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Breast cancer frequently metastasizes to the skeleton resulting in
bone degradation due to osteoclast activation. Metastases also
downregulate differentiation and the bone-rebuilding function
of osteoblasts. Moreover, cancer cells trigger osteoblast inflamma-
tory stress responses. Pro-inflammatory mediators such as inter-
leukin (IL)-6, monocyte chemoattractant protein-1 (MCP-1),
cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase
(iNOS), expressed by osteoblasts (MC3T3-E1) stimulated with
human breast cancer cell (MDA-MB-231) conditioned medium,
are pivotal to osteoclast activation and metastasis. Given that
these genes are regulated by nuclear factor-kB (NF-kB), a redox-
sensitive transcription factor, we hypothesized that selenium (Se)
could abrogate the inflammatory response to metastatic breast
cancer cells by modulating NF-kB. Caffeic acid phenethyl ester
and parthenolide inhibited NF-kB activation, as seen by gel shift
assays and immunoblotting for p65 in nuclear fractions, as well
as decreased production of IL-6 andMCP-1. Supplementation of
MC3T3-E1 with methylseleninic acid (MSA) (0.5 mM to 4 mM)
reduced the activation of NF-kB leading to a decrease in IL-6,
MCP-1, COX-2 and iNOS in response to MDA-MB-231 condi-
tioned medium. Addition of MSA to osteoblasts for as little as 15
min suppressed activation of NF-kB suggesting that short-lived
active metabolites might be involved. However, brief exposure to
MSA also brought about an increase in selenoprotein glutathi-
one peroxidase 1. In summary, our data indicate that the
osteoblast response to metastatic breast cancer cells is regulated
by NF-kB activation, which can be effectively suppressed by
MSA either through short-lived active metabolites and/or sele-
noproteins. Thus, Se supplementation may prevent the osteo-
blast inflammatory response or dampen the vicious cycle
established when breast cancer cells, osteoblasts and osteoclasts
interact.

Introduction

The skeleton is a preferred site for breast cancer metastasis. In spite of
many rounds of chemotherapy and an often long latency period, me-
tastases in this sanctuary grow and bring about osteolytic lesions.
Bone loss is not a direct function of the cancer cells but is largely
due to activated osteoclasts. According to the ‘vicious cycle’ para-
digm, cancer cells activate osteoblasts, which in turn attract, differ-

entiate and activate osteoclasts to resorb bone. Upon degradation, the
matrix releases many stored growth factors including transforming
growth factor (TGF)-b that maintain the cancer cells (1).

There is no cure for bone metastasis, but bisphosphonates such as
AlendronateTM are used to inhibit osteoclasts. While this therapy
slows lesion progression, the bone does not heal (2). One possible
reason is that the cancer cells impair the function of osteoblasts, the
bone forming cells (3,4). We tested this possibility using an in vitro
system in which human metastatic breast cancer cells or their media
were cocultured with osteoblast lines. We found that cancer cells or
their conditioned media [breast cancer cell-conditioned medium
(BCCM)] increased the prevalence of osteoblast apoptosis (5), pre-
vented differentiation and mineralization, and caused a change in
osteoblast morphology (6). With an in vivo study, we confirmed that
osteoblasts no longer differentiated and were lost over time following
arrival of the cancer cells into the femur (7).

Both direct and indirect contact (i.e. conditioned medium) of breast
cancer cells with osteoblasts, result in the downregulation of the ex-
pression of osteoblast differentiation proteins such as osteocalcin,
osteonectin, alkaline phosphatase and bone sialoprotein (6). TGF-b
produced by the cancer cells was responsible for the suppression
of differentiation (6). However, we also found that osteoblasts in
the presence of BCCM greatly increased expression of several pro-
inflammatory molecules such as, interleukin (IL)-6, IL-8 and mono-
cyte chemoattractant protein-1 (MCP-1). TGF-b and possibly also
parathyroid hormone-related protein in the conditioned medium were
largely responsible for production of these molecules (8). The inflam-
matory cytokines, normally produced in low levels by osteoblasts,
play a role in the activation of osteoclasts (9), and have been impli-
cated in metastasis (10). Together, these molecules provide a potent
stimulus for bone osteolysis. Their production by osteoblasts also
suggests that it is not necessary to invoke cancer cells or immune
cells such as macrophages or lymphocytes as the sources of inflam-
matory molecules, although they undoubtedly play a role in vivo.
Interestingly, IL-6, IL-8 and MCP-1 also are expressed as part of
the immediate/early inflammatory stress response of osteoblasts to
prosthesis debris in bone implants in humans (11). This chronic in-
flammatory process also leads to bone resorption.

It has long been suspected from both experimental and epidemio-
logical studies that inflammation is strongly linked to cancer (10,12).
A key regulatory molecule in the inflammatory process is the redox-
sensitive transcription factor nuclear factor-jB (NF-jB), which, upon
activation, initiates the expression of a cascade of cytokines, including
IL-6, IL-8 and MCP-1. The NF-jB recognition motifs are found in the
5# regulatory regions of these cytokines. NF-jB represents a ubiqui-
tously expressed family of transcription factors that participate in the
regulation of diverse biological processes, including immune, inflam-
matory and apoptotic responses (13). For the purposes of this study,
we concentrated on NF-jB regulation of the inflammatory cytokines
IL-6 and MCP-1 (13). Inhibition of NF-jB activation could poten-
tially interfere with the production of pro-inflammatory mediators as
well as the osteoblast stress response and the activation of osteoclasts.

Recently, we have shown that cellular selenium (Se) status, via the
incorporation of Se into proteins (selenoproteins), can modulate the
activation of the NF-jB pathway in macrophages (14). Glutathione
peroxidases (GPxs) and thioredoxin reductases (TRs) and other sele-
noproteins play a pivotal role in the maintenance of cellular redox
balance (14,15). GPx1–4 exhibit high peroxidase activity toward cer-
tain reactive oxygen species, including H2O2 and fatty acid hydro-
peroxides (16,17). Thus, Se is an essential micronutrient required for
normal physiological function. Early epidemiological studies have
suggested that there is a unique relationship between Se levels and
cancer (18). More recent studies have suggested that Se is protective
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and that administration of supranutritional levels is chemopreventive.
The literature indicates that Se acts at the steps of both tumor initia-
tion and progression. A reduction in the levels of GPx is inversely
related to cancer progression and disease stage (19). Moreover, re-
duced GPx activity and Se levels have been found in the blood of
cancer patients with metastases (20). Nonetheless, the mechanisms
are not clear. It is known that Se is required for the synthesis of anti-
oxidant selenoenzymes important for maintaining oxidative balance.
Because oxidative stress can lead to mutations and cancer, these
anti-oxidative enzymes may be critical in blocking tumor formation.
Roebuck et al. (21) related oxidative stress to increased NF-jB
activity in the osteoblast inflammatory response to titanium par-
ticles. However, the regulation of the osteoblast inflammatory re-
sponse during metastasis via Se-dependent control of NF-jB has not
been investigated.

The objective of this study was to determine if modification of the
Se status of osteoblasts affected their inflammatory response to
BCCM. We examined the relationships among NF-jB activation,
Se status and pro-inflammatory protein production by osteoblasts
exposed to BCCM from a human metastatic breast cancer cell line,
MDA-MB-231. We found that IL-6, MCP-1 and additionally cyclo-
oxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS)
were diminished in the presence of methylseleninic acid (MSA).
MSA supplementation also effectively inhibited NF-jB activation.

Materials and methods

Cells

MC3T3-E1, an osteoblast line derived from murine calvaria that differentiates
in culture (22), was a gift from Dr Norman Karin, Pacific Northwest National
Laboratory. The cells were maintained in growth medium, a-modified Eagle’s
medium plus 10% fetal bovine serum (FBS, Cansera, Roxdale, Ontario), 100
U/ml penicillin and 100 lg/ml streptomycin. They were passaged every 3–4
days with 0.002% pronase and not used beyond passage 20. For experiments,
the cells were transferred to differentiation medium, i.e. growth medium plus
50 lg/ml ascorbic acid and 10 mM b-glycerophosphate. The cells were usually
used after �2 weeks in differentiation medium as indicated for individual
experiments.

MDA-MB-231, a human metastatic breast cancer line originally derived
from a pleural effusion (23), forms bone metastasis in immunodeficient mice
following injection into the left ventricle of the heart. These cells were a gift
from Dr Danny Welch, University of Alabama at Birmingham. They were
maintained in Dulbecco’s modified Eagle’s medium containing 5% FBS and
non-essential amino acids.

MDA-MB-231 BCCM preparation

The medium of MDA-MB-231 cells cultured to �90% confluency was re-
placed with serum-free a-modified Eagle’s medium for 24 h to allow accumu-
lation of secreted molecules. The supernatant (BCCM) was collected,
centrifuged at 300g for 10 min to remove cell debris, aliquoted and stored
at �20�C. For comparison, we tested the same medium, vehicle control
medium (VM) that was not exposed to breast cancer cells.

Se levels

Osteoblast Se levels were manipulated by the Se content of the serum and by
addition of Se. The Se concentration of the lot of FBS used for most experi-
ments was determined to be 0.363 lM by atomic absorption spectrometry. To
obtain Se-deficient cells, MC3T3-E1 and MDA-MB-231 were plated in 5%
FBS with a final Se concentration of 0.0182 lM. Under these conditions,
normal growth and osteoblast differentiation as determined by the production
of alkaline phosphatase and positive staining for von Kossa (data not shown)
were seen. Cells were cultured for at least four passages in the Se-deficient
medium, and Se status was measured by total GPx activity and GPx1 expres-
sion. In some experiments, osteoblast cultures were supplemented with 0.5 lM
to 4 lM of MSA (Sigma, St Louis, MO) for 7 days as indicated. In other
experiments, MSA was added directly to osteoblasts at the same or near the
same time as addition of BCCM. MSA was preferred over sodium selenite
given the possible toxicity associated with the latter (24,25).

Reagents and cell treatments

NF-jB inhibitors, caffeic acid phenethyl ester (CAPE) (26) and parthenolide
(27) (Calbiochem, San Diego, CA) and were dissolved in dimethyl sulfoxide
(DMSO). Osteoblasts were incubated with inhibitors for 1 or 2 h before the
addition of BCCM. DMSO (0.2% vol/vol) was added to control cultures at the

same time as the other compounds. Osteoblasts were washed with phosphate-
buffered saline and treated with 50% BCCM or VM for the indicated times.

iNOS expression detection by reverse transcription–polymerase chain reaction

After incubation with BCCM or VM for 4 h, cells were washed one time
with phosphate-buffered saline; RNA was extracted using the RNeasy kit
(QIAGEN, Valencia, CA), treated with RNase-free DNase to eliminate geno-
mic DNA contamination and quantified on the basis of A260. Equal amounts of
RNA (1 lg) from each sample were reverse transcribed using Ambion Retro-
scriptTM with iNOS-specific primer along with those for b-actin as described
previously (15).

Total cell lysate preparation and western blot analysis

After treatment, cells were lysed with a buffer containing 0.5 M Tris–HCl, pH
6.8, 19% (vol/vol) glycerol and 10% (wt/vol) sodium dodecyl sulfate. Protease
and phosphatase inhibitors, 2 ng/ml aprotinin, 1 lg/ml pepstatin, 7.5 mM NaF,
1 mM NaVO3 and 1 mM phenylmethylsulfonyl fluoride, were included. Total
proteins (40 lg) from each sample were used for western blotting as described
(28). Samples of cells treated for 4 h were used for COX-2 expression. COX-2
antibody was purchased from Cayman Chemical (Ann Arbor, MI) and b-actin
and GAPDH antibodies were from Cell Signaling (Dover, MA) and Fitzgerald
Industries (Concord, MA), respectively.

Nuclear extract preparation and electrophoretic mobility shift assay

After 1 h of treatment, cells were washed and processed using the NE-PER�
Nuclear and Cytoplasmic Extraction kit (Pierce Biotechnology, Rockford, IL)
as described (28). Nuclear extracts (50 lg) were used in the western blot assay
and electrophoretic mobility shift assay (EMSA). Antibody to p65 was pur-
chased from Santa Cruz Biologicals (Santa Cruz, CA). b-Actin was used as
a loading control. Blots were also probed with GAPDH to confirm that the
nuclear extracts were essentially free of cytoplasmic contamination. For EM-
SA, the sense strand of the NF-jB oligonucleotide, 5#-GATCCAGTTGAGGG-
GACTTTCCCAGGC-3# (QIAGEN), was annealed with its complementary
strand. [c-32P]-adenosine triphosphate (3000 Ci/mol at 10 mCi/ml) end labeling,
clean up of the labeled oligonucleotide, incubation with nuclear extracts (10 lg)
followed by autoradiography were performed as described earlier from our lab-
oratory (29). The NF-jB bands were confirmed by competition using a .100-
fold excess of unlabeled oligonucleotide and supershift assays with anti-p50
(Santa Cruz).

Cytokine detection

After 4 h incubations with the cells, the culture media were collected to
measure the expression of murine IL-6 and MCP-1 by sandwich enzyme-
linked immunosorbent assays as described previously by our laboratory (8)
with antibodies purchased from R & D Systems (Minneapolis, MN). Plates
were coated with capture antibodies to IL-6 (2 lg/ml) or to MCP-1 (0.4 lg/ml).
Detection antibodies were used at 80 ng/ml for IL-6 and 100 ng/ml for MCP-1.
All enzyme-linked immunosorbent assays were performed twice, each time
with duplicate samples.

Detection of GPx1 and TR1

Se-deficient osteoblasts were either cultured in 4 lM MSA for at least 2
passages or exposed to MSA for up to 60 min as indicated. The cells were
lysed with Mammalian Protein Extraction Reagent (Pierce) containing pro-
tease inhibitor cocktail and 1 mM phenylmethylsulfonyl fluoride, centrifuged
(14 000g) for 10 min and total protein was determined (BCA Reagent, Pierce).
The samples were assayed immediately for total GPx activity, using H2O2 as
a substrate (30). The GPx activity was expressed as nanomoles of NADPH
oxidized per minute per milligram of protein. Western blots were carried out
for GPx1 and TR1.

Results

NF-jB was activated during stimulation with BCCM and was critical
for cytokine induction

To confirm that NF-jB was activated, we tested for p65 nuclear trans-
location following osteoblast stimulation by BCCM. Pilot experi-
ments indicated that 1 h following stimulation was optimal for
NF-jB activation (data not shown). The presence of nuclear, activated
NF-jB was evaluated both by western blotting for p65 and by NF-jB
EMSA (Figure 1A–C). We observed an increase in p65 translocation
and an increase in DNA-bound NF-jB at 1 h posttreatment indicating
that NF-jB was activated by BCCM. In order to demonstrate the
importance of NF-jB, we treated MC3T3-E1 cells with NF-jB
inhibitors, CAPE and parthenolide in separate experiments, to
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determine if blocking NF-jB would result in the reduction of the
BCCM-cytokine response (Figure 1D and E). Both IL-6 and MCP-1
were reduced by the inhibitors in a dose-dependent manner, whereas
vehicle (0.2% DMSO)-treated samples showed no response. Both
inhibitors blocked NF-jB translocation into the nucleus (Figure
1C). Thus, both NF-jB translocation and DNA-binding activity were
clearly abrogated by both CAPE and parthenolide. To verify that the
reduction of cytokines was not due to cell death, viability was tested
by trypan blue staining. After 5 h of incubation with parthenolide or 6
h with CAPE and 0.2% DMSO, viability remained nearly 100% even
with the highest concentration of inhibitor (data not shown). Together,
the data indicated that NF-jB was a common regulator for IL-6 and
MCP-1 and was critical for their induction in osteoblasts by BCCM.

BCCM stimulates NF-jB-regulated COX-2 and iNOS expression

In addition to testing for IL-6 and MCP-1, we evaluated COX-2 and
iNOS expression in MC3T3-E1 after treatment with BCCM. After

4 h, COX-2 protein and iNOS messenger RNA both increased with
BCCM treatment compared with VM (see Figure 2C and D). These
data as well as the induction of IL-6, MCP-1 and IL-8 that we
reported earlier (8) suggest that NF-jB controls a wide range of
pro-inflammatory reactions in osteoblasts in response to BCCM.

Osteoblast response to MSA

There are many reports that Se can decrease NF-jB activation under
different situations. However, the responses are cell type and Se com-
pound specific (31,32). For example, Li et al. (33) demonstrated that
inorganic Se, selenite, and organic Se, MSA, activated different apo-
ptotic pathways in the same cell type. Therefore, we tested the less
toxic form, MSA. Osteoblasts cultured in Se-deficient differentiation
medium for 7 days before addition of MSA for another 7 days were
treated with BCCM for 4 h. IL-6 and MCP-1 concentrations were
measured in the culture media (Figure 2A and B). With MSA supple-
mentation, both IL-6 and MCP-1 declined in a dose-dependent

Fig. 1. NF-jB activation in osteoblasts exposed to breast cancer cell-conditioned medium (BCCM). MC3T3-E1 were cultured and differentiated for 2 weeks
before stimulation with 50% BCCM for different times. (A) p65 translocation was detected by western blot using nuclear extracts prepared from MC3T3-E1 1 h
after treatment with BCCM. (B) NF-jB gel mobility shift analysis (EMSA) of samples prepared as in (A); CC, cold oligonucleotide competitor; NS, non-specific
binding; SS, super-shift with anti-p50. (C) Inhibition of NF-jB binding. Osteoblasts were pretreated with inhibitors CAPE for 2 h or with parthenolide for 1 h
before addition of BCCM for 1 h. NF-jB–DNA-binding activity was detected by an EMSA p50 supershift. (D) IL-6 and (E) MCP-1 production by osteoblasts
treated with NF-jB inhibitors CAPE for 2 h or with parthenolide for 1 h before incubation with BCCM for 4 h. DMSO (0.2%) treatment was used as control.
Cytokines in the culture media were detected by enzyme-linked immunosorbent assay. Open bars indicate treatment with VM; closed bars indicate treatment with
BCCM. All experiments were performed twice and each sample was assayed in duplicate.

Fig. 2. Response of osteoblasts to MSA supplementation. Osteoblasts were cultured and differentiated in a Se-deficient culture medium (0.0182 lM Se) for 7 days
before supplementation with MSA for another 7 days. After 2 weeks of culture, osteoblasts were treated with 50% BCCM for 4 h. (A) IL-6, (B) MCP-1, (C)
COX-2 and (D) iNOS expression were used as indicators of the effects of Se addition. Cytokines were measured by enzyme-linked immunosorbent assay [open
bars indicate VM; closed bars indicate BCCM (CM)]; COX-2 expression was detected by western blot and iNOS expression was evaluated by reverse
transcription–polymerase chain reaction. b-Actin was used as a loading control in COX-2 and iNOS detection. Cell viability was not affected by 7 days of MSA
supplementation as seen by trypan blue staining (data not shown). Indicated are the concentrations of MSA added to the cultures.
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manner. Trypan blue staining ensured that the reduction in cytokines
was not due to cell death. These data indicated that MSA was a bi-
ologically effective Se compound capable of reducing the cytokine
response of osteoblasts toward BCCM. Furthermore, we examined the
effect of MSA on the expression of iNOS and COX-2 induction by
BCCM (Figure 2C and D). We saw that both were reduced in the
presence of MSA suggesting that a wide range of inflammatory re-
sponses could be regulated by MSA. Interestingly, a comparison of
the dose responses of iNOS, COX-2 and IL-6 indicated that .1 lM
MSA was required.

GPx1 and TR1 may be markers of adequate Se status but might not
reflect the inflammatory status

Selenium, required for the maintenance of intracellular redox status,
is critical to both biosynthesis and function of reactive oxygen spe-
cies-scavenging enzymes, e.g. GPx. Because the MSA-supplemented
osteoblasts produced a reduced inflammatory response to BCCM, we
tested if the effect was related to the level of GPx activity, which in
turn, affects intracellular oxidative stress.

Total cell lysates from osteoblasts cultured in MSA-containing
medium were used to measure GPx activity (Figure 3A). In the ab-
sence of added Se, osteoblasts showed no detectable GPx activity.
With the gradual increase of MSA supplementation, the activity
was restored. An obvious increase in GPx activity was detected with
as little as 0.05 lM MSA supplementation, which implied that osteo-
blasts could absorb and use MSA efficiently. However, GPx activity
appeared to be almost saturated when osteoblasts were supplemented
with 1 lM MSA (Figure 3A); higher concentrations of MSA caused
no additional increase in GPx activity (data not shown). On the other
hand, we found that MSA supplementation of 1 lM had little or no
effect on IL-6 and MCP-1 production. In addition, we examined the
expression of both GPx1 and TR1 (Figure 3B and C). Both proteins

increased with the addition of as little as 0.05 lM MSA. Saturation
occurred by �0.5–1 lM. These results suggested that while GPx and
TR synthesis were sensitive to Se supplementation, additional Se-
containing ‘factors’ could probably be involved in the downregulation
of IL-6 and MCP-1 production.

MSA supplementation blocked the activation of NF-jB by BCCM in
osteoblasts

To determine if MSA regulated IL-6 and MCP-1 expression through
inhibition of NF-jB, we examined the activation of NF-jB after MSA
treatment. The translocation of p65 into the nuclear fraction was
detected by western blot of osteoblasts supplemented with MSA (0.1
lM to 4 lM) and treated with VM or BCCM for 1 h (Figure 4A).
Accumulation of p65 in the nuclear fraction was apparent in cells
without MSA treatment. With MSA supplementation as low as 1
lM, less p65 translocated. With 4 lM MSA, no nuclear p65 was
detectable. The EMSA findings also supported this result (Figure
4B). DNA-bound NF-jB was inversely correlated to the amount of
MSA added to the osteoblasts and treated with BCCM. However,
when osteoblasts were supplemented with 4 lM MSA, BCCM failed
to activate NF-jB. These data suggested that MSA supplementation
of the cells inhibited the activation of NF-jB and consequently re-
duced the expression of its target genes.

Because of the discordance between the dose response of MSA for
GPx activity and the expression of GPx and TR proteins and the
expression of inflammatory cytokines, we asked if MSA might act
through a mechanism that did not involve a selenoprotein (34).
MC3T3-E1 were grown for 2 weeks with Se-deficient medium either
with or without supplementation with 4 lM MSA for the last week.
Concurrent with the addition of BCCM, 4 lM MSA was added to
osteoblasts that were or were not supplemented with MSA. As seen
previously, addition of BCCM to cells supplemented for 7 days with

Fig. 3. Intracellular GPx1 and TR1 in MSA-supplemented osteoblasts. Osteoblasts were cultured in Se-deficient medium in the absence or presence of MSA (A
and C) for 2 passages at the MSA concentration indicated or (B) Osteoblasts were cultured in Se-deficient medium for 1 week and then in the presence of MSA
for another week as described in Materials and Methods. Cell lysates were used to measure GPx activity (A), with hydrogen peroxide as substrate. The
activity is presented as nanomoles of NADPH oxidized per minute per milligram of protein. Western blot was used to assay the levels of GPx1 (B) or TR1 (C).
GAPDH was used as a loading control. The results were quantified using ImageQuant 5.1 software and the ratio between the protein and corresponding GAPDH is
shown in the bar graphs.
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MSA showed an attenuated (,10%) cytokine response (Figure 5A
and B, left). However, when 4 lM MSA was added at the same time as
BCCM to osteoblasts that had not previously seen MSA, there was
a similar reduction in IL-6 (,20%) (Figure 5A and B, right). We also
noticed that the basal levels of cytokines in cells that were exposed to
VM and MSA were lower than those with VM alone (21 versus 792
pg/ml) suggesting that MSA acted directly on the cells and not on
factors in the BCCM. We also found that addition of MSA together
with BCCM prevented the activation of NF-jB (Figure 5C).

To further eliminate the possibility that MSA interacted with com-
ponents in the BCCM as opposed to acting on the cells, we added
MSA prior to the addition of BCCM. The MSA incubation was car-
ried out for various times up to 60 min before the cells were washed
and BCCM was added. MSA pretreatment for as little as 15 min was
effective in reducing the osteoblast cytokine response (Figure 6A)
although to a lesser extent than when MSA and BCCM were added
together (15% inhibition versus 97.2% inhibition). Longer times of
pretreatment showed greater inhibition; i.e. 60 min pretreatment with
MSA brought about a 28.2% reduction in IL-6. These data indicated
that MSA might be acting through short-lived metabolites as reported

by others (34). Therefore, we tested the effect of adding MSA follow-
ing the addition of BCCM. Addition of MSA at 15 min post BCCM
held the production of IL-6 to the same levels as when MSA was
added simultaneously with the BCCM (Figure 6B). After 30 and 60
min, the levels of IL-6 increased in proportion to the time of delay of
MSA addition. By 90 min there was no inhibition.

In order to determine if selenoproteins were involved in this short-
term response, we examined GPx expression levels. Western blot
analysis indicated that even 15 min exposure of MC3T3-E1 to
4 lM MSA was sufficient to increase the levels of GPx (Figure 6C).

Discussion

In this study, we investigated the ability of Se to alleviate the NF-jB-
dependent regulation of the inflammatory response of osteoblasts to
BCCM. We found that not only the production of IL-6 and MCP-1 but
also other inflammatory molecules, COX-2 and iNOS, were signifi-
cantly enhanced. These findings indicated that a wide range of
inflammatory responses, triggered upon interaction with the BCCM,
was primarily driven by the activation of NF-jB. The response was

Fig. 4. NF-jB inhibition by MSA supplementation. Osteoblasts were cultured in Se-deficient medium (0.0182 lM) for 7 days before adding MSA to the culture
system for another 7 days. On day 14, osteoblasts were treated with BCCM for 1 h and nuclear extracts were prepared. NF-jB activation was measured by
(A) p65 translocation and (B) NF-jB gel mobility shift analysis (EMSA). Actin was used as a loading control; CC, cold oligonucleotide competitor; NS, non-
specific binding.

Fig. 5. Osteoblasts response to BCCM following a short exposure to MSA. Osteoblasts were cultured in Se-deficient medium for 7 days before the addition of
4 lM MSA to the culture system for another 7 days. On day14, osteoblasts were treated for 2 h with VM or 50% BCCM in the presence or absence of 4 lM
MSA. The supernatants were collected for enzyme-linked immunosorbent assay for (A) IL-6 and (B) MCP-1. Shown are the average values for 2 cultures
carried out for each condition as indicated. (C) Some cells were treated for 1 h and the nuclear extracts were collected to assay translocation of p65 by western
blotting. b-Actin was used as a loading control.
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greater in cells grown in Se-deficient medium than in cells grown in
medium supplemented with MSA. MSA effectively inhibited activa-
tion of NF-jB and subsequently the production of IL-6, MCP-1, iNOS
and COX2. Surprisingly to us, short (minute to hour) exposure to
MSAwas sufficient to suppress the inflammatory response. This result
implied that MSA possibly produced short-lived active metabolites.
However, during this time MSA also increased the synthesis of major
selenoproteins, GPx1 and possibly others. Thus, MSA may suppress
NF-jB and the osteoblast stress response through metabolites and/or
selenoproteins yet to be identified.

Se, an essential element in the mammalian diet, provides protection
from oxidative damage (35). Severe Se deficiency observed primarily
in certain areas in China is associated with Kashin–Beck, an endemic
osteoarticular disease with degenerative and necrotic lesions of chon-
drocytes (35). Several reports indicate that bone tissues in humans are
affected by Se (36,37). For example, in healthy infants, there is a cor-
relation between the Se level in the urine and bone resorption (37)
suggesting a link between Se and bone turnover. However, the impor-
tance and detailed mechanism of Se action remain unclear.

Se is also known to prevent degenerative diseases, such as athero-
sclerosis, arthritis, central nervous system pathologies, altered immu-
nological function and cancers (18). Epidemiological studies describe
an inverse correlation between Se levels and cancers, such as stomach,
pancreas, lung and breast (18). In the Nutritional Prevention of Cancer
Trial (38), researchers tested the effect of Se supplementation on
cancer incidence in a large population. The results indicated an im-
pressive preventative effect of Se supplementation, especially for
lung, colorectal and prostate cancers (39). However, only very few
of the subjects’ (6/1312) plasma levels were below 80 ng/ml Se (40),
the minimum requirement needed to produce maximum selenopro-
teins. This finding suggests that the preventive mechanism of Se is not
through well-known selenoproteins, such as GPx, but through other
selenoproteins or active metabolites. In a more recent study, the se-
lenium and vitamin E cancer prevention trial, seleno-methionine or
vitamin E supplementation did not prevent the occurrence of new
cases of prostate cancer in a relatively healthy population (41). While
there may be design questions with this trial (42), for our purposes,
this study did not deal with metastasis, specifically mestastasis to
bone, a common site for prostate cancer.

Organic Se is present in foods in the form of seleno-methionine,
selenocysteine and methylselenocysteine, whereas inorganic Se is
usually in the form of selenate or selenite in the soil (43). After in-
gestion, these compounds follow different metabolic pathways but
eventually form a common intermediate, selenide (Se2�), which is
incorporated into proteins (44). Organo-Se compounds, metabolized
through lyases, more probably form methylselenol (CH3SeH) first.
When cells generate too much selenide, it reacts with oxygen to pro-
duce superoxide radicals (O2

�), which are toxic (44). On the other
hand, it is a well accepted that CH3SeH is involved in the anticancer
effects of Se (44). Taken together, different forms of Se compounds
may enter the metabolic pathway at different points and may have
different effects on different types of cells (31,32). In this regard,
MSA, unlike selenite, has been demonstrated not to cause oxidative
stress and is therefore less toxic (24). Thus, we restricted our inves-
tigation to MSA. Data (Figures 5 and 6) suggested that the NF-jB
inhibitory activity of MSA may be attributed, in part, to the produc-
tion of ‘bioactive metabolites’ as described by Juliger et al. (34), in
addition to the synthesis of selenoproteins. Based on many papers in
the literature, saturation of GPx1 expression in most eukaryotic cells
occurs at 0.05–0.075 lM of sodium selenite as opposed to that shown
here with high concentrations (0.1–0.5 lM) of MSA. Such a lag in the
concentration required to saturate Gpx1 lends credence to the idea that
bioactive metabolites formed from MSA may partake an important
role in the inactivation of NF-jB. These intriguing possibilities need
to be elucidated in detail in future studies to account for the anti-
inflammatory property of Se.

The data strongly indicated that NF-jB plays an important role in
the inflammatory responses of osteoblasts to BCCM. Therefore, the
inhibition of NF-jB activation, through active Se metabolites and
selenoproteins, is a possible approach to reduce cytokines and other
inflammatory molecules. The importance of alleviating the bone
inflammatory response becomes even more critical because bone-
remodeling process shares similarities with an inflammatory re-
sponse (45). Many inflammatory molecules that are secreted by
immune cells are produced by osteoblasts. Many, such as IL-1,
IL-6, IL-8, MCP-1, prostaglandin E2 and COX-2, are also osteoclas-
togenic (46) i.e. they attract and activate osteoclasts, resulting in
bone matrix degradation and the release of growth factors including

Fig. 6. The effect of exposure to MSA prior to or after treatment with BCCM on IL-6 production. Osteoblasts were cultured in Se-deficient medium for 14 days.
(A) On day 14, the medium was removed and fresh medium containing 4 lM MSAwas added and allowed to remain for 15, 30 or 60 min and then removed and the
cultures were washed once with phosphate-buffered saline. VM or 50% BCCM without MSA was added for 2 h and the supernatants were collected for cytokine
measurement. Shown are the average IL-6 concentrations (±SD) for 3 plates of cells. (B) On day 14, VM or 50% BCCM was added to the osteoblasts in the
absence of MSA. At 0, 15, 30, 60 or 90 min, 4 lM MSA was added to the cultures. Cells were incubated for a total of 2 h after addition of BCCM before the
supernatants were collected for cytokine measurements. Shown are the average IL-6 values for 2 cultures. One set of cultures was never exposed to MSA (no
MSA). Open bars indicate treatment with VM; closed bars indicate treatment with BCCM. (C) Lysates of cells treated as in (A) were examined for GPx1
expression by western blot. GAPDH was used as a loading control.
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TGF-b (1) from the matrix. The abundance of growth factors makes
the bone microenvironment more affable to metastases. IL-6 recep-
tors are expressed by osteoclasts, and when stimulated, initiate os-
teoclast differentiation and the bone resorption process (9). Some
reports indicate that increased plasma IL-6 is an indicator of metas-
tasis (47). IL-6 is also associated with increased breast cancer cell
migration(46). MCP-1 regulates bone resorption by stimulating the
migration of monocyte–osteoclast progenitor cells to the bone (8,9),
in addition to increasing angiogenesis and cancer cell survival (46).
COX-2, through prostaglandin E2 production, is associated with
growth, invasion, apoptosis and angiogenesis in breast cancer (46).
Taken together, their increased expression by osteoblasts may affect
the equilibrium in the bone microenvironment and promote osteo-
lytic bone metastasis. Currently there is no way to restore existing
osteolytic lesions; however, limiting the effect of bone metastasis
using MSA may significantly improve the quality of life of individ-
uals with breast cancer bone metastasis.

Metastatic lesions often originate from tumor cells after a long
period of dormancy in the target tissue (48). In breast cancer, tumor
cells may disseminate early from non-invasive tumors (49) but remain
dormant in the secondary tissue or in the lymph nodes for years (50).
All together, it may be impossible to totally prevent metastasis since it
is difficult to define the time or the critical stages of this event. How-
ever, reducing the damage from the metastases is still beneficial. Di-
etary Se supplementation can increase intracellular Se levels
sufficient to produce useful ‘bioactive’ intermediates and selenopro-
teins. By the time dormant micrometastases in the bone begin to
proliferate, the higher Se levels in osteoblasts may prevent or reduce
their responses to cancer cells, which in turn may slow the metastatic
growth and break the vicious cycle. There are many reports that Se
functions in both cancer initiation and progression. Our results offer
the possibility that Se can also affect the metastasis process. We plan
to use a mouse breast cancer model to evaluate the effect of MSA on
metastasis in vivo.

In summary, we have demonstrated that Se supplementation signif-
icantly reduced the inflammatory response of osteoblasts to metastatic
breast cancer cells by inactivating the nuclear translocation of NF-jB.
The expression of NF-jB-dependent genes, which play an important
role in metastasis, were downregulated implying that Se supplemen-
tation may negatively impact the metastasis process.
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