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Abstract of the Thesis
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High-frequency, low-magnitude mechanical signals (LMMS) applied exogenously as
low-intensity vibrations (LIV) have been shown to bias mesenchymal stem cell (MSC)
differentiation towards osteoblastogenesis at the expense of adipogenesis. Recent in-
vitro work has indicated that refractory periods allow additional benefit from these
mechanical signals when scheduled into the loading routine. Work is presented here
from three distinct 6-week experiments conducted to investigate the role of refractory
periods allowed in the administration of LMMS in an in-vivo animal model. Results from
the first experiment using 7-week old male C57BL/6J mice suggested that multiple
animal handling had an adverse effect on bone morphology, with more loading periods,

and thus more handling, suppressing the relative anabolic response. A second



experiment also using 7-week old male C57BL/6J mice employed a timer-controlled
semi-automated vibration platform that minimized animal handling by allowing in-cage
administration of LMMS. Data from this experiment showed no obvious phenotypic
changes in bone morphology between LMMS-treated animals and untreated controls.
However, animals that received either 30 minutes or 10 minutes three times daily bouts
of LMMS showed a significant increase in MSC numbers (p<0.05) compared those that
were not vibrated or only vibrated for 10 minutes daily. Importantly, animals were
observed to have remained in a recumbent position when vibrated in their cages; unlike
their standing, alert, position when moved to and vibrated in ventilated boxes, raising
the issue that the automated system allowed the animals to sleep through the day
portion of the diurnal cycle. In a third experiment that attempted to build on observations
made from the previous two, 8-week old female BALB/cyJ mice that were vibrated twice
daily for 15 minutes, separated by 6 hours, had 1.7 times the number of cells that
stained positively for MSC antibodies compared to animals vibrated once daily for 30
minutes (p=0.004). Separating LMMS into discrete loading bouts separated by 6 hours
therefore appeared to improve the ability of LMMS to proliferate MSCs. These results
provide insight not only into the importance of recognizing the complications that may
arise with handling animals, but also into optimizing a potential clinical intervention for
increasing MSCs in conditions like aging, obesity, and osteoporosis characterized by a

compromised bone marrow cell population.
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Chapter 1

INTRODUCTION

Osteoporosis
Osteoporosis and its related fractures present a major public health problem (1).

The disease is “characterized by low bone mass and microarchitectural deterioration of
bone tissue, leading to enhanced bone fragility and a consequent increase in fracture
risk” (2). This trend usually continues silently in the individual until fracture occurs in
such areas of the skeleton as the spine, hip, vertebra, pelvis and humerus (3, 4). In the
United States alone, about 10 million people are estimated to have osteoporosis with an
additional 34 million suspected to be at risk for the disease due to low bone density. In
2005, fractures resulting from osteoporosis cost a total of $19 billion in the U.S. and this
figure is expected to rise to around $25 billion by 2025 (5). Risk factors for osteoporosis
include genetic or constitutional ones such as female gender, Caucasian and Asian
ethnicities, premature menopause and maternal history of fractures. In addition, lifestyle
and nutritional habits like smoking, excessive alcohol intake and inactivity can contribute
to the disease, so can medical disorders including anorexia nervosa, primary
hyperparathyroidism and rheumatoid arthritis (6). Osteoporosis can also be caused by
drug therapies involving chemotherapy for thyroid therapy and the chronic use of
corticosteroids (7). All of the above risk factors are compounded by a natural decline in
bone mass that begins in the third decade of life and accelerates with hypogonadism in

males and menopause in females as an individual ages (8).



Obesity
The terms overweight and obese are broadly defined as ranges of weight that

exceed what is generally accepted as healthy for a specific height. The term body mass
index (BMI), defined as mass/height?, with mass in kilograms and height in meters,
serves as a general indication of an individual being overweight or obese (9). That said,
factors such as age, race, skinfold thickness, diet and physical activity should be
considered alongside BMI to assess obesity and predict possible weight problems (10,
11). For adults, a BMI between 25 to 30 kg/m? is considered overweight while anything
above 30 kg/m? is regarded as obese. This evaluation provides essential information
that can help diagnose obesity and bring attention to associated conditions like
hypertension, type Il diabetes, coronary heart disease, and stroke (12). For instance,
moderately obese men (BMI of 32.5) between the ages of 45 to 54 have a 30.1%
chance of having hypertension compared to a 17.7% chance in their non-obese peers.
In children and adolescents, obesity presents great concern since obese children are
likely to enter adulthood with the condition, increasing their likelihood of developing the
above-mentioned conditions later in life. Moreover, significant psychological and
cardiovascular morbidities have been observed in children and adolescents who are
obese (13). In 13 to 14 year-old adolescents, 34% of obese Caucasian girls had lower
self esteem compared to 8% of non-obese counterparts (14). On the cardiovascular
front, obese 5-10 year old children were found to be between 2.4 to 12.6 times more
likely to develop higher diastolic and systolic blood pressure, LDL cholesterol level,
triglycerides, and fasting insulin concentration than their non-obese peers (15).
Economically, numbers from the National Health Account estimate that as much

as $78.5 billion was spent on conditions directly related to being overweight or obese in
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the United States. This sum represents 9.1% of total national medical spending in that
year with average annual medical expenses being 37.4% higher for obese individuals
(16). These high human, social, and economic costs make it necessary to explore

effective preventative and treatment options.

Current prevention and treatment approaches
Osteoporosis

Current strategies for the prevention and reversal of osteoporosis centers on the
use of parathyroid hormone as an anabolic therapy or antiresorptive bisphosphonates to
decrease bone resorption (17). Parathyroid hormone (PTH) works by suppressing
apoptosis in osteoblasts which leads to an extension of the life-span of these bone-
forming cells (18). High cost and a risk of osteosarcoma in rats, however, present
significant challenges to PTH therapy and use of the drug is not recommended beyond
two years (19, 20). Bisphosphonates, the most widely-used class of osteoporosis drugs,
work by selectively adsorbing to mineral surfaces where they are internalized by bone-
resorbing osteoclasts. Once adsorbed by the cells, they reduce their activity by
disrupting key biochemical processes leading to increased apoptosis (21, 22).
Depending on the chemical composition of the bisphosphonate, frequency of dosage
can be once daily, once monthly, or once yearly These drugs are administered either
orally or by injection (23). Despite their effectiveness in reducing osteoporosis-related
fractures, severe side effects have been identified for those using bisphosphonates for
five years or longer (24). These side effects include osteonecrosis of the jaw, atrial
fibrillation, esophageal cancer, ocular inflammation, severe musculoskeletal pain, and

an elevated risk of atypical fractures of the femur (25, 26). While at first counterintuitive,



the occurrence of atypical fractures has been shown to be caused by the accumulation
of bone microdamage and increased skeletal fragility due to a highly suppressed bone
turnover, which is — somewhat ironically — the very goal of the therapy (27, 28). As such,
more comprehensive system-based pharmacologic or non-pharmacologic preventative
and treatment approaches are essential.
Obesity

Obesity treatment focuses primarily on weight loss and weight loss maintenance,
reducing abdominal fat, improving obesity-related health risks, and reducing mortality
rate. Successful treatment also impacts on reduced health care costs and aims to
improve the general quality of life of patients (29, 30). Specific steps taken include the
recommendation of low-caloric diets, increased physical activity, behavioral modification
of lifestyle, and — towards the extreme — the use of drugs and bariatric surgery (30).
Recommended low-caloric diets are usually high in carbohydrate, protein and fiber but
low in fat (29). Physical activity should form an integral part of a comprehensive obesity
management program, but should take into consideration factors like age, degree of
obesity, and co-morbidities in a patient (31). When deemed necessary by the
healthcare provider, anti-obesity drugs can be prescribed to be used along with diet,
exercise and lifestyle changes. These drugs target either the central nervous system or
peripheral tissues and aim to control regulatory and metabolic disturbances pathogenic
to obesity. Here too, serious side effects have been seen such as the development of
valvular heart disease by patients treated with the anoretic drug combination,
fenfluramine-phentermine (30, 32). Because physical activity in the form of exercise not

only leads to reduced fat mass, but can also prevent loss of lean body mass and bone



mass, it presents a viable multiple-pronged approach to overall well-being. The link
between bone and fat because of their precursor, mesenchymal stem cells, makes such

a multiple-pronged approach even more favorable (33).

Mesenchymal stem cells: link between bone and fat
Epidemiological observations made by Meunier and collaborators in the 1970s

indicated an inverse relationship between adipocyte number and size and the degree of
bone loss in marrow biopsies of aging and osteoporotic patients — with total marrow fat
increasing as bone cells decreased (34, 35). More recently, Justesen and coworkers
analyzed iliac bone marrow biopsies and showed that whereas adipose tissue volume
as a fraction of total tissue volume increased from 40% to 68% from age 30 to 100,
bone volume as a percentage of total tissue volume decreased from 26% to 12% over
the same age range in non-osteoporotic individuals, with biopsies from aging
osteoporosis sufferers showing even more pronounced changes (35). Such findings
suggest that aging compromises the careful balance that exists between bone formation
and resorption in early life, and this overall reduction in bone mass is, to a degree, due
to a reduction in the activity, life span and differentiation of osteoblasts from their
precursor, the mesenchymal stem cell. As it turns out, this is the same progenitor as an
adipocyte and thus the increase in fat in the marrow and other sites could be associated
with the decrease in skeletal mass. As we age, it would appear that the fat-bone “see-
saw” swings in favor of fat formation at the expense of bone maintenance (36, 37). In
addition, lipid is redistributed from fat depots to tissues such as muscle and bone
marrow in the aging individual with a worsening of the trend by increased osteoclast

activity and hormone deficiency at menopause (38).



On the other side of the coin, diet-induced obesity has been shown in animal
models to correlate with a decrease in indicators of bone quality such as trabecular
bone mass, trabecular number, trabecular width, spacing and connectivity (39, 40).
Femoral strength, toughness and stiffness as well lamellar and osteocyte alignment
were also inferior in both adolescent and adult mice fed a high-fat diet (40).

At the cellular level, seminal work by Beresford and colleagues used cultured
adult rat marrow stromal cells to demonstrate an inverse relationship between the
production of osteogenic and adipocytic cells. The investigators observed that the
relatively equal inclination of bone marrow-derived mesenchymal stem cells towards
either osteoblast or adipocyte differentiation was driven preferentially towards either
pathway when culture conditions were modified. Specifically, the delayed addition of
dexamethasome, a glucocorticoid, led to a predomination of adipocytic differentiation
whereas the presence of vitamin D3 led to a push towards osteogenic cell differentiation
with an inhibition of adipogenesis (41). Taken together, the above observations suggest
that targeting bone marrow-derived MSC population towards osteoblastogenesis can
serve as an effective means of driving bone growth while suppressing fat formation.
Interventions such as mechanical signals presented through exercise could therefore

work through targeting the differentiation fate of MSCs towards bone endpoints (33).

Exercise and mechanical signals
Specific types of exercise have been shown to improve bone mass, density and

mechanical strength (42). The work of Hert and colleagues, 40 years ago, showed in
rabbits that bone is responsive to dynamic (not static loading) and strains generated by

dynamic loading drive bone adaptation (43). Rubin and Lanyon subsequently confirmed



this finding in the isolated avian ulna model showing a direct proportionality between
peak longitudinal strains and bone adaptation (44). Judex and Zenicke also showed that
whereas treadmill running in growing roosters failed to promote bone growth, high-
impact drop jumps increased bone formation in the mid-diaphysis of the
tarsometatarsus, with strain rate correlating significantly with specific sites at the
periosteal surface that showed increased formation rates (45). Apart from strain
magnitude and rate, bone adaptation is also sensitive to number and frequency of
loading cycles (44, 46, 47). These mechanical signals produced through loading or
exercise are transduced into biochemical responses that may lead to changes in gene
expression, function and morphology of cells through mechanotransduction (48).
Although bone mechanotransduction is still an area of continuous research, it is
widely accepted that osteocytes sense mechanical signals and in turn instruct
osteoblasts and osteoclasts to perform their respective functions of formation and
resorption (49, 50). That said, osteocytes are not the only cell types in the bone/bone
marrow environment that sense and mechanical signals; pluripotent mesenchymal stem
cells that differentiate into various mesenchymal lineages such as adipocytes,
chondrocytes and osteoblasts also reside in a stem cell “niche” in the bone marrow (48,
51, 52). As previously mentioned, because MSCs can differentiate into a number of cell
types including adipocytes and osteoblasts, their commitment to one pathway inherently
prohibits a simultaneous commitment to another (41). Recent evidence showed an
increase in the fat marker, PPARYy in the absence of mechanical stretching but an
increase in the osteogenic markers, Runx2 and osteocalcin with mechanical stretching

in cultured bovine MSCs. It can be therefore be asserted that the absence of



mechanical signals permit the promotion of the fat phenotype, because MSC
differentiation defaults towards adipogenesis, whereas an introduction of mechanical
signals reverses that tendency (33). Thus, mechanicals signals presented in a safe
manner can be an effective way to simultaneously control obesity, osteoporosis, and
related ailments, all through targeting the fate of bone and fat cell progenitors, rather

than the fully differentiated bone or fat cell.

Low-magnitude mechanical signals
Recent work has shown that in lieu of mechanical signals represented by large-

strain events from sources such as exercise and high-impact loading, low-magnitude
mechanical signals (LMMS), applied exogenously as low-intensity vibrations from a
vibrating plate at 30 to 90Hz frequency and of 0.2g to 0.4g peak acceleration (where 1g
= earth’s gravitational field) can also promote osteogenesis and suppress adipogenesis
(53). Administered for 15 to 20 minutes daily for 5 days a week, these LMMS induce
strain levels three orders of magnitude below what is induced during exercise (54).
Nonetheless, their effect on bone and fat formation has been seen in various animal
models and preliminary clinical studies (55). Specifically, mature female sheep, after
receiving LMMS treatment (30Hz frequency, 0.3g peak acceleration for 20 minutes per
day) for a year showed a 34% increase in trabecular bone density and a 32% in
trabecular bone volume fraction in the proximal femur compared with controls (54).
Besides that, normal mice fed a regular diet attained 27% lower torso fat volume after
12 weeks of receiving LMMS (90 Hz frequency, 0.2g peak acceleration for 15 minutes
per day) compared to non-treated controls (56). In addition, compared to non-treated

controls, growing mice fed a high-fat diet (45% kcal fat) showed a 28% suppression of



visceral adipose tissue formation after 12 weeks with an 11% increase in trabecular
bone volume fraction and a 46% increase in bone marrow-derived MSCs after 14 weeks
of applying LMMS. Six weeks of treatment in a parallel experiment also showed
upregulation of the Runx2 osteogenic transcription factor by 72.5% and a 27%
downregulation of the adipogenesis promoting counterpart, PPARy, in bone marrow
extracted from animals (55, 57). At the human level, young women (aged 15 to 20
years) with low bone mineral density (BMD) who received LMMS (30Hz frequency, 0.3g
peak acceleration, 10 minutes per day) for 12 months showed a 3.8+1.6 [SE] mg/cm?
increase in cancellous BMD in the spine whereas women in the control group only had
a non-significant 0.1+1.5 mg/cm?® increase. Visceral fat was also significantly
suppressed in the lumbosacral region in the LMMS-treated group compared to controls
(55, 58). These studies point at a role of LMMS in stimulating osteogenesis and

suppressing adipogenesis in the bone marrow space.

Major molecular players
The PPARYy transcription factor in particular plays an important role in the bone-

fat balance. Data from one study showed an upregulation of osteoblastogenesis in both
heterozygous PPARYy-deficient mice (40% higher trabecular bone mass compared to
wildtype littermates) and homozygous mouse embryonic stem cells cultured in the
absence osteogenic supplements (59). Direct association between PPARy and
adipogenesis was confirmed with the reintroduction of the PPARYy gene using a
retrovirus vector (59). Intrinsic PPARYy signaling therefore seems to effectively suppress
osteoblast differentiation in the absence of osteogenesis-promoting factors and a major

pathway through which PPARYy affects this bone-fat relationship is though the canonical



Wnt-B-catenin signaling (59, 60).

In general, Wnt-3-catenin signaling contributes to bone mass increase through
stem cell renewal, osteoblastogenesis induction, preosteoblast replication stimulation,
and osteoblast apoptosis inhibition (61). The pathway also plays a role in maintaining
preadipocytes in their undifferentiated state (60). On the other hand, PPARYy restrains
Wnt signaling by inducing the proteasomal degradation of phosphorylated -catenin
(62). Suppression of PPARYy activity by LMMS therefore appears to increase
osteoblastogenesis and restrain preadipocyte differentiation by promoting Wnt--catenin
signaling. Coupled with the general increase in MSC numbers observed from LMMS
administration, these signals present a promising clinical tool for maintaining skeletal
tissue and preventing obesity especially with improved knowledge about the most

beneficial bout or dose regimen.

Refractory periods in mechanical signals
Robling and colleagues observed that dividing 360 daily bending cycles into 4

bouts of 90 cycles each or 6 bouts of 60 cycles each both produced a greater
osteogenic response compared to applying all 360 cycles at once (63). They proposed
that mechanotransductive bone cells seem to develop an increasing “deafness” to a
mechanical stimulus when loading cycles are administered uninterrupted. The
incorporation of rest or refractory periods between loading bouts therefore may allow
recovery of mechanosensitivity from the previous bout and increase the osteogenic
benefit of subsequent bouts (63). Recent data have shown that both low and high
intensity mechanical signals exhibit an enhanced suppression of adipogenesis in

cultured MSCs when a refractory period of at least 1 hour is allowed between two 20

10



minute daily bouts (64). Analogous in-vivo data would help elucidate an appropriate
scheduling approach to increase the effectiveness of LMMS in influencing MSC fate for

potential clinical use.

HYPOTHESIS
We hypothesized that incorporating rest periods with LMMS administered

over the course of 24 hours in a mouse model would lead to an increase in the
number of mesenchymal stem cells in the bone marrow cavity. As a secondary
outcome, indicators of bone quality would be greater with a parallel suppression
of fat formation. This hypothesis was tested by measuring indices of bone morphology
as well as fat and lean muscle volume using high-resolution microcomputed
tomography and quantifying the mesenchymal stem cell pool in the femoral bone

marrow with flow cytometry.
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METHODS
To assess the MSC population in the bone marrow environment and potential

bone and fat phenotypic changes as may be stimulated by LMMS, three 6-week
experiments were performed using growing mice. Animals were distributed into groups
that were subjected to one or several bouts of high-frequency low-magnitude
mechanical signals over the course of the day, sham-handled, or served as age-
matched controls. Indices of fat and lean mass were measured prior to sacrifice and
trabecular bone morphology of the proximal tibia was determined after sacrifice with
high-resolution microcomputed tomography. Flow cytometry was performed on cells
flushed from the femoral bone marrow for analysis of the mesenchymal stem cell

population.

Animal Groups
In the first of three animal studies, 48 seven-week old C57BL/6J male mice were

obtained from The Jackson Laboratory (Bar Harbor, MN) and distributed into 6 groups
(n=8) (Table 1). LMMS were administered 5 days per week for 6 weeks at 90Hz
frequency and 0.2g peak acceleration by removing animals from cages and placing
them in clear partitioned plastic boxes with ventilation holes. These low-intensity
vibration parameters had been shown in a previous studies to elicit osteogenic and fat
suppression responses both phenotypically and in the bone marrow space (55, 56).
Animals were allowed free access to regular rodent chow (Purina LabDiet 5001,
Richmond, IN) and their mass and weekly food consumption were monitored for the
duration of the experiment. At sacrifice, the left tibia was fixed for 48 hours in 10%

neutral buffered formalin and transferred to 70% ethanol at 4°C for long-term storage.

12



Bone marrow was flushed from the right femur with complete cell culture media for flow

cytometry analysis.

Table 1: Animal groups and loading regimen for first animal study

Group name | Daily loading/sham-handling regimen

BC Baseline Control, sacrificed at start

AC Age-matched Control

10x3ShC Sham Control: sham-handled for 10 minutes at 9am, 1pm
and 5pm.

10x1V 10 minutes LMMS once at 9am

10x3V 10 minutes LMMS 3 times at 9am, 1pm and 5pm

30x1V 30 minutes LMMS once at 9am

To investigate whether animal handling had a negative effect on bone
morphology, a second experiment was conducted. In this second study, 48 seven-week
old C57BL/6J male mice were obtained from The Jackson Laboratory and put into three
control and three experimental groups (n=8) (Table 2). LMMS were administered 5 days
per week for 6 weeks using a timer-controlled semi-automated platform to deliver
signals at 0.2g and 90 Hz (Figure 1). Animals were allowed free access to regular
rodent chow and weekly measurements of their body mass and food consumption were
made. At sacrifice, the left tibia was removed fixed in 10% neutral buffered formalin for
48 hours and transferred to 70% ethanol for long-term storage at 4°C. For flow
cytometry analysis, bone marrow was flushed from the right femur with complete cell

culture media.
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Table 2: Animal groups and loading regimen for second animal study

Group name | Daily loading/sham-handling regimen

BC Baseline Control, sacrificed at start

AC Age-matched Control

10x1ShC Sham Control, animals in cages were moved to mimic
movement of LMMS groups onto platform. This group
received no vibration

10x1V 10 minutes LMMS once in cages on vibration platform at 9am

10x3V 10 minutes LMMS in cages at 9am, 1pm and 5pm

30x1V 30 minutes LMMS once in cages on vibration platform at 9am

horizontal bar swung
to release or hold

down cages \ thumb screw
N for securing
7 N .
{ horizontal bar
o y e
cages o - vibration
‘ \ platform
I~
~ /Jﬁ

_F vibration

o O plate

to signal
generator and
- amplifier

Figure 1: Front-view vibration platform with 8 slots developed to allow in-cage

administration

of LMMS from and minimize frequent handling.

Animals remained recumbent during in-cage vibration because of their sleep cycle

instead of their alert, standing position when taken out of cages to be vibrated in

conditions where one loading protocol was performed once per day. Thus, a third

animal study was conducted to address observations from the first two.
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Thirty-two eight-week old female BALB/cBJ mice obtained from The Jackson
Laboratory were put into 3 groups that were either sham-handled or received LMMS
under two different daily schedules (n=8) (Table 3). The switch to female BALB/cBJ
mice was made because of previous data that showed a strong bone phenotypic
response when LMMS were administered for 6 weeks in this gender and strain (65).
LMMS were administered 5 days per week at 90Hz frequency and 0.2g peak
acceleration (where 1.0g is the earth’s gravitational field). Animals were taken from their
cages and placed in clear partitioned plastic boxes for vibration. Animal mass and
weekly food consumption (standard rodent chow) were monitored for the 6-week
duration. The left tibia was removed at sacrifice and fixed for 48 hours in 10% neutral
buffered formalin and then transferred to 70% ethanol at 4°C for long-term storage.
Bone marrow was also flushed from the right femur at sacrifice into complete cell culture

media for flow cytometry analysis.

Table 3: Animal groups and loading regimen for third animal study

Group name | Daily loading/sham-handling regimen

30x2Sh Sham-handled twice for 30 minutes each time at 10am and
4pm. Received no LMMS.

15x2V 15 minutes LMMS plus additional 15 minutes in plastic box at
10am and at 4pm

30x1V 30 minutes LMMS at 10am, sham-handled for 30 minutes at
4pm

In-vivo micro-computed tomography
Animals were scanned using in-vivo micro-computed tomography (Scanco,

Switzerland) to establish fat and lean muscle phenotype prior to sacrifice. Scanning was
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performed at a resolution (minimum voxel size) of 76um, x-ray energy of 45 kVp, and
tube current of 131uA. A highly precise automated algorithm described elsewhere in
detail was used to separate and quantify lean and fat abdominal tissue at the mid-

section from L1 to L5 lumbar vertebrae (66).

Ex-vivo micro-computed tomography
After sacrifice, micro-computed tomography (LCT) was used to examine possible

changes in trabecular bone microarchitecture. Scanning was done at an isotropic voxel
size of 12um with x-ray energy and current at 45kVp and 131pA respectively. The
region analyzed had a height of 960um, taken 240um distal to the growth plate at the
proximal end of the left tibia. The cortical shell was separated from the trabecular core
of the bone using an automated algorithm described elsewhere in detail (67).
Trabecular parameters of bone microarchitecture computed and analyzed include bone
volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular separation (Th.Sp),
trabecular number (Th.N), connectivity density (Conn-Dens.), and bone mineral density
(BMD). These measurements were made from three-dimensional reconstructions of the

trabecular bone separated from the cortical shell (Figure 2).

16



Figure 2: Representative images of 3D reconstructed images of the ex-vivo uCT
region of interest in the proximal tibia. Trabecular bone (LEFT) was separated
from the cortical shell (RIGHT) using an automated algorithm.

Flow cytometry
The right femur was removed at sacrifice, the ends snipped, and bone marrow

flushed out. Red blood cells were lysed with Pharmlyse (BD Biosciences) after which
the mesenchymal stem cell population was assessed by flow cytometry (FACSAria Cell
Sorter, BD Biosciences, CA). Staining was done with Sca-1 and c-Kit markers at a
1:100 volume ratio (51, 55, 68, 69). These markers were conjugated to phycoerythrin

(PE) and peridinin-chlorophyll fluorochromes respectively.

Statistical analysis
Data were presented as mean + SD. One-way ANOVA with the Tukey post-hoc

test was used to compare group means and determine statistical significance set at 5%.

Statistical analysis was performed with version 17 of SPSS (IBM, Somers, NY).
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RESULTS

Experiment 1: Impact of handling

Animal mass and food consumption
Animal groups showed a similar trend in mean weekly mass of food consumed

and animal weights (Figure 3). There were no significant differences between groups in

mass and food consumed.
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Figure 3: Animal weights and food consumed over 6 week experimental period in
first animal study. Mean weights and food consumed across groups showed no

significant difference.
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Bone morphology

Animals in the 30x1V group showed significantly greater bone volume fraction
(BVITV), trabecular thickness (Tb.Th) and bone mineral density (BMD) than 10x3V,
10x3SC and BC groups (p<0.05)(Figure 4). There were no significant differences
among non-baseline animal groups in connectivity density (Conn-Dens.), trabecular
separation (Th.Sp), and trabecular number (Th.N) (not shown). Age-matched control
animals (AC) also showed a higher BV/TV than groups handled or vibrated three times

per day (Figure 4).

A Bone Volume Fraction
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0.15+

0.10-

BV/TV

a: p<0.05 versus BC, 10X3SC and 10X3V
b: p<0.05 versus BC, 10X3SC, 10X1V and 10X3V
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Figure 4: Mean indices of trabecular bone morphology: bone volume fraction
(A), bone mineral density (B) and trabecular thickness (C). 30x1V showed
significantly higher BV/TV, BMD, and Tb.Th than BC, 10x3SC, 10x1V and

10x3V (p<0.05).
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Fat and lean tissue morphology
The AC group showed a significantly higher lean tissue volume compared to BC,

10x3SC, and 10x3V. There were no significant differences in volume of total adipose

tissue among groups (Figure 5).
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Figure 5: Total adipose tissue (A) and lean tissue volume (B). AC had a
significantly higher LeanV compared to BC, 10x3SC and 10x3V (p<0.05). No
significant differences were observed in TAT among groups.

Experiment 2: Impact of in-cage vibration during day cycle

Animal weights and food consumption
There was no significant difference in weekly animal mass and weekly weight of

food consumed over the 6-week experimental period (Figure 6).
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Figure 6: Animal mass and food consumed over 6-week experimental period in
second animal study. No significant differences were observed in mass of
animals or food consumed. Records of food consumed were kept beginning
from the end of week 1.

Flow cytometry of bone marrow-derived cells
The population of cells that stained positively for Sca-1 and c-kit antibodies as a

fraction of all bone-marrow derived cells were statistically higher in both 10x3V and
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30x1V compared to all other groups (Figure 8). Gates were carefully drawn in flow

cytometry profiles to include the subset of cells positive for both MSC markers (Figure

7).
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Figure 7: LEFT: Unstained control of bone marrow-derived cells sampled from
all animals. This unstained control served as a guide for delineation of the
subset of cells positive for Sca-1 and c-Kit. RIGHT: Cells stained for the Sca-1
and c-Kit markers. Inset rectangles show corresponding gates drawn to identify
subset of cells positive for both markers.
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Figure 8: Mean percentages of cells
positive for Sca-1 and c-kit MSC
markers. 10x3V and 30x1V showed
statistical significance compared to
all other groups *=p<0.05 versus
AC, 10x1Sh and 10x1V.
Percentages are calculated as
number of positive cells as
proportion 0f100,000 sampled
events.



Bone morphology
The Baseline Control group (BC) was statistically lower in three major indices of

bone morphology: BV/TV, BMD and Th.Th suggesting bone growth progressed from
age 7 weeks to 13 weeks (Figure 9). AC also showed a significantly higher BMD
compared to 10x1ShC (Figure 9). There were no significant differences among non-

baseline groups in Conn-Dens., Th.Sp and Th.N (not shown).
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Figure 9: Mean indices of trabecular
bone morphology: bone volume fraction
(A), bone mineral density (B), and
trabecular thickness (C) from second
animal study. BC had significantly lower
BV/TV, BMD, and Tbh.Th compared to
other groups. BMD was significantly
higher in AC compared to 10x1ShC.

Tb.Th (mm)

a: p<0.05 versus all other groups
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Fat and lean tissue volume

Here too, the BC group showed significantly lower total adipose tissue volume
and lean tissue volume compared to all other groups (Figure 10). No other significant

differences were observed.
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Figure 10: Total adipose tissue volume (TAT) and lean tissue volume quantified
using in-vivo uCT. BC had a significantly lower TAT and LeanV compared to all
other animal aroups.

Experiment 3: Idealized LMMS regimen with refractory periods

Animal weights and food consumption

There was a similar rate of growth in animal weights and mass of food consumed

over the 6 week period across all animal groups (Figure 11).
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Figure 11: Animal weight and food consumed over 6 week experimental period
in third animal study. There were no significant differences among groups in
weekly measurements of animal weight and food consumed.

Flow cytometry of bone marrow-derived MSCs

15x2V showed a significantly higher proportion of bone marrow cells that stained
positively for the MSC markers Sca-1 and c-Kit. As many as 1.7 times more 15x2V cells

stained positively for the two markers compared the 30x1V group and 72.8% more cells
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in the 15x2V group were positive for both markers compared to the 30x2Sh group

(Figure 12). Flow cytometry gating was done in a similar manner as in Experiment 2

above (Figure 7).
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Figure 12: Mean percentages of cells that
stained positively for Sca-1 and c-Kit MSC
markers. *=p<0.05 versus 30x2Sh and
30x1V. Percentages are calculated as
number of positive cells as proportion
0f100,000 sampled events.

Bone morphology

There were no significant differences in measured bone morphology indices

among the three animal groups (Figure 12).
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Fat and lean tissue volume
Volume of total adipose tissue and lean tissue also showed no significant

differences among groups (Figure 13).
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Figure 13: Total adipose tissue volume (A) and lean tissue volume (B)
quantified using in-vivo uCT. No significant differences were observed.
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DISCUSSION
Osteoporosis and obesity manifest as deficiencies in fat suppression and bone

growth or maintenance and present considerable human and economic costs (5, 13,
16). Because of the numerous side effects that may accompany the use of
pharmacological agents, interventions such as exercise present an effective means to
increase bone mass and suppress fat build-up (31, 70). However, the optimal exercise
regimen and exact molecular mechanism responsible for a mechanically-induced
response are yet to be fully understood (71). In addition, exercise raises several issues
of safety, while compliance among groups such as the elderly and the frail can be
difficult (72). Alternatives to pharmacologic agents are essential, and biomechanical
approaches, although attractive, must be approached with caution. Given that
adipocytes and osteoblasts share a common progenitor, the mesenchymal stem cell,
any intervention — physical or chemical — that promotes osteoblastogenesis can be
expected to suppress adipogenesis and so may ultimately address bone loss and
obesity simultaneously. This perspective is strengthened by the observed inverse
relationship between the differentiation of fat and bone cells from mesenchymal stem
cells in the bone marrow cavity, and one way of driving this relationship towards bone
formation is through the application of mechanical signals (33). Bone responds to
mechanical signals in a nonlinear fashion, as such, a few high-magnitude strain events
like the kind generated by vigorous exercise or several thousand strain events of low-
magnitude are both effective in eliciting an anabolic bone response (73). These low-
magnitude strain events when induced exogenously at high frequencies mimic those
produced from less strenuous but more frequent activities like muscle contraction to

maintain posture (54). The bone formation and simultaneous fat suppression potential
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of these relatively subtle mechanical signals has been well documented.

Using flow cytometry on transplanted GFP positive (GFP+) bone marrow cells,
LMMS was shown to have lowered the ratio of GFP+ adipocytes to GFP+ marrow cells
in the epididymal fat of treated animals fat by 19% compared to untreated controls (56).
In addition, animals fed a high-fat diet showed an upregulation of the adipogenic
transcription factor Runx2 by 72% and a downregulation of the adipogenic PPARYy by
27% together with a 46% increase in MSC numbers in the bone marrow when LMMS
was administered for 6 weeks compared to similar animals that received no stimuli (55).
Animals that received LMMS also showed significantly greater tibial bone volume
fraction, less visceral fat and lower biochemical indices of obesity compared with
controls (55). These promising results prompted an in-vitro investigation to determine
the scheduling and bout parameters that would maximize the effect of LMMS on
favorable MSC fate determination.

Over the course of 7 days, MSCs that received low-intensity vibrations twice a
day for 20 minutes each time ,separated by an hour, showed a suppression of the fat
markers PPARYy2, aP2 and adiponectin whereas daily single bouts of 20 and 40 minutes
failed to suppress adipogenesis (64). When the duration between mechanical bouts was
increased from an hour to 3 hours, repression of the adiponectin protein increased from
30+8% to 70+5% compared to untreated controls. No additional improvement in efficacy
was seen when the refractory period was further increased to 6 hours. However, raising
the number of daily LIV bouts from two to three with 3 hours separating them produced
even greater inhibition of adipogenesis (64). These results show that scheduling of

mechanical bouts has a significant effect on response as rest periods between bouts
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appear to permit a “reset” of the sensitivity of cells to mechanical signals. Subsequently,
the animal study presented here was conducted in an attempt to translate the in-vitro
finding to an in-vivo system in an effort to “optimize” the mechanical input.

The first animal experiment was designed to compare a 30-minute bout of LMMS
given once a day to three 10-minute bouts given at 9am, 1pm, and 5pm daily to 7-week
old C57BL/6J male mice. Ex-vivo uCT showed a significantly higher (p<0.05) bone
volume fraction (BV/TV), trabecular thickness and bone mineral density (BMD) in the
30x1V group compared to the 10x3V and 10x3SC groups (Figure 4). Flow cytometry
data from this experiment was not considered because of a shortage of consistent
marker conjugates for animals in all groups at sacrifice. Since neither parameter
showed a dependence on animal mass, we believe that the additional handling required
by the 10x3V and 10x3SC groups may have caused stress and suppressed bone
growth in these groups. Findings elsewhere have documented significant stress-related
adverse changes in physiologic parameters, such as serum corticosterone or cortisol
concentration that are rapid, pronounced and sustained, with routine handling of
laboratory animals (74, 75). With repeated daily handling episodes, animals may have
entered a state of heightened chronic stress. Chronic psychological and metabolic
stress can promote “biological aging” leading to the early onset of diseases usually seen
with advanced age. Stress may also lead to an increase in abdominal adiposity,
leukocyte cellular aging from shortened telomere length, and oxidative stress in blood
cells (76-79). These changes are accompanied by increased production of the hormone
cortisol with decreased production of hormones anabolic to lean and skeletal mass,

such as androgens and insulin-like growth factor 1 (IGF-1) (80). Correlations have also
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been found between endogenous cortisol levels, used as a measure of chronic stress in
animals and humans, and bone mineral density (81, 82). Specifically, although weak, a
negative association was found between lumbar spine bone density and integrated
cortisol concentration (r=-0.37; p<0.05) in healthy men between 61 and 72 years (81).
Again, together with testosterone and body mass index, cortisol was found to be a key
predictor of lumbar BMD in healthy men aged 43-73 years (-0.33, p<0.05).

Hence, although serum cortisol and androgen levels were not measured in
animals during the course of the experiment as the possible impact of stress was only
realized retrospectively, three times daily handling of the 10x3V and 10x3SC groups
might have led to stress that suppressed bone growth. This suppression could have
been caused by an increased cortisol level coupled by decreased levels of the anabolic
androgen and IGF-1 hormones in groups handed three times daily. However, the longer
single 30-minute bout received by the 30x1V group led to greater indices of bone
morphology in that group. The prolonged daily bout in the 30x1V group may have
therefore compensated for the possible negative impact of handling from this stress-
related hormonal shift. Besides, daily handling in this group was only done once dalily,
as a result, any stress-related hormonal shift would have been relatively minimal to
begin with. From these observations, a second experiment was designed to remove
handling as a possible confounding factor by making it possible to vibrate animals in
their cages (Figure 1).

This second experiment showed no significant differences in indices of bone
morphology between vibrated groups and non-baseline control groups (Figure 9). Flow

cytometry however showed a significantly greater (p<0.05) number of bone marrow-
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derived cells from 10x3V and 30x1V animals that stained positively for the Sca-1 and c-
kit MSC antibodies compared to cells from the AC, 10x1Sh, and 10x1V groups (Figure
8). It was also observed during this experiment that animals remained recumbent as
LMMS through subtle low-intensity vibrations were administered in contrast to the
standing position assumed when they are removed from their cages and vibrated in
ventilated plastic boxes. This resting, recumbent posture was probably assumed by
animals because in-cage vibration was conducted during the day cycle when the
nocturnal mice are naturally dormant. In contrast, movement from cage to plastic boxes
for vibration introduces them to a new environment which prompts them to be alert and
standing for the duration of vibration. Thus, when vibrated in their cages, animals
remained in a comfortable environment during a time of the day when they are naturally
dormant. LMMS were therefore not transmitted through weight-bearing limbs of
standing animals to the rest of their bodies, creating the possibility of a subdued
response. That said, since animals in the 10x3V and 30X1V groups were vibrated for a
total of 30 minutes daily, compared with animals in other groups that only received 10
minutes of vibration or no vibration at all, the greater number of daily cycles may have
nonetheless promoted MSC proliferation in these two groups compared to the others.
Thus, put together, data from the first two experiments suggest that frequent handling of
animals may lead to a suppressed osteogenic response to LMMS whereas in-cage
vibration may result in the animals sleeping through bouts. Consequently, a third
experiment was performed to address both issues with “standardized” and less frequent
handling and administration of signals to awake, alert animals.

This third experiment administered LMMS by moving animals to clear plastic
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boxes to be vibrated. Handling in all experimental groups was “standardized” to twice
daily, at 10am and 4pm, with animals spending 30 minutes in clear plastic boxes each
time. Eight-week old BALB/cByJ female mice were used as that strain and gender had
previously shown a phenotypic bone response to LMMS after 6 weeks of administration
(65). Animals that received two 15-minute bouts (15x2V) of LMMS had 1.74 times the
number of cells positive for Sca-1 and c-Kit as those that were vibrated once daily for 30
minutes (30x1V) (p<0.05) (Figure 12). In addition, the 15x2V group had a 72.8% greater
number of bone marrow-derived cells that stained positively for the two MSC antibodies
compared to the 30x2Sh sham-handled group. Thus dividing a daily 30-minute LMMS
bout into two sessions with a 6-hour separation period seemed to have elicited a greater
MSC proliferation response compared to administering the same number of cycles in
one bout. The ability of LMMS to promote MSC numbers in the bone marrow cavity was
therefore enhanced by incorporating a refractory period, suggesting that greater benefit
could be obtained from LMMS through repeated bouts within a 24 hour period. Hence, it
may not be necessary to wait a full day before administering a second bout of LMMS,
as done in the 30x1V group, when greater benefit could be acquired with a repeated
bout in the same day.

Because the only variable in the experiment was length and spacing of bouts, it
is possible that signals received by the 30x1V group, which were also handled twice but
only vibrated once, were overwhelmed with twice-daily handling without a
corresponding divided bout of LMMS to mitigate any adverse effect of handling. This
unequal matching of bouts with handling might have resulted in MSC proliferation not

being significantly different between the 30x1V and the 30x2Sh groups. Despite these
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differences in the progenitor population, there were no significant differences in
phenotypic indices of bone morphology, fat or lean tissue volume as measured by
microcomputed tomography (53). The reason for this could be two-fold: first, the use of
healthy mice here may have prevented modeling of adverse changes in bone
metabolism and architecture seen with diseased or perturbed animal models (83). Thus,
to accelerate and facilitate the quantification of phenotypic differences in fat and bone, a
perturbed animal model, particularly that of diet-induced obesity might be necessary
(84). In addition, the experimental duration may also need prolongation to 14 weeks to
allow adequate time for differences in fat and bone production to be assayed at the
phenotypic level (55). Observations from the experiments presented here therefore
teach important lessons about factors that may interfere with the effective delivery of
LMMS and the importance of bout scheduling.

First, multiple daily handling may suppress the anabolic effect of LMMS on bone
morphology. Given that this interference was not suspected during the course of first
experiment, no measures of plasma cortisol concentration to indicate stress levels in
animals were made (85). However, the unequal amount of handling received by the
animals in the 10x3V and 10x3SC groups may have put them in a state of elevated
chronic stress and shifted hormonal levels towards increased cortisol production.
Increased number of cycles with reduced handling, as given in the 30x1V group was
however able to supersede the catabolic impact of elevated stress on bone formation. It
may be advisable to develop a protocol that includes regular assay of serum cortisol
levels to investigate the effect of multiple daily handling on bone morphology. Such a

study would inform investigators about the possible negative impact of increased
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handling on bone formation and allow them to account for that factor in studies of bone
disease and etiology. Second, the use of the timer-controlled semi-automatic vibration
platform in the second experiment resulted in the animals sleeping through the stimulus
and preventing its delivery to through weight-bearing skeleton. This recumbent posture
during signal delivery was unlike the alert and standing position assumed by animals
when manually removed from cages to ventilated boxes to be vibrated. As such,
transmission of signals to the resident bone marrow cells may not have been done
effectively even though the frequency and magnitude within cages were verified to be
90Hz and 0.2g respectively and validated on a daily basis. It might therefore not be
advisable to impart such subtle mechanical signals on animals during their sleep cycle,
as the signals might be received in a “passive” manner. The third and final experiment
helped consolidate lessons learned from the first two.

In this third experiment, animal handling was standardized to twice daily for all
groups at 10am and 4pm and animals received no vibration (30x2Sh), a 30-minute
single bout (30x1V), or were subjected to two 15-minute bouts of LMMS (15x2V).
Although phenotypic differences on bone and fat formation was not seen among groups
from microcomputed tomography measurements, a cellular response was seen in the
bone marrow MSC pool with the 15x2V group showing a significantly greater number of
MSCs in the bone marrow compared to the other two groups. Expression levels of
osteogenic and adipogenic genes were not measured but the boost in MSC number
was consistent with previously reported data that showed an accompanying increase in
the expression level of Runx2 osteogenic gene with a decrease in the expression of the

PPARYy adipogenic gene (55). Since the MSC population diminishes with increased
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adiposity in the bone marrow during aging and osteoporosis, incorporating a refractory
may offer a means to safely increase and encourage MSCs in the bone marrow cavity
towards osteoblast differentiation (37, 86).

The use of young mice in all 3 animal studies presented here necessitates
additional experimentation with older mice to explore the ability of LMMS to increase the
number of MSCs in the bone marrow of aging animals. Furthermore, the use of healthyu
animals may not have prevented the additional benefits of LMMS from being clearly
observed. A diet-induced obesity model may be needed for future experimentation.
Nonetheless, the significant increase in MSC numbers seen in the 15x2V group
compared to the 30x1V and 30x2Sh groups suggests that with equal animal handling,
allowing 6 hours between two daily bouts of LMMS may increase the ability of the
signals to promote MSC proliferation in the bone marrow. Especially since the 30x1V
and 30x2Sh groups were not statistically different, and given the equal handling
received by all three groups, the refractory period applied in the 15x2V may have
conferred that additional benefit that resulted in significantly higher MSC numbers in
that group at the end of the 6 week experimental period. Transferred to the clinic,
repeated daily bouts of these mechanical signals may provide a non-pharmacological
treatment for boosting MSC numbers during aging and conditions like cerebral palsy
and spinal cord injury characterized by a compromise in the bone marrow cell
population. With this increased MSC number, more of these target cells would be
available to differentiate towards the preferred osteogenic endpoint at the deprivation of
the adipogenic endpoint. As such, the benefit of this potential treatment regimen can be

seen over shorter treatment periods. In addition, other beneficial sources of mechanical
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input, such as those introduced through exercise can be broken up into shorter sessions
separated by a rest period to confer additional benefit to individuals. Data presented
here also sheds new light on possible lifestyle effects on the pathogenesis of bone loss.
Although, chronic glucocorticoid therapy is well-known and documented to increase
bone loss, the role of its endogenous circulating equivalent, cortisol, is far less
understood and studied (82). A greater effort on studying the relationship between
endogenous cortisol and bone quality would shed more light on a possible lifestyle

factor involved in the etiology of osteoporosis.

38



10.

11.

12.

13.

14.

References

Cooper C & Melton IlI LI (1992) Epidemiology of osteoporosis. Trends in
Endocrinology & Metabolism 3(6):224-229.

Anonymous (1991) Consensus development conference: prophylaxis and
treatment of osteoporosis. (Translated from eng) Am J Med 90(1):107-110 (in

eng).

Kanis JA, Melton Il LJ, Christiansen C, Johnston CC, & Khaltaev N (1994) The
diagnosis of osteoporosis. Journal of Bone and Mineral Research 9(8):1137-
1141.

Poole KES & Compston JE (2006) Osteoporosis and its management. Bmj
333(7581):1251.

NOF (2011) Fast Facts on Osteoporosis. (National Osteoporosis Foundation).
Kanis JA (1996) Textbook of osteoporosis (Blackwell Science, Oxford).

Kanis JA & McCloskey EV (1998) Risk factors in osteoporosis. Maturitas
30(3):229-233.

Manolagas S & Jilka R (1995) Bone marrow, cytokines, and bone remodeling.
Emerging insights into the pathophysiology of osteoporosis. The New England
journal of medicine 332(5):305.

CDC (2010) Overweight and Obesity.

Pietrobelli A, et al. (1998) Body mass index as a measure of adiposity among
children and adolescents: a validation study. The Journal of pediatrics
132(2):204-210.

Prentice AM & Jebb SA (2001) Beyond body mass index. Obesity Reviews
2(3):141-147.

Thompson D, Edelsberg J, Colditz GA, Bird AP, & Oster G (1999) Lifetime health
and economic consequences of obesity. Archives of Internal Medicine
159(18):2177.

Reilly J, et al. (2003) Health consequences of obesity. Archives of disease in
childhood 88(9):748.

Strauss RS (2000) Childhood obesity and self-esteem. Pediatrics 105(1):e15.

39



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Freedman DS, Dietz WH, Srinivasan SR, & Berenson GS (1999) The relation of
overweight to cardiovascular risk factors among children and adolescents: the
Bogalusa Heart Study. Pediatrics 103(6):1175.

Finkelstein EA, Fiebelkorn IC, & Wang G (2003) National medical spending
attributable to overweight and obesity: how much, and who's paying? Health
Affairs:32191.

NOF (2011) Osteoporosis Medicines: What You Need to Know.

Jilka RL, et al. (1999) Increased bone formation by prevention of osteoblast
apoptosis with parathyroid hormone. Journal of Clinical Investigation 104:439-
446.

Subbiah V, Madsen V, Raymond A, Benjamin R, & Ludwig J (2010) Of mice and
men: divergent risks of teriparatide-induced osteosarcoma. Osteoporosis
International 21(6):1041-1045.

Kawai M, Modder Ul, Khosla S, & Rosen CJ (2011) Emerging therapeutic
opportunities for skeletal restoration. Nature Reviews Drug Discovery 10(2):141-
156.

Russell RGG (2007) Bisphosphonates: mode of action and pharmacology.
Pediatrics 119(Supplement):S150.

Hughes DE, et al. (1995) Bisphosphonates promote apoptosis in murine
osteoclasts in vitro and in vivo. Journal of Bone and Mineral Research
10(10):1478-1487.

NOF (2011) Osteoporosis Medicines: What You Need to Know. (National
Osteoporosis Foundation).

Park-Wyllie LY, et al. (2011) Bisphosphonate Use and the Risk of
Subtrochanteric or Femoral Shaft Fractures in Older Women. JAMA: the journal
of the American Medical Association 305(8):783.

Watts NB & Diab DL (2010) Long-term use of bisphosphonates in osteoporosis.
Journal of Clinical Endocrinology & Metabolism 95(4):1555.

Fraunfelder FW & Fraunfelder FT (2003) Bisphosphonates and ocular
inflammation. New England journal of medicine 348(12):1187-1188.

Visekruna M, Wilson D, & McKiernan FE (2008) Severely suppressed bone

turnover and atypical skeletal fragility. Journal of Clinical Endocrinology &
Metabolism 93(8):2948.

40



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Mashiba T, et al. (2000) Suppressed bone turnover by bisphosphonates
increases microdamage accumulation and reduces some biomechanical
properties in dog rib. Journal of Bone and Mineral Research 15(4):613-620.

Hainer V, et al. (2004) Management of obesity in adults: project for European
primary care. International Journal of Obesity 28:5226-S231.

Hainer V, Toplak H, & Mitrakou A (2008) Treatment modalities of obesity.
Diabetes Care 31(Supplement 2):S269.

Wing RR (1999) Physical activity in the treatment of the adulthood overweight
and obesity: current evidence and research issues. Medicine & Science in Sports
& Exercise 31(11):S547.

Connolly HM, et al. (1997) Valvular heart disease associated with fenfluramine—
phentermine. New England journal of medicine 337(9):581-588.

David V, et al. (2007) Mechanical loading down-regulates peroxisome
proliferator-activated receptor {gamma} in bone marrow stromal cells and favors
osteoblastogenesis at the expense of adipogenesis. Endocrinology 148(5):2553.

Meunier P, Aaron J, Edouard C, & VIGNON G (1971) Osteoporosis and the
replacement of cell populations of the marrow by adipose tissue: a quantitative
study of 84 iliac bone biopsies. Clinical orthopaedics and related research
80:147.

Justesen J, et al. (2001) Adipocyte tissue volume in bone marrow is increased
with aging and in patients with osteoporosis. Biogerontology 2(3):165-171.

Gimble JM, Zvonic S, Floyd ZE, Kassem M, & Nuttall ME (2006) Playing with
bone and fat. Journal of cellular biochemistry 98(2):251-266.

Sethe S, Scutt A, & Stolzing A (2006) Aging of mesenchymal stem cells. Ageing
research reviews 5(1):91-116.

Chan GK & Duque G (2000) Age-related bone loss: old bone, new facts.
Gerontology 48(2):62-71.

Cao JJ, Gregoire BR, & Gao H (2009) High-fat diet decreases cancellous bone
mass but has no effect on cortical bone mass in the tibia in mice. Bone
44(6):1097-1104.

lonova-Martin S, et al. (2010) Changes in cortical bone response to high-fat diet
from adolescence to adulthood in mice. Osteoporosis International:1-11.

41



4].

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Beresford J, Bennett J, Devlin C, Leboy P, & Owen M (1992) Evidence for an
inverse relationship between the differentiation of adipocytic and osteogenic cells
in rat marrow stromal cell cultures. Journal of cell science 102:341.

Turner C & Robling A (2005) Exercises for improving bone strength. British
journal of sports medicine 39(4):188.

Hert J, Liskova M, & Landa J (1971) Reaction of bone to mechanical stimuli. 1.
Continuous and intermittent loading of tibia in rabbit. Folia morphologica
19(3):290.

Rubin CT & Lanyon LE (1985) Regulation of bone mass by mechanical strain
magnitude. Calcified Tissue International 37(4):411-417.

Judex S & Zernicke RF (2000) High-impact exercise and growing bone: relation
between high strain rates and enhanced bone formation. Journal of Applied
Physiology 88(6):2183.

Rubin CT & Lanyon L (1984) Regulation of bone formation by applied dynamic
loads. The Journal of Bone and Joint Surgery 66(3):397.

Rubin CT & McLeod KJ (1994) Promotion of bony ingrowth by frequency-
specific, low-amplitude mechanical strain. Clinical orthopaedics and related
research 298:165.

Luu YK, Pessin JE, Judex S, Rubin J, & Rubin CT (2009) Mechanical Signals As
a Non-Invasive Means to Influence Mesenchymal Stem Cell Fate, Promoting
Bone and Suppressing the Fat Phenotype. BoneKEy osteovision 24(1):50.

You L, et al. (2008) Osteocytes as mechanosensors in the inhibition of bone
resorption due to mechanical loading. Bone 42(1):172-179.

Qin YX, Kaplan T, Saldanha A, & Rubin C (2003) Fluid pressure gradients,
arising from oscillations in intramedullary pressure, is correlated with the
formation of bone and inhibition of intracortical porosity. Journal of Biomechanics
36(10):1427-1437.

Ohishi M & Schipani E (2010) Bone marrow mesenchymal stem cells. Journal of
cellular biochemistry 109(2):277-282.

Song G, et al. (2007) Mechanical stretch promotes proliferation of rat bone
marrow mesenchymal stem cells. Colloids and Surfaces B: Biointerfaces
58(2):271-277.

Ozcivici E, et al. (2010) Mechanical signals as anabolic agents in bone. Nature
Reviews Rheumatology 6(1):50-59.

42



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Rubin C, Turner AS, Bain S, Mallinckrodt C, & McLeod K (2001) Anabolism: Low
mechanical signals strengthen long bones. Nature 412(6847):603-604.

Luu YK, et al. (2009) Mechanical Stimulation of Mesenchymal Stem Cell
Proliferation and Differentiation Promotes Osteogenesis While Preventing Dietary
Induced Obesity. Journal of Bone and Mineral Research 24(1):50-61.

Rubin C, et al. (2007) Adipogenesis is inhibited by brief, daily exposure to high-
frequency, extremely low-magnitude mechanical signals. Proceedings of the
National Academy of Sciences 104(45):17879.

Jones JR, et al. (2005) Deletion of PPAR in adipose tissues of mice protects
against high fat diet-induced obesity and insulin resistance. Proceedings of the
National Academy of Sciences of the United States of America 102(17):6207.

Gilsanz V, et al. (2006) Low Level, High Frequency Mechanical Signals Enhance
Musculoskeletal Development of Young Women With Low BMD. Journal of Bone
and Mineral Research 21(9):1464-1474.

Akune T, et al. (2004) PPARgamma insufficiency enhances osteogenesis
through osteoblast formation from bone marrow progenitors. Journal of Clinical
Investigation 113(6):846-855.

Ross SE, et al. (2000) Inhibition of adipogenesis by Wnt signaling. Science
289(5481):950.

Krishnan V, Bryant HU, & MacDougald OA (2006) Regulation of bone mass by
Wnt signaling. Journal of Clinical Investigation 116(5):1202.

Liu J, Wang H, Zuo Y, & Farmer SR (2006) Functional Interaction between
Peroxisome Proliferator-Activated Receptor {gamma} and {beta}-Catenin.
Molecular and Cellular Biology 26(15):5827.

Robling AG, Burr DB, & Turner CH (2000) Partitioning a daily mechanical
stimulus into discrete loading bouts improves the osteogenic response to loading.
Journal of Bone and Mineral Research 15(8):1596-1602.

Sen B, et al. (2010) Mechanical signal influence on mesenchymal stem cell fate
is enhanced by incorporation of refractory periods into the loading regimen.
Journal of Biomechanics.

Xie L, Rubin C, & Judex S (2008) Enhancement of the adolescent murine

musculoskeletal system using low-level mechanical vibrations. Journal of Applied
Physiology 104(4):1056.

43



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Luu Y, et al. (2009) In vivo quantification of subcutaneous and visceral adiposity
by micro-computed tomography in a small animal model. Medical engineering &
physics 31(1):34-41.

Lublinsky S, Ozcivici E, & Judex S (2007) An automated algorithm to detect the
trabecular-cortical bone interface in micro-computed tomographic images.
Calcified Tissue International 81(4):285-293.

Soleimani M & Nadri S (2009) A protocol for isolation and culture of
mesenchymal stem cells from mouse bone marrow. Nature Protocols 4(1):102-
106.

Zhou YF, et al. (2006) Spontaneous Transformation of Cultured Mouse Bone
Marrow—Derived Stromal Cells. Cancer research 66(22):10849.

Umemura Y, Ishiko T, Yamauchi T, Kurono M, & Mashiko S (1997) Five jumps
per day increase bone mass and breaking force in rats. Journal of Bone and
Mineral Research 12(9):1480-1485.

Turner CH & Pavalko FM (1998) Mechanotransduction and functional response
of the skeleton to physical stress: the mechanisms and mechanics of bone
adaptation. Journal of orthopaedic science 3(6):346-355.

Villareal DT, et al. (2011) Weight loss, exercise, or both and physical function in
obese older adults. (Translated from eng) N Engl J Med 364(13):1218-1229 (in

eng).

Qin YX, Rubin CT, & McLeod KJ (1998) Nonlinear dependence of loading
intensity and cycle number in the maintenance of bone mass and morphology.
Journal of Orthopaedic Research 16(4):482-4809.

Gartner K, et al. (1980) Stress response of rats to handling and experimental
procedures. Laboratory Animals 14(3):267.

Balcombe JP, Barnard ND, & Sandusky C (2004) Laboratory routines cause
animal stress. Journal of the American Association for Laboratory Animal
Science 43(6):42-51.

Bjorntorp P (1996) The regulation of adipose tissue distribution in humans.
International Journal of Obesity 20(4):291-302.

Behl C, et al. (1997) Glucocorticoids enhance oxidative stress-induced cell death
in hippocampal neurons in vitro. Endocrinology 138(1):101.

Choi J, Fauce SR, & Effros RB (2008) Reduced telomerase activity in human T
lymphocytes exposed to cortisol. Brain, behavior, and immunity 22(4):600-605.

44



79.

80.

81.

82.

83.

84.

85.

86.

Epel ES (2009) Psychological and metabolic stress: a recipe for accelerated
cellular aging. Hormones 8(1):7-22.

Epel E BH, Wolkowitz O (2007) Psychoneuroendocrinology of Aging: Focus on
anabolic and catabolic hormones. Handbook of Health Psychology of Aging, ed
Aldwin C SA, Park C (Guildford Press), pp 119-141.

Dennison E, et al. (1999) Profiles of endogenous circulating cortisol and bone
mineral density in healthy elderly men. Journal of Clinical Endocrinology &
Metabolism 84(9):3058.

Cetin A, Gokce-Kutsal Y, & Celiker R (2001) Predictors of bone mineral density
in healthy males. Rheumatology international 21(3):85-88.

Iwaniec UT & Turner RT (2007) Animal Models for Osteoporosis. Osteoporosis,
Two-Volume Set, eds Marcus R, Feldman D, Nelson D, & Rosen CJ (Elsevier
Science).

Jee W & Yao W (2001) Overview: animal models of osteopenia and
osteoporosis. J Musculoskelet Neuronal Interact 1(3):193-207.

Morton D, Anderson E, Foggin C, Kock M, & Tiran E (1995) Plasma cortisol as
an indicator of stress due to capture and translocation in wildlife species.
Veterinary Record 136(3):60.

Kirkland JL, Tchkonia T, Pirtskhalava T, Han J, & Karagiannides | (2002)

Adipogenesis and aging: does aging make fat go MAD? Experimental
gerontology 37(6):757-767.

45



