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Abstract
Small molecule-mediated bone regeneration is emerging as a promising strategy for replacing or enhancing the therapeutic protein-
based growth factors. However, unknown non-specific toxicity of small molecules on non-target cells or organs due to the long-term
exposure has been a concern.We previously demonstrated that the continuous treatment of osteoblast-likeMC3T3-E1 cells with small
molecule cyclic AMP analogue N6-benzoyladenosine-3′,5′-cyclic monophosphate (6-Bnz-cAMP) was capable of inducing in vitro
osteogenesis via the protein kinase A (PKA) signaling pathway. In this study, we investigate the effect of short-term 6-Bnz-cAMP
treatment, i.e., 1-day treatment, as compared to continuous treatment, on in vitro osteogenesis in osteoprogenitor cells. It is hypothe-
sized that the proposed short-term 6-Bnz-cAMP treatment scheme would result in osteogenesis as in the case of continuous 6-Bnz-
cAMP treatment. Our results showed that both short-term and continuous 6-Bnz-cAMP treatments elicited osteoblastic differentiation
and mineralization of osteoblast-like MC3T3-E1 cells. Short-term treatment using small molecule 6-Bnz-cAMP can serve as a highly
promising strategy for bone regeneration while mitigating potential non-specific side effect risks associated with small molecules.

Lay Summary
The goal of this work is to develop a simple, inexpensive, effective, and safe method to heal bone defect. We would like to treat
the bone defects with a small molecule-based therapeutic agent in a short-term treatment so that undesirable side effects from the
therapeutics would be significantly minimized. Our work may also result in novel bone graft materials that can potentially
become a viable alternative to existing grafts.

Keywords Cyclic AMP . Small molecules . Regenerative
engineering . Musculoskeletal tissue . Drug discovery .

Osteogenesis

Introduction

With the ever-growing need of better musculoskeletal regen-
erative therapies, small molecules are fast emerging as highly
promising alternatives for conventional treatment options
[1–8]. Themagnitude and overwhelming impact of these mus-
culoskeletal diseases on the US population and economy can-
not be overemphasized. Over the years, grafting techniques
have been on the front burner of musculoskeletal disorder
treatment options [9–12]. Although these techniques are still
verymuch in use, they are often plagued with donor morbidity
and disease transmission, which has aroused genuine concern
for patients and clinicians alike [13]. Ideally, regenerating a
damaged, diseased, or lost musculoskeletal tissue is consid-
ered a better clinical strategy when compared to repairing the
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said tissue. Since regenerative engineering was put forward as a
highly promising strategy formusculoskeletal tissue regeneration
[14], a plethora of bioactive molecules and/or protein-based
growth factors have been extensively investigated [2, 3].

Regenerative engineering systematically integrates ad-
vanced material sciences, stem cell technologies, physical
forces, clinical translational science with advanced animal
models, and developmental biology with bioactive factors to-
wards the goal of regenerating complex musculoskeletal tis-
sues or organ systems [15, 16]. Depending on the scaffolding
system, the molecular processes of the myriad growth factors
in platelet-rich plasma, pro-osteogenic chemokines, cyto-
kines, and angiogenic factors leading to osteoblastic bone for-
mation are well elucidated [17, 18]. In musculoskeletal appli-
cations, for example, bone morphogenetic proteins (BMPs)
have proven very useful in bone regeneration. Thus, BMP-2
and BMP-7 have been approved by the FDA to be used clin-
ically to promote fracture healing, spinal fusions, long bone
non-unions, and periodontal and dental implants [5, 19–21].

Despite the promise of the current BMP-based therapeutics,
the scores of limitations such as supraphysiological dosage, ec-
topic bone formation, immunogenicity, high cost, high dosage,
and protein instability associatedwith the BMP therapeutics have
led to the investigation of promising alternatives—osteogenic
small molecules [5]. The size of these small molecules allows
them to easily diffuse across the cellular membrane, thus activat-
ing intracellular signaling cascades that leads to gene transcrip-
tion and osteogenic marker expressions (e.g., alkaline phospha-
tase, Runx2, osteocalcin, collagen, and osteopontin) [1, 22, 23].
Owing to their attractive intrinsic physical properties, small mol-
ecules hold great promise as the next generation of bone regen-
erative therapies. In the recent past, many novel small molecules
with osteoinductive potential have been discovered via high-
throughput chemical screens [24–26]. In addition, a number of
small molecules have been reported to activate osteogenic-
associated signaling pathways including BMP signaling, hedge-
hog (Hh) pathway, Wnt/beta-catenin pathway, cyclic AMP
(cAMP) signaling pathways, rho-associated protein kinase
(ROCK), and extracellular signal-regulated kinase (ERK) [1,
27, 22, 28–32]. Intriguingly, certain small molecules can activate
or enhance the BMP-mediated signaling cascade in primary
cells; efforts are underway to support, supplement, or replace
therapeutic growth factors with these small molecules in order
to lower the required therapeutic exogenous BMP dose or pro-
vide adequately effective alternatives [22, 33–35]. For instance,
small molecule phenamil has been shown to induce BMP-
mediated bone formation in mouse mesenchymal stem cells
(MSCs) and pre-osteoblast MC3T3-E1 cells via the Smad sig-
naling pathway. More specifically, phenamil acts cooperatively
with BMPs to induce osteoblastic differentiation in MSCs and
organ cultures [22, 36]. Recently, small molecule cAMP ana-
logues have been demonstrated to enhance both angiogenesis
and osteogenesis via cyclic AMP signaling pathways such as

protein kinaseA (PKA)/cAMP response element-binding protein
(CREB) signaling cascade and exchange protein activat-
ing by cAMP (Epac) pathway [23]. It should be noted
that the small molecule cAMP is a secondary messenger
regulating diverse cellular processes such as cell adhe-
sion and spreading, proliferation, apoptosis, differentia-
tion, morphogenesis, osteogenesis, angiogenesis, and
chondrogenesis [37–39].

Cyclic AMP is increasingly attracting attention in the field as a
potential musculoskeletal regenerative therapeutic agent because
several studies have demonstrated that several cAMP small mol-
ecule analogues can modulate osteogenesis in vitro and in vivo
[27] [40]. Cyclic AMP analogues, such as 8-bromoadenosine-
3′,5′-cyclic monophosphate (8-Br-cAMP), have recently been
investigated as novel bone-inducing biofactors, promoting oste-
ogenesis and angiogenesis in osteoprogenitor MC3T3-E1 cells
[37]. It has been demonstrated that a novel protein kinase A
(PKA)-specific cAMP analogue, N6-benzoyladenosine-3′,5′-cy-
clic monophosphate (6-Bnz-cAMP) (Fig. 1), was able to induce
osteoblastic differentiation and matrix mineralization in
osteoblast-like MC3T3-E1 cell culture [40]. Because of their
small molecular size, these osteogenic small molecules are often
accompanied by non-specific effects as they are able to diffuse to
neighboring tissues where they are not needed [1]. Researchers
have actively investigated various targeted drug delivery strate-
gies such as encapsulation of small molecules in microspheres,
nanofibers-based scaffolds, or nanoparticles to ensure a con-
trolled and sustained drug release in the targeted tissue whereas
others have tried to mitigate the potential toxicities or unwanted
physiological responses by modifying the drug dosing and treat-
ment frequency [7, 8]. Previously, we aimed to work to minimize
side effects associated with the small molecule phenamil by re-
ducing the frequency of administration (e.g., less than 24-h

Fig. 1 Chemical structure of N6-benzoyladenosine-3′,5′-cyclic
monophosphate (6-Bnz-cAMP), sodium salt. Various studies indicate
that 6-Bnz-cAMP interacts with PKA by binding to site 2 on the regula-
tory subunit. Due to its lipophilic nature, this small molecule compound
can easily travel across cell membranes in various cells
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treatment) as well as loading it into a biodegradable poly(lactide-
co-glycolide acid) (PLGA) polymeric microsphere-based scaf-
fold to evaluate its bioactivity [41, 42]. In this study, we adopt
the similar drug treatment strategy to investigate the effect of
short-term 6-Bnz-cAMP treatment, i.e., 1-day treatment, as com-
pared to continuous treatment on in vitro osteogenesis. We hy-
pothesized that short-term 6-Bnz-cAMP treatment would result
in osteogenesis as in the case of continuous 6-Bnz-cAMP treat-
ment. Our results revealed that both short-term and continuous 6-
Bnz-cAMP treatments elicit osteoblastic differentiation and min-
eralization of osteoblast-likeMC3T3-E1 cells, and that hence the
short treatment plan can serve as a highly promising strategy to
mitigate any potential risks associated with small molecules.

Materials and Methods

Reagents

The specific chemicals and supplies necessary for this study
included N6-benzoyladenosine-3′,5′-cyclic monophosphate
(6-Bnz-cAMP) (Alexis Biochemicals, San Diego, CA), re-
combinant BMP-2 (R&D Systems,Minneapolis, MN), mouse
Collagen Type 1 (Col1A1) ELISA kit (mybiosource.com, San
Diego, CA), mouse osteocalcin ELISA kit (AlfaAesar,
Tewksbury, MA), anti-osteopontin antibody (AKm2A1) and
Protein A/G agarose beads (Santa Cruz Biotechnology, Inc.,
Dallas, TX), mouse IgG and rabbit IgG antibodies labeled
with horseradish peroxidase (HRP) (KPL, Gaithersburg,
MD), and chemiluminescent substrate and X-ray films
(Thermo Scientific, Rockford, IL).

Cell Culture

The effects of 6-Bnz-cAMP on differentiation and mineraliza-
tion of osteoprogenitor MC3T3-E1 (sublcone 4) cell cultures
(American Type Culture Collection, Manassas, VA) (passage
21 to 30) were examined in this study. Tissue culture flasks
and alpha minimal essential medium (Invitrogen, Carlsbad,
CA), supplemented with 10% fetal bovine serum (FBS) and
1% of pen/strep antibiotic (100 U/ml penicillin G and 100 mg/
ml streptomycin), were used to maintain the cells. Rat
adipose-derived stem cells (rADSCs) were a gift from Dr.
Laurencin’s lab at UConn Health. These cells were grown in
DMEM medium (Invitrogen, Carlsbad, CA) supplemented
with 10% FBS and 1% pen/strep, and incubated at 37 °C with
5% carbon dioxide and 85% relative humidity. MC3T3-E1
cells were cultured in regular growth medium with or without
100 μM of 6-Bnz-cAMP in order to assess the osteogenic
effects of this small molecule. Positive controls for osteoblas-
tic differentiation used in this study included cells cultured in a
mineralization-promoting medium (alpha minimal essential
medium supplemented with 10% FBS, 1% pen/strep, 3 mM

β-glycerophosphate, and 10 μg/ml ascorbic acid, 0.1 nM
dexamethasone), as well as cells cultured in regular media
supplemented with 50 ng/ml BMP-2. To clarify which media
were being used in the experimental studies in each figure, the
term BControl or no treatment^ refers to regular growth medi-
um. B1D^ indicates regular or mineralization growth medium
supplemented with 6-Bnz-cAMP and administered just for
1 day (24 h) only, after which the cells were washed once with
1xPBS and switched to unsupplemented regular or minerali-
zation growth medium for the remainder of the culture period.
BCT^ denotes regular or mineralization growth medium sup-
plemented with 6-Bnz-cAMP and administered continuous-
ly—introduced into the media at every fresh media change.
Media were changed every 3–4 days during the culture period
after the first day’s media change. BOsteo^ refers to mineral-
ization medium, and BBMP^ refers to regular or mineraliza-
tion growth medium supplemented with recombinant BMP-2
and administered continuously [40].

Cell Proliferation and Viability Assay

A colorimetric cell proliferation assay kit (MTS) was used to
study cell proliferation (Promega, Madison, WI), according to
the manufacturer’s instructions. Cells were collected at differ-
ent time points as indicated in the Fig. 7a and b for the prolif-
eration assays. Briefly, 5 × 104 cells per ml of regular growth
medium, with or without 100 μMof 6-Bnz-cAMP, were seed-
ed in the wells of a 24-well tissue culture plate. Note that no
mineralization media were used in this experiment. At the
experimental time points, media were removed and cells were
washed with phosphate-buffered saline (PBS). For the cell
viability studies, each of the well plates were trypsinized at
the end of each time point and the cell suspension was stained
with trypan blue before live/dead cells were counted using a
hemocytometer.

SDS-Polyacrylamide Gel Electrophoresis and Western
Blotting

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
western blotting were performed as previously described
[43]. Osteogenic protein markers such as osteopontin (OPN)
were analyzed by SDS-PAGE and western blot. Protein sam-
ples were first resolved by SDS-PAGE on a 4–15% Mini-
PROTEAN® TGX™ Precast Protein Gel (Bio-Rad,
Hercules, CA). The separated protein was then transferred
electrophoretically onto polyvinylidene difluoride mem-
branes. Membranes were blocked with a 10% skim milk so-
lution, and then the respective antibodies were used to probe
the membranes for the proteins of interest, to be visualized by
a chemiluminescent detection kit (Thermo Scientific,
Rockford, IL).
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Immunoprecipitation

The cell culture media after 21-day incubation were collected
in microcentrifuge tubes. The extracellullar protein osteopon-
tin (OPN), collected by extracting samples of culture media,
was isolated by incubating with anti-osteopontin antibody
(Santa Cruz Biotech, Dallas, TX). The antibody-bound pro-
teins were precipitated by incubating with Protein A/G aga-
rose beads (Santa Cruz Biotech, Dallas, TX) for another 2 h at
4 °C. Immunocomplexes were then washed four times with
PBS. The beads were then resuspended in 2× Laemmli SDS
sample buffer (Bio-Rad, Hercules, CA) for SDS-PAGE and
western blot analysis [40].

Alkaline Phosphatase Activity

Alkaline Phosphatase (ALP) activities were measured using
an ALP assay kit and its established protocol (Bio-Rad,
Hercules, CA). Note that mineralization mediumwas not used
in this experiment. Briefly, at days 4, 7, and 14, media were
removed and cells were washed four times with PBS and then
lysed with radioimmunoprecipitation assay (RIPA) lysis buff-
er (Sigma, Saint Louis, MI). Cell lysates were collected and
mixed with ALP substrate solution which was added to the
cell lysates and incubated for 1–2 h at 37 °C. ALP activity was
assessed using a spectrophotometric plate reader at 405 nm to
quantify the color change produced by the assay reagent. The
absorbance values were normalized to bicinchoninic acid
(BCA) protein, quantified by a similar colorimetric assay
(Thermo Scientific, Rockford, IL) that was read at 562 nm.

Matrix Mineralization Assay

The osteoblast-like MC3T3-E1 cells were cultured in miner-
alization medium and supplied with 6-Bnz-cAMP (100 μM),
according to the continuous, 1 day, and control treatment pro-
tocols. Themineralizationmediawere replaced every 3–4 days
during the culture period. To qualitatively assess calcified ma-
trix mineralization, media were removed at day 21, and cells
were rinsed three times with calcium-free PBS. Any precipi-
tated calcium from mineralized matrix was fixed with 70%
ethanol for 1 h at 4 °C. The extracted calcium was first stained
with alizarin red (Sigma, Saint Louis, MI), washed five times,
and dissolved in cetyl pyridinium chloride (CPC) (Sigma,
Saint Louis, MI) which turned the red color reaction product
into purple. The absorbance was finally read at with a plate
reader at 562 nm.

Real-Time Reverse Transcription PCR Analysis

MC3T3-E1 cells were plated in 6-well culture plates. At 90%
confluence, the cells were then treated with corresponding
conditioned media according to the treatment group

paradigms without the use of mineralization medium for
7 days. Quantitative reverse transcription polymerase chain
reaction (qRT-PCR) was used to quantify different osteogenic
markers: osteocalcin (Bglap), alkaline phosphatase (Alpl),
collagen 1A1 (col1a1), Runt-related transcription factor 2
(Runx2), and osteopontin (Spp1) gene expressions. Total
RNA was isolated using the RNeasy Mini System (Qiagen,
Hilden, Germany). Onemicrogram of total RNAwas used as a
template for synthesis of complementary DNA (cDNA). A
light cycler instrument (Bio-Rad iCycler iQ system,
Hercules, CA) along with SuperMix Premix (Bio-Rad,
Hercules, CA) and Taqman Gene Expression Assays
(Applied Biosystems, Guilford, CT) was used for this real-
time PCR analysis. The comparative CT method (ΔΔCt)
was employed to normalize the gene expressions to the quan-
tity of housekeeping gene Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) [37].

Enzyme-Linked Immunosorbent Assay

Mouse osteocalcin enzyme-linked immunosorbent assay
(ELISA) kit (AlfaAesar, Tewksbury, MA) was used to quan-
tify secreted col1A1 and osteocalcin protein levels in the cell
culture media respectively according to the manufacturer’s
instructions. Samples were obtained from cultures using the
three media treatment groups, without mineralization media.
The assay product solution called for the use of a microplate
reader (Biotek Synergy™HT,Winooski, VT) at a wavelength
of 450 nm. The absorbance was used to determine protein
concentrations, based on a standard curve using the protein
standards provided by the manufacturer.

Non-target Cell Side Effects

A colorimetric assay employing 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazoli-
um, internal salt (MTS) (Promega, Madison, WI) was used to
assess the proliferation of adipose-derived stem cells (ADSCs)
when exposed to the different treatment paradigms of 6-Bnz-
cAMP in normal growth medium. Hindrance of proliferation
in ADSCs, as a non-target cell type, could reveal potential
undesirable side effects associated with the use of 6-Bnz-
cAMP. The experimental cells were exposed to the MTS
reagent-containing media for 50 min at the end of each time
point (3, 7, and 14 days), and the media were analyzed ac-
cording to the manufacturer’s protocol.

Statistical Analysis

Replicates were averaged and the average values were used
for group comparisons. One-way ANOVA (GraphPad Prism)
was applied followed by post hoc comparisons via two-
sample independent t tests. Due to small sample sizes, the t
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test results were not adjusted for multiple testing in favor of
the control of type II error. A p value smaller than 0.05 was
considered statistically significant. All the statistical analyses
were performed in Microsoft Excel.

Results

Figure 1 presents the chemical structure of the 6-Bnz-cAMP
molecule. The molecule differs from the natural cyclic AMP
molecule in that a lipophilic benzoyl group replaces a hydro-
gen of the position 6 amino group of the nucleobase, provid-
ing greater lipophilicity and cell membrane permeability. Due
to the fact that ALP activity is an early-stage marker of oste-
oblastic differentiation, the osteogenic potential of the various
6-Bnz-cAMP treatment plans (1-day vs continuous treatment)
was determined with a commercial ALP activity assay kit.
ALP is an enzyme produced by osteoblasts that is involved
in the mineralization of bone. It is generally considered as a
routine marker to evaluate osteoblastic differentiation and its
increased expression and/or activity is associated with the
progressive differentiation of osteoblasts. Measurements of
ALP activities at 14-day time points demonstrated that the 1-
day 6-Bnz-cAMP administration is significantly higher than
the untreated negative control group (Fig. 2c). The observed
elevated ALP activity indicated that both 1-day and continu-
ous 6-Bnz-cAMP treatments were able to induce osteoblastic
differentiation of osteoblast-like MC3T3-E1 cells.

Although the ALP enzyme is a marker usually employed to
estimate osteogenic levels during the bone maturation process
[44], matrix mineralization or calcification is considered a
definitive hallmark or in vitro endpoint that reflects advanced
cell differentiation and maturation in osteogenic cell culture
studies [42, 45, 46]. Data in Fig. 3a indicated that there was
statistically significantly higher calcification formed in 1-day
6-Bnz-cAMP and continuous 6-Bnz-cAMP treatment groups
when compared to untreated cells cultured in regular media. It
indicated that both 1-day and continuous 6-Bnz-cAMP treat-
ments induced matrix mineralization, and this was consistent
with our previous study [40]. Similar to the hydroxyapatite
(i.e., calcium phosphate) found in bone, teeth, and hard tissue,
it is worth noting that the observed deposited mineral in vitro
is also in the form of calcium phosphate (Fig. 3b) [47, 48].

In an attempt to evaluate the expression levels of other
relevant osteoblast-specific marker genes (alkaline phospha-
tase (Alpl), osteocalcin (Bglap), collagen 1A1 (col1a1), Runt-
related transcription factor 2 (Runx2), and osteopontin
(Spp1)), we conducted a real-time RT-PCR assay on the cells.
The data represented in Fig. 4 show higher expression of all
the gene markers in 1-day 6-Bnz-cAMP treatment as com-
pared to the negative control, though the strongly positive
control BMP-2 exhibited greater expression levels for many
of the genes. The early osteoblast marker Runx2 [49], the late

osteoblast developing markers Bglap and Col1A1 [50], and
the extracellular matrix protein Spp1 are all important osteo-
genic markers during osteogenesis [51–53], despite the fact
that some of these markers are considered late-stage markers,
for instance, Bglap, Spp1, and Col1A1 were already signifi-
cantly upregulated on day 7 for both BMP-treated cells and
the 1-day treatment group. Taken together, the upregulation of
these osteogenic gene markers in 1-day 6-Bnz-cAMP treat-
ment suggests that the 1-day administration of the drug was
still effective for osteogenesis even after 7 days.

We performed an immunoprecipitation assay to evaluate
the presence of the late osteoblast-associated marker, osteo-
pontin (OPN). As a secretory highly phosphorylated glyco-
protein matrix with prominent cell attachment properties,
OPN can be isolated using immunoprecipitation techniques
after which western blot is be performed on the
immunoprecipate [40, 54, 55]. The cells were cultured in ei-
ther drug-supplemented osteogenic media or not; hence, oste-
ogenic media was considered as the negative control in this
case whereas BMP-2 served as the positive control. Figure 5
shows that both 1-day 6-Bnz-cAMP and BMP-2 treatments
caused OPN upregulation as compared to the negative control.

Osteocalcin (OCN), a hydroxyapatite-binding protein
expressed mainly during bone formation phase, has been im-
plicated in organizing extracellular matrix and osteoid miner-
alization owing to the three vitamin K-dependent gamma-
carboxyglutamic acid residues that confer the calcium-
binding properties [56]. Its ability to interact with other cell
surface receptor proteins at the carboxy-terminus renders them
active in coordinating the extracellular matrix [56–58]. The
OCN proteins were detected and quantified using ELISA.
Figure 6 demonstrates that both 1-day and continuous 6-
Bnz-cAMP treatments were able to induce OCN extracellular
protein productions but only the BMP treatment group had
statistically significant higher OCN as compared to the no
treatment group.

Taken together, coupled to the elevated ALP and matrix
mineralization observed, various osteoblast-associated gene
expressions from the RT-PCR, increased OPN secretion from
the immunoprecipitation assay have all clearly demonstrated
that short-term treatment of 6-Bnz-cAMP could significantly
enhance osteogenic protein expressions and ultimately results
in matrix mineralization of osteoblast-like MC3T3-E1 cells.

In an attempt to determine the toxicity of a single-dose
treatment versus continuous treatment, trypan blue live/dead
cell assay and MTS biochemical assay were used to measure
the cell viability and proliferation, respectively. The results in
Fig. 7a indicated that there was no apparent difference in the
percent viabilities of all the experimental groups assayed in
osteoblast-like MC3T3-E1 cells. The percent viability of the
seeded cells in all the groups at the end of 21 days was greater
than 95%, which suggests that all the groups still had a sub-
stantial numbers of viable cells at that time. Furthermore, to
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show the proliferation effect of 6-Bnz-cAMP on non-target
cells like tissue-derived stem cells like adipose-derived stem
cells (ADSC), the cell proliferation data for treated rat ADSCs
in Fig. 7b show that there is no statistically significant differ-
ence in proliferation on the day 3 and 7 time points between
treatment groups. On day 14, there were significant differ-
ences between the continuous treatment group and the 1-day
treatment group, and between the continuous treatment group
and the no treatment group. There were no apparent reduc-
tions in cell proliferation at day 14 compared to day 3.

Discussion

Our goal was to study the in vitro osteogenesis of the small
molecule drug 6-Bnz-cAMP using short-term administration,
in an effort to reduce the treatment costs and potential toxicity
and side effects of the small molecule drug. Drug toxicity is
arguably a major contributor of the high cost of drug devel-
opment and design especially when it is recognized at late-
stage clinical trials or post marketing [59, 60]. It is thought to
account for the attrition of approximately one third of the
administered drugs [60]. Immune hypersensitivity, bio-

activation, covalent modification, mechanism-based (on-
target) toxicity, and off-target toxicities are a few known
causes of drug toxicities among others [60]. Given that small
molecule drugs like 6-Bnz-cAMP can easily diffuse to other
nearby non-target tissues due to their small size, it is impera-
tive to devise a strategy that retains the therapeutic effect of 6-
Bnz-cAMP while mitigating the risk of toxicity. Related to
this work, our research group previously demonstrated that
the continuous treatment of pre-osteoblast MC3T3-E1 cells
with 6-Bnz-cAMP successfully induced in vitro osteogenesis
[40]. Despite its osteogenic potential, there could be concern
regarding non-specific effects that are linked to these small
molecule drugs. In an attempt to minimize side effects and
other non-specific toxicities associated with small molecule
drugs via reduction of administration frequency, we demon-
strated in this study that 1-day 6-Bnz-cAMP treatment (24 h)
sufficiently stimulated in vitro osteogenesis in osteoblast-like
MC3T3-E1 cells as evident by the elevated various osteogenic
markers. In short, the treatment of osteoblast-like MC3T3-E1
cells with 6-Bnz-cAMP for as short as a single day resulted in
enhanced alkaline phosphatase (ALP) activity as well as ma-
trix mineralization, indicating in vitro osteoblastic
differentiation.

Fig. 2 Effect of various 6-Bnz-cAMP treatment plans on osteoblastic
differentiation of osteoblast-like MC3T3-E1-E1 cells. 4 days (a), 7 days
(b), and 14 days (c) alkaline phosphatase (ALP) assay of 1-day vs
continuous treatment of 6-Bnz-cAMP were determined using a
commercial ALP activity substrate assay kit. The ALP absorbance
values were normalized to cellular protein. To facilitate the comparison
of the various experimental groups, the normalized ALP absorbance

values of the negative control group was set to one relative unit. Error
bars represent means ± SD (n = 4). NT negative control (untreated basal
media), 1D 1 day treatment group, CT continuous treatment group, OST
osteogenic media (positive control 1), BMP 2 bone morphogenic protein
2 (positive control 2). Individual groups labeled with B*^ are statistically
significantly higher than negative control (NT) (p < 0.05)
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Furthermore, the differentiation of osteoblast-like MC3T3-
E1 cells observed in this study may be partially due to the
increased integrin-dependent cell adhesion induced by 6-
Bnz-cAMP [43, 61]. Given that several integrin subunits have
been reported to elicit various signaling that activates distinct

downstream signal transduction [62–64], we believe that
integrin-dependent cell adhesion could be playing a signifi-
cant role in osteoblast function. Our group has earlier shown
that 6-Bnz-cAMP, while mediated by integrin subunits, suc-
cessfully enhances osteoblast cell adhesion, suggesting that
cell adhesion is dominated by the PKA-mediated signal path-
way [43]. Cell adhesion is an important process that influences
biological processes such as cell morphology, proliferation,
differentiation, specialization, and, ultimately, bone formation
[61]. It is interesting to note that cell adhesion is the initiating
step to any cell activity as these cells will undergo apoptosis if
they are not attached to a surface properly [61, 65, 66].

6-Bnz-cAMP is a target-specific cAMP analogue which
exclusively activates PKA signaling, and its mechanism of
action is via PKA 1 activation which in turn phosphorylates
and elicits other downstream signal cascades such as CREB
[67]. Continuous activation of these downstream signals

Fig. 3 Effect of various 6-Bnz-cAMP treatment plans on matrix miner-
alization of osteoblast-like MC3T3-E1 cells. Matrix mineralization was
assessed after 21 days of culturing MC3T3-E1 cells in untreated regular
basal media (NT), untreated osteogenic media (Osteo), osteogenic media
supplemented with 1-day and continuous 6-Bnz-cAMP treatments and
positive BMP 2 treatment group. The qualitative assay was carried out
using alizarin red solution as shown in panel b whereas the quantitative
assay was analyzed via the colorimetric assay of the total calcium depos-
ited in the matrix using cetyl pyridinium chloride (CPC) (b). *Individual
group is statistically significantly higher than negative control (NT) (p <
0.05)

Fig. 4 Gene expression profiling of osteoblast-specific marker genes by
quantitative RT-PCR. The osteoblast-specific gene markers were assayed
after 7 days of cell seeding employing the qRT-PCR. Alkaline phospha-
tase (Alpl), osteocalcin (Bglap), collagen 1A1 (col1a1), RunX2, and
osteopontin (Spp1) were all upregulated in the 1D and BMP2 treatment
groups. *, #Individual group statistically significantly higher than the
negative control (p < 0.05)

Fig. 5 One-day 6-Bnz-cAMP administration showed an enhanced osteo-
pontin level in pre-osteoblast MC3T3-E1 cells. Immunoprecipitation
followed by western blot analysis of osteoblast-like MC3T3-E1 cells
treated with the various treatment groups and cultured for 21 days re-
vealed that obvious osteopontin protein levels were observed in the
BMP-2 and 1-day (1D) treatment groups whereas no detectable osteo-
pontin was observed in the non-treated (NT) group. The HC and LC
bands are the heavy chain and light chain fractions, respectively, of the
antibody molecules used in the immunoprecipitation procedure

Fig. 6 Study of various treatment schemes to the osteogenic marker,
osteocalcin (OCN) extracellular proteins productions. The OCN proteins
were detected and quantified using ELISA. *p < 0.05 statistical
significance
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might result in additional unwanted physiological effects on
the cells. Thus, this can be circumvented by reducing drug
administration dose or reducing the frequency of administra-
tion, as this will in turn lower the frequency of activatingmany
downstream signaling cascades. In addition, researchers have
developed various drug delivery systems that can deliver these
signaling molecules locally to their target sites with appropri-
ate control release kinetics [7, 8, 68, 69]. Overall, it was shown
that 1-day treatment of 6-Bnz-cAMP is adequate to induce
differentiation of osteoblast-like MC3T3-E1 cells. The result
of the viability in Fig. 7 did not show any obvious difference
inMC3T3-E1 cells but these signaling molecules may present
significant toxicities in other cells and tissues [70]. The results
of the rADSC proliferation study, shown in Fig. 7b, indicate
that 1-day treatment did not cause an apparent significant de-
crease in proliferation over the three time points, compared to
the non-treatment control group. This would suggest that 1-
day treatment for effective bone repair can be used without
causing significant negative effects on this particular non-
target cell type such as rADSC. It is interesting to note that
continuous 6-Bnz-cAMP treatment can cause significantly in-
creased proliferation of rADSC at day 14 (Fig. 7b). The con-
tinuous 6-Bnz-cAMP treatment may cause the unwanted side
effect of increasing ADSC proliferation. Thus, additional tests
of this treatment paradigm on non-target tissue types are need-
ed in order to more thoroughly elucidate the mechanisms and
scope of non-specific effects and to verify and expand the
understanding of these preliminary results regarding the be-
havior of treated rADSCs.

Due to the fact that a considerable number of patients have
suffered from undesirable side effects of their drug treatments
instead of the actual ailment, it is advisable to administer these
small molecules only when they are ultimately needed and
cannot be avoided. Future experiments are required to inves-
tigate the detailed molecular mechanisms underlying the os-
teogenic effects from 1-day treatment of 6-Bnz-cAMP and to
examine the osteoconductivity, dosages, and best treatment

regimens of 6-Bnz-cAMP in preclinical and clinical studies.
The short-term 6-Bnz-cAMP administration resulted in an os-
teogenic differentiation response. Our short-term drug treat-
ment studies could serve as a drug discovery model for other
osteoinductive small molecules for bone repair and regenera-
tion. Our short-term exposure of small molecule 6-Bnz-cAMP
study (previously phenamil and 8-Br-cAMP) may represent
an emerging treatment strategy (i.e., short-term drug treat-
ment) for the management of skeletal disorders with lower
treatment costs and toxicity.
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