis of both bone marrow stromal cells and mouse calvarial

preosteoblast cell (MC3T3-E1 cell line).37–39 We also show

that ATRA can antagonize the promoting effects of various

BMPs on the expression of key osteogenic genes (such as

Runx2, Osterix, Dlx5 and Smad1) irrespective of the BMPs’

potencies.39 However, hitherto, it is unclear which receptor

plays a critical role in the inhibition of ATRA on BMP-

2-induced osteoblastogenesis.

In this study, we adopted specific antagonists to different

RARs and also TGF-β type I receptor kinase with an aim to

assess the roles of different receptors in the inhibitive effects

of ATRA on BMP-2-induced osteoblastogenesis.

Materials and Methods
Cell Culture
A preosteoblast cell line (MC3T3-E1, subclone 4, CRL-2593)

was purchased from the American Type Culture Collection

(ATCC). Cells were cultured in growth medium consisting of

α-MEM with 10% (v/v) FBS (fetal bovine serum) (Gibco

Invitrogen, Grand Island, NY), 100 U/mL streptomycin and

penicillin at 37°C and 5% CO2 in a humidified atmosphere.

Media change was performed every 3 days. When 80% con-

fluency was reached, cells were plated at a final concentration

of at 5×103 cells/well in 24-well plates for measuring total cell

metabolic activity and DNA content; for at 2.5×104 cells/well

in 48-well plates for measuring ALP activity, total protein,

OCN and extracellular matrix mineralization (alizarin red

staining); or 1×104 cells/well in 96-well plates for measuring

p-Smad1/5 using cell-based enzyme-linked immunosorbent

assay (ELISA). Except for extracellular matrix mineralization,

cells were seeded in plates in a low-serummedium (2% FBS);

24 hrs after seeding, cells were first starved in the low-serum

media (0.5% FBS) for another 24 hrs and then followed by

drug treatment also in media containing 0.5% FBS.
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Treatment of Preosteoblasts
ATRAwas purchased from Sigma-Aldrich. All the receptor

antagonists and BMP-2 (CHO derived) were purchased

from R&D Systems, Inc. Cultured preosteoblasts were trea-

ted with RARα antagonist ER-50891, RARβ antagonist LE-

135, RARγ antagonist MM-11253 (0, 1, 2 and 3 (μM)), or

TGF-beta antagonist SB-431542 (0, 3, 6 and 9 (μM)), in the

absence and presence of 1 μM ATRA, during the entire

period of differentiation of MC3T3-E1, respectively. For

further studies, cells were treated with 200 ng/mL BMP-2.

Screening Receptor Antagonists
The parameters of total cell metabolic activity and prolifera-

tion (DNA content) were measured in order to identify which

specific receptor ATRA ligand binds to. After 24 hrs starving

culture, the cells were treated with ATRA or antagonist for 3

days. The results show that the ER-50891, RAR-alpha antago-

nist group had a significant difference in total cell metabolic

activity and DNA content. Instead, the other receptor antago-

nists LE-135, MM-11253, SB-431542 made no significant

difference when comparing with the ATRA group, respec-

tively, with a similar effect level. As a consequence, the

receptor in this study was determined as RAR-alpha.

ER-50891 Concentration Selection Test
Furthermore, to assess the concentration range for how RAR-

alpha antagonist ER-50891 involves in the ATRA signaling

cascade, a series of dose–response tests on cell metabolic

activity, DNA content, ALP activity, total protein expression,

and osteocalcin release were performed as described in the

following sections 4 days post-treatment. ER-50891, RAR-

alpha antagonist group on the concentration of 0.25 μM, 0.5

μM, 1 μM, 1.5 μM, 2 μMand 3 μMsignificantly decreased the

ALP activity. These results showed that the ER-50891 antag-

onized the enhancing effect of ATRA on ALP activity and

decreased ALP activity to the similar level as control when

2–3 μM ER-50891 was applied. Besides, ER-50891, RAR-

alpha antagonist group has a significant increase in cell pro-

liferation and osteocalcin release. Consequently, the concen-

trations in this study were determined at 1.5 μM and 3 μM.

Total Cell Metabolic Activity and

Proliferation
To analyze the effect of ATRA onMC3T3-E1 proliferation in

response to various concentrations of different RAR antago-

nists ER-50891, LE-135, MM-11253, and TGF-beta antago-

nist SB-431542, the total cell metabolic activity in the

absence or presence of 1 μM ATRA was gauged using the

alamar BlueTM cell viability assay (Invitrogen Corporation,

Carlsbad, CA, USA) following the manufacturer’s instruc-

tion. In short, after a 3-day treatment, the alamar Blue™

reagent was added into the growth medium for an incubation

of 4 hrs. After the incubation period, fluorescence intensity,

was measured at EX 540 nm/EM 590 nm using SpectraMax

M5Molecular Devices (Sunnyvale, CA, USA). Proliferation

of cells were measured using a DNA quantification assay.

The QuantiT™ PicoGreen dsDNA Assay kit (Invitrogen,

OR, USA) was used according to the instruction. The fluor-

escent intensity of each sample was measured using

SpectraMax M5 Molecular Devices as well with a setting

of EX480 nm/EM520 nm.

ALP Activity and Total Protein Expression
After a 3-day treatment, ALP activity and protein expression

were measured using para-Nitrophenylphosphate as

a substrate using LabAssay™ ALP colorimetric assay kit

(Wako Pure Chemicals, Osaka, Japan) according to the man-

ufacturer’s protocol. Briefly, 10 µL aliquots of cell lysates

were added to 96-well plates. Thereafter, 50 μL of 2-amino-

2-methyl-propanol buffer (pH 10.3) and 50 μL of 15.2 mM

paranitrophenylphosphate (PNPP) in a 2 mM solution of

magnesium chloride were added and incubated at 37°C for 1

hrs. The reaction was stopped by adding 200 µL stop solution

(1 N solution of sodium hydroxide). The amount of produced

paranitrophenol was gauged spectrophotometrically at 405 nm

using the plate reader SYNERGYMx (BioTek®, Winooski,

VT) with Gen 5 1.09 software. The total protein content was

measured using a BCA Protein Assay kit (Beyotime, China).

Results are expressed as folds of ALP activity. ALP activity

was calculated by dividing the amount of paranitrophenol by

protein content. Results were expressed by calculating the fold

changes in comparison with the control.

Osteocalcin Expression
Osteocalcin (OCN), referred to as a late marker of osteoblas-

tic differentiation, was analyzed using an enzyme-linked

immunosorbent assay (ELISA) for mouse OCN (EIA kit,

Biomedical Technologies, Stoughton, MA, USA) according

to the manufacturer’s protocol. After a 3-day treatment,

supernatants of cell culture were collected and centrifuged

(20,000 rpm, 4°C, 15 min) before analysis. The absorbance

was measured at 450 nm. Results are expressed as the fold

changes of OCN in comparison with control.
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Extracellular Matrix Mineralization
We compared the area of mineralized nodules in samples

stimulated by 200 ng/mL BMP-2 in the absence or presence

of 1μM ATRA and ER-50891 (1.5 μM and 3 μM). The

mineralized nodules formation was analyzed using Alizarin

red staining at the time points of 19 days after induction.

Quadruplicate cell cultures were prepared and then treated

with an osteogenic medium (10% FBS, 50 μg/mL

L-ascorbic acid, and 10mM beta-glycerophosphate; Sigma-

Aldrich, St. Louis, MO, USA) containing 200 ng/mL BMP-

2 plus 1 μMATRA, as well as 1.5 μMor 3 μMER-50891. The

medium was replaced every 3 days. On Day 19, extracellular

matrix mineralization was determined by alizarin red staining

at pH 4.2 (Sigma-Aldrich, St. Louis, MO, USA). Each well

was photographed using NIS-Elements F2.20 (Nikon Eclipse

80i, Tokyo, Japan), and the mineralized areas were then quan-

tified using Image-Pro Plus 6.0 software.

Cell-Based ELISA
After a 3-day treatment, P-Smad1/5 was measured using

a cell-based ELISA kit (#KCB7660, R&D Systems, Inc.,

Minneapolis,MN, USA) kit and compared to glyceraldehyde

3-phosphate dehydrogenase (GAPDH) in the nuclear accord-

ing to the instructions.

Statistical Analysis
All results are shown as means ± standard deviations (SD).

Individual experiments were performed at least three

times. The data were analyzed using the GraphPad Prism

6 version 6.0 (GraphPad Software Inc, La Jolla, CA). For

comparison among groups, one-way analysis of variance

(ANOVA) was conducted. For comparison between two

groups, unpaired t-test was conducted. p<0.05, was con-

sidered a statistically significant difference.

Results
ATRA Inhibited the Total Cell Metabolic

Activity and Proliferation of Preosteoblasts,

Which Could Be Rescued by the Antagonist

of RARα
We first evaluated the influence of the antagonists on the

total cell metabolic activity and proliferation of preosteo-

blasts. 1 µM ATRA caused almost 50% reduction of total

cell metabolic activity compared to the control group. The 1

µM or 2 µM RARα antagonist ER-50891 alone significantly

promoted the total cell metabolic activity of pre-osteoblasts

(Figure 1A). In contrast, RARβ antagonist LE-135 alone at

all concentrations resulted in significantly lower total cell

metabolic activity (Figure 1B). Neither RARγ nor TGF-β
antagonists alone could significantly influence the total cell

metabolic activity of preosteoblasts (Figure 1C and D). The

inhibitive effect of ATRA could be relieved only by the

antagonist of RARα (Figure 1A) but neither RARβ nor

RARγ nor TGF-β (Figure 1B–D). A very similar pattern

was also found in the effects of the antagonists on the

DNA content (Figure 2–D). ATRA significantly inhibited

the DNA content. Antagonist of RARα but neither RARβ
nor RARγ nor TGF-β significantly antagonized the inhibi-

tive effects of ATRA on the DNA content of preosteoblasts.

Since the total cell metabolic activity and proliferation of

osteogenic cells are highly important for osteogenesis and

only RARα antagonist ER-50891 could antagonize the inhi-

bitive effects of ATRA, we adopted ER-50891 in the follow-

ing experiments.

ER-50891 Dose-Dependently

Antagonized the Promoting Effect of

ATRA on ALP Activity and Also Its

Inhibitive Effects on Cell Viability,

Proliferation, Total Protein and OCN

Expression
We performed dose-dependent assay to identify the antag-

onistic effect of ER-50891 on the effects of ATRA. From

0.5 to 1.5 µM, ER-50891 significantly antagonized the

inhibitive effect of ATRA and dose-dependently increased

the total cell metabolic activity of preosteoblasts

(Supplementary Figure 1A). In the concentration range of

1–3 µM, the total cell metabolic activity was elevated to

a similar (1 µM and 3 µM) or significantly higher level

(1.5 µM and 2 µM) in comparison with the control

(Supplementary Figure 1A). ER-50891 of all the selected

concentrations resulted in a significantly higher level of

DNA content than the group of ATRA alone, which reached

a similar level as the control (Supplementary Figure 1B).

ATRA decreased total protein content to 48.0% of the

control group. In contrast, ER-50891 dose-dependently

increase the total protein content of preosteoblasts

(Figure 3A) with protein content recovered to 80.6% of

the control group. ATRA increased ALP activity by 2.5

fold, which could be dose-dependently inhibited by ER-

50891 (Figure 3B). ATRA decreased OCN expression to

23.4% of the control, which could be dose-dependently
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relieved by ER-50891. ER-50891 at 2 and 3 µM almost

completely rescued the OCN expression (Figure 3C).

ATRA Promoted ALP Activity and

Inhibited OCN Expression Induced by

BMP-2, Which Could Be Antagonized by

ER-50891
ATRA or 200 ng/mL BMP-2 alone could promote ALP activ-

ity by 2.1 and 1.9 folds, respectively, while ER-50891 alone

did not significantly influence ALP activity (Figure 4A).

ATRA and BMP-2 synergistically promoted ALP activity by

18.9 folds in preosteoblasts, which could be significantly

inhibited by ER 50891. BMP-2 significantly enhanced OCN

by 5.9 folds in comparison with the control, which was not

influenced by ER-50891. ATRA could significantly suppress

OCN expression by 84.2%, which could be significantly

relieved to 41.1% of the control group by ER-50891

(Figure 4B). ATRA also inhibited BMP-2-induced OCN

expression by 90.0%. ER-50891 could antagonize such an

effect of ATRA, but only rescue the OCN expression to

a similar level as the control (Figure 4B).

ER-50891 Attenuated the Inhibitive

Effects of ATRA on BMP-2-Induced

Extracellular Matrix Mineralization
Nineteen days after treatment, treatment with BMP-2 sig-

nificantly promoted extracellular matrix mineralization

than the control (no ATRA, no ER-50891; Figure 5A). In

Figure 1 Fold changes of total cell metabolic activity of murine calvarial pre-osteoblasts (MC3T3-E1 cells) treated with or without 1 μM ATRA in the presence or absence of

different receptor antagonists. RAR-alpha antagonist ER-50891 (A), RAR-beta antagonist LE-135 (B), RAR-gamma antagonist MM-11253 (C), TGF-beta antagonist SB-

431542 (D) were adopted. All data are presented as mean values together with the standard deviation. c: significant difference (p<0.05) in comparison with the control

group. a: significant difference (p<0.05) in comparison with the ATRA (alone) group. ***p<0.001.
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contrast, ATRA significantly decreased this parameter both

in the absence (by 65.1%) and presence (by 93.9%) of

BMP-2. ER-50891 alone did not significantly influence

extracellular matrix mineralized nodules (Figure 5B).

ER-50891 could rescue the formation of extracellular

matrix mineralization to a level that was similar to the

BMP-2 group (Figure 5B).

Phosphorylated-Smad1/5 Was Not

a Target of Either ATRA or ER-50891
BMP-2 could significantly update the level of phosphor-

Smad1/5, while ATRA alone did not influence phos-

phor-Smad1/5 (Figure 6). Furthermore, ATRA could

not significantly influence BMP-2 induced elevation

of phosphor-Smad1/5. Similarly, ER-50891 did not

influence phosphor-Smad1/5 both in the absence or pre-

sence of BMP-2 (Figure 6).

Discussion
ATRA has long been found as an important morphogen in

regulating various biological events.40 Alcoholism, hypervi-

taminosis A or APL treatment can result in unphysiologically

overdosed ATRA that might lead to osteoporosis by, at least

partially, decreasing osteoblastogenesis.37,38 BMPs are

a group of paramount growth factors for inducing physiolo-

gical osteoblastogenesis and also widely used to promote

bone regeneration in clinic.35,36 In our previous study, we

demonstrate that ATRA can significantly antagonize the pro-

moting effect of heterodimeric BMP2/7, a more potent form

of BMPs, on osteoblastogenesis of preosteoblast cell line38

Figure 2 Fold changes of DNA content of murine calvarial pre-osteoblasts (MC3T3-E1 cells) with or without 1 μM ATRA in the presence or absence of different receptor

antagonists. DNA contents of MC3T3-E1 cells under different combinatory treatments of ATRA and RAR-alpha antagonist ER-50891 (A), RAR-beta antagonist LE-135 (B),
RAR-gamma antagonist MM-11253 (C), and TGF-beta antagonist SB-431542 (D). All data are presented as mean values together with the standard deviation. c: significant

difference (p<0.05) in comparison with the control group. a: significant difference (p<0.05) in comparison with the ATRA (alone) group. **p<0.01; ***p<0.001.
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Figure 3 Fold changes of total protein content (A) ALP activity (B) and osteocalcin (C) of murine calvarial pre-osteoblasts (MC3T3-E1 cells) treated with or without 1 μM
ATRA in presence or absence of different concentrations of RAR-alpha antagonist ER-50891. All data are presented as mean values together with the standard deviation.

*p<0.05; ***p<0.001.

Figure 4 Fold changes of ALP activity (A) and osteocalcin (B) of murine calvarial pre-osteoblasts (MC3T3-E1 cells) treated with or without 1 μM ATRA and 200 ng/mL

BMP-2 in presence or absence of 1.5 μM RAR-alpha antagonist ER-50891. All data are presented as mean values together with the standard deviation. *p<0.05; ***p<0.001.
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and primary BMSCs.37 We further show that the inhibitive

efficacy of ATRA is independent on the potencies of

BMPs.39 However, it remains unveiled which receptor med-

iates the inhibitive effect of ATRA osteoblastogenesis in the

absence or presence of BMP-2. In this study, we, for the first

time, reported that the antagonist of RARα but not RARβ or

RARγ or TGF-β receptor significantly suppressed the inhi-

bitive effects of ATRA and rescued osteoblastogenesis. This

finding suggested that it was RARα that mediated the inhi-

bitive effects of ATRA.

ATRA exerts a large variations of effects through dif-

ferent RARs. RARα, also known as NR1B1, is encoded by

the RARA gene and involved in many biological events,

such as multicellular development, proliferation, differentia-

tion and apoptosis.31 Enhanced expression of RARA could

induce epithelial-to-mesenchymal transition.41 After dec-

ade’s efforts, ATRA has been developed to aim at PML-

RARα and newly discovered NLS-RARα oncoproteins as

direct molecular targets based on epigenetic discoveries for

APL involved HHEX and S100A10.42–46 RARβ is encoded

by RARB gene and has been considered to play a distinct

role in the tumor growth and development.47 The RARα

and RARβ can bind to RAREs to modulate target gene

expression. RARγ, encoded by RARG gene, is associated

with skin, bone and teratogenic toxicity and is critical for

hematopoiesis in modulating the balance between self-

renewal and differentiation of hematopoietic stem cells

(HSCs).48 RAR signaling directly regulates osteoblastogen-

esis and adipogenesis.49,50 RARγ activity in mesenchymal

stem cells plays a role in regulating endochondral bone.51

Green et al report that RARγ is a negative regulator of

osteoclastogenesis in vivo and in vitro.49 However, hitherto,

there are few publications reporting the involvement of

different receptors in the ATRA’s inhibitive effects of BMP-

induced osteoblastogenesis.

Under the inhibitive effects of ATRA, mesenchymal

cells or pre-osteoblasts are reported to exhibit a partially

differentiated non-proliferating state.52 This character is

Figure 5 Alizarin red staining and Fold changes of mineralization area of murine calvarial pre-osteoblasts (MC3T3-E1 cells) treated with or without 1 μM ATRA in presence

or absence of 200 ng/mL BMP-2 and different concentrations of RAR-alpha antagonist ER-50891. Alizarin red staining (A), the mineralization area (B) of murine calvarial pre-

osteoblasts (MC3T3-E1 cells) under the different combinatory treatments of ATRA and BMP-2, in the absence and presence of RAR-alpha antagonist ER-50891 on Day 19.

All data are presented as mean values together with the standard deviation. ***p<0.001.

Figure 6 Fold changes of phospho-Smad1/5 of murine calvarial pre-osteoblasts

(MC3T3-E1 cells) treated with or without 1 μM ATRA and 200 ng/mL BMP-2 in

presence or absence of 1.5 μM. Fold change of phospho-Smad 1/5 was normalized

to GAPDH. All data are presented as mean values together with the standard

deviation. ***p<0.001.
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symbolized by enhanced ALP activity (early osteoblasto-

genic marker) as well as suppressed cell proliferation/

viability, OCN expression and extracellular matrix

mineralization.6,37,38,52 However, hitherto, it remains

unclear how ATRA leads to these phenomena. In this

study, we showed that ATRA suppressed both total cell

metabolic activity but also the proliferation (DNA con-

tent). ATRA resulted in a 30–50% reduction of DNA

content and a 45–55% reduction of total cell metabolic

activity. Therefore, the ATRA-induced reduction of total

cell metabolic activity should be largely attributed to the

inhibition of cell proliferation. It has long been established

that retinoids inhibit cell proliferation by causing G1

arrest.32,53 Such an effect of ATRA may be mediated via

many mechanisms, among which endogenous TGF-βs
have been shown to mediate the anti-proliferative effect

of ATRA.32–34 In this study, we showed that SB-431542,

a specific inhibitor of TGF-β type I receptor kinase, alone

did not significantly influence cell viability or proliferation

and could not antagonize the inhibitive effect of ATRA.

This was complied with a previous publication that

SB431542 showed no significant influence in the prolif-

eration and osteogenic differentiation of pre-osteoblasts.54

These results suggested that endogenous TGF-βs was not
a mediator for ATRA’s effect. Similar effect pattern was

also found to MM-11253, RARγ antagonist. LE-135,

antagonist of RARβ alone even also suppressed total cell

metabolic activity and proliferation, which suggested that

endogenous RARβ-mediated signaling was a positive reg-

ulator for total cell metabolic activity and proliferation.

In contrast, RARα antagonist alone significantly pro-

moted the total cell metabolic activity and proliferation of

preosteoblasts, which suggested that endogenous RARα-
mediated signaling was a negative regulator for cell pro-

liferation and total cell metabolic activity. Furthermore,

under the presence of ATRA, RARα antagonist also not

only restored but also even promoted these two parameters

to a level higher than the control, which suggested that

RARα mediated the suppressive effects of ATRA on cell

proliferation and total cell metabolic activity. In our sub-

sequent dose-dependent assays, RARα antagonist signifi-

cantly antagonized the effects of ATRA on both promoting

ALP activity and also suppressing OCN expression and

mineralization. These findings suggested that RARα was

one of the critical mediators for ATRA-induced inhibition

of osteoblastogenesis.

In our previous publication,2 we reported that the hetero-

dimeric BMP2/7 induced osteoblastogenesis at significantly

lower optimal concentrations than homodimeric BMP2.

BMP2/7 reached the maximal effect and was advantageous

over BMP2 at 50ng/mL. Therefore, in our further publica-

tion, we adopted BMP2/7 to antagonize the inhibitory effects

of ATRA on osteoblastogenesis37,38 However, in our most

recent publication, we showed that although BMP2/7 was not

advantageous over BMP2 in antagonizing the inhibitory

effects of ATRA.39 Consequently, we adopted 200ng/mL

BMP2 in this study. The other reason to adopt BMP2 is

that BMP2 combined with collagen membrane is an FDA-

approved medical device and can be used in the clinic.

Therefore, BMP2 is of more significance than BMP2/7 in

clinical treatment. Hitherto, it remains largely unknown how

ATRA suppresses BMP-induced osteoblastogenesis. One

potential mechanism is that ATRA significantly decreased

the signal duration of p-Smad1/5 by promoting ubiquitina-

tion and proteasomal degradation.55 However, in this study,

we showed that neither ATRA nor RARα nor their combina-

tion significantly affected the level of p-Smad1/5 induced by

BMP-2. Recently, we have reported that ATRA could sig-

nificantly inhibit the directly-upregulating genes (such as

DLX5) of BMP signaling.39 Furthermore, we also found

that the translocation of p-Smad1/5 to nuclei was not sig-

nificantly affected by ATRA (data not shown). All these

findings suggested that ATRA inhibited BMP-2 signaling

and its-induced osteoblastogenesis in translational level,

such as the binding of p-Smad1/5 to its targeting gene pro-

moters. Further studies should be performed to investigate

potential mechanisms.

In this study, we showed that ATRA enhanced ALP

activity. This was consistent with previous studies that

ATRA showed either no6,38 or promotive effect on ALP

activity on various osteogenic cells, such as MC3T3-E1

preosteoblasts, rat UMR-201-10B preosteoblast cell line,

C3H10T1/2 mesenchymal stem cells and primary mouse

bone marrow stromal cells.37,56–58 Please note that the effect

of ATRA on ALP gene expression is not through the classic

osteogenic signaling pathways, such as promoting endogen-

ous BMPs. Instead, this modulation of ATRAwas shown to

be highly dependent on a retinoid acid response element in

the promoter of the ALP gene.58 Consequently, the ALP

activity under the treatment of ATRA should be not consid-

ered as a conventional early osteogenic differential maker. In

this study, our data showed that ATRA and BMP could

synergistically enhance ALP activity to 18 folds of the

control. The synergistic effect of ATRA and BMP is con-

sistent with the previous reports from our and other

researcher.37,59 However, in the later report, RARγ (but not
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RARα or RARβ)-dependent signaling can interact with

BMP2 to regulate osteoblastic differentiation of C2C12

cells.59 In contrast, in our results, the antagonist of RARα
but not RARγ suppressed the effects of ATRA. The incon-

sistency may be due to the different functions of RARs in

different cell types. Please note that the promoting effect of

ATRA on ALP gene expression is realized not by activating

the classic osteogenic signaling pathways, such as enhancing

the expression of endogenous BMPs. Instead, such an effect

of ATRA is shown to be highly related to a retinoid acid

response element (RARE) in the promoter of the ALP

gene.58 Consequently, ALP promoted by ATRA or the com-

bination of ATRA and BMP-2 might not be generally

regarded as a marker of osteoblastogenic differentiation.

Also, the statement that ATRA induces a partially differen-

tiated status of cells might not be very precise. Although

ATRA-induced ALP activity, it failed to enhance OCN

expression and extracellular matrix mineralization. Thus,

ATRA inhibited osteogenesis.

Interestingly, RARα antagonist could only partially

restore BMP-induced OCN expression to the same level

as the control group. In fact, the osteocalcin level asso-

ciated with the treatment of ATRA, ER and BMP-2 was

significantly higher than that associated with the treatment

of ATRA and BMP-2. However, such an effect of ER on

OCN seemed not to be as dramatic as on ALP activity,

which might suggest the involvement of other signaling

mechanisms in the inhibition of OCN by ATRA. In this

study, RARα antagonist was selected largely basing on its

antagonistic effect on the inhibited cell proliferation by

ATRA rather than on osteogenic differentiation. There

might be also a possibility that other RAR receptors than

RARα were involved in the inhibited osteogenic differen-

tiation by ATRA. For example, RARγ was also shown to

negatively influence BMP-2-induced bone formation.60

Consequently, further studies should be performed to

reveal the inhibitory mechanisms of ATRA on osteocalcin

expression. This might be one of the reasons that RARα
antagonist could not completely restore extracellular

matrix mineralization. Consequently, in future studies,

OCN may be used as a key parameter to check the effects

of different receptor antagonists. Probably, a combination

of two antagonists can completely nullify the inhibitory

effect of ATRA on BMP-induced osteogenesis.

Previous cell studies show conflicting results regarding

the role of retinoids on osteoblast differentiation. It is

suggested that, to some extent, the effect of ATRA is

dependent on the RA’s concentration.61 Nanomolar

ATRA is reported to inhibit osteoblastogenic differentia-

tion and functions, whereas micromolar ATRA stimulates

osteoblastogenic differentiation.61 However, the dose-

dependent mechanisms are not sufficient to explain all

the phenomena observed in the previous studies.39

One limitation in this study was that we only adopted

a murine-derived preosteoblast cell line. Current results

need to be further validated in primary cells. Besides, in-

vivo study is also needed to show the interaction of ATRA

and RAR-alpha antagonist in modulating in vivo BMP2-

induced new bone formation.
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