Effects of whole body vibration on breast cancer bone metastasis and vascularization in mice
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Abstract

We evaluated whether whole body vibration (WBYV) prevented bone loss induced by breast cancer (BC)
metastasis and the involvement of bone marrow vasculature. One day after orthotopic transplantation of
mammary 4T1 tumor cells, 8-week-old BALB/c mice were subjected to 0.3 g/90 Hz vertical vibration for
20 min/day for 5 days/week (BC-WBV) or sham-handled (BC-Sham) over 3 weeks. Age-matched intact
mice (Intact) were also sham-handled. Both tibiac were harvested from BC-WBV (n = 7), BC-Sham (n =
9), and Intact (n = 5) mice for bone structure imaging by synchrotron radiation-based computed tomography
(SRCT) and hematoxylin and eosin staining, whereas right tibiae were harvested from other BC-WBV and
BC-Sham (n = 6 each) mice for vascular imaging by SRCT. Tumor cells were similarly widespread in the
marrow in BC-WBV and BC-Sham mice. In BC-Sham mice, cortical bone volume, trabecular volume
fraction, trabecular thickness, trabecular number density, and bone mineral density were smaller, and
marrow volume and trabecular separation were larger than in Intact mice. However, although trabecular
thickness was smaller in BC-WBYV than Intact mice, the others did not differ between the two groups.
Serum osteocalcin tended to be higher in BC-WBYV than BC-Sham mice. Compared with BC-Sham mice,
BC-WBYV mice had a smaller vessel diameter, a trend of a larger vessel number density, and smaller vessel
diameter heterogeneity. In conclusion, WBV mitigates bone loss in BC bone metastasis, which may be
partly due to increased bone anabolism. The alteration of marrow vasculature appears to be favorable for
anti-tumor drug delivery. Further studies are needed to clarify the multiple actions of WBV on bone, tumor,

and marrow vasculature and how they contribute to bone protection in BC metastasis.
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Introduction

Breast cancer (BC) is the most frequently diagnosed cancer and the main cause of cancer death in women
worldwide [1]. With significant progress in early detection, treatment, and disease management, the
survival rate of patients with primary BC has largely improved, especially in high income countries [2].
Nevertheless, once BC metastasizes to distant organs, most patients have a poor prognosis and their quality
of life is severely impaired. Bone is the most frequent site of distant involvement of BC because of the high
propensity of BC to metastasize to bone [3]. Bone metastases from BC are often accompanied by osteolytic
bone destruction that releases bone matrix-derived tumor chemoattractants and growth factors. These
factors in turn contribute to metastatic progression, thereby leading to a vicious cycle of bone destruction
and cancer growth [4]. Patients with bone-only BC metastasis have a favorable prognosis compared with
other metastases in other sites [5]. However, BC bone metastasis remains largely incurable and BC-
mediated acute osteolysis followed by bone destruction causes devastating complications, so-called skeletal
related events, which include refractory bone pain, pathological fractures, spinal compression, and
hypercalcemia [6]. Anti-resorptive drugs prescribed to suppress osteoclast activity, such as bisphosphonates
and denosumab, are effective against BC-induced bone loss, but long-term use can lead to osteonecrosis of
the jaw and atypical femoral fractures [7]. Safe and effective alternatives to pharmacological intervention
to prevent metastatic bone destruction is critical to improve the quality of life of BC patients.

Bone is mechanosensitive and a remodeling balance between bone resorption and formation is
maintained to meet the mechanical demands of daily living. Thus, mechanical loading on bone via exercise
has been accepted as a low cost and non-pharmacological treatment for patients with osteoporosis or
osteopenia [8, 9]. Exercise may also exert a protective effect against metastatic BC-induced bone loss.
Epidemiological studies suggest that exercise is efficacious to preserve bone health in BC patients [10, 11].
In a mouse model of BC bone metastasis, moderate loading had an inhibitory effect on bone destruction
[12, 13]. Importantly, however, BC cancer patients may have profound difficulty in benefiting from
exercise because their bones may already be prone to fracture and fatigue or pain associated with cancer
and its treatment interfere with exercise participation [14].

In terms of bone safety and convenience, whole body vibration (WBYV) elicits a bone-anabolic
response even with low intensity mechanical stimuli [15], which has the potential to serve as a passive
exercise effective against cancer-induced bone loss with little risk for bone damage. Generally accepted
frequency and magnitude ranges of WBV are 20-100 Hz and <1 g (g = 9.8 m/s?) or <10 pe, respectively.
These ranges include those mainly observed in the strain history of bone [16] attributed heavily to postural
muscle dynamics [17]. It has been reported that WBYV is safely accessible to childhood cancer survivors
and protective against bone loss [18]. Another study examined the efficacy of WBYV in postmenopausal,
bone metastasis-free BC patients receiving aromatase inhibitor therapy although no effect was found on
either bone turnover or physical function [19]. In vivo studies in tumor-bearing mice have also shown the

effectiveness of WBYV against cancer bone metastasis by preserving trabeculae in tibial and vertebral bones



without tumorigenesis acceleration in ovarian cancer metastasis [20] and reducing myeloma burden in bone
by deceleration of bone structure deterioration [21].

The response of bone metastasis to WBV may depend on the cancer type. To our knowledge,
there has been no study on the protective effect of WBV against bone loss by BC metastasis. Therefore, we
investigated the benefits of WBYV in suppressing metastatic BC-induced bone loss by employing mice with
4T1 murine mammary tumors. Additionally, we focused on the structure of the bone marrow vasculature
in BC metastasis because its abnormality is involved in both the progression of tumor growth and the
delivery of anti-tumor drugs [22, 23]. Three-dimensional images of the bone structure and marrow
vasculature in BC metastasis with or without WBV treatment were acquired by synchrotron radiation-based

computed tomography (SRCT) with vascular casting.

Materials and Methods

The protocol of the animal treatment was in accordance with the guiding principles of the Care and Use of
Laboratory Animals of Tokushima University and approved by the Ethics Committee on Animal
Experiments of Tokushima University (permit no. T27-111). The synchrotron radiation experiments were
performed with the approval of the Japan Synchrotron Radiation Research Institute (proposal nos.

2014B1766,2015A1922, and 2016A1137).

Animal model and experimental design
The murine BC cell line 4T1 was used to cause metastatic bone loss in mice. The 4T1 cell line, which was
generously provided by Prof. Motowo Nakajima (Tokyo University, Tokyo, Japan), was cultured in RPMI-
1640 medium with 10% fetal bovine serum and 0.03% kanamycin sulfate at 37°C in a 5% CO; humidified
incubator. On the day of use, subconfluent 4T1 cells were washed in Dulbecco’s phosphate-buffered saline
(DPBS) and suspended in DPBS at a density of 1 x 107 cells/mL.

Thirty-seven female BALB/c mice aged at seven weeks were purchased from Japan Charles
River (Yokohama, Japan). Mice were housed in a plastic cage under standard conditions (12-h light/dark
cycle, 25°C, and 60% humidity) with free access to a standard diet (MF; Oriental Yeast, Tokyo, Japan) and
tap water. After a 1-week acclimatization period, 32 mice were anesthetized with isoflurane and injected
with 5 x 103 4T1 cells in 50 ul DPBS into the mammary fat pad using a 29-G insulin syringe. The day after
4T1 cell injection (day 0), 4T1-bearing mice were randomly divided into two groups (n = 16 each) treated
with WBV (BC-WBYV) or sham-treated (BC-Sham). In a pilot study, the present dose of 4T1 cells resulted
in significant bone destruction but retained the shape of tibial cortical bone 3 weeks after the injection,
which allowed between-group comparisons. The remaining five mice were kept intact and sham-treated
(Intact) to provide a baseline to identify the progression of bone loss by this dose of 4T1 cells.

BC-WBYV mice underwent 20 minutes/day of vertical sine-wave vibration with a 0.3 g amplitude

at 90 Hz for 5 days/week. Mice were placed in a compartmented cage that was firmly fixed by screws to a



rigid vibration platform [24]. The platform was driven by an electromagnetic actuator connected to a power
supply/amplifier/controller (Big-Wave; Asahi Seisakujo, Tokyo, Japan). Using data received from an
accelerometer attached to the platform, the vibration controller generated the input signal, which controlled
the gain of the amplifier to produce the required sine-wave vibration. Administration of WBV to BC-WBV
mice was performed at around the same time for 3 weeks, and BC-Sham and Intact mice were treated
similarly but without vibration exposure.

All mice were kept under standard conditions for 3 weeks until day 21. Body weight was
measured after each treatment. One and three mice in BC-Sham and BC-WBYV mice, respectively, were
euthanized or died between days 16 and 18. These mice were visually examined in the thoracic and

abdominal cavities, and extensive and exclusive BC metastasis was found in all the four mice.

Sample preparation

On day 21, Intact (n = 5), BC-Sham (n = 9), and BC-WBV (n = 7) mice were euthanized by an
intraperitoneal overdose of pentobarbital sodium. Both tibiaec were harvested, dissected from soft tissue,
and fixed in 4% paraformaldehyde with the right tibia used for CT scanning and the left tibia for
hematoxylin and eosin (H&E) staining. The remaining BC-Sham and BC-WBV mice (n = 6 each)
underwent vascular casting as described previously [25]. Briefly, under isoflurane anesthesia, mice were
laparotomized, and the left femoral artery and vein were ligated. Following an overdose of pentobarbital
sodium for euthanasia, the chest was promptly opened and a 22-G polyethylene catheter was inserted into
the left ventricle. The right atrium was cut open to allow fluid to exit and the vascular bed was flushed by
injecting 50 mL heparinized saline (37°C, 100 U/ml) and subsequently injecting 5 mL of 0.1 M phosphate
buffer (37°C) into the left ventricle. Then, the vascular bed was perfused with a zirconium-based contrast
agent (ZrCA) at 120 mmHg and 40°C. This contrast agent was a mixture of 30 mL of 1.2% w/v agarose
(Super LM; Nacalai Tesque, Kyoto, Japan) in 0.1 M phosphate buffer and 15 mL of a 62% (w/v) water-
based suspension of colloidal zirconium dioxide particles of 0.07-0.1 pm (ZR40BL; Nissan Chemical
Industries, Tokyo, Japan). Once perfusion had completed, the abdominal artery and vein were ligated and
the entire body was immersed in an ice-cold water bath for approximately 1 h and then stored overnight at

4°C. The right tibia was harvested and fixed in 4% paraformaldehyde until CT scanning.

Imaging by SRCR

The right tibia from each mouse with or without administration of the contrast agent was sealed in a
polyethylene tube that contained 4% paraformaldehyde and scanned by SRCT at beamline 20B2 in SPring-
8 (Harima, Japan). A visible light conversion type X-ray detector, which consisted of a scientific CMOS
camera (C11440-22C; Hamamatsu Photonics, Hamamatsu, Japan) and a beam monitor (BM2; Hamamatsu
Photonics) with a 10-um-thick phosphor screen (Gd»0,S:Tb*), was used. Each tibia was scanned with

17.95-keV synchrotron light over an angular range of 0—180° in 0.1° increments with 0.2 s of exposure per



frame. For calibration to compensate for X-ray source instability, 30 images of the X-ray beam alone were
recorded at the start and end of each scan. For background correction, 30 dark images were also collected.
The scan dataset was reconstructed with a filtered back-projection algorithm provided by SPring-8, which
provided a two-dimensional image stack composed of 2.75-um cubic voxels in 8-bit grayscale. Vascular-
casted tibiae were also scanned with 18.05 keV synchrotron lights.

The 17.95 and 18.05 keV images of vascular-casted tibiae were calibrated so that the range of
the linear absorption coefficient (u) of 0—40 cm™! corresponded to the full grayscale range of 0-255. This
calibration resulted in substantial enhancement of vascular contrast in 18.05 keV images and similar bone
contrast in 17.95- and 18.05-keV images because these energies were just below and above the K-
absorption edge of ZrCA. Therefore, selective visualization of vascular structure was possible by
subtraction between a pair of 17.05 and 18.05 keV images [25]. Prior to image subtraction, the 17.9 keV
image was corrected for misalignment against the 18 keV image by mutual information-based image
registration and processed with a 3 x 3 x 3 maximum filter to reduce unwanted residuals near bone
boundaries in the subtracted image. The vascular image yielded by image subtraction was filtered by 3 x 3
x 3 voxels averaging and binarized using Otsu’s thresholding method.

Bone images for analysis were obtained from the 17.95 keV images both with and without
vascular contrast. The grayscale was calibrated to range in u from 0 to 14 cm™ to increase the resolution of
the bone mineral density. The binarized vascular image obtained in advance was subtracted from the image
with vascular contrast after similar correction for misalignment, which yielded bone images without
vascular regions. One of the benefits of using monochromatic synchrotron light in CT is free of beam
hardening artifacts, which is of great advantage in translating the reconstructed image into the distribution
of bone mineral density. There was the highly linear relation: p = 7.58 x p + 1.03 (r> > 0.999) obtained from
the 17.95 keV scan dataset of K;HPO4 phantom solutions (0-1 g/mL) and all voxels of u > 4.82 ¢cm,

equivalent to the bone mineral density (p) > 0.5 g/cm?, were classified as cortical or cancellous bones.

Quantitative parameters for bone and vascular structures

Structural analysis was carried out in a 1.4-mm-long section of the tibial proximal metaphysis, which began
at 0.3 mm distal to the growth plate, providing 510 contiguous slice images. After binarization of the bone
images with the threshold value of p = 0.5 g/cm?, the bone region was dilated with a kernel size of 3 x 3
voxels. Then, the outer and inner (endocortical) boundaries of cortical bone mask were determined by raster
scanning in multiple directions over 0—180° with a step size of 2°. The voxels of p > 0.5 g/cm? within the
cortical bone mask were classified as the cortical bone, and the other voxels of p > 0.5 g/cm?® were classified
as the trabecular bone. The following bone structure parameters were measured: cortical bone thickness
(Ct.Th; um), cortical bone porosity (Ct.P; %), marrow volume (Ma.V; mm?), trabecular volume fraction
(BV/TV; %), trabecular number density (Tb.N; mm), mean trabecular thickness (Tb.Th; um), and mean

trabecular separation (Tb.Sp; um). Calculation of Ct.Th was done after filling all cortical pores. The BoneJ



plugin 1.4.3 for ImageJ 1.53b was used to calculate these parameters [26]. In a similar manner, the structural
parameters of marrow vasculature, such as the vessel volume fraction (V.Vf; %), vessel number density
(V.N; mm™), and mean vessel separation (V.Sp; um) were measured using BonelJ by replacing the images
of trabeculae bone with marrow blood vessels. Marrow spaces between vessels and trabeculae as well as
between vessels were included to calculate V.Sp. Mean vessel diameter (V.D; um) and diameter-specific
V.Vfwere also obtained using a custom C program, where the diameter of each vessel segment was defined
as an average of the local vessel diameter over its skeleton line. Additionally, using the linear p—p relation,
voxel values were transformed into mineral densities and local values of mineral density were determined
for cortical and cancellous bone. Mean mineral density and the mineral density showing the peak of the

frequency distribution of mineral density were determined in each specimen.

Histology
The left tibia from mice without administration of the contrast agent was decalcified in a 10% EDTA
solution and embedded in paraffin. Serial, longitudinal, 5-um-thick sagittal sections were cut from each

sample. Sections were deparaffinized in xylene, rehydrated in an ethanol gradient, and stained with H&E.

Bone markers

Blood samples were collected from the left ventricle during vascular casting and centrifuged at 1,200 g for
20 min. The serum was stored at —80°C until use. Enzyme-linked immunosorbent assays (ELISAs) were
employed to determine the serum concentrations of osteocalcin (OC) and tartrate-resistant acid phosphatase
5b (TRACP-5b) as markers of bone formation and resorption, respectively, with an OC EIA kit (Biomedical
Technologies Inc, Stoughton, MA, USA) and a TRACP-5b ELISA kit (Immunodiagnostic Systems Inc,

Fountain Hills, AZ, USA) in accordance with the manufacturers’ protocols.

Statistical analysis

Data are presented as the mean + SD. Equality of variances and normality of the data frequency distribution
were verified by Bartlett’s test and the Kolmogorov—Smirnov test, respectively. The two-tailed Kruskal—
Wallis test followed by Dunn’s multiple comparison test or the two-tailed Mann—Whitney-U test was used
to assess between-group differences because the data frequently violated the assumptions of equality of
variances between groups or Gaussian distribution. All data were analyzed by Prism 8.2.0 (GraphPad

Software; San Diego, CA). P < 0.05 was considered statistically significant.

Results

Body weight did not significantly change over time or between groups (Intact, BC-Sham, and BC-WBV
mice weighed 19.5+ 1.2, 19.6 £ 0.6, and 20.2 + 0.6 gonday 0 and 21.1 £ 1.3, 19.8 £ 0.3,and 203+ 19 g
on day 21, respectively).



Three-dimensional reconstructions of the proximal tibial metaphysis segmented into cortical and
cancellous bone are shown in Figure 1 and bone structural parameters are summarized in Table 1. Osteolytic
bone loss in BC-Sham mice was characterized by a smaller Ct.Th, BV/TV, Tb.Th, and Tb.N and a larger
Tb.Sp than those in Intact mice, which indicated an increase in structural vulnerability. Cortical bone loss
appeared to be prevalent on the endosteal side as implied by the difference between cortical bone images
of Intact and BC-Sham mice and the larger Ma.V in BC-Sham mice than in Intact mice. No differences
were found in bone structural indices between Intact and BC-WBV mice except for Tb.Th that was smaller
in BC-WBYV mice. Compared with BC-Sham mice, BC-WBYV mice had a larger Ct.Th and Tb.N, a smaller
Ma.V and Tb.Sp, and a tendency of a higher BV/TV (P = 0.09), which indicated the bone-protective
potential of WBV.

Figure 2 compares the frequency distributions of mineral density (relative number of voxels at
each mineral density) in cortical and cancellous bones of the proximal tibial metaphysis between the three
groups. For cortical bone, the distribution in BC-WBV mice showed an intermediate profile between Intact
and BC-Sham mice. Mean mineral density in BC-Sham mice (1.13 + 0.02 g/cm?) was significantly smaller
than that in BC-WBV (1.18 £ 0.02 g/cm?, P < 0.01) and Intact (1.26 £ 0.03 g/cm?, P < 0.0001) mice. The
peak frequencies were located at 1.39 + 0.04, 1.24 + 0.03, and 1.31 + 0.03 g/cm? in Intact, BC-Sham, and
BC-WBYV mice, respectively. The mineral density with the peak frequency was significantly lower in BC-
Sham mice than in BC-WBV (P < 0.05) and Intact (P < 0.0001) mice. For the cancellous bone, the mean
mineral density in BC-Sham mice (0.93 + 0.01 g/cm?) was significantly smaller than that in BC-WBYV (0.95
+0.01 g/cm?, P < 0.05) and Intact (1.01 £ 0.03 g/cm?, P <0.0001) mice. However, the distributions in BC-
Sham and BC-WBYV mice were similar with peaks at 1.07 +0.01 and 1.08 + 0.02 g/cm’, respectively. These
values were significantly smaller (P < 0.05 and P < 0.0005, respectively) than the mineral density with the
peak frequency (1.16 £ 0.04 g/cm?®) of the distribution in Intact mice.

The marrow vasculature and trabeculae of BC-Sham and BC-WBYV mice are shown in three-
dimensional reconstructions in Figure 3. Saccular vessels were found frequently in BC-Sham mice, but not
as frequently in BC-WBYV mice. Figure 4 shows the diameter-specific V.Vf for 14 diameter ranges with
mean + SD values of V.Vf, V.N, V.Sp, and V.D in each group. On average, BC-WBV mice had a smaller
V.D and V.Sp, and a trend of a larger V.N (P = 0.06) than BC-Sham mice. Both groups showed a monomodal
distribution of diameter-specific V.Vf, which peaked in the range of 16.5-22.0 um. However, V.Vf was
higher in the range of 11.0-16.5 um and tended to be higher in the range of 16.5-22.0 um (P = 0.09) in
BC-WBYV mice than in BC-Sham mice. Conversely, V.Vf was smaller in the ranges of 44.0-60.5, 66.0—
71.5, and >77.0 um, and tended to be smaller in the range of 60.5-66.0 um (P = 0.06) in BC-WBYV mice
than in BC-Sham mice. Therefore, the heterogeneity of the marrow vessel diameter was smaller in BC-
WBYV mice.

Histological H&E-stained sagittal sections of proximal tibial bone are shown in Figure 5 for

Intact, BC-Sham, and BC-WBYV mice. In both 4T1-bearing groups, the metastatic lesion had infiltrated



throughout much of the marrow cavity and replaced most of the normal marrow tissue. All tibial bone
sections similarly had widespread tumor cells with or without WBV exposure.

The serum levels of OC and TRACP-5b were 68 + 22 ng/mL and 7.3 £+ 0.9 U/L, respectively, in
BC-Sham mice and 91 + 27 ng/mL and 7.3 + 1.6 U/L, respectively, in BC-WBYV mice. Although neither of
these bone markers differed between the two groups, OC tended to be higher in BC-WBYV mice (P = 0.056).

Discussion

In the present study, we showed the effectiveness of WBV to slow the progression of metastatic bone loss
in 4T1 murine BC-bearing mice. The 3-week WBYV exposure did not halt metastatic tumor progression, but
alleviated deterioration of the bone structure and reduced the decline in cortical bone mineralization. In
addition to its positive effect on bone structure, WBV lowered and elevated the proportions of large- and
small-diameter vessels, respectively, thereby decreasing both the mean diameter and diameter
heterogeneity of bone marrow vasculature.

There have been few studies on the effects of WBV on bone loss associated with cancer
metastasis. A prospective randomized clinical trial reported the benefit of WBV to prevent or reverse a
decline in the bone mineral density in pediatric cancer survivors [18], and in murine models of ovarian
cancer and myeloma, WBV alleviated metastatic bone loss [20, 21]. It has also been reported that WBV
had no effect on bone turnover in BC patients who received aromatase inhibitor therapy but had no bone
metastases [19]. This study first investigated whether WBYV is effective against bone loss and structural
deterioration in BC bone metastasis. The high resolution quantitative CT using monochromatic synchrotron
light demonstrated its positive effects against metastatic bone loss in mice injected with 4T1 tumor cells
into the mammary fat pad. The 3-week WBV exposure in tumor-bearing mice diminished the decreases of
the cortical bone thickness and mineral density, the reduction of the trabecular volume ratio, and the
increases of the trabecular space and marrow volume. Although metastatic BC-induced bone loss was
observed in mice treated with WBYV, its bone-protective action made the BC-metastasized bone comparable
in terms of structural indices, except for trabecular bone thickness, with healthy bone at least statistically.

Bones are exposed to high and low strains via numerous mechanical loads in daily life and low
strains of < 10 pe occur thousands of times daily [16]. Mechanical vibrations of WBV safely propagate to
bone tissue wherein low strains and high frequency accelerations arise, causing a cellular osteogenic
response [27-29]. The osteogenic capacity of osteoblasts and bone marrow-derived mesenchymal stem cells
(MSCs) has been reported to increase in response to low magnitude, high-frequency vibration (LMHFV)
[30, 31]. The bone-protective effect of WBV was observed in spinal cord-injured rats and type-2 diabetic
mice [32, 33]. This effect occurred at least partly through the bone anabolic action, as indicated by elevated
serum levels of OC. Our study also showed a tendency for higher serum OC levels in BC-WBYV mice than
in BC-Sham mice, which indicated the contribution of the bone-anabolic action induced by WBV to

alleviate metastatic BC-induced bone loss.



On the other hand, the anti-osteolytic action of WBV could not be recognized from serum
TRACP-5b levels in BC-WBYV and BC-Sham mice. However, as responses to LMHFV, there have been
reported that osteoblasts and bone marrow-derived MSCs suppress osteoblast-mediated osteoclastogenesis
via the ERK1/2 pathway [34, 35] and that osteocytes and osteoclasts may act suppressively against
osteoclast formation and differentiation [36, 37]. In fact, the anti-osteolytic action of WBV accompanying
decreased serum levels of TRACP-5b has been observed in murine models of myeloma and type 2 diabetes
[21, 33]. A possible reason for no effect of WBV on serum TRACP-5b levels is that WBYV cannot counteract
the osteolytic activity mediated by highly malignant 4T1 tumor cells, as implied by a confluent tumor
burden, which was similarly observed in BC-WBV and BC-Sham mice (Fig. 5). Alternatively, it remains
possible that the expression of bone resorption markers differs significantly between BC-WBV and BC-
Sham mice within the metastatic bone lesion. The local activities of osteoclasts, as well as osteoblasts and
tumor cells, will be worth investigating in future studies.

Recent in vitro studies have demonstrated that exposure of MDA-MB-231 BC cells to LMHFV
decreases their aggressive behaviors such as invasive and proliferative capacities [38, 39], which suggests
that WBYV is also helpful to suppress tumor growth in BC bone metastasis. However, in our study with 4T1-
bearing mice, WBYV, although effective against tibial bone destruction, did not suppress the metastatic
spread of 4T1 cells over the marrow cavity of the tibial bone (Fig. 5). We used the murine syngeneic model
of metastatic BC, in which 5x103 4T1 tumor cells were transplanted into the mammary fat pad. 4T1 is a
triple-negative BC cell line that exhibits a high degree of malignancy and highly preferential metastasis to
bone. Thus, the failure of WBV to protect against the widespread growth of 4T1 tumor cells in the tibial
compartment may have occurred because mechanical signals derived from WBV could not outpace the
aggressive malignant activity of metastatic 4T1 tumor cells. Therefore, 4T1 mammary tumor cells
characterized by high degrees of aggressiveness and bone preference may have a limited observation
window to determine whether WBYV is beneficial to counteract the progression of bone metastatic tumor
growth. Multiple timepoint observations, which include early time points, are needed to clarify the
protective effect of WBV against bone tumor growth in the present murine model of BC bone metastasis.

Solid tumor vasculature is characterized by irregular vessel arrangements with a distorted shape
and heterogeneity in the vessel diameter. In BC metastatic bone lesions, tumor vasculature is also
heterogeneous, which is attributed to the appearance of large-diameter vessels and the reduction in small-
diameter vessels [40, 41]. It has been further reported that according to the tumor progression in BC bone
metastasis, vessel diameter heterogeneity of tumor vasculature increases, and vessel frequency distribution
shifts toward higher vessel diameters [40]. Thus, the diameter-specific vascular volume fraction and the
mean vessel diameter in BC-Sham mice (Fig. 4) should have shown the feature of tumor vasculature in the
metaphyseal bone marrow, to which 4T1 tumor cells metastasized entirely (Fig. 5).

Heterogeneous vasculature in solid tumors causes not only low perfusion, but also heterogeneous

perfusion, which may lead to regional tissue hypoxia [42, 43]. Hypoxia confers tumors with aggressive and
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metastatic phenotypes, and heterogeneous perfusion coupled with increased interstitial fluid pressure
invokes inefficient delivery of anti-tumor drugs in low-perfused tumor regions [44-46]. Therefore,
normalizing tumor vasculature and thus improving tumor perfusion and oxygenation is effective against
tumor growth as well as the poor distribution of anti-tumor drugs [22, 23]. Bone marrow vessels in BC-
WBYV mice were comparable in terms of diameter distribution with those previously observed in BC
metastatic bone lesions at a very early stage [40], where the distribution of vessel diameters peaks at around
10-20 pm and maintains a certain degree of uniformity. Thus, WBV may contribute to reducing diameter
heterogeneity of tumor vasculature and shifting the vessel frequency distribution toward smaller vessel
diameters in BC bone metastasis. Such changes in tumor vasculature, which are the opposite of those that
accompany the tumor progression in BC bone metastasis [40], could reduce the degree of perfusion
heterogeneity. Furthermore, the trend of the high vessel density in the metastasized marrow of BC-WBV
mice, where small-diameter vessels comprised the majority, could lead to the perfusion increase. In this
respect, although this study demonstrated only the benefit of WBV against metastatic bone loss, it may also
be effective against bone metastatic tumor growth, especially in combination with anti-tumor drugs. The
mechanisms of WBV in modifying the vessel diameter distribution of tumor vasculature are beyond the
scope of this study. However, they will involve a balance of pro- and anti-angiogenic factors [22].
Additionally, it is possible that the WBV-induced remission of interstitial hypertension, which would
relieve the compression of tumor vessels and allow collapsed vessels to reopen [44], might contribute to
increasing the number of small-diameter vessels to be filled with the contrast agent. To evaluate the benefits
of WBV in BC-metastasized marrow perfusion, further studies are needed on whether WBV is effective
against tumor vessel leakiness and interstitial hypertension.

There are several limitations, other than those already discussed, in this study. First, we assessed
BC bone metastasis only in the tibial bone. The benefits of WBV against BC might also be present in the
primary tumor site of mammary fat. In a study of mammary BC tumor-bearing mice [47], knee loading
induced alteration in systemic metabolites such as cholesterol and calcitonin, thereby reducing Wntl-
inducible signaling pathway protein 1 (WISP1), which as a result, remotely suppressed the mammary tumor
growth. The same study also found a reduced urinary level of WISP1 in humans in response to step aerobics.
Thus, the benefit of WBYV to alleviate metastatic BC-induced bone loss is possibly attributed partly to its
effect mediated via circulatory factors against the primary tumor site. Although this study does not indicate
an effect of WBV on the primary tumor site because the numbers of mice that died of BC lung metastasis
was one in the BC-Sham group, but three in the BC-WBV group, further study is needed to determine
whether the anti-tumor action of WBYV is effective even at a distance. Furthermore, the degree of the benefit
from WBV may vary between skeletal sites, and it is difficult to extrapolate the present results to other
skeletal sites, such as the proximal femur and spine, which are most likely to suffer cancer metastasis. For
example, in myeloma-induced mice, WBV was more bone-protective in the femoral bone than in the tibial

bone, which suggests a relationship to between-bone differences in the marrow volume or in mechano-
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responsivity of marrow-derived MSCs [21, 48]. Distance from the vibration plate may also influence the
skeletal response to WBYV. In general, the farther from the plate, the magnitude of tissue strain or
acceleration induced by WBYV is thought to become smaller. However, the effect of WBV on bone is not
necessarily smaller. For instance, WBV at 45 Hz can be more effective in increasing trabecular bone volume
in mice when the amplitude is 0.1 g than 0.3 g [49]. Second, we lacked data on the effective regimen of
WBYV treatment. In the two earlier animal studies that investigated the benefits of WBV against cancer-
induced bone loss [19, 20], mice were administered a vibratory signal of 90 Hz at 0.3 g for 15 min/day for
5 days/week. We followed this loading regimen except for the daily administration time, which was altered
to 20 min. Numerous studies, which include these two animal studies, have demonstrated that the effect of
WBYV at this frequency and intensity is bone anabolic, which is expected to be the case in this study.
However, it has recently been reported that insertion of non-loaded rest periods between vibration bouts
may alleviate desensitization of bone in response to mechanical stimuli and enhance the efficacy of WBV
[50]. To increase the effectiveness of a WBV regimen against BC bone metastasis, the effective
combination of duration of vibration bouts and between-bout interval in addition to the vibration frequency
and intensity needs to be investigated further. Finally, this study was observational and did not provide
insights into the detailed mechanisms responsible for the effectiveness of WBYV against metastatic BC-
induced bone loss. Further studies, including experiments on intact mice, are needed for elucidating how
WBYV affects bone, tumor, and marrow vasculature and how they are involved in bone protection in BC
metastasis.

In summary, 3 weeks of WBV treatment in mammary BC tumor-bearing mice mitigated
metastatic bone loss, which may be associated at least partly with its bone-anabolic effect. Further, the
reduced heterogeneity of the marrow vessel diameter, accompanied by a shift in vessel distribution toward
smaller vessel diameters, was observed in the WBV-treated mice. Such structural changes in tumor
vasculature indicated the potential of WBV to reduce tumor progression and improve drug delivery to
targeted tumor cells by improving local perfusion. Further studies are required to extrapolate the present
findings to patients with BC bone metastasis. The anti-tumor growth and -bone loss effects of WBYV starting
at different stages of BC bone metastasis or effects depending on metastatic BC tumor cells with various
aggressiveness should be examined. Optimizing a WBYV protocol that achieves high efficacy, such as by
inserting non-loaded rest periods between vibration bouts, is difficult, but crucial for the successful

application of WBYV as a non-pharmacological treatment for BC bone metastasis.
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Table 1

Bone parameters

Intact BC-Sham BC-WBV
Ct. Th [um] 180.0 £4.0 99.8 £ 4.6" 117.2+9.5"
Ct.P [%] 0.68£0.13 0.74+0.15 0.76 £ 0.08
Ma.V [mm?’] 1.54+0.19 2.53 £0.20" 2.03+0.21°
BV/TV [%] 6.82 +0.58 3.80 + 0.46% 4.88+0.55
Tb.Th [um] 45.0+0.8 33.3+1.3% 33.5+2.1%
Tb.Sp [um] 281.7+14.3 339.5+34.8" 288.3+18.4"
Tb.N [mm™] 1688 + 272 1179 + 195* 1575 203"

*P < 0.05 vs. BC-Sham, *P < 0.05, #P < 0.01 vs. Intact.
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Figure captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Examples of cortical and cancellous bone images (mineral density > 0.5 g/cm?) of the proximal
tibial metaphysis reconstructed from Intact, BC-Sham, and BC-WBYV mice. The lengths of the

orthogonal thick line segments are all 0.5 mm.

Relative volume distributions versus mineral density in cortical (top) and cancellous (bottom)
bones of proximal metaphyseal tibiae. The relative volume at each mineral density (bin width:
0.022 g/cm’) is expressed as a percentage of the total volume of voxels with mineral density >
0.5 g/cm?. In the cortical bone, the mean mineral density in BC-Sham mice was smaller than that
in BC-WBV (P < 0.01) and Intact mice (P < 0.0001). The mineral density with the peak
frequency was lower in BC-Sham mice than in BC-WBYV (P < 0.05) and Intact (P < 0.0001)
mice. In the cancellous bone, the frequency distribution peaked at a higher mineral density in
Intact mice than in BC-WBYV mice (P < 0.05) and BC-Sham mice (P < 0.0005). Mineral density
distributions were similar between BC-Sham and BC-WBYV mice, but the mean mineral density
was smaller in BC-Sham mice than in BC-WBYV mice (P < 0.05) and Intact mice (P < 0.0001).

Error bars are + standard deviation.

Blood vessels (red) and trabeculae (grey) in the medullary region (yellow) of proximal
metaphyseal tibiae of BC-Sham and BC-WBYV tumor-bearing mice. Saccular vessels (¥) were
more frequently observed in BC-Sham mice. The lengths of orthogonal thick line segments are

all 0.5 mm.

Boxplot of the diameter-specific vascular volume fraction in proximal metaphyseal tibiae of BC-
Sham and BC-WBYV tumor-bearing mice. V.Vf: vascular volume fraction; V.N: vessel number
density; V.Sp: mean vessel separation; V.D: mean vascular diameter. * P<0.05, **P<0.01 vs. BC-

Sham.

Representative images of H&E staining of tibial sagittal sections from Intact, BC-Sham, and BC-
WBYV mice. The right panels show enlarged views of the boxed areas (120 x 90 um) in the left
panels. In both BC-Sham and BC-WBYV mice, 4T1 tumor cells, which are generally larger than
normal bone marrow cells, were widely distributed throughout the bone marrow region. A small
number of normal bone marrow cells were also observed to be sparsely scattered, but there were

no normal bone marrow compartments.
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