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ABSTRACT
Background: Adipocyte and osteoblast derive
from the same mesenchimal progenitor. Agerelated decrease in bone mass is accompanied
by an increase in marrow adipose tissue. Vitamin D3 (VD3) inhibits adipogenesis in 3T3-L1
preadipocytes. Recently it has been demonstrated that alendronate (ALN) inhibits adipogenesis while promoting osteoblast differentiation of mesenchimal stem cells. Aim of the Study:
To evaluate the role of ALN on adipocyte differentiation in vitro and the potential synergic role
of VD3 co-treatment. Procedures: Murine 3T3-L1
and 3T3-F442A preadipocytes were routinely
−9
differentiated in presence of ALN and VD3 10 −7
10 M for 7 days and then stained with Oil Red O.
The effect of these treatments on mRNA expression of the main molecular markers of adipocyte differentiation (PPARγ and C/EBPα) and
VD Receptor (VDR) were analyzed through RTPCR. Results: Both ALN and VD3 showed a
marked anti-adipogenic effect on 3T3-L1 cells.
Co-incubation of ALN 10−8 M and VD3 10−9 M displayed no synergic effect on inhibition of adipogenesis. PPARγ mRNA expression was significantly reduced by ALN and VD3. mRNA expression of C/EBPα was reduced only by VD3
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treatment. An increase in VDR mRNA expression
of 3T3-L1 cells was observed with both ALN and
VD3. On the contrary, 3T3-F442A cells, which are
in a more advanced adipogenic differentiation
stage compared to 3T3-L1, did not express detectable levels of VDR. Interestingly, adipose differentiation of 3T3-F442A was not affected by
ALN nor VD3. These results suggest that VDR
may represent the molecular target of the antiadipogenic effect of ALN. Conclusion: VDR plays
a critical role in mediating the anti-adipogenic
effect of ALN. Further studies to clarify this mechanism are warranted.
Keywords: Alendronate; Adipogenesis; Vitamin D;
Vitamin D Receptor; 3T3-L1; Mesenchimal Stem
Cells

1. INTRODUCTION
Osteoporosis and fragility fractures represent a significant challenge for Health Systems in the western world
because of their increasing number, a condition directly
related to the steady growth of the elderly population.
Around 40% of the population experience a femur, vertebrae or wrist fracture once in their lives, and in most
cases this occurs after the age of 65 years.
Alendronate (ALN) is one of the most commonly used
bisphosphonates (BP) for the treatment and prevention of
OPEN ACCESS

956

C. Mammi et al. / Natural Science 5 (2013) 955-962

osteoporosis [1]. BP most important biological effect is
the reduction of bone remodelling through the regulation
of osteoclastic activity. Recently it has been demonstrated that ALN inhibits adipogenesis while promoting osteoblast differentiation of mesenchimal stem cells (MSCs)
[2]. Adipocyte and osteoblast are fenotipically well distinct mature cells that derive from the same mesenchimal
progenitor [3-5].
MSCs have the potential to differentiate into cells of
different lineages, including osteoblasts, adipocytes,
chondrocytes and myocytes [3-5]. In particular there is a
reciprocal relationship between the differentiation of adipocytes and osteoblasts [6]. The choice of a mesenchymal precursor cell to differentiate into a particular cell
type is controlled by many environmental factors and the
molecular mechanisms determining the differentiation
towards the adipose or osteoblastic fate are still obscure.
Aging induces a decrease in the commitment of MSCs
to the osteoblast lineage and an increase in the commitment to the adipocyte lineage [7,8]. Age-related osteoporosis exacerbates this phenomenon by increasing the proportion of adipocytes in the bone marrow [9,10]. Moreover, an inverse relationship between amount of trabecular bone and adipose tissue in bone marrow has been demonstrated [10,11]. Among preadipocyte cellular models,
3T3-L1 and 3T3-F442A cells represent the most valuable
murine preadipocyte cell lines, which are isolated from
the Swiss 3T3 cell line, derived from disaggregated 17to 19-day-old Swiss 3T3 mouse. Differently from 3T3L1, 3T3-F442A preadipocytes are in a more advanced
differentiation stage, and for this reason they do not require an early commitment with glucocorticoids in order
to undergo adipose differentiation.
1,25-Dihydroxyvitamin D3 (VD3) is a hormone that
plays multiple physiological roles [12]. The classical
function of VD3 is to regulate calcium and phosphorus
homeostasis [13,14]. Low VD3 levels are major contributing factors to poor bone health and osteoporosis, and
VD3 deficiency is highly prevalent worldwide [15]. Furthermore, VD3 regulates sulfate transport [16], the reninangiotensin system [17], the immune system [18], and
organ development such as the mammary gland and skeletal muscle [19,20].
VD3 is a high-affinity ligand for the vitamin D receptor (VDR). VDRs are widely expressed in several tissues
including vascular smooth muscle [21,22], endothelium
[23,24] and cardiomyocytes [25]. The ligand-activated
VDR forms a heterodimer with the retinoid X receptor
(RXR)-α, a common heterodimeric partner for other
class II nuclear receptors [26]. VDR-RXR heterodimer
can bind to VD3 response elements in different genes
causing the transactivation or repression of VD3 responsive genes in a variety of tissues [27].
VDR was detected in 3T3-L1 preadipocyte cells [28],
Copyright © 2013 SciRes.

one of the best characterized and widely used cellular
model to study adipocyte differentiation [29]. To date,
VDR expression has never been investigated in 3T3F442A cells (29). Several studies have shown that VD3
inhibits adipose differentiation of 3T3-L1 through the inhibition of the key adipogenesis transcription factors,
such as peroxisome proliferator-activated receptor-gamma (PPARγ) and CCAAT/enhancer-binding proteins alfa
(C/EBPa) [30,31]. The nuclear receptor PPARg is a
ligand-activated transcription factor that acts as a master
regulator of adipogenesis, since it is both sufficient and
necessary for conversion of pre-adipocytes into mature
adipocytes. During adipogenesis, PPARg expression is
enhanced by C/EBPα [32]. Finally, VD3 exerts an antiadipogenic effect in mouse bone marrow stromal cells
[33].
Herein we evaluated the in vitro effects of ALN and its
potential synergic role of concomitant treatment with
VD3 in adipose differentiation of 3T3-L1 and 3T3F442A.

2. MATERIALS AND METHODS
2.1. Cell Culture and Differentiation
Murine 3T3-L1 and 3T3-F442A preadipocytes were
grown until confluence at 37˚C in Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen, Paisley, Scotland)
containing 4.5 g/liter D-glucose, 10% fetal calf serum
(FCS) (Invitrogen), 100 units/ml penicillin, and 100 µg/
ml streptomycin. After confluence 3T3-F442A adipose
conversion was obtained in the same culture medium
supplemented with 175 nM insulin. 3T3-L1 adipocyte differentiation was initiated by the addition for 48 h at confluence of a cocktail containing 100 µM 3-isobutyl-1methylxanthine (IBMX), 175 nM insulin, and 100 nM
corticosterone or 250 nM dexamethasone, in separate experiments. Cells were then refeed every 2 - 3 days by
DMEM with 10% FCS and 175 nM insulin.
After cell confluence ALN and VD3 (both purchased
at Santa Cruz Biotechnology, Inc. CA. USA) was added
to 3T3-L1 and 3T3-F442A cell cultures at concentrations
between 10−9 and 10−7 M for a period of 7 days.

2.2. Morphological and Biochemical
Determinations
Cells were examined daily and observed under light
microscopy and microphotography. For a morphological
determination of cell lipid content, cells were fixed in
5% formaldehyde in phosphate-buffered saline (PBS),
washed, then stained with oil red O. In some experiments,
cells were permeabilized with 10% SDS and red oil
staining was spectrophotometrically quantified at 520 nm,
after correction for cell number.
OPEN ACCESS
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2.3. RNA Analysis and Real Time PCR
Cells were washed twice with 1X PBS, harvested and
immediately lysed in 1 ml of TRIzolTM Reagent (Invitrogen). Total RNA was extracted following manufacturer’s
indications. The purity, integrity and yield of RNA were
analyzed by Agilent Technologies 2001 bioanalyzer using the RNA 6000 LabChip kit. 1 µg of total RNA was
treated with DNAse I Amplification Grade (Invitrogen)
and reverse-transcribed using the SuperScriptTM III (Invitrogen). Quantitative PCR was performed in Mx3000PTM light cycler (Stratagene) using iTaqSupermix with
rox (Biorad) as indicated by manufacturer. All primers
peroxisome proliferators activated receptor γ (PPARγ),
CCAAT/enhancer binding protein α (C/EBP-α) and VDR
were optimized for real-time RT-PCR amplification checking the generation of a single peak in a melting curve
assay and the efficiency in standard curve amplification
(>98% for each couple of primers). Quantitative RTPCR sample value was normalized for the expression of
18S mRNA. The relative expression of investigated genes was calculated by Mx3000PTM software version 2.0
(Stratagene) and is reported as arbitrary units. For all experiments each sample was analyzed in duplicate. Primer
sequences used for real-time amplification are: C/EBPα
primers: forward CTGCGAGCACGAGACGTCTATAG
and reverse TCCCGGGTAGTCAAAGTCACC; PPAR2
primers: forward GCATCAGGCTTCCACTATGGA and
reverse GCACTTCTGAAACCGACA; VDR primers:
forward CTGTGGCAGCCAAGACTACA and reverse
GCAGCACATGTTCCTTCCTCA.

(a)

(b)

Figure 1. VD3 inhibitory effect on 3T3-L1 adipogenesis. (a)
3T3-L1 preadipocytes were induced to differentiate both in
presence or absence of increasing concentration of VD3 (10−9 10−7 M), then examined by microscopy after oil red O staining
and tested for lipid accumulation, after 7 days. *p < 0.05; **p <
0.01; ***p < 0.001; VD3-treated versus untreated cells (UT). (b)
Representative microphotographs of the corresponding histograms shown in a (scale bar, 70 µm).

2.4. Statistical Analysis
Effects of VD3 and ALN on adipogenesis were assessed by a between-treatments factorial analysis of variance (ANOVA) including treatment effect, time effect,
and their interactions. Pairwise comparisons were conducted by Tukey’s or Dunnet’s adjustment method of P
values for more than three comparisons. Effects of other
measurements were assessed with the same methodology.
All analyses were performed using the GraphPad-Prism5
Software. P values of <0.05 were considered significant.
Results are expressed as the means ± standard error.

3. RESULTS
As previously reported [30,31] VD3 treatment showed
a clear dose-dependent anti-adipogenic effect on 3T3-L1
cells (Figure 1). ALN induced a significant reduction in
number and size of differentiation foci of cultured 3T3L1 cells, revealing a relevant anti-adipogenic effect (Figure 2). We kept using ALN at a concentration of 10−8 M.
For co-incubation experiments, we chose concentrations
of ALN of 10−8 M and VD3 of 10−9 M.
Interestingly, co-incubation of 3T3-L1 cells with ALN
Copyright © 2013 SciRes.
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Figure 2. Inhibitory effect of ALN on 3T3-L1 differentiation.
(a) 3T3-L1 preadipocytes were induced to differentiate in
presence or in absence of increasing concentration of ALN
(10−9 - 10−7 M). Moreover 3T3-L1 were co-treated with ALN
10−8 M and VD3 10−9 M. After 7 days of differentiation, cells
were examined by microscopy after oil red O staining and
tested for lipid accumulation. *p < 0.05; ALN-treated versus
untreated cells (UT). (b) Representative microphotographs of
the corresponding histograms shown in (a) (scale bar, 70 µm).

10−8 M and VD3 10−9 M did not display any synergic
effect in terms of inhibition of adipogenesis (Figure 2).
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PPARγ and C/EBPα are two crucial molecules for
driving the transcriptional cascade that leads to adipocyte
differentiation. The effect of ALN and VD3 treatments
upon mRNA expression of PPARγ and C/EBPα, and
VDR, was analyzed through RT-PCR.
VD3 dose-dependently reduced PPARγ and C/EBPα
mRNA expression reaching a marked suppression of
both transcripts at a concentration of 10−7 M. ALN significantly reduced PPARγ mRNA expression and such effect was not dose-dependent (data not shown), on the
contrary no significant effect on C/EBPα mRNA expression was observed. Co-incubation of 3T3-L1 cells with
ALN and VD3 did not display a significant synergic effect on both PPARγ and C/EBPα expression (Figure 3).
In order to clarify the antiadipogenic role of ALN and
VD3, we analysed transcript expression of VRD. Of relevance, an increase in VDR mRNA expression was ob-

served either with ALN or VD treatment, suggesting that
VDR may represent the molecular target of the anti-adipogenic effect of ALN (Figure 4).
To address whether VDR is required in the inhibition
of adipogenesis by ALN, we studied the effects of ALN
and VD3 on 3T3-F442A cells, a cell line in a more advanced differentiation stage towards adipogenesis compared to 3T3-L1 cell line. Previous studies showed that
preadipocyte 3T3-L1 cells do not express VDR. However, high levels of VDR are expressed within the first 4
hours of differentiation while VDRs decrease back to
baseline levels within 24 hours after adipogenic induction [30].
Accordingly, we found that the expression of VDR
mRNA in 3T3-F442A cells was significantly lower than
in 3T3-L1 (Figure 5(a)) and VDR mRNA expression in
3T3-F442A markedly decreased during the early stages
of differentiation (Figure 5(b)); thus 3T3-F442A cells
represent a suitable model to study the role of VDR in
mediating the effects of ALN. Remarkably, adipose differentiation of 3T3-F442A cells was not affected by both
ALN and VD3 (Figure 6).

4. DISCUSSION

(a)

To counteract the increasing commitment of bone
MSCs to the adipocyte lineage in the osteoporosis condition, a promising approach relies on the characterization
of the complex molecular mechanism regulating cell
commitment towards the adipogenic or osteoblastic lineage.
ALN is usually known to act selectively on osteoclastic activity inhibition and is the most commonly used

(b)

Figure 3. VD3 and ALN reduce the expression of key transcription factors of adipogenesis. 3T3-L1 at confluence were
exposed to VD3 (10−9 - 10−7 M), ALN 10−8 or co-treated with
ALN 10−8 and VD3 10−9 M. Total RNA was extracted at day 7
after starting of treatment and PPAR (a) and C/EBPα (b)
mRNA expression was measured by real time PCR. Results are
expressed as percent of control untreated cells; mean ± SEM of
two independent experiments performed in duplicate. *p < 0.05;
**
p < 0.01; ***p < 0.001, drugs-exposed versus untreated cells
(UT).
Copyright © 2013 SciRes.

Figure 4. VD3 and ALN increase the expression of VDR. 3T3L1 at confluence were exposed to VD3 (10−9 - 10−7 M), ALN
10−8 or co-treated with ALN 10−8 and VD3 10−9 M for 7 days.
At the end of the treatment period, total RNA was extracted and
VDR mRNA expression was measured by real time PCR. Results are expressed as percent of control untreated cells; mean ±
SEM of two independent experiments performed in duplicate.
*
p < 0.05; ***p < 0.001, drugs-exposed versus untreated cells
(UT).
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Figure 5. VDR mRNA expression in 3T3-L1 and 3T3-F442A cells. (a) mRNA expression of VDR after 7 days of differentiation
of 3T3-L1 and 3T3-F442A preadipocytes. VDR mRNA was measured by real time PCR. (b) levels of VDR mRNA expression in
3T3-F442A measured at different adipogenic stages [confluence (d0), day 3 (d3), day 7 (d7)].

Figure 6. Effect of ALN and VD3 on 3T3-F442A differentiation. 3T3-F442A preadipocytes were induced to differentiate
in presence or in absence of increasing concentration of ALN
(from 10−9 to 10−7 M). Moreover 3T3-F442A cells were cotreated with ALN 10−8 M and VD3 10−9 M. After 7 days of differentiation, cells were examined by microscopy after oil red
O staining and tested for lipid accumulation.

antiresorptive treatment for osteoporosis, displaying a
specific efficacy in the elderly [6]. In order to achieve
maximal benefit from ALN therapy, VD3 status should
be investigated and association of ALN with VD3 supplementation is frequently required in older people, mostly due to age-related decreased capacity of human skin
to produce VD3 [34]. An essential mechanism inducing
bone mass reduction, especially in older adults, is the
shift in bone marrow MSCs differentiation towards adipogenesis instead of osteoblastogenic lineage [8,35].
There is increasing evidence that ALN, in addition to its
direct effects on osteoclasts, has an anabolic effect promoting the stimulation of osteoblastogenesis [2,36]. Furthermore, in vitro MSCs treatment with ALN displays an
anabolic effect not only through the induction of osteoblastogenesis but also through the inhibition of adipogeCopyright © 2013 SciRes.

nesis [2].
In the present work we investigated the ALN effect on
3T3-L1 cells, a valuable model to study adipocyte development [29]. We identified for the first time a significant
anti-adipogenic effect of ALN on 3T3-L1. Such effect
was remarkably similar to the anti-adipogenic effect obtained with VD3 treatment. Moreover, we showed that
the ALN-induced inhibition of adipogenesis was mediated by a reduction in PPARγ mRNA levels. Likewise,
VD3 reduced PPARγ mRNA expression in 3T3-L1 cells.
It is known that the adipogenic program in adipocyte precursors requires a sequential series of gene expression
events and specific molecular factors are critical during
each phase of differentiation. PPARγ activation plays a
central role in initiating adipogenesis [37,38]. In vitro
studies demonstrate that several PPARγ ligands induce
murine bone MSCs adipose differentiation and inhibit
osteogenesis [39,40].
In our experiments ALN and VD3 co-treatment did not
display synergic anti-adipogenic effect on 3T3-L1 cells.
The convergence of the molecular pathways activated by
the two ligands towards the same transcriptional regulator of adipogenesis, PPAR may explain this phenomenon. On the contrary, we observed no variation in C/
EBPα mRNA expression after ALN treatment, suggesting that PPAR is the main target of the inhibitory effect
of ALN [41].
Furthermore, we focused on VDR mRNA expression
in 3T3-L1 cells treated with ALN and VD3. The induction of VDR early in the adipogenic program is noteworthy. VDR is expressed in a peculiar transient manner:
VDR mRNA levels are present only during the first 24 h
and at one of the highest levels recorded for a nuclear
receptor mRNA [42,43]. Likewise VDR, other nuclear
receptors like glucocorticoid receptor, mineralocorticoid
receptor and RXR show transient expression during adiOPEN ACCESS
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pogenesis [44,45]. Of relevance, RXRα is the common
heterodimeric partner of both VDR and PPAR, and
RXRα levels in 3T3-L1 cells are very low in the early
stages of adipogenesis and gradually increase after adipogenic induction [30,42,46].
In the present study we confirmed that VD3 treatment
increased VDR mRNA expression in 3T3-L1 after 7 days
of adipose differentiation [30]. Interestingly, we found
that also ALN treatment increased VDR mRNA expression. The finding of a similar effect of VD3 and ALN on
VDR expression suggests that ALN inhibits adipocyte
differentiation in 3T3-L1 through a VDR mediated effect.
To confirm this hypothesis we investigated VDR
mRNA in terminally differentiated3T3-F442A, a cell
model in a more advanced stage of adipogenesis compared to 3T3-L1 [29]. We observed that VDR mRNA
expression was remarkably lower in differentiated 3T3F442A than in 3T3-L1 cells and that VDR mRNA expression in 3T3-F442A was markedly decreased during
the early stages of adipogenesis.
Therefore 3T3-F442A cells are a suitable model to
study the role of VDR in mediating the anti-adipogenic
effect of ALN and VD3. Adipose differentiation of 3T3F442A cells was not affected neither by ALN nor by
VD3. Thus, our data represent an indirect evidence of the
role of VDR in mediating the anti-adipogenic effect of
VD3 and ALN.
One possible explanation for this behaviour is that the
increased mRNA VDR levels, induced by both VD3 and
ALN treatment, might sequester RXR away from PPAR
binding in the early stage of adipogenesis, when PPAR
is crucial to start the differentiation program. The biological significance of the VDR pattern of expression
during adipogenesis in presence of VD3 and ALN requires further investigation.
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