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a b s t r a c t

The pathophysiological changes and the oxidative–antioxidative status were evaluated in the bone
microenvironment of rat inoculated with Walker 256/B mammary gland carcinoma cells, and used
�-tocopherol acetate (ATA) as a countermeasure.

Walker 256/B cells were injected into the right femora of aged male rats. Animals were randomized into
three groups: 12 rats were injected with saline (control group); 14 rats were injected with Walker 256/B
cells (5 × 104) in the medullar cavity (W256 group); 14 rats were inoculated with Walker 256/B cells
and treated with ATA (45 mg/kg BW) (W256 + ATA group). After 20 days, rats were euthanized and the
femurs were radiographed. Micro architectural parameters were measured by microcomputed tomog-
raphy and histology. Serum, bone and bone marrow were evaluated for oxidative damage. In parallel,
cell cultures were done in the presence of ATA and ROS were measured by fluorescence; apoptotic cells
were determined in parallel. W256 groups had osteolytic damages with marked resorption of cortical
-Tocopherol acetate
and trabecular bone. W256 + ATA animals presented marked osteosclerotic areas associated with tumor
necrosis areas inside the bone cavity. Levels of lipid peroxidation and protein oxidation were found to
increase in W256 rats; a significant reduction in SOD and GSH-p activities was also observed. W256 + ATA
group had significantly reduced oxidative damage, but not reversed back to the control levels. The present
study shows that Walker 256/B cells induce skeletal metastases associated with oxidative damage in the
bone microenvironment. ATA reduced the oxidative stress damage, enhanced osteosclerosis and tumor

o and
cell apoptosis both in vitr

. Introduction
Mammary gland carcinoma cells are known to metastasize into
variety of organs including bone. Breast cancer bone metastases

re most often characterized as osteolytic and osteosclerotic from
radiological point of view. Osteolytic lesions are due to a marked

Abbreviations: 2D/3D, two dimensions/three dimensions; ATA, alpha toco-
herol acetate; BV/TV, trabecular bone volume; BW, body weight; DCF,
′ ,7′-dichlorofluorescein; DMEM, Dulbecco’s modified Eagle’s Medium; DNPH, 2,4-
introphenyldrazine; GSH-p, glutathione peroxidase; i.p., intraperitoneal; MDA,
alondialdehyde; MicroCT, X-ray microcomputed tomography; PBS, phosphate

uffered saline; ROS, reactive oxygen species; SOD, superoxide dismutase; Tb.N,
rabecular number; Tb.Pf, trabecular bone pattern factor; Tb.Sp, trabecular separa-
ion; Tb.Th, trabecular thickness; TBA, 2-thiobarbituric acid; TBARS, thiobarbituric
cid reactive substances; TRAcP, tartrate-resistant acid phosphatase; W256, Walker
arcinoma 256.
∗ Corresponding author. Fax: +33 0241 73 58 86.

E-mail address: daniel.chappard@univ-angers.fr (D. Chappard).

009-2797/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.cbi.2009.09.010
in vivo.
© 2009 Elsevier Ireland Ltd. All rights reserved.

increase in osteoclast number while foci of osteosclerosis are due to
stimulation of osteoblasts by local factors released from the bone
matrix [1]. Only 20% of patients with breast cancer are still alive
5 years after the discovery of bone metastasis [2]. The malignant
Walker 256/B carcinoma cell line has been proposed as a model
for breast cancer skeletal metastases [3–5]. Murine breast carci-
noma bears resemblance to human breast cancer because of poor
immunogenicity and high metastatic potential [6].

Oxidative stress has emerged as a major pathophysiological
mechanism in mediating various disease states and a wide variety
of tools are available to monitor this stress [7,8]. At the cellular level,
oxidant injury elicits a wide spectrum of responses ranging from
proliferation to growth or differentiation arrest, to senescence, and
cell death. It has been reported that carcinogenesis stages are influ-

enced by inflammation and oxidative stress [9]. Previous studies
have suggested that oxidative stress may provoke cancer initiation
and development [10–12].

The antioxidative ability of the vitamin E derivates to suppress
tumor growth in preclinical animal models has recently led to

http://www.sciencedirect.com/science/journal/00092797
http://www.elsevier.com/locate/chembioint
mailto:daniel.chappard@univ-angers.fr
dx.doi.org/10.1016/j.cbi.2009.09.010
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ncreased interest in their potential use for treating human can-
er [6] including other bone diseases such as osteoarthritis [13].
lpha tocopherol acetate (ATA) is known to possess protective
ffects against free-radical-induced oxidative tissues damage [14].
he antioxidant role of vitamin E has been implicated in inactiva-
ion of harmful free radicals in several pathological states [14,15]
ncluding bone diseases associated with increased resorption [16].
urther, oral antioxidant therapy (such as vitamin E, vitamin C, and
-carotene) has been shown to improve efficacy of chemotherapy
s adjuvant in bone metastases [17,18].

Possible impairments of the oxidative-antioxidative status
nduced by breast cancer cells in the bone microenvironment have
een poorly explored. The present study was designed to induce
steolytic metastases by intrafemoral inoculation of Walker 256/B
ells. The bone microenvironment, oxidative, and antioxidative sta-
us were appreciated by lipid and protein oxidation and enzymatic
ntioxidant level determination. The potent effects of ATA against
he oxidative stress were assessed in the metastatic bone microen-
ironment.

. Materials and methods

.1. Chemicals

2-Thiobarbituric acid (TBA), �-tocopherol acetate (ATA), and
live oil were purchased from Sigma–Aldrich Chemical (Illkirsh,
rance). 2,4-dintrophenyldrazine (DNPH) was purchased from
luka Co. (Buchs, Switzerland). Dulbecco’s modified Eagle’s
edium (DMEM), penicillin, streptomycin sulphate, and sodium

yruvate were obtained from Eurobio (Les Ulis, France). Nonessen-
ial amino acids and isoflurane were obtained from Cambrex
Walkersville, Md., USA) and AErrane (Baxter S.A., Belgium), respec-
ively; fetal calf serum from Seromed Biochrom (Berlin, Germany).
ther chemicals were of analytical grade.

.2. Cell line and culture conditions

Walker 256/B, a malignant mammary carcinoma cell line capa-
le of inducing bone metastases was used. Cells were kindly
rovided by Prof. R. Rizzoli (Rehabilitation and Geriatrics, Geneva
niversity Hospitals, Switzerland). These cells were grown in
MEM supplemented with 5% fetal calf serum, 100 UI/ml of peni-
illin, 100 �g/ml of streptomycin sulphate, 1% of nonessential
mino acids, and 1 mM of sodium pyruvate. Cells were cultured
t 37 ◦C in a humidified atmosphere using a water-jacketed 5% CO2
ncubator. To obtain cells with bone trophicity, 107 Walker 256/B
ells were serially passaged intraperitoneally at 7-day intervals in
prague–Dawley rats to obtain malignant ascites. After 6 or 7 days,
scitic fluids were collected, and cells in suspension were usable to
nduce bone metastases.

.3. Animals

Forty male Sprague–Dawley rats (Harlan, Gannat, France) were
red under well-controlled conditions (24 ◦C and a 12-h/12-h

ight/dark cycle). Their age was 8–10 weeks on the day of surgery.
Rats were randomly divided into three groups: (i) control group:

2 rats received an intrafemoral injection of saline; (ii) W256
roup: 14 rats received an intrafemoral inoculation of Walker 256/B
ells (5 × 104); and (iii) W256 + ATA group: 14 rats having received
n intrafemoral inoculation of Walker 256/B as above and were

reated 6 days/week with ATA. ATA (dissolved in olive oil) was
dministered by gavage at a final concentration of 45 mg/kg BW
nd the treatment began on the day after surgery. Rats were given
ree access to conventional laboratory diet (UAR, Villemoison sur
rge, France) and water ad libitum all along the study. The Ani-
Interactions 182 (2009) 98–105 99

mal Care and Use committee of the University of Angers (France)
approved all procedures.

2.4. Surgical procedure

All animals were anesthetized with ketamine (100 mg/kg i.p.)
and xylazine (10 mg/kg i.p.). Bilateral superficial incisions were
made in the skin after disinfection with 70% ethanol. Additional
incisions were cut along the patellar ligament to expose the femoral
diaphysis with minimal damage. Walker 256/B cells (104 in 10 �l of
culture medium) were slowly injected into the medullar cavity of
the right femur. To prevent the malignant cells from leaking out, the
injection site was closed with bone wax. Rats of the control group
were anesthetized and received 10 �l of saline without malignant
cells in the medullar cavity. The wound was then closed by using
metal skin clips. Twenty days after surgery, animals were eutha-
nized (this duration has been determined by preliminary studies to
be sufficient to obtain bone metastases) [3]. Femurs were dissected
and the adhering muscles were removed.

In each group, half of the animals were used to measure
the oxidative/antioxidative status by biochemical analyses; the
remaining half was used for radiographic and histological evalu-
ation. In each animal, biochemical analyses were done, (i) on the
femoral bone marrow (bone marrow) obtained after flushing; (ii)
on bone, after mincing and homogenization (100 mg/ml) at 4 ◦C in
0.1 mol/l Tris–HCl buffer pH 7.4 and centrifugation at 3000 rpm for
10 min. The supernatant was collected for biochemical assays; (iii)
on blood, taken from heart puncture and centrifuged for 20 min at
4000 rpm. Separated serums were kept frozen at −80 ◦C.

Radiological and histological analyses were done on femurs
fixed in a formalin–alcohol based fluid at +4 ◦C during 24 h.

2.5. Bone radiographs

Radiographs were performed using a Faxitron X-ray system
(Edimex, Angers, France) with a 5 cm × 5 cm CCD camera which
provides digitized Images 1024 × 1024 pixels large in the TIF for-
mat (Tagged-Image File format). The accelerating voltage was fixed
at 30 kV, 30 mA with a 9-s exposure time; the gain and offset were
maintained at the same levels for the whole series of bones. The
distance between the X-ray tube and the camera was constant and
mechanically provided by the apparatus shelf with a magnification
of 5×.

2.6. X-ray microcomputed tomography

The distal femurs were scanned with a Skyscan 1072 X-
computed microtomograph (Skyscan, Kontich, Belgium) using a
microfocus X-ray tube (80 kV/100 �A). Bone samples were ana-
lyzed at a magnification of 36× (one pixel corresponding to
8.61 �m) with the cone beam procedure using a 1-mm aluminum
filter. For each sample, a stack of 350 section images was 3D
reconstructed covering 2.9 mm. The 3D models were reconstructed
from the stack with a surface-rendering program (Ant, release 2.2,
Skyscan) after interactive segmentation. The volume of interest was
designed by drawing polygons on the 2D gray sections.

Trabecular bone volume (BV/TV, in %), trabecular number (Tb.N,
in mm−1), trabecular separation (Tb.Sp, in �m), trabecular thick-
ness (Tb.Th, in �m), and trabecular bone pattern factor (Tb.Pf) were
calculated from 3D models of the metaphyseal region. An interest-
ing tool of the ANT software allows re-slicing of the 3D models

across a plane positioned in a specified direction (vertical and par-
allel to the long axis of the bone). Tb.Pf is mainly based on the
use of mathematical morphology in image analyzer systems [19].
The rational of the method is supported by the observation that,
the Tb.Pf performed provides low values in a well-connected net-



1 ogical

w
p

2

g
l
t
t
S

2

2

t
m
0
t
A
1
a
T
p

r
a
2
t

2

m
w
a
E
r
c
w
b
H
c
e
r
w
b
3

2

i
p
u
d
o

2

G
m
a

2

F

00 R. Badraoui et al. / Chemico-Biol

ork and high values when marked disconnection of trabeculae is
resent [20].

.7. Histopathology

Histological analysis was performed on bone sample of three
roups. They were embedded undecalcified in methylmethacry-
ate. Sections were cut dry (7 �m thick) parallel to the axis of
he bone core on a heavy-duty dry microtome equipped with 50◦

ungsten carbide knifes (Leica Polycut S, Rueil-Malmaison, France).
ections were stained with a modified Goldner’s trichrome [21].

.8. Biochemical study of the oxidative stress

.8.1. Thiobarbituric acid reactive substances (TBARS) level
Lipid peroxidation in bone and bone marrow was assessed by

he method of Devasagayam and Tarachand [22]. The incubation
edium consisted of 1 ml of 0.15 mol/l Tris–HCl buffer (pH 7.4),

.3 ml of 10 mmol/l KH2PO4 and 0.2 ml of tissue extraction in a
otal of 2 ml. Tubes were incubated at 37 ◦C with constant shaking.
fter 20 min the reaction was stopped by the addition of 1 ml of
0% trichloroacetic acid. The tubes were then shaken, 1.5 ml of TBA
dded and tubes were heated for 20 min in a boiling water-bath.
BA reacts with malondialdehyde (MDA) and MDA-like substances
roducing a pink pigment with an absorption maximum at 532 nm.

Serum TBARS levels were determined with a spectrophotomet-
ic method [23]. 100 �L of serum was mixed with 1 mL 0.67% TBA
nd 500 �L of 20% TCA. The mixture was incubated at 100 ◦C for
0 min. After cooling, it was centrifuged at 12,000 × g for 5 min and
he absorbance was measured.

.8.2. Protein oxidation
Proteins carbonyls in the bone and bone marrow were deter-

ined using a spectrometric DNPH assay according to Fagan et al.,
ith minor modifications [24]. Tissues were homogenized using
cell lysis buffer containing PBS (pH 7.2), 1% Triton X-100, 1 mM
DTA and 1× protease inhibitor cocktail; insoluble cell debris were
emoved by centrifugation. Aliquots of protein samples were pre-
ipitated with 10 volumes of HCl-acetone (3:100) and then washed
ith 5 ml of 10% of TCA solution. Pellets were resuspended in 500 �l

uffer solution and then reacted with 500 �l of 10 mM DNPH (in 2 M
Cl) by vortexing for 15 min. To remove the unreacted DNPH, the
entrifuged pellets were washed with 5 ml of 20% TCA and 5 ml of
thanol:ethylacetate mixture (v/v; 1:1). The final precipitate was
esolved in 1 ml of 6 M guanidine HCl, and absorbance at 380 nm
as determined for the sample treated with DNPH and HCl. The car-

onyl content was calculated from the absorbance measurement at
80 nm and absorption coefficient ε = 22,000 M−1 cm−1.

.8.3. Catalase antioxidant assay
Catalase activity was determined by the kinetic assay follow-

ng the method of Beers and Sizer in which the disappearance of
eroxide is monitored spectrophotometrically at 240 nm [25]. One
nit of catalase is equivalent to the amount of protein necessary to
ecompose 1 �mol of H2O2 per minute. The extinction coefficient
f H2O2 used was 43.6 M−1 cm−1.

.8.4. Glutathione peroxidase (GSH-p) antioxidant assay
Tissues samples were homogenized with ice-cold 150 mM KCl.

lutathione peroxidase was determined by a spectrophotometric
ethod based on the use of Ellman’s reagent [26]. This method
ssay records the disappearance of NADPH at 340 nm.

.8.5. Superoxide dismutase (SOD) antioxidant assay
SOD activity was determined by the method of McCord and

ridovich [27]. This method assay depends on the SOD activity to
Interactions 182 (2009) 98–105

inhibit cytochrome C reduction mediated by the O2
•− generated.

SOD activity was monitored spectrophotometrically at 505 nm.

2.9. Cell culture

For biochemical experiments, cells were cultured as above
described. Cell viability was assessed by trypan blue dye prior to
all treatments. Cells were seeded in 24-well cell culture plates at a
concentration of 5 × 104 cells/ml/well. Each well contained a ster-
ilized microscope coverglass where cells were allowed to adhere
for about 24 h before the medium exchange and treatment with
�-tocopherol acetate.

2.9.1. Treatment procedure with ATA
20 �l aliquots of ATA dissolved in absolute ethanol were added

to the wells to give final concentrations of 2.5 or 5 �g/ml. The con-
trol wells received 20 �l of ethanol solution. Application of these
doses was largely based on early study in prostate cancer cells [28].
Walker 256/B cells were incubated with ATA at 37 ◦C at different
concentrations or for different incubation periods: 24, 48, or 72 h.
These samples were processed for analysis of ROS generation, by
measurement of DCF fluorescence intensity, and Hoechst staining
assay to assess apoptosis on the basis of DNA fragmentation.

2.9.2. ROS measurements by DCF assay
The fluorescent method detection of ROS, specifically hydrogen

peroxide (H2O2) was carried out using fluorescent probe 2′,7′-
dichloro-dihydrofluorescein diacetate. The hydrolyzed product is a
nonfluorescent analog, 2′,7′-dichlorofluorescene which is trapped
in the cell. In the presence of certain oxygen free-radical interme-
diates, such as H2O2 or low-molecular weight peroxyl radicals, it
is oxidized to the highly fluorescent 2′,7′-dichlorofluorescein (DCF)
[29,30].

Briefly, cells were harvested, washed twice with PBS and
resuspended in serum free medium. Loaded with 100 �M of
2′,7′-dichloro-dihydrofluorescein diacetate; cells were incubated
at room temperature in the dark for 30 min. The intensity of DCF
was measured using a TECAN spectrofluorometer (�exc = 485 nm,
�em = 535 nm). Each experiment was performed in triplicate. As a
positive control, cells were separately treated with H2O2 and pro-
cessed for ROS detection.

2.9.3. Apoptosis measurement by Hoechst 33342 staining assay
Apoptosis was assessed by Hoechst 33342 staining (Apoptosis-

Hoechst staining kit; Beyotime Biotechnology, China) on the basis
of DNA fragmentation. Briefly, cells were immersed in 0.5 ml of
methanol for 15 min, followed by two rinses with PBS. Then cells
were stained with Hoechst 33342 (1 �g/ml of distilled water)
in a dark chamber for 10 min and rinsed twice in PBS again.
Cells were analyzed by fluorescence microscopy using excitation
348 nm/emission 480 nm wavelengths; the apoptotic cells and
fragmented pycnotic nuclei emitting intense fluorescence. Four
hundred well-spread cells were randomly analyzed for apoptosis
from each sample. Apoptotic cells, with nuclear DNA fragmenta-
tion, were recorded and expressed as percentage.

2.10. Statistical analysis

Statistical analysis was performed using the Prism software

package (GraphPad, San Diego, CA). Data are expressed as the mean
and the standard error of the mean (SEM). An analysis of vari-
ance was used to compare the differences between the groups.
Newman–Keuls post hoc test was performed. Statistical signifi-
cance was defined as p < 0.05.
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Table 1
Histomorphometric parameters obtained by microCT.

Sham W256 W256 + ATA

BV/TV (%) 11.26 ± 1.6 2.33 ± 0.47a,c 8.67 ± 1.45b

Tb.Pf 3.6 ± 1.6 14.2 ± 1.0a,c 6.2 ± 1.4b

Tb.Th (�m) 136 ± 8 119 ± 4a 150 ± 7b

Tb.N (/mm) 0.80 ± 0.08 0.19 ± 0.03a,c 0.56 ± 0.08a,b

Tb.Sp (�m) 1272 ± 55 1725 ± 70a,c 1440 ± 95a,b
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4. Discussion

Bone is the main site of metastases for breast and prostate can-
cers; it provides an especially fertile “soil” to this kind of cells
according to the “seed and soil” theory [31]. Local inoculation of

Table 2
Specific activities of superoxide dismutase (SOD), catalase, and glutathione peroxi-
dase (GSH-p) in SD rats following inoculation of 104 Walker 256 cells with or without
ATA treatment.

Controls, n = 6 W256, n = 7 W256 + ATA, n = 7

SOD (U/mg)
Serum 26.4 ± 1.2 33.3 ± 1.8a 29.7 ± 1.4
Bone 17.9 ± 1.7 10.2 ± 0.9a 14.1 ± 2.1
Bone marrow 10.3 ± 0.9 5.9 ± 0.7a 8.1 ± 0.0

Catalase (U/g)
Serum 2.3 ± 0.2 1.5 ± 0.2 1.7 ± 0.3
Bone 7.9 ± 1.4 8.9 ± 1.6 8.9 ± 1.5
Bone marrow 4.1 ± 0.3 4.1 ± 0.4 4.2 ± 0.5

GSH-p (U/mg)
Serum 27.3 ± 1.1 33.3 ± 1.8 30.8 ± 2.1
a Statistical significance of the difference: p < 0.05 versus sham group.
b Statistical significance of the difference: p < 0.05 versus W256 group.
c Statistical significance of the difference: p < 0.05 versus W256 + ATA group.

. Results

All animals injected with Walker 256/B cells were found
everely ill. Clinical impression of the animals’ health and well-
eing was obtained daily in the 3 groups when checking the animals
or clinical signs (rough hair coat, hunched back, and apathy). Pal-
ation of the injected leg was done twice per week to check for
he presence of thigh enlargement. On X-ray examinations, rats of
he W256 group developed an osteolytic metastasis at the injected
ite. Cortical lytic bone lesions were evidenced on X-ray with an
xtension to the soft tissues. This represents a sign of gravity since
ortical perforations may lead to pathological fractures.

Woven bone was often observable in the subperiosteal area with
n extension into the vicinal muscles. Areas of bone resorption were
videnced in the whole bone metaphysis and predominated under
he growth plate.

Similarly, rats of the W256-ATA group developed osteolytic
reas but the extent of resorption foci was more limited. In sev-
ral animals, mixed lesions were observable with foci of sclerosis
ppearing as low calcified spots on the X-rays.

Histomorphometric analysis by microCT evidenced a massive
one loss in the W256 group with a reduced bone volume associ-
ted with a marked reduction in the number of trabeculae (Table 1).
he metastasis considerably affected trabecular microarchitecture
ith an increase in Tb.Sp, a thinning of trabeculae due to resorp-

ion and a loss of connectivity (Fig. 1A). When 3D models were
e-sliced, 2D sections performed along the femoral axis evidenced
marked disorganization of the primary and secondary spongiosa,

he frequent erosion of the growth plate and disorganization of the
rabecular network of the epiphysis. Cortical perforations were also
ound, particularly at the perichondral groove of Ranvier (a thin col-
ar of bone that limits the lateral side of the growth plate). Some

etaplastic bone was often observed in the periosteal envelope.
In the W256 + ATA group, the bone volume was not significantly

educed when compared to the control group but was significantly
igher than in W256 animals. Microarchitecture was significantly
ifferent from both control and W256 rats: trabecular number was
ecreased and Tb.Sp increased. Taken together, this would tend
o imply that ATA had a partial protective effect on bone mass
nd microarchitecture. However, the trabeculae were difficult to
hreshold on the 2D sections in this group and packets of poorly cal-
ified bone seemed slightly detached from the background noise.

hen re-slicing was done, sections parallel to the long axis of the
emur evidenced numerous foci of metaplastic bone with a very
ow calcium charge. These foci cannot be properly segmented from
mages either for histomorphometry or 3D reconstruction.

On histological sections, tumor cells had invaded the whole
emoral shaft of the W256 rats and almost completely resorbed
he growth plate. Tumor cells were also evidenced in the epiph-

sis (Fig. 1B). In these areas, an increase in the amount of TRAcP
steoclasts was observed. Metaplastic bone was observed in the
eriosteal envelope. In the W256-ATA group, treatment prevented,
ven in part, the resorption and disorganization of the growth car-
ilage (Fig. 1B and C). The amount of metaplastic bone differed
Interactions 182 (2009) 98–105 101

considerably from rat to rat. Some rats had a dramatic increase in
the amount of woven bone, in the center of the secondary spon-
giosa; others had limited foci in the vicinity of the tumor cells.
In most cases, the woven bone appeared in the form of very thin
trabeculae, some of them only composed of osteoid tissue. The
tumor mass was reduced in almost all animals in the center of
the bone with foci of tumor cell necrosis; on the contrary, tumor
cells appeared more developed outside the femoral shaft with an
extension in the muscle and soft tissues.

Biochemical analysis found that TBARS levels and carbonyl con-
tents were significantly increased in bone marrow, serum and bone
(Fig. 2A and B, respectively) of rats with skeletal metastases of
the W256 and W256-ATA groups. Levels of antioxidant in bone,
bone marrow, and serum are depicted in Table 2. The W256 group
showed significantly depletion of SOD activity in bone and bone
marrow. GSH-p levels were also significantly decreased in bone
and bone marrow of rats of the W256 group. In spite of the signif-
icantly increased peroxidated compounds observed in the serum
(TBARS and carbonyl content), there was no significant change in
the activity of GSH-p between the W256 group and the control
group. Catalase levels did not show statistical differences between
the three groups.

Treatment with ATA modulated lipids and protein oxidation
significantly only in the bone marrow since TBARS and carbonyl
content levels were significantly decreased (respectively p < 0.05
and 0.01 versus the W256 group) (Fig. 2A). Carbonyl content levels
were reversed back to the control levels in bone and serum (Fig. 2B).
Table 2 shows that ATA seemed to normalize the levels of SOD and
GSH-p.

ROS in cell cultures were evaluated using the fluorescent
technique and 2′,7′-dichloro-dihydrofluorescein diacetate as flu-
orescent probe. A considerable decrease of ROS releasing was
evidenced on Walker 256/B cells treated with ATA (at doses of
2.5 or 5 �g/ml) compared to control, regardless of the duration
of treatment (Fig. 3A). Cell apoptosis was assessed on the basis of
DNA fragmentation. No statistical difference was noted after 24 h of
treatment. ATA induced a dose dependant increase in the number
of apoptotic cells after 48 h and the effect was more pronounced at
72 h (Fig. 3B).
Bone 17.9 ± 1.1 10.8 ± 0.9a,c 15.2 ± 0.7b

Bone marrow 27.5 ± 1.3 21.9 ± 0.7a 24.9 ± 1.7

a Statistical significance of the difference: p < 0.05 versus Sham group.
b Statistical significance of the difference: p < 0.05 versus W256 group.
c Statistical significance of the difference: p < 0.05 versus W256 + ATA group.
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Fig. 1. (A) 2D MicroCT imaging of the right femurs 20 days after surgery in the control, W256 and W256 + ATA groups. 3D models were re-sliced across a plane positioned
vertical and parallel to the long axis of the femur. Note the large and irregular band of bone loss below the growth plate in W256 animals. Cortical perforations (cp) are
e orres
a llustra
a n: 12.
g ion: 1
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videnced in the W256 group near the groove of Ranvier. (B) Histological analysis of c
t the surface of trabeculae and endosteum in the W256 + ATA group. Arrowheads i
cortical perforation is evidenced (cp). Goldner’s trichrome, original magnificatio

roup. Arrows illustrate the osteoid tissue. Goldner’s trichrome, original magnificat

alker 256/B cells is a very reproducible method to induce skele-
al metastases [3,5]. W256 cells can be maintained and propagated
n vitro or in vivo by repetitive subcutaneous [32], intramuscular
33] or ascitic passages [34]. After injection, cultured W256 cells are

nly susceptible to develop subcutaneously, intramuscularly or in
scite but cannot induce bone metastases. Two passages in vivo are
equired before cells can induce bone metastases in the recipient
nimals [3]. Cytokine content is known to be considerably modified
n ascitic fluids in presence of cancer cells [35]. In this study, Walker
ponding bones. Arrows evidenced multiple foci of newly apposed bone (metaplasia)
te the resorption of cartilage in the growth plate of W256 and W256 + ATA groups;
5×. (C) Histological analysis of an area of newly apposed bone in the W256 + ATA
00×.

256/B cells caused osteolytic metastases associated with marked
alterations of bone microarchitecture as previously described [4].

To our knowledge, there is no report about to what extent
metastatic cancer cells disturb the oxidative/antioxidative system

in the bone microenvironment. In the recent years, there has been
a growing interest in studying the role played by oxidative stress in
cancer initiation and progression [11,12,36]. Cancer initiation and
progression are reported to lower antioxidant defences in bone
cells and cause bone loss [37,38]. Increased oxidative stress and
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Fig. 2. (A) Lipid peroxidation level in bone marrow, bone, and serum in the control
(n = 6), W256 (n = 7), and W256 + ATA (n = 7) groups. Lipid peroxidation was deter-
mined using TBARS assay. Statistical significance of the differences: control versus
W
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Fig. 3. (A) Time course and dose–response effects of ATA on fluorescence signal
256 *p < 0.05, **p < 0.01, ***p < 0.001. (B) Carbonyl contents in bone marrow, bone,
nd serum in the control (n = 6), W256 (n = 7), and W256 + ATA (n = 7) groups. Protein
xidation was determined using a spectrometric DNPH assay. Statistical significance
f the differences: control versus W256 *p < 0.05, **p < 0.01, ***p < 0.001.

ipid peroxidation have been reported in benign and malignant
reast tissues [12]. Lipid peroxidation is believed to be an impor-
ant cause of destruction and damage to cell membranes and to alter
hysiological and biochemical characteristics of biological systems
y the development of oxygen radicals-mediated time damage
39–42]. The action of cytotoxic end-products of lipid and protein
xidation may potentate tissues injury [43].

It is known that high levels of oxidant production perturb the
ormal redox balance and shift cells into a state of oxidative stress
y depletion of antioxidant systems [44]. Depletions in SOD and
SH-p confirm that these enzymes are used as antioxidants against

ree-radical production. In human, the total antioxidant capacity is
ecreased in cancerous patients [45].

It is likely that there is a strong relationship between oxida-
ive stress and bone loss. Garrett et al. reported that oxidative
tress is involved in osteoclastogenesis and bone resorption [46,47].
n oxidative stress has been shown to inhibit osteoblastic dif-

erentiation via ERK (extracellular signal-regulated kinases) and
RK-dependant NF-�B signaling pathway [48,49]. Activation of
uclear factor-�B (NF-�B) plays an important role in osteoclas-
ogenesis [47,50]. A negative correlation has been found between
xidative stress and bone mineral density in aged men and women

51]. In normal healthy conditions, active osteoclasts generate large
uantities of ROS during bone physiological resorption [52].

In our study, rats with bone metastases exhibited an increased
xidative stress and lipid peroxidation. The important lipoperox-
dation outlined in the bone marrow could be due to the tumor
intensity of 2′ ,7′-dichlorofluorescein (DCF) formed by Walker 256/B cells in culture.
Statistical significance of differences: *p < 0.05. (B) Time course and dose–response
effects of ATA on Walker 256/B cell apoptosis in culture. Statistical significance of
differences: *p < 0.05. **p < 0.01.

cells. Levels of peroxidated lipids and protein in bone, bone mar-
row and serum were considerably increased in the W256 group;
this could be an additional cause that increased osteoclastogenesis
in the bone marrow microenvironment [53]. This could be due to
the higher cell and lipid content in the bone marrow than in bone
itself. Lipid peroxidation and protein oxidation were accompanied
by a significant reduction in the enzymatic antioxidant levels (SOD
and GSH-p) in bone and bone marrow. Walker 256/B cells unbal-
anced of the oxidative/antioxidative status, via exaggeration of ROS
production. When we examined the status of DCF in Walker 256/B
cells in culture following ATA treatment, we observed a consider-
able decrease in the intensity of fluorescence. This concurs with
previous study in rats by Yun et al. [15] both in vivo and in vitro
administration of vitamin E (dl-�-tocopherol) showed protective
effect against damage caused by PCB via ROS expression. A previous
study by Yu et al. [54] indicated that in vitro exposure to different
forms of vitamin E during 3 days induced MCF-7 and MDA-MB-
435 human breast cancer cells to undergo apoptosis. In the present
study, ATA at the doses of 2.5 and 5 �l/ml induced a significant
increase in the number of apoptotic cells that parallels the decrease
of ROS measured biochemically [55].

Antioxidants are molecules that prevent or reduce the extent of
oxidative destruction of biomolecules [7]. It has been shown that
dietary antioxidant vitamin intake has beneficial effects on bone

marrow in postmenopausal women [56]. A marked decrease in
plasma antioxidants was found in patients with severe bone loss
[57]. In a recent study, supplementation with vitamin E prevented
or reduced the irradiation-induced oxidative stress in skeletal mus-
cles and bones [58]. Vitamin E is a soluble antioxidant that is
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ncorporated into cell membranes to prevent lipid peroxidation
59]. It has multiple potential anti-carcinogenic effects including its
ntioxidant properties with free-radical scavenging and lipid per-
xidation prevention [60,61]. Vitamin E also prevents activation of
onocytes or other cytokine-secreting cells present at a relative

igh level in bone marrow [62].
In our study, ATA reduced the oxidative injury in the bone

icroenvironment, as assessed by several oxidative stress dosages.
wing to its antioxidant activity, ATA restored some antioxi-
ant levels significantly, especially bone GSH-p, an antioxidant
nzyme predominantly expressed by osteoclasts [38]. However,
ince TBARS and CC levels remained at higher levels in W256 + ATA
ats it is likely that the dose used in this study did not had a full
rotective effect. The effect of vitamin E appeared to modify the
umor mass in the bone with areas of tumor necrosis and foci of
steosclerotic woven bone forming irregular networks anchored
n pre-existing trabeculae or the endosteum.

In conclusion, mammary gland carcinoma cells have adverse
ffects on bone microenvironment. Walker 256/B cells induced
one loss, increased the oxidative stress and impaired the bone
icroenvironment antioxidant system. The effects are complex,

nd appear to demonstrate regional differences. ATA proved to be
artially beneficial in reducing the oxidative stress damage and the
one loss. Vitamin E induced osteosclerosis in this rat model by
nhancing metaplastic bone apposition. Further studies will eval-
ate the combined effect ATA and other bone sparing agents such
s bisphosphonates.
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