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Background: Breast cancer is one of the most common cancers affecting women and 
has a high incidence of bone metastasis, causing osteolytic lesions. The elevated expres-
sion of receptor activator of nuclear factor-κB ligand (RANKL) in cancer activates osteo-
clasts, leading to bone destruction. We previously reported that α-tocopheryl succinate 
(αTP-suc) inhibited interleukin-1-induced RANKL expression in osteoblasts. Here, we ex-
amined the effect of αTP-suc on osteolytic bone metastasis in breast cancer. Methods: 
To examine the effect of αTP-suc on the metastatic capacity of breast cancer, MDA-MB-
231-FL cells were injected into the left cardiac ventricle of BALB/c nude mice along with 
intraperitoneal injection of αTP-suc. The mice were then analyzed by bioluminescence 
imaging. To investigate the effect of αTP-suc on osteolysis, 4T1 cells were directly inject-
ed into the femur of BALB/c mice along with intraperitoneal injection of αTP-suc. Micro-
computed tomography analysis and histomorphometric analysis of the femora were 
performed. Results: αTP-suc inhibited cell migration and cell growth of 4T1 cells. In line 
with these results, bone metastasis of MDA-MB-231-FL cells was reduced in mice inject-
ed with αTP-suc. In addition, αTP-suc decreased osteoclastogenesis by inhibiting 4T1-in-
duced RANKL expression in osteoblasts. Consistent with these results, 4T1-induced bone 
destruction was ameliorated by αTP-suc, with in vivo analysis showing reduced tumor 
burden and osteoclast numbers. Conclusions: Our findings suggest that αTP-suc may 
be efficiently utilized to prevent and treat osteolytic bone metastasis of breast cancer 
with dual effects.
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INTRODUCTION

Cancer is generally known to be incurable when the disease metastasizes into 
bone. Bone metastasis causes devastating clinical features, including excessive 
bone pain, pathological bone fractures, hypercalcemia, and spinal cord compres-
sion.[1] Among the metastatic cancers, bone metastasis most commonly occurs 
in breast and prostate cancer, which account for 65% to 75% of patients with bone 
metastasis. Cancers of the lung, colon, stomach, bladder, uterus, rectum, thyroid, 
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and kidney cause up to 30% of bone metastasis.[2]
Breast cancer is one of the most common cancers in wom-

en and has a high incidence of bone metastasis. The most 
common outcome of bone metastatic breast cancer is os-
teolytic lesions due to increased osteoclast differentiation 
and activity.[3,4] Osteolytic lesions develop as a result of 
an interaction between the cancer and the bone marrow 
niche. Previous studies have shown that osteoblasts in the 
bone lining expressing C-X-C motif chemokine ligand 12 
supply the metastatic niche to cancer cells expressing the 
C-X-C motif receptor 4.[5] Bone metastatic breast cancer 
migrates into the osteoblast-rich area and then interacts 
with cells in the bone marrow, including osteoblasts, fibro-
blasts, and T cells, through the secretion of various inflam-
matory factors, such as prostaglandin E2 (PGE2), interleukin 
1 (IL-1), and IL-6. This inflammatory environment triggers 
cells including fibroblasts, T cells, and osteoblasts to increase 
the expression of receptor activator of nuclear factor (NF)-
κB ligand (RANKL), a crucial cytokine for osteoclast differ-
entiation. Elevated RANKL expression promotes osteoclast 
differentiation, leading to osteolysis. Osteolysis releases 
growth factors that have accumulated in the bone matrix, 
such as transforming growth factor-β (TGF-β), insulin-like 
growth factor (IGF), and platelet-derived growth factor 
(PDGF). The growth factors released from the bone matrix 
in turn stimulate more cancer growth and migration, lead-
ing to accelerated bone destruction, forming a vicious cy-
cle.[4,6]

Vitamin E consists of a group of eight structurally related 
compounds, four tocopherols (α, β, γ, and δ) and four toco-
trienols (α, β, γ, and δ). Accumulating evidence suggests 
that the various vitamin E families have anti-cancer activi-
ty. The vitamin E family inhibits cell growth and cell migra-
tion and induces apoptosis of various cancer cells, such as 
colon cancer, lung cancer, prostate cancer, and breast can-
cer.[7] For example, Husain et al.[8] showed that γ- and 
δ-tocotrienol inhibit cell growth and cell survival of pan-
creatic cancers by inhibiting NF-κB, and Gysin et al. [9] showed 
that γ-tocopherol inhibits the cell cycle progression of os-
teosarcoma cells by down-regulation of the cyclin family. 
Moreover, various human clinical studies have shown that 
the vitamin E family is effective for cancer therapy.[7,10]

For bone metastatic osteolysis, elevated osteoclast activ-
ity can be a therapeutic target to prevent bone destruction 
and tumor growth by this vicious cycle. We previously re-

ported that α-tocopheryl succinate (αTP-suc), an esterified 
compound of α-tocopherol (αTP), inhibits IL-1-induced 
RANKL expression in osteoblasts and thereby suppresses 
osteoclast differentiation.[11] Also, studies have shown that 
αTP-suc inhibits cell invasion and proliferation of cancers in 
vitro.[12] However, the effects of αTP-suc on the metastatic 
capacity of cancers in vivo and the ability of αTP-suc to pre-
vent bone destruction by bone metastasis have not yet been 
elucidated.

In the present study, we investigated whether αTP-suc 
affects cancer migration in vivo. We also examined whether 
αTP-suc inhibits cancer-induced RANKL expression from 
osteoblasts and whether αTP-suc prevents osteolytic bone 
metastasis and bone destruction.

METHODS

1. Reagents and cells
Macrophage colony-stimulating factor (M-CSF) and RANKL 

were purchased from PeproTech (Rocky Hill, NJ, USA). αTP-
suc was purchased from Sigma-Aldrich (St. Louis, MO, USA). 
The 4T1 mouse breast cancer cell line and the MDA-MB-231 
human breast cancer cell line were purchased from the 
American Type Culture Collection (Manassas, VA, USA) and 
cultured in Dulbecco’s modified Eagle’s medium (DMEM). 
Primary bone marrow cells from 7-week-old BALB/c fe-
male mice and primary osteoblasts from newborn BALB/c 
calvariae were prepared as described previously [13] and 
cultured in α-minimal essential medium (α-MEM). Cell cul-
ture media and serum were purchased from Invitrogen 
(Carlsbad, CA, USA) and complete medium was supple-
mented with 10% fetal bovine serum (FBS; Hyclone Labo-
ratories, Logan, UT, USA) and 1% penicillin–streptomycin 
(Invitrogen). MDA-MB-231-FL cells were generated from 
MDA-MB-231 cells by stable transfection of the firefly lucif-
erase gene as described previously.[14]

2. Animals
Six-week-old female BALB/c and BALB/c nude mice were 

purchased from Charles River Korea. All animal procedures 
were reviewed and approved by the animal care commit-
tee of the Institute of Laboratory Animal Resources of Seoul 
National University.
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3. Bone metastasis models
Starting 1 day before cancer injection, αTP-suc (0.1 mg/

head) or dimethyl sulfoxide (DMSO) was injected intraperi-
toneally every 2 days for each model. For intracardiac in-
jections (n=5), BALB/c nude mice were anesthetized and 
injected with 100 mL phosphate buffered saline (PBS) or 2 
×105 MDA-MB-231-FL cells in 100 mL PBS into the left car-
diac ventricle, a route of administration that allows for bone 
metastasis rather than lung infiltration of injected cells. Af-
ter 7 days of injection, mice were subjected to biolumines-
cence analysis. For intrafemoral injections (n=5), 5 mL PBS 
or 1×104 4T1 cells in 5 μL PBS was injected into the femo-
ral marrow space of left femur through the femoral con-
dyle using a 28-gauge Hamilton syringe as previous de-
scribed.[15] After 7 days of injection, mice were sacrificed 
and femora were collected.

4. Bioluminescence imaging and analysis
The mice injected with MDA-MB-231-FL cells were intra-

peritoneally injected with 150 mg/kg D-luciferin (Xenogen, 
Hopkinton, MA, USA) in PBS 12 min before bioluminescence 
imaging. Imaging was conducted by using a charge-cou-
pled device camera (IVIS 100, Xenogen; exposure time of 3 
min, binning of 8, field of view of 15 cm, f/stop of 1, and no 
filter). Mice were anesthetized with isoflurane (2% vapor-
ized in O2). For analysis, total photon flux (photons per sec-
ond) was measured from the whole body, and a fixed region 
of interest in the hind limbs and the mandible/maxilla by 
using Living Image software (Xenogen). Bioluminescent 
signals within the region were normalized to the background 
luminescence taken over the same region from animals not 
injected with D-luciferin.

5. Quantitative micro-computed tomography 
analysis

Three-dimensional (3D) images of femora were recon-
structed by microcomputed tomography (micro-CT) scan-
ning (SMX-90CT system; 90 kVp, 109 mA, and 180-ms inte-
gration time; Shimadzu, Kyoto, Japan). Trabecular bone 
parameters were calculated by using TRI 3D-BON (RATOC 
System Engineering Co., Tokyo, Japan). All micro-CT image 
acquisitions and analyses were carried out by an individual 
blinded to the composition of the experimental groups. 

6. Histological analysis
Decalcified femoral bones were embedded in paraffin 

blocks. Histological sections (6 mm) were prepared and 
stained with hematoxylin and eosin (H & E) or with tartrate-
resistant acid phosphatase (TRAP) to detect osteoclasts as 
described previously.[14] Histomorphometric analyses were 
conducted with the Osteomeasure analysis system (Osteo-
Metrics, Decatur, GA, USA).

7. Cell migration assay
The 4T1 cells were harvested by using a cell dissociation 

solution (Sigma–Aldrich) and then resuspended in serum-
free DMEM. A total of 1×105 4T1 cells in 100 mL of serum-
free medium were seeded in the upper chamber of tran-
swell chambers (8-mm pore membranes; Corning) with 
the indicated reagents. The lower chamber was filled with 
900 mL of 10% FBS-containing medium. After 12 hr, cells 
on the upper surface of the filter were wiped off with cot-
ton swabs. Cells on the lower surface of the filter were fixed 
with 3.7% formaldehyde and methanol and stained with H 
& E. Stained cells were counted under a microscope.

8. Cell viability assay
Cell viability and proliferation were determined with the 

EZ-Cytox Cell Viability Assay Kit (Daeil Lab, Seoul, Korea) 
based on the cleavage of the tetrazolium salt to water-sol-
uble formazan by succinate-tetrazolium reductase. Briefly, 
2×103 4T1 cells were seeded on 96-well plates and cul-
tured for 24 hr. Then, the culture medium was exchanged 
for media containing different concentrations of αTP-suc 
(0-10 μM). After 2 days of culture, cells were incubated with 
20 μL of Ez-CyTox solution for 2 hr in a 37°C incubator. Ab-
sorbance was measured at 450 nm.

9. Osteoclast differentiation assay
Primary bone marrow cells (1×106 cells/well) and pri-

mary osteoblasts (1×105/well) were co-cultured with 4T1 
cells (5×102 cells/ well) in 12-well (1.5 mL/well) tissue cul-
ture plates for 8 days in α-MEM complete medium. The cul-
tures were replenished with fresh medium containing the 
same supplements every 2 days. At the end of the culture 
period, cells were fixed in 10% formalin for 10 min, perme-
abilized with 0.1% Triton X-100, and then stained for TRAP 
activity with the leukocyte acid phosphatase assay kit (Sig-
ma–Aldrich).
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10. Preparation of conditioned medium (CM)
The 4T1 cells were cultured in DMEM complete medium 

on 10-cm tissue culture dishes until optimal confluence 
(70%). Then the cells were cultured in fresh DMEM com-
plete medium. CM was harvested after 24 hr of incubation, 
centrifuged at 2,000 rpm for 5 min, and stored at -80°C.

11.  Real-time polymerase chain reaction (PCR) 
analysis

Primary osteoblasts (4×105/well) were cultured in 6-well 
tissue culture plates with or without 4T1-CM (30%) in the 
presence of DMSO or αTP-suc (10 μM). After 24 hr of cul-
ture, cells were harvested for real-time PCR analysis and 
the culture medium was collected for enzyme-linked im-
munosorbent assay (ELISA). Total RNA was prepared by us-
ing the RNeasy mini kit (Qiagen, Valencia, CA, USA), and 
cDNA was synthesized from 2 mg of total RNA by use of re-
verse transcriptase (Superscript II Preamplification System; 

Invitrogen). Real-time PCR was performed as described pre-
viously.[13] The primers were as follows: for mouse RANKL, 
(sense) TGGAAGGCTCATGGTTGGAT and (antisense) CATT-
GATGGTGAGGTGTGCA; for mouse osteoprotegerin (OPG), 
(sense) TGGAACCCCA-GAGCGAAACA and (antisense) GCAG-
GAGGCCAAATGTGCTG; for mouse b-actin, (sense) ATGTG-
GATCAGCAAG-CAGGA and (antisense) AAGGGTGTAAAAC-
GCAGCTC.

12. Enzyme-linked immunosorbent assay
The protein levels of mouse RANKL and mouse OPG in 

samples collected as indicated above were measured by 
using the corresponding ELISA kits (R & D Systems) accord-
ing to the manufacturer’s instructions.

13. Statistical analysis
Data are presented as the mean±standard deviation 

(SD; for in vitro data) or the mean±standard error of the 

Fig. 1. Effect of α-tocopheryl succinate (αTP-suc) on the cell migration and cell viability of 4T1 cells. (A, B) Cell migration of serum-starved 4T1 
cells in response to 10% fetal bovine serum in the presence of dimethyl sulfoxide (DMSO) or different concentrations of αTP-suc (1-10 μM) was 
assessed in transwell chambers for 12 hr. (A) Representative images of hematoxylin and eosin staining, ×100 magnification; and scale bar, 200 
μm. (B) The number of migrated 4T1 cells per field (n=6 per each well). (C) The 4T1 cells were cultured with DMSO or different concentrations of 
αTP-suc (1-10 μM) for 2 days and then cell viability was measured. The results shown are representative of three independent experiments (n=3), 
and the values are expressed as mean±standard deviation. ***P<0.001 vs. vehicle treatment by unpaired Student’s t-test. FBS, fetal bovine serum.
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mean (SEM; for in vivo data). Statistical analysis was per-
formed by either unpaired, two-tailed Student’s t-test or 
one-way ANOVA followed by Dunnett’s test using Graph-
Pad Prism 5.0 (GraphPad Software, San Diego, CA, USA). All 
P-values of less than 0.05 were considered to indicate sta-
tistical significance.

RESULTS

1. αTP-suc inhibited cell migration and 
proliferation of cancer cells

Studies have shown that αTP-suc inhibits the invasive-
ness and cell growth of 4T1 cells, a breast cancer cell line.
[12,16] Thus, we confirmed the effect of αTP-suc in our ex-
perimental condition. As shown in Figure 1A and B, serum-
induced cell migration of 4T1 cells was significantly inhib-
ited by αTP-suc in a dose-dependent manner. Cell viability 
was also decreased by αTP-suc in a dose-dependent man-
ner (Fig. 1C). The cell migration of 4T1 cells was inhibited 

by αTP-suc at 1 μM by approximately 50% in 12 hr. Howev-
er, αTP-suc inhibited 4T1 cell growth by about 50% at 10 
μM for 48 hr suggesting that inhibition of cell migration by 
αTP-suc was not due to inhibited cell growth by αTP-suc. 
These findings suggested that αTP-suc effectively inhibited 
cell mobility and proliferation in our laboratory conditions 
as reported previously.

2. αTP-suc inhibited cancer migration in vivo
Next, to determine whether αTP-suc is effective in vivo 

as demonstrated by the in vitro experiments, we used a car-
diac injection mouse model. MDA-MB-231 human breast 
cancer cells expressing firefly luciferase (MDA-MB-231-FL) 
were injected into the left ventricle, and starting 1 day be-
fore cancer injection, αTP-suc was injected intraperitoneally 
every 2 days (Fig. 2A). After 7 days of cancer injection, bio-
luminescence imaging analysis was performed to deter-
mine the metastatic status of the cancer cells. In the bones, 
MDA-MB-231-FL cells mainly metastasized into hind limbs 

Fig. 2. Effect of α-tocopheryl succinate (αTP-suc) on metastasis by intracardiac injection of MDA-MB-231-FL (MDA-FL) cells. MDA-MB-231-FL 
cells or phosphate-buffered saline was injected into the left cardiac ventricle and metastasis of cancer was analyzed on day 7 after injection of 
cancer. Starting 1 day before cancer injection, αTP-suc (0.1 mg/head) or dimethyl sulfoxide (DMSO) was injected intraperitoneally every 2 days (n 
=5 each). (A) Scheme of the intracardiac injection mouse model. (B) Representative bioluminescence images. (C) Bioluminescence imaging anal-
ysis of tumor burden in the whole body. The values are expressed as mean±standard error of the mean. †P<0.05 vs. DMSO-injected mice with 
injection of MDA-MB-231-FL cells by one-way repeated-measures analysis of variance followed by Dunnett’s test. i.p., intraperitoneally.
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and mandible/maxilla (Fig. 2B). However, the mice injected 
with αTP-suc showed significantly less tumor burden (Fig. 
2B). Tumor-induced total flux of the whole body, hind limbs, 
and mandible/maxilla were also decreased in αTP-suc-inject-
ed mice (Fig. 2C). These results showed that αTP-suc effec-
tively inhibited cancer metastasis in vivo.

3. αTP-suc inhibited osteoclastogenesis by 
inhibiting 4T1-CM-induced RANKL 
expression in osteoblasts

We previously reported that αTP-suc inhibits IL-1-pro-
moted RANKL expression in osteoblasts.[16] Breast cancer 
cells secrete various factors, including IL-1, IL-6, and PGE2, 

Fig. 3. Effect of α-tocopheryl succinate (αTP-suc) on osteoclast differentiation in triple co-culture and on 4T1 cell-conditioned medium (4T1-CM)-
induced receptor activator of nuclear factor-κB ligand (RANKL) expression in osteoblasts (OBs). (A, B) Primary bone marrow cells and OBs were 
co-cultured with or without 4T1 cells in the presence of dimethyl sulfoxide (DMSO) or αTP-suc (10 μM) for 8 days. (A) Representative images of 
tartrate-resistant acid phosphatase staining, ×100 magnification; and scale bar, 200 μm. (B) The number of osteoclasts. ***P<0.001 vs. DMSO-
treated control by unpaired Student’s t-test. (C, D) OBs were cultured with or without 4T1-CM (30%) in the presence of DMSO or different con-
centrations of αTP-suc (1-10 μM) for 24 hr. (C) Levels of RANKL messenger RNA (mRNA) (left panel) and osteoprotegerin (OPG) mRNA (right pan-
el) were measured by real-time polymerase chain reaction analysis. (D) Levels of RANKL protein (left panel) and OPG protein (right panel) in the 
culture media were measured by enzyme-linked immunosorbent assay. The results shown are representative of three independent experiments (n 
=3), and the values are expressed as mean±standard deviation. ***P<0.001 vs. untreated control and †††P<0.001; ††P<0.01; †P<0.05 vs. DM-
SO-treated cells in response to 4T1-CM by unpaired Student’s t-test. BMC, bone marrow cell.
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that increase RANKL expression in osteoblasts, leading to 
enhanced osteoclastogenesis. Therefore, we investigated 
whether αTP-suc inhibited cancer-induced osteoclast dif-
ferentiation in a triple co-culture of mouse primary osteo-

blasts, mouse primary bone marrow cells, and 4T1 cells. As 
shown in Figure 3A and B, 4T1-induced osteoclast differen-
tiation was greatly reduced by αTP-suc (Fig. 3A, B). Next, 
we performed real-time PCR analysis and enzyme immu-

Fig. 4. Effect of α-tocopheryl succinate (αTP-suc) on the bone destruction by 4T1 cells in the mouse model of intrafemoral injection. The 4T1 cells 
were directly injected into the left femur. Starting 1 day before cancer injection, αTP-suc (0.1 mg/head) or dimethyl sulfoxide (DMSO) was inject-
ed intraperitoneally every 2 days (n=5 each). After 7 days of 4T1 injection, left femora were collected and analyzed by microcomputed tomogra-
phy (micro-CT) scanning. (A) Scheme of the intrafemoral injection mouse model. (B) Representative reconstructed images by micro-CT (scale bar, 
0.7 mm). (C) Quantification of trabecular bone parameters: bone volume per total volume (BV/TV, left upper panel), trabecular thickness (Tb.Th, 
right upper panel), trabecular number (Tb.N, left bottom panel), and trabecular separation (Tb.Sp, right bottom panel). The values are expressed 
as mean±standard error of the mean. ***P<0.001; *P<0.05 vs. phosphate-buffered saline-injected mice and †P<0.05 vs. DMSO-injected mice 
with injection of 4T1 cells by one-way repeated-measures analysis of variance followed by Dunnett’s test. n.s., not significant; i.p., intraperitoneally.
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noassay to investigate the effect of αTP-suc on RANKL ex-
pression in osteoblasts induced by 4T1-CM. Osteoblasts 
treated with 4T1-CM showed elevated expression of RANKL, 
which was inhibited by αTP-suc in a dose-dependent man-
ner (Fig. 3C). However, expression of OPG, a decoy receptor 
of RANKL, was not affected by αTP-suc (Fig. 3C). To confirm 
these results, we examined protein levels in the culture me-
dia. As shown in Figure 3D, the 4T1-CM-promoted expres-
sion of RANKL protein in the culture media of osteoblasts 
was also decreased by αTP-suc (Fig. 3D). These data sug-
gested that αTP-suc inhibited the usual increase in RANKL 
expression in response to the secretion of factors from 4T1 
cells in osteoblasts, leading to reduced osteoclastogenesis.

4. αTP-suc decreased bone destruction by 4T1 
cells by inhibiting osteoclastogenesis in vivo

When cancer migrates into bones, communication be-
tween the bone marrow niche and the cancer cells forms a 
vicious cycle, accelerating bone destruction. Thus, to inves-
tigate whether αTP-suc affects bone destruction by this vi-
cious cycle, 4T1 cells were directly injected into femora, 

Fig. 5. Effect of α-tocopheryl succinate on tumor burden and osteoclast number by 4T1 cells. Histological analysis of bone metastasis from the 
experimental groups in Figure 4 (n=5). (A) Representative images of hematoxylin and eosin (H & E)-stained femur sections, ×100 magnification; 
and scale bar, 500 μm. (B) Histomorphometric quantification of tumor burden from H & E sections. (C) Representative images of tartrate-resistant 
acid phosphatase (TRAP)-stained femur sections, ×400 magnification; and scale bar, 200 μm. (D) Histomorphometric quantification of osteoclast 
numbers from TRAP-stained sections. †P<0.05 vs. dimethyl sulfoxide (DMSO)-injected mice with injection of 4T1 cells by one-way repeated-
measures analysis of variance followed by Dunnett’s test. T, tumor; BM, bone marrow; B, bone; αTP-suc, α-tocopheryl succinate.
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and starting 1 day before cancer injection, αTP-suc was in-
jected intraperitoneally every 2 days (Fig. 4A). Reconstruct-
ed images by micro-CT showed that the significant reduc-
tion in trabecular bones resulting from injection of 4T1 cells 
was greatly rescued in mice co-injected with αTP-suc (Fig. 
4B). The trabecular bone parameters analyzed by micro-CT 
showed the same tendencies as the reconstructed images. 
The reductions in bone volume, trabecular thickness, and 
trabecular number induced by 4T1 cells were relieved in 
mice co-injected with αTP-suc (Fig. 4C). Histomorphomet-
ric analysis showed that tumor burden and the number of 
osteoclasts at the tumor-bone interface were significantly 
reduced in the αTP-suc-injected mice (Fig. 5A-D). These 
data demonstrated that αTP-suc suppressed the osteoclast 
formation and tumor growth induced by metastatic can-
cer, ameliorating the bone destruction.

DISCUSSION

Once bone metastasis of cancer occurs, it has historically 
been incurable, and patients with bone metastasis of breast 
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cancer have a reported 5-year survival rate of only 20%.[1] 
Thus, it is urgent to develop therapeutic approaches to pre-
vent and treat bone metastasis of breast cancer. In the pres-
ent study, we found that αTP-suc (4 mg/kg every other day, 
delivered intraperitoneally) not only inhibited metastasis 
into bone but also decreased the tumor burden in bone 
and bone destruction by bone metastatic breast cancer 
cells.

Vitamins are organic compounds abundant in nature. 
Many studies have shown that various vitamins have anti-
cancer effects. Bioactive vitamins including vitamins A, C, 
D, E, and K have anti-cancer potency such as inhibiting cell 
growth, differentiation, and migration and promoting apop-
tosis of cancer cells.[10,17-21] The vitamin E family exhibits 
various functions including not only anti-cancer but also 
antioxidant, anti-inflammatory, and anti-thrombolytic ac-
tivities.[21-23] Among the vitamin E family, αTP is the most 
abundant in nature and in the human body and is expect-
ed to be useful as a supplement to prevent chronic diseas-
es associated with oxidative stress.[24] In addition, αTP has 
the highest antioxidant capacity among the tocopherols in 
the following order: αTP >βTP >γTP >δTP.[25] αTP-suc is 
the most effective form of αTP for cancer therapy.[26] In vi-
tro studies have shown the anti-cancer effect of αTP-suc.
[12,16] In addition, it was reported that cancer treatment 
is improved by using αTP-suc as an adjunct to radiation 
and chemotherapy.[26] In the present study, we demon-
strated the in vivo effect of αTP-suc on cancer migration. As 
shown in Figure 2, metastasis of MDA-MB-231 cells into 
the whole body was greatly reduced in mice injected with 
αTP-suc (Fig. 2B, C). In addition, mice injected with αTP-suc 
showed minimal metastasis into the mandible/maxilla and 
limbs (Fig. 2B, C). Taken together, these results demonstrat-
ed that αTP-suc is also effective for preventing metastasis 
of breast cancer cells, especially metastasis into bone, in 
vivo. However, additional studies are required to compare 
the anti-cancer effect of the different αTP derivatives in vivo.

The mechanism of bone metastasis is complex and in-
volves cooperative, reciprocal interactions among cancer 
cells, bone marrow cells, and the mineralized bone matrix. 
The excess of soluble and cellular components, the signal-
ing network, and coordinated gene expression have been 
shown to contribute to the interplay among bone degra-
dation, bone formation, and tumor growth. The interaction 
between the metastatic tumor and the bone marrow has 

been commonly referred as the “vicious cycle”.[27] This vi-
cious cycle leads to two separated physiological phenom-
enon: osteolytic or osteoblastic bone metastasis, which 
depends on the type of cancer.[27,28] Among the cancers, 
breast cancer undergoes osteolytic bone metastasis, which 
leads to overall bone loss.[4] The molecular mechanisms of 
bone destruction by metastatic breast cancer are well es-
tablished. The migrated cancer cell initiates a vicious cycle 
by secreting inflammatory factors including parathyroid 
hormone-related protein, IL-1, IL-6, and PGE2. These inflam-
matory factors work on the osteoblasts, leading to increased 
expression of RANKL. The RANKL expressed from osteo-
blasts promotes osteoclast differentiation and activation, 
and the activated osteoclasts destroy bones. The destruct-
ed bone matrix releases growth factors that have accumu-
lated in the bone such as TGF-β, IGF-1, and PDGF. These growth 
factors promote cell growth of metastatic tumors, promot-
ing the release of more inflammatory factors.[4,6,29] In ad-
dition, cancer-induced factors also stimulate RANKL ex-
pression in CD4+ T cells, contributing to bone destruction.
[30] Moreover, RANKL+ regulatory T cells express more RA-
NKL by breast cancer cells and then stimulate cancer me-
tastasis.[31] The vicious cycle of bone metastasis also causes 
systemic inflammation, which promotes severe metastasis 
and low bone mineral density.[32,33] Therefore, communi-
cation between cancer cells and bone marrow niches can 
be a therapeutic target for preventing osteolytic bone de-
struction. We previously reported that Trolox, a hydrophilic 
derivative of αTP, inhibits osteolytic bone metastasis by in-
hibiting cancer-induced RANKL expression from osteoblasts, 
but that αTP had no such effect.[13,34] In addition, our pre-
vious report showed that αTP-suc inhibits IL-1-induced 
RANKL expression in osteoblasts and prevents osteoclast 
differentiation and bone resorption.[11] In the present 
study, we showed that αTP-suc also strongly inhibits can-
cer-induced RANKL expression in osteoblasts, leading to 
the inhibition of osteoclast differentiation (Fig. 3). These 
results indicate that αTP-suc can effectively inhibit cancer-
induced RANKL expression, leading to the prevention of 
osteoclastogenesis.

Various animal models are established for the study of 
bone metastasis. The ideal model should be clinically rele-
vant, recapitulate the human disease, and be reproducible. 
Thus, the best method is to inject cancer cells directly into 
the primary site and study the individual cells that have 
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metastasized to the bone over time. However, the incidence 
of bone metastasis is very low and animals usually cannot 
survive until bone metastasis occurs. Therefore, a method 
of injecting cancer cells into blood vesicles, such as the left 
cardiac ventricle or the tail vein, is used to study bone me-
tastasis. Of these methods, cardiac injection is considered 
a better method because the intravenous injection of can-
cer cells generally results in the accumulation of cancer 
cells in the lungs.[35] In the present study, we used intra-
cardiac injection of MDA-MB-231-FL cells (Fig. 2). Metasta-
sis of MDA-MB-231-FL cells into the whole body, including 
bones, was greatly reduced in αTP-suc-injected mice (Fig. 
2). Because αTP-suc inhibited cell migration in the intracar-
diac injection model, we next used intrafemoral injection 
of 4T1 cells to study the effect of αTP-suc on the interac-
tion between cancers and bone marrow cells after metas-
tasis of cancer cells into bone (Fig. 4). As shown in Figure 4 
and 5, the 4T1-induced bone destruction, tumor burden, 
and number of osteoclasts were greatly reduced by αTP-
suc injection (Fig. 4, 5). These results indicated that αTP-suc 
was effective for inhibiting bone destruction and tumor 
growth.

CONCLUSIONS

In the present study, we showed that αTP-suc has dual 
effects on bone metastatic breast cancers: inhibition of cell 
growth and migration of cancer, and suppression of the vi-
cious cycle by decreasing cancer-derived-factor-induced 
RANKL expression in osteoblasts. Therefore, the results of 
the present study indicate that αTP-suc can be efficiently 
utilized to prevent and treat osteolytic bone metastasis of 
breast cancer with dual effects.
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