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Ankle loading ameliorates bone loss from breast
cancer-associated bone metastasis

Shuang Yang,*"r Hong Liu, 5% Lei Zhu,5* Xinle Li,** Daquan Liu,** Xiaomeng Song,* Hiroki Yokota,**
and Ping Zhang*** 1

*Department of Anatomy and Histology, School of Basic Medical Sciences, "Key Laboratory of Hormones and Development, Ministry of
Health, Tianjin Key Laboratory of Metabolic Diseases, 'Key Laboratory of Cancer Prevention and Therapy, Ministry of Education, and **Tianjin
Key Laboratory of Spine and Spinal Cord, Tianjin Medical University, Tianjin, China; *Department of Breast Surgery and *Department of
Molecular Imaging and Nuclear Medicine, National Clinical Research Center for Cancer, Tianjin Medical University Cancer Institute and
Hospital, Tianjin, China; §Key Laboratory of Cancer Prevention and Therapy, Tianjin, China; ﬂTianjin’s Clinical Research Center for Cancer,
Tianjin, China; and **Department of Biomedical Engineering, Indiana University-Purdue University Indianapolis, Indianapolis, Indiana, USA

ABSTRACT: Breast cancer is a serious health problem that preferentially metastasizes to bone. We have previ-
ously shown that bone loss can be prevented by mechanical loading, but the efficacy of ankle loading for
metastasis-linked bone loss has not been investigated. This study showed that body weight was decreased
after inoculation of tumor cells, but ankle loading restored a rapid weight loss. The nonloading group
exhibited a decrease in bone volume/tissue volume (BV/TV), trabecular thickness, and trabecular number (all
P < 0.01) as well as an increase in trabecular separation (P < 0.001). However, ankle loading improved those
changes (all P < 0.05). Furthermore, although the nonloading group increased the tumor bearing as well as
expression of IL-8 and matrix metalloproteinase 9, ankle loading decreased them. Induction of tumor in the
bone elevated the osteoclast number (P < 0.05) as well as the levels of nuclear factor of activated T-cells
cytoplasmic 1, NF-kB ligand, cathepsin K, and serum tartrate-resistant acid phosphatase type 5b, but ankle
loading reduced osteoclast activity and those levels (all P <0.05). Tumor bearing was positively correlated with
the osteoclast number (P < 0.01) and negatively correlated with BV/TV and the osteoblast number (both P <
0.01). Collectively, these findings demonstrate that ankle loading suppresses tumor growth and osteolysis by
inhibiting bone resorption and enhancing bone formation.—Yang, S., Liu, H., Zhu, L., Li, X,, Liu, D., Song, X.,
Yokota, H., Zhang, P. Ankle loading ameliorates bone loss from breast cancer-associated bone metastasis.
FASEB J. 33, 000-000 (2019). www.fasebj.org
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Breast cancer is the most common cancer among women in
the world (1), and in China, recent incidence of breast
cancer has continued to rise 3% annually (2). Eighty per-
cent of patients with breast cancer in the advanced stage
suffer from bone metastasis (3, 4). Bone metastases from
breast cancer are usually associated with refractory bone
pain and pathologic fractures. Although proven strate-
gies of clinical treatment include surgery, radiotherapy,
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endocrine therapy, chemotherapy, and targeted therapies
(5, 6), no significant effect on survival or patient quality of
life is clearly observed (7-9).

Epidemiologic reports indicate that physical activity
reduces the risk of inducing a variety of cancers. It is
commonly considered that physical activity also improves
the sequelae during cancer treatment. Multiple meta-
analyses reveal that physical activity reduces incidence of
mortality of breast cancer, and it improves quality of life
(10-13). Many lines of evidence also suggest that it is ca-
pable of decelerating a decline in physical performance
(14). For instance, voluntary wheel running decreases in-
cidence and progression of tumors, including skin, liver,
and lung cancers in preclinical studies (15). Collectively,
physical activity could be a unique form of adjutant ther-
apies for patients with breast cancer and bone metastases
(16). There are varying types of mechanical loading,
which, in part, mimics physical activity. Although
low-intensity vibration and in vivo tibial compression are
reported to inhibit bone loss from metastatic tumors, the
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potential role of ankle loading as an anti-tumor agent has
not been investigated in any previous studies (17, 18).
Ankle loading is a form of joint loading, similar to knee
loading and elbow loading, which has been shown to in-
duce both local and systemic loading effects.

Bone histomorphometric studies demonstrate that joint
loading stimulates bone formation, accelerates fracture
healing, and improves bone strength (19-21). Our pre-
vious studies also reveal thatjoint loading reduces skeletal
inflammation and degradation, and it may offer a novel
physical regimen for osteoarthritis and osteonecrosis (22,
23). Ankle loading, 1 form of joint loading, is an effective
means to induce bone formation throughout periosteal
and endosteal diaphysis of the tibia by activating signaling
pathways, such as PI3K, extracellular matrix—receptor in-
teractions, TGF- signaling, and Wnt signaling (19-21).
This study was focused on the effects of ankle loading on
bone homeostasis in the presence of mammary tumor cells
in the tibia. In breast cancer—associated bone metastasis,
the distal tibia, a loading site with ankle loading, is not a
primary target of breast cancer—-associated metastasis (24).
Thus, any benefit from ankle loading is considered to be
related to its indirect loading effects, including the possi-
bility of bone protection at a tumor-driven pathogenic site
in the proximal tibia.

Although bone structure is controlled in part by a bal-
ance between bone-resorbing osteoclasts and bone-forming
osteoblasts, the majority of breast cancer-associated bone
metastases lead to osteolytic lesion, but there is also oste-
oblast bone lesion. Tumors stimulate differentiation and
maturation of osteoclasts, leading to bone resorption and
bone loss. The bone matrix also releases a variety of pro-
tumorigenic growth factors that lead to a vicious cycle
(25). IL-8 has pleiotropic effects on cancer cells and can
impact many stages of tumor progression. IL-8 also has
potent pro-osteoclastogenic activity and is identified as an
osteolytic factor. Its overexpression in breast cancer has
been observed, and its elevated serum level is associated
with osteolysis and bone metastasis (26, 27). The invasive
role of matrix metalloproteinases (MMPs) has been
known in many types of cancers, including breast cancer.
MMP9 has been linked to proliferation and invasion of
breast cancer cells. It is reported that flow-stimulated os-
teocytes down-regulate the bone-metastatic potential of
breast cancer cells and that breast cancer cell expression of
MMP9 was down-regulated (28, 29). We addressed the
question of whether ankle loading, indirect loading sep-
arated away from the site of tumor growth in bone, would
be beneficial for protecting bone from breast cancer—
associated metastases.

In this study, we hypothesized that ankle loading
suppresses tumor growth and osteolysis by inhibiting
bone resorption and enhancing bone formation. To test the
hypothesis, we employed a mouse model of breast
cancer-associated bone metastases in which tumor cells
were intratibially injected to induce tumor growth in the
tibia. The ankle joint received loads at 5 Hz for 5 min/d for
3 wk. In evaluation of ankle loading, we focused on bone
microstructure, tumor bearing, bone resorption and for-
mation using X-ray imaging, microcomputed tomo-
graphic (micro CT) imaging, and histologic analysis. The
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correlational relationship among bone volume/tissue
volume (BV/TV), osteoclast number, osteoblast num-
ber, and tumor burden, as well as among IL-8, MMP9,
nuclear factor of activated T-cells cytoplasmic 1 (NFATc1),
and serum tartrate-resistant acid phosphatase type 5b
(TRACP-5b) was examined. To determine the mechanism
of ankle loading action, we evaluated the role of specific
molecular mediators that are linked to osteolysis and bone
metastases.

MATERIALS AND METHODS
Animals and material preparation

BALB/ ¢ female mice (~6 wk of age, Animal Center of Academy
of Military Medical Sciences, Beijing, China) were maintained,
with 5 animals per cage, in a 12-h light/dark cycle condition with
access to food and water ad libitum. All experiments were exe-
cuted based on the Guide for Care and Use of Laboratory Animals
(National Institutes of Health, Bethesda, MD, USA) and were
approved by the Ethics Committee of Tianjin Medical University.
The mouse mammary tumor cell line, 4T1, was obtained from
American Type Culture Collection (Manassas, VA, USA). Ros-
well Park Memorial Institute 1640 basic medium, fetal bovine
serum, penicillin/streptomycin, nonessential amino acid, and
0.25% trypsin were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). An ELISA kit for TRACP-5b was pur-
chased from Immunodiagnostics System (Scottsdale, AZ, USA).
An immunohistochemical staining kit and a 3, 3'-dia-
minobenzidine substrate kit were purchased from ZSGB Bio-
technology (Beijing, China). Antibodies for NFATc1, IL-§,
MMP9, and B-actin were obtained from Abcam (Cambridge,
MA, USA), and for NF-kB ligand (RANKL) were purchased from
PeproTech (Rocky Hill, NJ, USA), and antibody for cathepsin K
was acquired from Proteintech Group (Rosemont, IL, USA).
Other chemicals were purchased from MilliporeSigma (Bur-
lington, MA, USA).

Experimental design

Forty-five mice were randomly divided into 3 groups: a non-
tumor group (sham-no tumor), a tumor group with tumor in-
jection (nonloading), and a loading group with tumor injection
(loading) (n = 15). Tumor in bone was induced by intratibial
injection of 4T1 cells using the procedure previously described
(30). Body weights were recorded every 5 d for monitoring an
overall health condition (Fig. 1A).

Body weight and analysis of body fat composition

The body weight and food intake of each mouse were measured
weekly and daily, respectively, by a person blinded to each
group. Lean mass and fat mass were measured every week by
peripheral dual-energy X-ray absorptiometry.

Animal model of intratibia injection

4T1 cells were maintained in complete 1640 medium with
the addition of 10% fetal bovine serum, 1% penicillin/
streptomycin, and 1% nonessential amino acid. The cells
were incubated in a 37°C and 5% CO, incubator according to
the standard protocol.

The 4T1 cells were injected into the right tibia as previ-
ously described (30). Briefly, mice were sedated in an isolation
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Figure 1. The effect of loading on body weight and body composition with 4T1 cell injection. A) Timeline of the study. B)
Intratibial injection in the proximal tibia. C) Lateral loading applied to the right ankle (1 N at 5 Hz for 5 min/d) for 3 wk. D)
Mean body weight on d 1, 5, 10, 15, and 20. E) Changes in body weight. F) Changes in body lean mass. G) Changes in body fat

mass. *P < 0.05, ¥*P < 0.01, and ***P < 0.001 (n = 10).

chamber, and mask-anesthetized using 1.5% isoflurane (Iso-
Flo; Abbott Laboratories, Lake Bluff, IL, USA) at a flow rate of
0.6-1 L/min. An animal was placed on its back with chest
facing up, and a knee joint was exposed and cleaned with 70%
ethanol. With the knee in the bent state, the cell suspension
(1 X 10* cells suspended in 25 pl sterile PBS) was injected in
the underlying patella through the middle of the patellar
ligament and into the medullary cavity of the proximal tibia
(Fig. 1B) using a 29-gauge disposable insulin syringe. Using

ANKLE LOADING FOR BONE METASTASES

the same procedure, 25 pul PBS was injected in the right tibia of
the sham-treated group.

Ankle loading

One day after tumor injection, ankle loading was initiated using
pulsed loads to the right ankle joint in the lateral-medial direction
as previously described (Fig. 1C) (19). The loading was given for
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3 wkwith 1N force at 5 Hz for 5 min/d. Mice in the sham-treated
control group and nonloading model group were placed on the
loading device without applying any dynamic loads. During
loading, a mouse was maintained under inhalation of anesthesia
using 1-1.5% isoflurane at a flow rate of 0.6-1 L/min. Mice were
euthanized 3 wk after onset of ankle loading. Tibias were sepa-
rated from soft tissue and fixed in 10% neutral formaldehyde
solution for 48 h.

X-ray imaging

Osteolytic lesion area and abnormal bone remodeling can be
visualized and assessed in vivo using an X-ray machine. The mice
were sedated, anesthetized, and subjected to digital X-ray im-
aging of the middle region of the hind limbs using a Kodak In
Vivo Imaging Systems (Carestream Health, Rochester, NY, USA).
All images were acquired using the following parameters: 60,000
s exposure time; 2 X 2 binning; 60 s acquisition time; 120 X 120-
mm field of view; and f 2.25 aperture stop (30).

Microcomputed tomography

To determine 3-dimensional architecture, the tibiae were
scanned using micro CT. Formalin-fixed tibias were scanned
by a micro CT 40 (Viva CT 40; Scanco Medical, Wangen-
Briittisellen, Switzerland). The selected parameters for scan-
ning were 70 kV, 110 pA, 0.5-mm aluminum filter, 1k camera
resolution, 10.5-pm voxel size, 0.5° rotation step, and 180° to-
mographic rotation. The regions of interest were distal to the
growth plate with 250 cross-sectional slices. Three-dimensional
images were reconstructed from CT slices, and 2- and 3-dimensional
morphometric parameters were determined. Measurements
included tibial integrity (%, number of intact tibias/total
number of tibias; number of degraded tibias/total number of
tibias), fractional bone volume (BV/TV), trabecular thickness
(Tb. Th; mm), trabecular number (Tb.Nj; mmfl), and trabecular
separation (Tb.Sp; mm) (17).

Histology and immunohistochemistry assay

Tibia samples were decalcified by EDTA (14% EDTA, pH 7.3) for
20 d and embedded in paraffin. The specimens were cut into
consecutive, longitudinal, 5-pm-thick sections. Pathology slices
were deparaffinized in xylene and rehydrated in an ethanol
gradient for hematoxylin and eosin (H&E) staining, tartrate-
resistant acid phosphatase (TRAP) staining, and MacNeal'’s
staining. Images of complete histologic sections were captured
and evaluated using Image-Pro software (Media Cybernetics,
Rockville, MD, USA).

H&E staining was used to evaluate tumor burden, tumor
area/total tissue area (TuAr/Tar; in %). One of every 10 slices, a
total of 3 slices, were chosen for quantification in each tissue. The
slices were counted at X40 magnification using the sections distal
to the proximal growth plate in the tibia (17, 31). TRAP staining
was conducted for evaluating osteoclast activation (32, 33). The
ratio between lengths of TRAP-positive cells and total circum-
ference of bone trabecula [osteoclast surface (Oc.S)/bone surface
(BS), %] was calculated. MacNeal’s staining was used to de-
termine osteoblast activity and osteoblast number by the
trabecular bone surface (N. Ob/BS, osteoblast number/bone
surface, mm) was calculated (34).

The expressions of NFATc1, IL-8, and MMP9 were analyzed
by immunohistochemistry. After deparaffination and rehydra-
tion, antibodies were used at a 1:50 dilution overnight at 4°C. An
immunohistochemical color reaction was performed using a 3,
3'-diaminobenzidine substrate kit. Slides were counterstained
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with hematoxylin and dehydrated. The number of positively
stained cells was counted in the area per specimen, and 5 se-
quential specimens per mouse were measured in each group in a
blinded fashion.

ELISA assay

The TRACP-5b, a bone resorption marker of bone turnover
markers, was used as a marker for osteoclasts (35, 36). The
serum was collected when animals were euthanized and
was stored at —80°C. The serum was thawed for detecting
TRACP-5b using an ELISA kit according to the manufac-
turer’s instructions.

Western blot assay

Bone tissues were powdered and lysed in a RIPA lysis buffer,
which contained the inhibitors of proteases and phosphatases
(Roche, Basel, Switzerland). The levels of cathepsin K, RANKL,
and B-actin were determined by Western blotting. The sam-
ples were size-fractionated in a sodium dodecyl sulfate-
polyacrylamide gel and transferred onto the PVDF membrane.
The membranes with primary antibodies were incubated over-
night at 4°C (cathepsin K 1:2000, RANKL 1:4000, and B-actin
1:10,000). The membranes were then washed and incubated
with horseradish peroxidase-conjugated secondary antibody
(1:20,000). ECL was used to assess protein expression, image
acquisition, and analysis software (Bio-Rad, Hercules, CA, USA)
was used to quantify and intensities.

Statistical analysis

Data were expressed as means * sb and were analyzed with
independent-sample Student’s ¢ test (for 2 groups), or 1-way
ANOVA (for more than 2 groups). For pair-wise comparisons, a
post hoc test was conducted using Fisher’s protected least signif-
icant difference. Correlation analysis of parameters was per-
formed by using Pearson correlation coefficient test. Statistical
significance was assumed at P < 0.05.

RESULTS
Ankle loading restored body weight loss

Mean body weight and change in body weight were de-
termined ond 1, 5, 10, 15, and 20 (Fig. 1C, D). During a 3-
wk period, the nonloading model group with injection of
4T1 cells lost weight at a fastest pace. Compared with the
sham-treated group, the nonloading group significantly
reduced weight from the first week (P < 0.001; Fig. 1D).
However, compared with the nonloading group, ankle
loading improved weight loss (P < 0.05; Fig. 1E). Com-
pared with the nonloading group, ankle loading increased
lean mass (P < 0.05) and fat mass (P < 0.01) from the
second week (Fig. 1F, G).

Ankle loading improved osteolysis and
cancellous bone microarchitecture

To analyze the effect of ankle loading on bone remodeling,
cancellous mass and bone architecture were evaluated
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Figure 2. X-ray and micro CT images of the proximal tibia. A) In vitro 3-dimensional reconstruction. The representative pictures
are presented for the entire length of the tibia and the proximal region of the tibia. B) Tibial integrity. C-F) Parameters of micro
CT imaging. Ankle loading increased fractional bone volume (BV/TV) (C), Tb.Th (D), and Tb.N (E) compared with the
nonloading group without loading. Furthermore, ankle loading reduced Tb.Sp (F) compared with the nonloading group (n =
10). Loading, loading group; nonloading, nonloading group; sham,sham control group. The osteolytic site was indicated by the

black arrow. *P < 0.05, **P < 0.01, and ***P < 0.001.

using X-ray and micro CT imaging. Compared with the
sham-treated group, tumor cells in the nonloading group
caused osteolytic lesions, reduced trabecular bone, gen-
erated cavitation of cortical bone, and reduced tibia in-
tegrity in the model group (Fig. 24, B). In contrast, ankle
loading markedly suppressed osteolysis and improved
bone microarchitecture. Compared with the nonloading
model group, the loading group significantly enhanced
BV/TV (P <0.001), Tb.Th (P < 0.01), and Tb.N (P < 0.05),
with a decrease in Tb.Sp (P < 0.05) (Fig. 2C-F).

ANKLE LOADING FOR BONE METASTASES

Ankle loading significantly inhibited tumor
growth and metastasis to bone

To examine the effect of ankle loading on cancellous bone,
we evaluated the degree of tumor bearing. Histologic ex-
amination clearly showed that tumor burden (TuAr/TAr)
was significantly reduced with ankle loading (P < 0.001;
Fig. 3A, B).

To further evaluate the effect of ankle loading, we
examined expression of the selected metastasis-related
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Figure 3. Reduction of intra-
tibially injected tumor by ankle
loading. A) Representative im-
ages of H&E staining of the
tibial sections (original magni-
fication, X40; scale bar, 500
pm). The TuAr was indicated
by the solid line. B) Histomor-
phometric evaluation of the
TuAr/Tar ratio. C, E) Expres-
sion of IL-8 (C) and MMP9 (F)
detected by immunohistochem-
istry (original magnification,
X400; scale bar, 50 wm). The
positive signal is indicated by
the arrow. D, F) Quantification
of IL-8 (D) and MMP9 (I)-
positive cells in the tibia (n =
10). ***P < 0.001.

factors, such as IL-8 and MMP9. Immunohistochemical
analysis showed that the nonloading model group ele-
vated expression of IL-8 and MMP9, and ankle loading
decreased their expression levels (both P < 0.001; Fig.
3C-F).

Ankle loading significantly suppressed
bone resorption

To determine the effect of ankle loading on bone
resorption, TRAP staining was conducted (Fig. 4A).
The nonloading group showed more TRAP-positive
cells that the loading group (P < 0.05; Fig. 4B). We
further examined expression of a transcription factor
NFATc1 as well as osteoclast markers. Immunohis-
tochemical analysis revealed that expression of
NFATc1 was higher in the nonloading group than in
the loading group and ankle loading significantly
suppressed bone resorption (P < 0.05; Fig. 4C, D).
Compared with the nonloading group, the loading
group also decreased the level of RANKL and ca-
thepsin K (both P < 0.05; Fig. 4E, F). Compared with
the nonloading group, there was a substantial de-
crease of serum TRACP-5b level in the loading group
(P < 0.01; Fig. 4G).

MacNeal’s staining was used to identify osteoblasts
that were located on the trabecular surface of the tibia.
The result showed that the number of osteoblasts was
significantly increased in the loading group (P < 0.05;
Fig. 4H, I).
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The correlations between osteoclast,
osteoblast, and tumor burden in breast
cancer bone metastasis

To evaluate the role of osteoclasts in breast cancer—
associated bone metastasis, correlation analysis of tumor
burden with BV /TV, osteoclast number, and osteoblast
number was conducted. First, the bone fraction (BV/TV)
in the tibia was negatively correlated with the TuAr/Tar
ratio (r = —0.947, P < 0.01; Fig. 5A). Second, the number of
osteoclast in the tibia was positively correlated with
TuAr/Tar (r = 0.927, P < 0.01; Fig. 5B). Third, the number
of osteoblasts (N.Ob/BS) was negatively correlated with
TuAr/TAr (r = —0.834, P < 0.01; Fig. 5C).

Correlation analysis among IL-8, MMP9, and NFATc1
was also conducted to evaluate any link between tumor
metastasis and osteoclasts. Both IL-8 and MMP9 were
positively correlated with NFATc1 (r = 0.780, 0.728, P <
0.01; Fig. 5D, E), and the number of osteoclasts (Oc.S/BS)
was also positively correlated with IL-8 (r=0.775, P < 0.01;
Fig. 5F).

DISCUSSION

In this preclinical study, we evaluated the possibility of
unique physical treatment for preventing bone loss from
breast cancer—associated bone metastasis. In the mouse
model, tumor and osteolysis were induced by intratibia
injection. Although the nonloading group presented quick
loss of body weight, ankle loading marginally but
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significantly suppressed its loss. Compared with the
loading group, tumor growth and associated bone loss
were higher in the nonloading group. Ankle loading in-
creased BV/TV, Tb.N, and Tb.Th as well as decreased the
spacing of trabeculae. Ankle loading also elevated struc-
tural integrity of the tibia and improved cancellous bone
microarchitecture. Histopathological examination showed
that ankle loading reduced tumor area. Immunohisto-
chemistry staining and Western blotting further vali-
dated the effects of ankle loading on suppression of
tumor growth and bone resorption. Correlation analysis
and multiple linear regression models showed a strong
relationship between tumor burden and osteoclast/
osteoblast activities. These findings support potential
therapeutic effects of ankle loading on breast cancer—
associated bone metastasis in tibia.

A variety of reports show that physical activity can
reduce cancer-related morbidity and offers an impor-
tant role in rehabilitation (37-39). The skeleton is sen-
sitive to its mechanical environment, and physical
stimulation contributes to maintaining bone mass.
Other treatments, including radiation and administra-
tion of chemotherapeutic drugs (i.e., bisphosphonates),
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i the trabecular surface, are in-
dicated by the arrows. The
number of osteoblasts was
quantified (/) (n = 10) (P <
0.05). *P < 0.05.
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may often present strong side effects, which are, in
certain cases, life-threatening (9). Unlike walking and
jogging, which cannot be achieved by patients who are
bed-laden, mechanical loading, such as ankle loading,
may offer an alternative physical stimulation that is
easily applied. In our previous studies, it is demon-
strated that mechanical loading can reduce bone re-
sorption by inhibiting development of osteoclasts and
promoting osteoblastogenesis to enhance bone remod-
eling. In vivo experiments showed that mechanical
loading reduces the number of osteoclasts, and molec-
ular experiments revealed that the expression of
osteoclast-related factors decreases after mechanical
loading. In wvitro analysis confirmed that mechanical
loading inhibited differentiation, migration, and adhe-
sion of osteoclasts (22, 23, 40). Our previous study
showed that responsiveness to ankle loading differs in
the periosteum and endosteum. In the endosteum, the
proximal section near the knee is more responsive than
other sections. The bone formation rate with ankle
loading is highest in the proximal endosteum (19), and
mechanical loading can inhibit inflammatory respon-
se—related factors, such as TNF-a, MMP13, and NF-«B

7

vw.fasebj.org by UNIVERSITY OF TOLEDO LIBRARIES (18.218.56.169) on July 04, 2019. The FASEB Journa Vol. ¥{ article.issue.getVolume()}, No. ¥ article.issue.getl ssueNumb



A

1.00000000-]

R? = 0.609

0000000

60000000

TuAr/TAr

40000000+

T T T T
2000 3000 4000 5000

BV/TV
C

1,00000000-]

R?=0.696

oo
- o
$0000000" o

60000000

TuAr/TAr

40000000 &

o

T 1) T T
3.0000000 40000000 50000000 6.0000000

N.Ob/BS

T T
1.0000000 2.0000000

R?=0.529

80.000000-

60.000000

40.000000-]

NFATel

20.000000-]

000000

T T T T
20.0000000 30.0000000 40.0000000 5$0.0000000

MMPY

T T
0000000 10.0000000

B

2=
1.00000000 R* = 0.860
80000000+
1
=
=
ﬁ 60000000
140000000+
10000000 20000000 30000000 40000000 50000000 50000000
Oc.S/BS
Sy
£0.000000-] R*=0.613
£0.000000-
—
~
=
;E 40.000000-
4
20.000000-
1000000+
0000000 10.0000000 200000000 30.0000000 40.0000000 500000000 60.0000000
b -
60000000 R*=0.602
500000001
wn 40000000
2]
~
7]
o
© -0000000]
20000000
10000000

T T T T T T T
0000000  10.0000000 200000000 300000000 400000000 500000000 600000000

IL-8

Figure 5. Correlation analysis. A—F) Correlations among BV/TV (A), osteoclast number (Oc.S/BS) (B), and osteoblast number
(N.Ob/BS) (C) and TuAr/TAr. Correlations among IL-8 (D) and MMP9 (E) and NFATcl. F) Correlations between osteoclast

number (Oc.S/BS) and IL-8 (n = 6).

(23). Mechanical loading induces periodic deformation
in the epiphysis that drives alteration of intramedullary
pressure in the medullary cavity and interstitial fluid
flow in the lacunocanalicular network in the diaphysis
(20, 21). Our experiments showed that ankle loading
can not only reduce tumor growth but also restore bone
microarchitecture in tibia. In the current preclinical
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study, ankle loading presented multiple beneficial ef-
fects by suppressing tumor growth and bone re-
sorption, as well as promoting bone formation (Fig. 6).

We monitored body weight and body composition, in
which mechanical loading alleviated a rapid decline in
body weight and body composition. Cancer cachexia was
reported to be associated with severe weight loss, a sign of
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impending death. Although robust evidence for inter-
ventions to manage unintentional weight loss in ad-
vanced cancer is needed, low weight apparently
accelerates patient death (41, 42). Our observation is
consistent with the notion that mechanical loading
suppresses the rapid decline of body weight and body
composition by inhibiting cachexia. H&E staining
showed that ankle loading suppressed tumor growth in
the tibia. Several reports showed that chemokine IL-8
was able to directly stimulate osteoclastogenesis, which
played a critical role in breast cancer progression (43, 44).
Among all MMP members, MMP9 was correlated with
tumor metastasis. Inhibition of MMP9 undermines the
capability of bone degradation by tumor metastasis (45,
46). The result herein clearly showed that ankle loading
reduced expression of IL-8 and MMP9 and inhibited
tumor growth and progression. TRAP staining sug-
gested that the osteoclast number in the tibia with
loading is significantly fewer than that in the nonloading
group. Genes such as NFATc1, RANKL, and cathepsin K
are important for osteoclast development (23, 47-49).
The result of this study indicated that ankle loading
suppressed activity of osteoclasts by regulating NFATc1,
RANKL, cathepsin K. In addition, bone formation in the
tibia was promoted by ankle loading with an increase in
the number of osteoblasts. It is reported that ankle
loading induces bone formation through TGF- or Wnt
signaling (19, 50). Because TGF-3 and Wnt signaling are
also involved in tumor growth and migration, further
analysis is needed to evaluate the roles of these path-
ways in preventing bone loss and regulating tumor
progression.

Our in vivo loading experiment presented several limi-
tations. First, we used BALB/c mice and direct intratibial
injection of 4T1 cells. Although a majority of breast cancer
may metastasize to specificbones, such as the spine, pelvis,
and ribs, few mouse models for metastases to those bones
are available. Intratibia injection is popularly used (30-32),
although intracardiac injection is employed to mimic

ANKLE LOADING FOR BONE METASTASES

invasion of tumor cells into the tibia. In this study, we
chose intratibial injection because intracardiac injection
presented a low rate of bone metastasis and a relatively
high rate of mortality. Second, we focused on the selected
genes and their loading-driven alteration. The role of each
of those genes needs to be further analyzed with and
without ankle loading.

In summary, we demonstrate in the mouse model
that ankle loading is effective in protecting bone from
breast cancer—associated metastasis. It can prevent tu-
mor growth and bone degradation by simultaneously
suppressing osteoclastogenesis and promoting osteo-
genesis. Further studies should be performed to clarify
the molecular mechanism underlying the ankle loading
action on bone protection. The present study suggests
that mechanical loading like ankle loading might have
an advantage for protecting bone without directly ap-
plying mechanical loads to the site of tumor-induced
osteolysis.
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