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ABSTRACT
The role of two estrogen-mimicking compounds in regulating osteoblast activities were examined. Previously, our attention was focused on

benzyl butyl phthalate (BBP) and di-n-butyl phthalate (DBP) since previous works showed that they enter the cytoplasm, bioaccumulate,

modify actin cytoarchitecture and exert mitogenic effects involving microfilament disruption, and nuclear actin and lamin A regulation in

Py1a rat osteoblasts. In this study we showed that BBP and DBP cause DNA base lesions both in MT3T3-E1 osteoblasts and in mouse primary

calvarial osteoblasts (COBs). In addition, treatment with the above effectors caused an increase of p53 and phospho-p53 (ser-15 and ser-20) as

well as an increase of apoptotic proteins with consequent decrease of cell viability. Moreover, treatment with phthalates did not modified p53

and phospho-p53 expression in Py1a rat osteoblasts. It is of relevance that in p53 knockdown mouse osteoblasts a proliferative effect of

phthalates, similar to that observed in rat Py1a osteoblasts, was found. In conclusion, our data demonstrated that phthalates induce osteoblast

apoptosis, which is, at least in part, mediated by p53 activation, suggesting that the proliferative effects could be due to p53 missing activation

or p53 mutation. J. Cell. Biochem. 107: 316–327, 2009. � 2009 Wiley-Liss, Inc.
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D NA-damaging agents lead to the activation of specific

checkpoints. One of the key proteins in these pathways is the

tumor suppressor p53 [Dewey et al., 1995; Ross, 1999]. p53 exerts its

function mainly through transactivational activity, including the

induction of CDKN1/p21, 14-3-3d and Reprimo for G1–G2 arrest

[Bunz et al., 1998; Ohki et al., 2000], p53R2 for DNA repair [Tanaka

et al., 2000] and Bax, Puma and p53AIP1 for apoptosis [Attardi et al.,

2000]. It is known that p53 activates cell cycle arrest and DNA repair

or apoptosis after DNA damage depending on the extent of

unrepaired or misrepaired double-strand breaks in the DNA [Offer

et al., 2002; Fei and El-Deiry, 2003]. Both cell cycle arrest or

apoptosis appear to be involved in p53 ability to suppress

tumorigenesis. Another important protein involved in the response

to DNA damage is the ATM protein kinase that interacts with p53

causing phosphorylation at ser 15 [Savitsky et al., 1995; Morgan and

Kastan, 1997; Siliciano et al., 1997; Banin et al., 1998].
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It is known that bone remodeling is controlled by various

hormones and cytokines [Rodan, 1992]. An imbalance between bone

formation and bone resorption leads to metabolic bone diseases

[Parfitt, 1987]. Since estrogens deficiency is also liable for important

bone diseases, as osteoporosis, the role of estrogens as well as

estrogen-mimicking compounds, like phthalates, in regulating

activities of bone cells is crucial to understand some bone

metabolism pathologies. In particular, phthalate esters were selected

as they are global contaminants, characterized by a variety of

industrial uses, widely distributed in the environment, and often

occurring at low levels in food [Group, 1986; Sharman et al., 1994].

Their toxic potential was referred to many years ago [Mayer et al.,

1972] and it has been found that they can also be regarded as

endocrine disruptors (EDs) with estrogenic activity [Jobling et al.,

1995; Harris et al., 1997]. It has been demonstrated that benzyl butyl

phthalate (BBP) and di-n-butyl phthalate (DBP) have potential
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activity as EDs. Indeed, EDs exert their action by binding to the

estrogen receptor and regulating the activity of estrogen responsive

genes [Jobling et al., 1995; Guillette et al., 1996; Harris et al., 1997;

Longnecker et al., 1997; Safe, 1998]. Some of them have been also

found to cause a significant increase in the number of skeletal

malformations [Ema et al., 1993].

Previously, it has been demonstrated that BBP and DBP enter the

cytoplasm of Py1a rat osteoblasts inducing both bioaccumulation

and nuclear translocation of FGF-2 [Sabbieti et al., 2000; Menghi

et al., 2001]. Additional studies indicated that the actin cytoskeleton

of Py1a rat osteoblasts undergoes modifications upon phthalate

administration and that BBP and DBP exert their action in a similar

way; indeed, they act rapidly, transiently and in a dose- and time-

related manner on osteoblast morphology disrupting the cytoplas-

mic and the nuclear actin organization as well as lamin A [Marchetti

et al., 2002; Agas et al., 2007].

In the present study we aimed to demonstrate the short term and

long-term effects of BBP or DBP on mouse osteoblasts; in particular,

our attention was focused on phospho-ATM and phospho-p53

expression as well as on the apoptotic pathways. The effects exerted

by phthalates were also investigated by p53 silencement.
MATERIALS AND METHODS

In order to study the effects exerted by BBP or DBP, MC3T3-E1

mouse osteoblasts were utilized. MC3T3-E1 cells are non-trans-

forming cell line derived from newborn mouse calvariae displaying

osteoblast-like characteristics. They also undergo a normal

developmental sequence of osteoblast differentiation in association

with the expression of bone markers [Quarles et al., 1992; Stein and

Lian, 1993]. Some critical experiments were also performed on

mouse primary calvarial osteoblasts (COBs) and on Py1a rat

osteoblasts.
EXPERIMENTAL ANIMALS

Harlan Sprague–Dawley ICR (CD-1) male mice (Harlan, Italy) were

used. Mice were sacrificed by CO2 narcosis and cervical dislocation

in accordance with the recommendation of the Italian Ethical

Committee and under the supervision of authorized investigators.
PRIMARY CALVARIAL OSTEOBLASTS (COBS)

COBs were obtained from newborn mice by sequential digestion

with 0.1% collagenase (Roche Diagnostic, Milano, Italy), as

previously described [Montero et al., 2000]. Cells were pooled

and then cultured to confluence in 100-mm dishes.

Assessment of DNA damage. MC3T3-E1 osteoblasts and COBs

were plated at 15,000 cells/cm2 in 6-well culture dishes (Costar

Corp., Celbio, Italy) in Dulbecco’s Modified Eagle’s Medium (DMEM;

Sigma–Aldrich S.r.l., Milano, Italy) with 10% heat inactivated

fetal calf serum (FCS; Invitrogen, Milano, Italy), penicillin and

streptomycin. Cells were grown for 4 days to �80% confluence.

Cells were pre-cultured for another 24 h in serum-free DMEM with
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antibiotics before treatment with BBP (10�6 M) or DBP (10�6 M)

(Sigma–Aldrich S.r.l.) for additional 24 h. Control cultures were

pulsed with only vehicle. The genomic DNA isolation was performed

using Genomic DNA isolation kit (BioVision, Vinci-Biochem,

Firenze, Italy) according to the manufacturer’s instructions.

Finally, the DNA concentration was adjusted (0.1 mg/ml) as

required from the DNA damage quantification kit (BioVision, Vinci-

Biochem) that was used to determine the level of apurinic/

apyrimidinic (AP) sites. Since it has been estimated that about

2� 105 base lesions are generated per cell per day, the level of AP

sites in cells is an indicator of DNA lesion.

Cell cultures for Western blotting. Mouse MC3T3-E1 osteoblasts

and rat Py1a osteoblasts were plated at 15,000 cells/cm2 in 6-well

culture dishes (Costar Corp.) in DMEM (Sigma–Aldrich S.r.l.),

supplemented with 10% heat inactivated FCS (Invitrogen), penicillin

and streptomycin, for only mouse osteoblast, or in F-12 culture

medium with 5% non-heat inactivated FCS, penicillin and

streptomycin, for only rat osteoblasts. Cells were grown for 5–

6 days to confluence, then cultures were serum deprived for 24 h

and treated with BBP or DBP (from 10�5 to 10�8 M), or vehicle for

selected time periods.
PROTEIN LEVELS

Proteins were extracted with Cytobuster Protein extraction reagent

(Inalco SPA, Milano, Italy) and concentration was determined by the

BCA protein assay reagent (Pierce, Rockford, Celbio, Milano Italy).

After SDS–polyacrylamide gel electrophoresis (PAGE) on 12% gels,

proteins were transferred to PVDF membranes (Amersham

Biosciences, Europe, GMBH). The next steps were performed by

ECL Advance Western Blotting Detection Kit (Amersham Bios-

ciences, GMBH). Briefly, membranes were blocked with Advance

Western Blotting Agent (Amersham Biosciences, GMBH) in PBS-T

(PBS containing 0.1% Tween-20) for 1 h at room temperature. Then,

membranes were incubated with the following antibodies: mouse

anti-phospho-ATM antibody, (Cell Signaling, Celbio, Italy) diluted

1:500; rabbit anti-p53, rabbit anti-phospho-p53 specifically

phosphorylated at ser-15 and ser-20 antibodies, (Cell Signaling)

all diluted 1:500; rabbit anti-cytochrome c, anti-Apaf-1, anti-

cleaved caspase-9, anti-cleaved caspase-3, anti-cyclin D3, anti-

CDK4 antibodies (Cell Signaling), all diluted 1:500; rabbit anti-Bax,

anti-p21 antibodies (Santa Cruz Biotechnology, Inc., Italy), all

diluted 1:200; mouse anti-c-myc antibody (Santa Cruz Biotechnol-

ogy, Inc.) diluted 1:200. All membranes were incubated with the

above primary antibodies for 2 h at room temperature. After

washing with PBS-T the blots were incubated with horseradish

peroxidase (HRP)-conjugated rabbit anti-mouse IgG antibody

(Amersham Biosciences, GMBH) or with HRP-conjugated donkey

anti-rabbit IgG antibody (Amersham Biosciences, GMBH) both

diluted 1:100,000 in blocking solution for 1 h at room temperature.

After further washing with PBS-T, immunoreactive bands were

visualized using luminol reagents and Hyperfilm-ECL film

(Amersham Biosciences, GMBH) in accordance with the manufac-

turer’s instructions. To normalize the bands, filters were stripped and

re-probed with mouse anti-a-tubulin antibody (Sigma–Aldrich).

Band densities were quantified densitometrically.
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SUBCELLULAR FRACTIONATION

MC3T3-E1 osteoblasts were plated in 6-well culture dishes (Costar

Corp.) at the density of 15,000 cells/cm2 and grown for 6 days in

DMEM medium with 10% heat inactivated FCS, penicillin and

streptomycin. Then, cells were pre-cultured for another 24 h in

serum-free DMEM with antibiotics, before addition of BBP (10�6 M),

or vehicle for 30 min, 2 h, 6 h or 24 h. Cellular fractionation was

performed with a Qproteome Cell Compartment Handbook (Qiagen

SPA, Milano, Italy) in accordance with the manufacturer’s

instructions. Then, fractions were processed as above described

and filters were incubated with the rabbit anti-Bax, anti-phospho-

Rb (ser-780), and anti-total-Rb antibodies (Santa Cruz Biotechnol-

ogy, Inc.) all diluted 1:200 for 2 h and the rabbit anti-cytochrome c

(Cell Signaling) diluted 1:500 for 2 h at room temperature. The next

steps were performed as above described. To normalize the bands,

filters were stripped and re-probed with mouse anti-a-tubulin

(Sigma–Aldrich), mouse anti-YY1 (Santa Cruz Biotechnology, Inc.)

and rabbit anti-VDAC (Cell Signaling) antibodies. Band densities

were quantified densitometrically.

Assessment of the metabolic activity of viable cells (MTS). The

metabolic activity of viable cells was determined by the MTS [3-

(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-

fophenyl)-2H-tetrazolium] assay. Briefly, MC3T3-E1 cells and COBs

were plated at the density of 5,000 cells/well in 96-well culture

dishes (Costar Corp.) and grown in DMEM medium supplemented

with 10% heat inactivated FCS, penicillin and streptomycin to

�80% confluence. Cells were serum deprived for 24 h and treated

with BBP (10�6 M), DBP (10�6 M), or vehicle for additional 24 h.

Subsequently, cells were incubated with 20 ml/well of CellTiter

96 AQueous One Solution Reagent (Promega Italia S.r.l., Milano,

Italy) and incubated for 2 h in a humidified, 5% CO2 atmosphere.

The quantity of formazan product is directly proportional to the

number of living cells in culture. The colored formazan was

measured by reading the absorbance at 490 nm using a 96-well plate

reader.
STATISTICAL ANALYSIS

The significance of difference between two groups was evaluated

with an unpaired two-tailed Student’s t-test.

Cell cycle analysis. 3� 105/ml MC3T3-E1 cells were grown with

BBP (10�6 M) or vehicle for 24 h at 378C and 5% CO2. After washing

in PBS, cells were fixed for 30 min on ice by adding 1 ml of 70% cold

ethanol, centrifuged in order to discard ethanol, stained for 45 min

at room temperature with Propidium Iodide (PI) 20 mg/ml in DNAse-

free PBS, and finally analyzed by flow cytometry. The percentage of

positive cells determined over 10,000 events was analyzed on a

FACScan cytofluorimeter using the CellQuest software (Becton

Dickinson). Fluorescent intensity is expressed in arbitrary units on a

logarithmic scale.

Fluorescein-FragELTM DNA fragmentation detection method.

The Fluorescein-FragELTM Kit (Calbiochem, Milano, Italy) is a

method for the labeling of DNA breaks in apoptotic nuclei in cell

preparations fixed on coverslips. Briefly, MC3T3-E1 osteoblasts and

COBs were plated at 3,500 cells/cm2 in 6-well culture dishes

containing coverslips, previously cleaned and sterilized, in DMEM
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medium supplemented with 10% heat inactivated FCS, penicillin

and streptomycin. Cells were grown for 4 days to �80% confluence.

Then, cells were serum deprived for 24 h before treatment with BBP

(10�6 M), DBP (10�6 M), or vehicle for additional 24, 48, and 72 h.

After administration of the effectors, cells were briefly rinsed with

PBS 0.1 M, pH 7.4, and fixed in 4% paraformaldehyde (PFA), diluted

in PBS for 25 min at room temperature. Then, they were dehydrated

in 80% ethanol and rehydrated in 1� Tris buffered saline (TBS)

solution for 15 min at room temperature. Cells were permeabilized

with 2 mg/ml Proteinase K diluted 1:100 in 10 mM Tris, pH 8, for

5 min at room temperature. Then, samples were covered with 100 ml

of 1� terminal deoxyribonucleotidyl transferase (TdT) equilibration

buffer for 30 min at room temperature. After removal of the

equilibration buffer, each coverslip was covered with 60 ml of TdT

labeling reaction mixture prepared with 57ml Fluorescein-FragELTM

TdT Labeling reaction mix and 3 ml TdT enzyme for 90 min at 378C.

Finally, coverslips were mounted on slides using Fluorescein-

FragELTM Mounting Media. The quantitative analysis was performed

by direct counting in the Zeiss Axiophot. Using the 20� objective

lens, the number of apoptotic cells was counted in 30 areas (15 cells/

area) for each slide as previously performed for TUNEL method

[Hecht et al., 2000].

Phospho-p53 immunolabeling at confocal laser scanning

microscopy (CLSM) level. MC3T3-E1 mouse osteoblasts and

Py1a rat osteoblasts were plated at 3,500 cells/cm2 in 6-well

culture dishes containing coverslips, previously cleaned and

sterilized, in DMEM (Sigma–Aldrich S.r.l.), supplemented with

10% heat inactivated FCS, penicillin and streptomycin, for only

mouse osteoblasts, or in F-12 culture medium with 5% non-heat

inactivated FCS (Invitrogen) penicillin and streptomycin, for only

rat osteoblasts. Cells were grown for 4 days to �80% confluence.

Then, cells were pre-cultured for another 24 h in serum-free culture

medium before treatment with BBP (10�6 M), DBP (10�6 M), or

vehicle for additional 6 h. After administration of the effectors, cells

were briefly rinsed with PBS 0.1 M, pH 7.4, and fixed in 4% PFA,

diluted in PBS for 25 min at room temperature. Cells were washed

three times in PBS, permeabilized with 0.3% Triton X-100 for

30 min, and incubated with 0.5% BSA diluted in PBS for 20 min at

room temperature. Cells were incubated with a 1:50 dilution of the

rabbit anti-phospho-p53 (ser-15) antibody (Cell Signaling) in PBS

for 2 h at room temperature. After rinsing, cells were incubated with

a 1:75 dilution of goat anti-rabbit IgG conjugated with fluorescein

isothiocyanate (FITC; Sigma–Aldrich) in PBS for 90 min at room

temperature.

Control experiments were performed by omitting the primary

antibody. After a washing step, coverslips were mounted on slides

with PBS/glycerol (1:1).
CONFOCAL ANALYSIS AND IMAGE ACQUISITION

Immunofluorescence patterns were analyzed under a Bio-Rad Ar/Kr

MRC-600 Confocal Laser Scanning Microscopy (Bio-Rad, Herdford-

shire, UK) attached to a Nikon Diaphot-TMD-EF inverted microscope

equipped with a Plan Apo, oil immersion, objective (�60, NA¼ 1.4)

to obtain optical sectioning of samples [Shotton, 1989; Pawley,

1995]. The standard BHS block (excitor filter 488 DF 10) was used for
JOURNAL OF CELLULAR BIOCHEMISTRY



FITC signals. High-resolution images for a qualitative evaluation of

the immunofluorescence patterns were captured and analyzed with

Confocal Assistant 4.02 (Bio-Rad) and finally transferred to

PhotoShop v7.0 (Adobe) for generation of graphics.

RNA interference (RNAi). MC3T3-E1 osteoblasts were trans-

fected with p53 siRNA according to siRNA transfection protocol

from manufacture (Santa Cruz Biotechnology, Inc.). A control siRNA

(non-homologous to any known gene sequence) was used as a

negative control. The levels of p53 were analyzed by Western

blotting using the rabbit anti-p53 antibody (Cell Signaling) and the

specificity of the silencing was confirmed in three different

experiments. Osteoblasts transfected with control siRNA and with

p53 siRNA were 24 h serum deprived before addition of BBP (10�6

M), DBP (10�6 M), or vehicle for 6 and 24 h. Then, proteins were

extracted and Bax, cleaved caspase 9 as well as cyclin D3 levels were

analyzed by Western blotting as described above. To normalize the

bands, filters were stripped and re-probed with the monoclonal anti-

a-tubulin antibody. Band densities were quantified densitometri-

cally.

Assessment of the metabolic activity of viable cells (MTS)

on p53 silenced MC3T3-E1 osteoblasts. Osteoblasts transfected

with control siRNA and with p53 siRNA were 24 h serum deprived

before addition of BBP (10�6 M), DBP (10�6 M), or vehicle

for additional 24 h. The next steps were performed as above

described.

Cell cultures for immuno electron microscopy (IEM). Py1a and

MC3T3-E1 osteoblasts were prepared as previously reported

[Marchetti et al., 2006]. Briefly, they were plated at 5,000 cells/

cm2 on 100 mm culture dishes and grown for 5 days in DMEM

(Sigma–Aldrich S.r.l.), supplemented with 10% heat inactivated FCS

(Invitrogen), penicillin and streptomycin, for only mouse osteoblast,

or in F-12 culture medium with 5% non-heat inactivated FCS,

penicillin and streptomycin, for only rat osteoblasts. After 80%

confluence, cells were pre-cultured in serum-free F-12 containing

antibiotics and 1 mg/ml BSA for another 24 h. Then, cells were

treated with BBP (10�6 M) for additional 6 h. Control cultures were

only pulsed with vehicle. After rinsing twice in the appropriate

medium and one quick washing in 0.1 M cacodylate buffer, pH 7.4,

cells were fixed on plates with 4% PFA and 0.5% glutaraldehyde in

0.1 M cacodylate buffer, pH 7.4, for 3 h at 48C. Then, cells were

rinsed several times for 30 min in 0.1 M PBS, pH 7.3, containing

0.1% BSA and 7% sucrose, at 48C. Finally, cells collected in Falcon

tubes, centrifuged and pre-embedded in agarose were dehydrated

in methanol from 50% to 90%, and embedded in Unicryl resin

(BBInternational Ltd., Cardiff, UK) for 72 h at 48C under U.V. lamp.

Ultra-thin sections (about 60 nm thick) from plastic embedding were

cut by means of an LKB Ultrotome V and collected on uncoated

400 mesh nickel grids.

Floating ultra-thin sections were rehydrated with 0.05 M TBS

solution, pH 7.6, and pre-incubated with 1% BSA, fatty acid free, in

TBS, pH 7.6, for 30 min at room temperature. Grids were then

incubated with 1:40 dilution of the rabbit anti-phospho-p53 (ser-15)

antibody (Cell Signaling) in TBS for 2 h at room temperature, in a

humid chamber. After rinsing, the signals were developed with 1:10

dilution of the goat anti-rabbit IgG (40 nm gold labeled IgG) (Sigma–

Aldrich S.r.l.), in TBS, pH 7.6, containing 0.05% Tween-20 for
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90 min at room temperature, in a humid chamber. Sections were

then washed several times in TBS, pH 7.6, and in distilled water. All

sections were finally counterstained with uranyl acetate (5 min) and

lead citrate (2 min) at room temperature. Control experiments were

carried out by omitting the appropriate primary antibody. All

specimens were analyzed by means of a Philips EM 201C electron

microscope at an accelerating voltage of 60 kV.

Image analysis for phospho-p53 (ser-15) was performed on Scion

Image Beta 4.03 for Windows XP and gold particle counts were done

on micrographs at a final magnification of 35,000�. Immunogold

labeling density (gold particles/mm2) of vehicle and treated

osteoblasts were compared using a t-test.
RESULTS

EFFECTS OF PHTHALATES ON DNA DAMAGE

The effects of BBP or DBP on the DNA base lesions in MC3T3-E1

osteoblasts and COBs were examined. In particular, 24 h of

treatment with the above effectors provoked a generation of

33� 105 base lesions per cell in MC3T3-E1 cells; similar results were

obtained in COBs (Fig. 1A). Since DNA damaging agents activate

p53 by a family of protein kinases including ATM, we investigated

the roles of the tested phthalates on phospho-ATM (ser-1981), p53

and phospho-p53 (ser-15 and ser-20) expressions. Indeed, Western

blotting experiments showed that phospho-ATM levels were

increased after 6 and 24 h of 10�6 M BBP treatment (Fig. 1B).

Since overlapping results were also found by using 10�5 M BBP for

6 h as shown in dose–response studies (Fig. 1C), all the following

assays were performed at concentration of 10�6 M. The lowest

effective concentration was chosen to minimize the cell toxicity

based on our previous studies [Agas et al., 2007]. Moreover, an

increase of p53, phospho-p53 (ser-15) and phospho-p53 (ser-20)

was found after 6 and 24 h of BBP treatment (Fig. 1D). Consistently,

treatment with BBP for 6 h caused an increased expression of the

cyclin-dependent kinase inhibitor p21, a downstream transcrip-

tional target of p53 (Fig. 1E). Overlapping results were also obtained

after DBP treatment (data not shown). Pooled data from three

different experiments better clarified that BBP or DBP exert their

maximal effects at 6 h (Fig. 1F).
EFFECTS OF PHTHALATES ON APOPTOTIC PATHWAY

It is largely accepted that p53 phosphorylation induces cell cycle

arrest or apoptosis through several mediators. In our experiments we

firstly examined the levels of the proapoptotic protein Bax on

MC3T3-E1 osteoblasts. Time-course Western blotting experiments

showed that BBP increased Bax levels starting from 2 up to 24 h

(Fig. 2A1). Western blotting revealed that the increase of Bax protein

was particularly evident at 6 h of BBP treatment; thus subcellular

fractions were examined and both nuclear and mitochondrial

extracts confirmed this datum (Fig. 2A2). It has been demonstrated

that translocation of Bax from the cytosol to the mitochondrial outer

membrane causes a release of cytochrome c which interacts with

protein Apaf-1 leading to the activation of pro-caspase 9 with
p53 ROLE IN PHTHALATE EFFECTS ON OSTEOBLASTS 319



Fig. 1. A: Effects of BBP and DBP on DNA damage in MC3T3-E1 and primary calvarial osteoblasts. Values were referred as means� standard deviation (SD) and statistically

analyzed with t-test operating on PC computer. Note the significant increase of base lesions per cell in 24 h BBP (10�6 M) and DBP (10�6 M) treated cells compared to vehicle

treated cells; �P< 0.05. B,C: Time course-dose response effects of BBP on phospho-ATM in MC3T3-E1 osteoblasts. Phospho-ATM levels were analyzed by Western blotting as

described in Materials and Methods Section. Cells were serum deprived for 24 h and treated with BBP (10�6 M) or vehicle for 6 and 24 h (B) or with BBP (from 10�5 M to

10�8 M), or vehicle for 6 h (C). Proteins (5 mg) from each sample were subjected to SDS–PAGE, transferred to PVDF membrane and probed with mouse anti-phospho-ATM.

D,E: Effects of BBP on p53, phospho-p53 (ser-15 and ser-20), and p21 in MC3T3-E1 osteoblasts. p53, phospho-p53 (ser-15 and ser-20), and p21 levels were analyzed by

Western blotting as described in Materials and Methods Section. Cells were serum deprived for 24 h and treated with BBP (10�6 M) or vehicle for 6 and 24 h. Proteins (5 mg)

from each sample were subjected to SDS–PAGE, transferred to PVDF membrane and probed with rabbit anti-p53, rabbit anti-phospho-p53 (ser-15) rabbit anti-phospho-p53

(ser-20) (D), and rabbit anti-p21 (E) antibodies; then, filters were stripped and re-probed with mouse anti-a-tubulin antibodies to show equal amount of loading. F: Statistical

analysis from a pool of three different experiments showing the effects of BBP and DBP on the above proteins. Values were referred as means� SD and statistically analyzed with

t-test operating on PC computer. Note the significant increase particularly after 6 h of BBP and DBP treatment, compared to vehicle treated cells; �P< 0.05.
consequent caspase cascade; accordingly, we investigated the

effects of BBP and DBP on this pathway. Western blotting

experiments showed that treatment with BBP caused an increased

level of cytochrome c starting from 30 min up to 24 h (Fig. 2B1). In

particular, the increase of cytochrome c was maximal at 2 h in the
320 p53 ROLE IN PHTHALATE EFFECTS ON OSTEOBLASTS
mitochondrial fraction and at 24 h in the cytoplasmic one (Fig. 2B2).

An increased Apaf-1 level was observed already from 30 min of BBP

treatment (Fig. 2C). Consistently, treatment with BBP from 2 to 24 h

strongly increased both cleaved caspase 9 and cleaved caspase 3

(Fig. 2D).
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 2. A1: Time-course effects of BBP on Bax livels in MC3T3-E1 osteoblasts. Bax levels were analyzed by Western blotting as described in Materials and Methods Section.

Cells were serum deprived for 24 h and treated with BBP (10�6 M) or vehicle for selected time periods. Proteins (5 mg) from each sample were subjected to SDS–PAGE,

transferred to PVDF membrane and probed with rabbit anti-Bax antibody; then, filters were stripped and re-probed with mouse anti-a-tubulin antibody to show equal amount

of loading. A2: Effects of BBP on Bax levels in cytoplasmic, nuclear, and mitochondrial fractions from MC3T3-E1 osteoblasts. Cells were serum deprived for 24 h and treated

with BBP (10�6 M) or vehicle for 6 h. Cellular fractionations were performed with a Qproteome Cell Compartment Handbook. Proteins (5mg) from each sample were subjected to

SDS–PAGE, transferred to PVDF membrane and probed with the rabbit anti-Bax antibody. Then, filters were stripped and re-probed with mouse anti-a-tubulin, mouse anti-YY1,

and rabbit anti-VDAC antibodies to show equal amount of loading. B1: Time-course effects of BBP on cytochrome c levels in MC3T3-E1 osteoblasts. The protein levels were

analyzed by Western blotting as described in Materials and Methods Section. Cells were serum deprived for 24 h and treated with BBP (10�6 M) or vehicle from 30 min up to

24 h. Proteins (5 mg) from each sample were subjected to SDS–PAGE, transferred to PVDF membrane and probed with rabbit anti-cytochrome c; then, filters were stripped and

re-probed with mouse anti-a-tubulin antibody to show equal amount of loading. B2: Effects of BBP on cytochrome c levels in mitochondrial and cytoplasmic fractions from

MC3T3-E1 osteoblasts. Cells were serum deprived for 24 h and treated with BBP (10�6 M) or vehicle for 2 and 24 h. Cellular fractionations were performed with a Qproteome

Cell Compartment Handbook. Proteins (5 mg) from each sample were subjected to SDS–PAGE, transferred to PVDF membrane and probed with the rabbit anti-cytochrome

c antibody. Then, filters were stripped and re-probed with mouse anti-a-tubulin and rabbit anti-VDAC antibodies to show equal amount of loading. C,D: Time-course effects of

BBP on Apaf-1, cleaved caspase 9 and cleaved caspase 3 in MC3T3-E1 osteoblasts. Cells were serum deprived for 24 h and treated with BBP (10�6 M) or vehicle from 30 min up

to 24 h. Proteins (5 mg) from each sample were subjected to SDS–PAGE, transferred to PVDF membrane and probed with rabbit anti-Apaf-1 (C), rabbit anti-cleaved caspase 9

and rabbit anti-cleaved caspase 3 (D) antibodies; then, filters were stripped and re-probed with mouse anti-a-tubulin antibody to show equal amount of loading.
In parallel with an increase of the apoptotic proteins, the

phthalate effects on the proto-oncogen protein c-myc, CDK4, and

cyclin D3 were investigated. Time-course experiments showed that

BBP caused a decrease of c-myc (Fig. 3A) as well as CDK4 and cyclin

D3 (Fig. 3B) starting from 2 to 24 h. To verify whether the observed

reduction in cyclin D1 protein might influence the endogenous Rb

phosphorylation, Western blot analyses for phospho-Rb (ser-780)

and total Rb were performed with nuclear extracts incubated for 6

and 24 h with BBP. BBP treatment determined a reduction of Ser-

780 Rb phosphorylation, a target for specific cdk4/6-dependent

phosphorylation in vitro. Total Rb protein level was constant

throughout the experiment in all sample (Fig. 3C). Each experiment

in Figures 2 and 3 was performed, at least three times, with

overlapped results; P< 0.05. Similar data were obtained after DBP

treatment (data not shown).

EFFECTS OF PHTHALATES ON OSTEOBLAST VIABILITY

AND CELL CYCLE

MTS assay was performed to examine also the metabolic activity of

viable MC3T3-E1 osteoblasts and COBs and it was found that the
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treatment with BBP and DBP for 24 h caused significant decrease of

cell viability (Fig. 4A). Moreover, the effects of BBP on cell cycle was

examined; the results obtained evidenced that treatment with BBP

for 24 h generate a 96.30% of cell population in G0/G1 phase respect

to the 76% found in vehicle treated cells (Fig. 4B). Furthermore,

Fluorescein FragELTM assay demonstrated a statistically significant

increase of apoptotic MC3T3-E1 osteoblasts (Fig. 4C) and COBs (data

not shown) after 24 h of BBP and DBP treatment.

DAILY TREATMENT OF PHTHALATES FROM 24 TO 72 H

The effects of BBP and DBP daily administration were followed for

3 days. Western blotting experiments showed that treatment

with BBP from 48 to 72 h induced a clear increase of phospho-

p53 (ser-15) as well as Bax and caspases 9 and 3 levels (Fig. 5A).

It was also demonstrated, by MTS assay, that treatment with BBP

or DBP for 48 and 72 h caused a more consistent decrease of cell

viability compared to that observed after 24 h in both MC3T3-E1

osteoblasts and COBs (Fig. 5B). In addition, phthalate administration

for 72 h induced a severe increase of apoptotic cells as showed by

Fluorescein FragELTM assay (Fig. 5C).
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Fig. 3. A,B: Effects of BBP on c-myc, Cyclin D3, and CDK4 in MC3T3-E1

osteoblasts. Cells were serum deprived for 24 h and treated with BBP (10�6 M)

or vehicle from 30 min up to 24 h. Proteins (5mg) from each sample were subjected

to SDS–PAGE, transferred to PVDF membrane and probed with mouse anti-c-myc

(A), rabbit anti-CDK4, and mouse anti-cyclin D3 (B) antibodies; then, filters were

stripped and re-probed with mouse anti-a-tubulin antibody to show equal amount

of loading. C: Effects of BBP on phospho-Rb (ser-780) and total Rb levels in nuclear

fraction from MC3T3-E1 osteoblasts. Cells were serum deprived for 24 h and treated

with BBP (10�6 M) or vehicle for 6 and 24 h. Cellular fractionations were performed

with a Qproteome Cell Compartment Handbook. Proteins (5 mg) from each sample

were subjected to SDS–PAGE, transferred to PVDF membrane and probed with rabbit

anti-phospho-Rb (Ser-780) or rabbit anti-total-Rb antibodies. Then, filters were

stripped and re-probed with mouse anti-YY1 to show equal amount of loading.

Fig. 4. A: Effects of BBP and DBP on the metabolic activity of viable MC3T3-

E1 osteoblasts and COBs. Cells were serum deprived for 24 h and treated with

BBP (10�6 M), DBP (10�6 M), or vehicle for additional 24 h. Values are

mean� SEM for three different experiments. Note that BBP and DBP sig-

nificantly decreased cell viability in both cellular models; �P< 0.05. B: Effects

of BBP on cell cycle progression in MC3T3-E1 osteoblasts. The distribution of

cell population through the cell cycle phase after BBP treatment was evaluated

by flow cytometry and the percentage of cells in different phases of the cycle

was calculated using the CellQuest software (Becton Dickinson). Fluorescent

intensity was expressed in arbitrary units on a logarithmic scale. C: Effects of

BBP and DBP on DNA fragmentation. Cells were serum deprived for 24 h and

treated with BBP (10�6 M), DBP (10�6 M), or vehicle for additional 24 h.

Representative photomicrographs of Fluorescein-FragEL-positive osteoblasts

that increased after 24 h of BBP or DBP treatment (b) respect to vehicle treated

osteoblasts (a). The quantitative analysis was performed as previously

described in Materials and Methods Section. Values were referred as

means� SD and statistically analyzed with t-test operating on PC computer;
�P< 0.05.
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Summarizing, the complex of data suggested that apoptotic

effects of phthalates on mouse osteoblasts could be due to p53

activation; thus p53 silencing was performed.

EFFECTS OF PHTHALATES ON p53 SILENCED MC3T3-E1

OSTEOBLASTS

siRNA efficiently and specifically silenced (more than 70%)

p53 expression in MC3T3-E1 osteoblasts (Fig. 6A). In control

siRNA transfected osteoblasts, treatment with BBP increased

Bax and caspase 9 while decreased cyclin D3, as above

observed in non-transfected osteoblasts. Conversely, treatment

with BBP on osteoblasts p53 silenced, in addition to decrease Bax

and cleaved caspase 9, induced an increase of cyclin D3
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Fig. 5. A: Daily BBP treatment in MC3T3-E1 osteoblasts. phospho-p53 (ser-

15), Bax, cleaved caspase 9 and cleaved caspase 3 levels were analyzed by

Western blotting as described in Materials and Methods Section. Cells were

serum deprived for 24 h and treated daily with BBP (10�6 M), DBP (10�6 M), or

vehicle from 24 up to 72 h. Proteins (5 mg) from each sample were subjected to

SDS–PAGE, transferred to PVDF membrane and probed with rabbit anti-

phospho-p53 (ser-15), rabbit anti-Bax, rabbit anti-cleaved caspase 9 and

rabbit anti-cleaved caspase 3 antibodies; then, filters were stripped and re-

probed with mouse anti-a-tubulin antibody to show equal amount of loading.

B: Effect of BBP and DBP daily treatment on the metabolic activity of viable

MC3T3-E1 osteoblasts and COBs. Cells were serum deprived for 24 h and daily

treated with BBP (10�6 M), DBP (10�6 M), or vehicle for 24, 48, and 72 h.

Values are mean� SEM for three different experiments. To note the time-

dependent decrease of osteoblasts viability after phthalates treatment;
�P< 0.05. C: Effect of daily BBP and DBP treatment on DNA fragmentation.

Cells were serum deprived for 24 h and treated with BBP (10�6 M), DBP (10�6

M), or vehicle for 24, 48, and 72 h. Representative photomicrographs of

Fluorescein-FragEL-positive osteoblasts that increased after 72 h of BBP

treatment (b) respect to vehicle treated osteoblasts (a). The quantitative

analyses were performed as previously described in Materials and Methods

Section. Values were referred as means� SD and statistically analyzed with t-

test operating on PC computer; �P< 0.05.

Fig. 6. A: Depletion of endogenous p53 by RNAi in MC3T3-E1 osteoblasts.

Cells were transfected with p53 siRNA or control siRNA and the level of p53

protein was analyzed by Western blotting as described in Materials and

Methods Section. Proteins (5 mg) from each sample were subjected to

SDS–PAGE, transferred to PVDF membrane and probed with rabbit anti-p53

antibody; then, filters were stripped and re-probed with monoclonal anti-a-

tubulin antibody to show equal amount of loading. B: Effects of BBP on Bax,

cleaved caspase 9 and cyclin D3 in MC3T3-E1 osteoblats transfected with p53

siRNA. After transfection, as above described, cells were serum deprived for

24 h and treated with BBP (10�6 M) or vehicle for 6 and 24 h. Proteins (5 mg)

from each sample were subjected to SDS–PAGE, transferred to PVDF membrane

and probed with rabbit anti-Bax, rabbit anti-cleaved caspase 9 and mouse anti-

cyclin D3 antibodies; then, filters were stripped and reprobed with monoclonal

anti-a-tubulin antibody to show equal amount of loading. C: Effects of BBP

and DBP on the metabolic activity of viable MC3T3-E1 osteoblasts transfected

with p53 siRNA. After transfection, as above described, cells were serum

deprived for 24 h and treated with BBP (10�6 M), DBP (10�6 M), or vehicle.

Values are mean� SEM for three different experiments. Note that BBP

statistically increased cell viability in p53 siRNA transfected osteoblasts;
�P< 0.05.
(Fig. 6B). Similar results were obtained with DBP treatment (data not

shown).

Data from MTS assay indicated that BBP and DBP cause a

decrease of viable osteoblasts transfected with control siRNA, as

above observed in non-transfected cells; instead, BBP and DBP

increased p53 knockdown osteoblasts viability (Fig. 6C).
JOURNAL OF CELLULAR BIOCHEMISTRY
EFFECTS OF PHTHALATES ON p53 AND PHOSPHO-p53 IN

PY1A RAT OSTEOBLAST

We previously demonstrated that, in Py1a rat osteoblasts, phthalates

did not modify Bcl2/Bax ratio, while increased cyclin D3 and cell

proliferation; conversely, actual data showed that only p53 silenced

mouse osteoblasts gave a response to phthalates similar to that

observed in Py1a rat osteoblasts. Hence the effects of BBP on p53

and phospho-p53 in Py1a cells were investigated.

Surprisingly, treatment with BBP for 6 and 24 h did not

substantially modify p53, phospho-p53 (ser-15), and phospho-p53
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(ser-20) levels (Fig. 7A). Pooled data from three different

experiments better clarified that BBP do not modify the above

proteins (Fig. 7B).

Data from CLSM demonstrated that treatment with BBP increase

phospho-p53 (ser-15) labeling in MC3T3-E1 mouse osteoblasts.

Conversely, the effector did not modify phospho-p53 (ser-15)

staining in Py1a rat osteoblasts (Fig. 7C). Confocal microscopy data

were also supported by immunogold labeling carried out on

ultrathin sections where a basic occurrence of phospho-p53 (ser-15)

was observed in vehicle Py1a and MC3T3-E1 cells. After 6 h of BBP

treatment Py1a cells labeling was unchanged, while MC3T3-E1 cells

nuclear labeling was increased (Fig. 7D). In order to quantify

phospho-p53 (ser-15) labeling, a statistical analysis was performed.
Fig. 7. A: Effect of BBP on p53, phospho-p53 (ser-15), and phospho-p53 (ser-20) in P

Western blotting as described in Materials and Methods Section. Cells were serum deprive

(5 mg) from each sample were subjected to SDS–PAGE, transferred to PVDF membrane an

phospho-p53 (ser-20) antibodies; then, filters were stripped and reprobed with monoclon

did not statistically modified the levels of the p53 and the phospho-p53 examined. B: Sta

on p53, phospho-p53 (ser-15), and phospho-p53 (ser-20) in Py1a rat osteoblasts. Valu

computer. Note that treatment with BBP did not significantly modify the examined prote

p53 (ser-15) labeling in Py1a and MC3T3-E1 osteoblasts. Cells were serum deprived and

by CLSM using the rabbit anti-phospho-p53 (ser-15) antibody (green: FITC staining). B

MC3T3-E1 osteoblasts. Immunogold labeling of phospho-p53 (ser-15) analyzed by tran

showed basal labeling for phospho-p53 (ser-15) in Py1a rat osteoblasts (a) and in MC3T3

BBP (10�6 M) treatment only in MC3T3-E1 osteoblasts (d). PM, plasma membrane; cyt,

�16,500. E: The IEM images of 6 h BBP treated cells and vehicle were scanned by the co

experimental group. Values were referred as means� SD and statistically analyzed with

compared to vehicle only in mouse osteoblasts; �P< 0.01.
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Gold particle count showed mean labeling density of 23.333� 2

mm2 in vehicle treated MC3T3-E1 cells and mean labeling density of

38.667� 2.5 mm2 after BBP treatment; conversely mean labeling

densities of 7.667� 0.5 mm2 and 8.333� 0.8 mm2 were observed in

vehicle and BBP treated Py1a osteoblasts, respectively (Fig. 7E).

Control experiments produced no appreciable staining both at CLSM

and IEM level (data not shown).

DISCUSSION

It was previously demonstrated that BBP and DBP, in addition to act

in a dose- and a time-dependent manner, caused cell cycle
y1a rat osteoblasts. p53, phospho-p53 (ser-15), and (ser-20) levels were analyzed by

d for 24 h and treated with BBP (10�6 M) or vehicle for additional 6 and 24 h. Proteins

d probed with rabbit anti-p53, rabbit anti-phospho-p53 (ser-15), or with rabbit anti-

al anti-a-tubulin antibody to show equal amount of loading. Note that BBP treatment

tistical analysis from a pool of three different experiments showing the effects of BBP

es were referred as means� SD and statistically analyzed with t-test operating on PC

ins, compared to vehicle treated cells; �P< 0.05. C: CLSM—Effect of BBP on phospho-

treated with BBP (10�6 M) for 6 h. Localization of phospho-p53 (ser-15) was analyzed

ar, 50 mm. D: IEM -Effect of BBP on phospho-p53 (ser-15) distribution in Py1a and

smission electron microscopy. IEM from vehicle treated cells better depicted the above

-E1 mouse cells (c). Note a nuclear increase of labeling particularly evident after 6 h of

cytoplasm; NE, nuclear envelope; N, nucleus. a, �26,200; b, �29,400; c, �21,400; d,

mputer. The labeling density was estimated on cell surface areas of 16 samples in each

t-test operating on PC computer. Note the significant increase in 6 h BBP treated cells
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progression and proliferation in Py1a rat osteoblasts [Menghi et al.,

2001; Agas et al., 2007]. In the present report we focused our

attention on BBP (10�6 M) and DBP (10�6 M) effects in MC3T3-E1

osteoblasts and COBs.

First, we demonstrated that both BBP or DBP provoke a

statistically significant increase of DNA damage and a related

phosphorylation of ATM (ser-1981) was also observed. It is known

that after DNA damage, p53 protein accumulates rapidly through a

post-trascriptional mechanism and it is also activated as a

transcriptional factor, which then leads to growth arrest or apoptosis

[Levine, 1997]. Indeed, a significant increase of both p53 and

phospho-p53 (ser-15 and ser-20) was found in MC3T3-E1 BBP

treated osteoblasts.

In the light of the above data, we determined the effects of

phthalate administration on critical apoptosis regulators and we

found an increase of Bax levels in particular on the mitochondrial

fraction. An increase of cytochrome c on the mitochondrial fraction

at 2 h and on the cytoplasmic fraction at 24 h of BBP administration

was observed. Moreover, an increase of Apaf-1 as well as cleaved

caspases 9 and 3 was evidenced. Since it has been demonstrated that

the release of mitochondrial cytochrome c into the cytoplasm is

thought to be a critical step in the activation and maturation of a

multimeric complex, the apoptosome, comprising cytochrome c,

Apaf-1 and caspase 9 [Liu et al., 1996; Li et al., 1997; Vaux 1997;

Zou et al., 1997], in our experiments the increase of cytochrome c

and Apaf-1 were likely due to the stabilization of the apoptosome

and the initiation of the apoptotic cascade.

It has been shown that the proto-oncogene c-myc is required for

entry into cell cycle progression by cyclin D [Berns et al., 2000]. Of

the signal transduction pathways, cyclin dependent kinases (Cdks)

are the key downstream regulators of c-myc and the activity of Cdks

is regulated by cyclin dependent kinase inhibitors (CKIs) [Sherr and

Roberts, 1999]. In addition, c-myc stimulates the expression of

cyclin A, D1, D3, E, Cdk2, Cdk4 [Born et al., 1994; Kim et al., 1994;

Beier et al., 2000] and represses the expression of p21 and p27

[Zajac-Kaye, 2001]. Accordingly, we evaluated cell cycle regulators

like c-myc, cyclin D and CDK4. Treatment with BBP or DBP

decreased c-myc, cyclin D3 and CDK4 at 2, 4, and 6 h. Indeed, it has

been well documented that the cyclin D-Cdk4/6 complex

specifically phosphorylates Rb protein at Ser-780 [Zarkowska and

Mittnacht, 1997; Malumbres and Barbacid, 2001]. Accordingly, a

reduction in ser-780 Rb phosphorylation levels in parallel with a

decrease in Cdk4 protein levels was observed; conversely, an

increase of apoptotic markers above detailed was found. To gain

further insights into the effects of phthalates on mouse osteoblast

apoptosis, the MTS assay was performed; findings indicated that

phthalates cause a reduced cell viability after 24 h of treatment. We

also investigated the effects of BBP on the MC3T3-E1 distribution

through the cell cycle by flow cytometry and found that osteoblasts

are overall at G0/G1 phase after 24 h of treatment. It should be noted

that the cell cycle arrest is concomitant with the trend of Fluorescein

FragELTM assay.

BBP and DBP daily administration amplified all the apoptotic

markers suggesting that phthalates could exert cumulative effects.

The complex of present data indicated that the exposure of mouse

osteoblasts to BBP or DBP causes bone perturbance; indeed,
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induction of DNA damage and activation of apoptotic pathways

were observed by multiple approaches. The chronic exposure to

phthalates at low concentrations could probably affect new bone

formation and matrix deposition with clinical implications on bone

homeostasis and mineral density.

Additional information about p53, as the most valid candidate

responsible of apoptosis induction, originated from experiments on

p53-silenced osteoblasts exposed to BBP and DBP. Results

demonstrated that, in p53-silenced cells, phthalates caused cell

proliferation consistent with increased c-myc and cell cycle

regulator levels. It has been reported that the differential expression

of the cyclins and CDKs known to be either directly regulated by p53

or downstream events of p53 expression and the expression of genes

regulated by p53 (directly or indirectly) would not be the same in

wild-type and p53 null animals [Hirai and Sherr, 1996; Morris et al.,

2008]. Accordingly our findings showed that in p53 knockdown

mouse osteoblasts, phthalates increase proliferation by involvement

of cyclins D.

In a previous research we demonstrated that both BBP and DBP

induced increase of cyclin D3 levels as well as cell viability in Py1a

rat osteoblasts; however, the not significant change of Bcl-2/Bax

ratio indicated that the increase of cell viability, induced by the

effectors, could be due to cell proliferation [Agas et al., 2007]. To

explain the differential effects of phthalates in mouse and rat

osteoblasts, we considered interesting to evaluate the expression of

phospho-p53 also in Py1a rat osteoblasts treated with BBP and we

found that phospho-p53 levels were not substantially modified. The

increase of p53 nuclear labeling in mouse osteoblasts suggests that

these proteins could activate the expression of the stress responsive

genes resulting in apoptosis as demonstrated in different organ

tissues [Cotton and Spandau, 1997; Middeler et al., 1997; Reinke and

Lozano, 1997]. It is also possible to hypothesize that, in Py1a cells,

BBP treatment evoked a proliferative response, as above demon-

strated in p53 silenced mouse osteoblasts, rather than p53 activation

An important question is to elucidate the functional meaning of

increased p53 that was only found in treated mouse osteoblasts. This

is a prerequisite for understanding the mechanism by which

phthalates, as EDs, regulate the fate of the cells.
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