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Abstract of the Dissertation 

Biomechanical Enhancement of Stem Cell Populations can Prevent Obesity 

and Counter Osteoporosis 

by 

Yen Kim Luu 

Doctor of Philosophy 

in 

Biomedical Engineering 

Stony Brook University 

2008 

 
 

Pluripotent mesenchymal stem cells (MSCs) are considered ideal therapeutic 

targets in regenerative medicine, as they hold the capacity to differentiate into 

osteoblasts, adipocytes, fibroblasts, chondrocytes, and myocytes.  The potential to 

harness MSCs as a means of prevention and treatment of disease is dependent on an 

improved understanding of the means by which exogenous signals regulate their activity, 

and the ability of these stimuli to influence either/both proliferation and differentiation 

This work addressed the hypothesis that MSCs represent a common mechano-

responsive element upstream of osteoblast and adipocyte differentiation that could 

potentially be targeted for the control and treatment of both obesity and osteoporosis.  

We proposed that low magnitude mechanical signals (LMMS) could non-

pharmacologically and non-invasively promote stem cell proliferation, and thus an 

organism’s healing and regenerative potential.   

In light of the increased health complications experienced by obese individuals, 

we assessed the impact of a high fat diet on the resident stem cell population, as a 

possible contributing factor in the pathophysiology of obesity.  We show that the MSC 
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population was significantly diminished in animals fed a high fat diet for six weeks.  Data 

from flow cytometry and real-time PCR provided clear indication that while the high fat 

diet decreased the MSC population, LMMS increased the proliferation of MSC’s and was 

able to recover the diet-induced decrease in cell numbers.  In addition, the marrow 

environment in LMMS animals had shifted towards osteogenesis both in cell number and 

gene expression, providing a mechanism of LMMS action based on the selective 

differentiation of MSC’s into osteoprogenitors. 

To characterize the phenotypic effects of twelve weeks of LMMS stimulation on a 

young adult animal, we developed a methodology for in vivo micro-computed 

tomography (microCT) for the precise determination of fat quantity, and more importantly 

fat distribution in the body.  We applied these in vivo imaging methods to a complete 

characterization of the phenotypic fat suppression under normal dietary conditions, and 

several models of dietary induced obesity.  Finally, data from a long term study (36 week 

of LMMS treatment) provided preliminary evidence of the benefit of LMMS in mitigating 

some the deleterious effects of dietary induced obesity and aging.  

The experiments and results presented herein indicate that MSCs respond to 

LMMS by increasing proliferation.  A developmentally mediated mechanism by which fat 

was suppressed and bone was enhanced, was implicated and was linked to the 

mechanically-based biasing of the mesenchymal stem cells to preferentially differentiate 

towards osteoblasts over adipocytes.  The mechanical promotion of the number of 

progenitor cells, as well as driving commitment choices, suggests a means to enhance 

an organism’s regenerative capacity as achieved by exploiting stem cell sensitivity to 

physical signals. 
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Figure 1 (pg 7).  Schematic representation of the lineage potential of multipotent 

mesenchymal stem cells in the bone marrow.  The development of mature cells 

such as adipocytes and osteoblasts proceed through intermediate “progenitor” 

cells, preosteoblasts and preadipocytes.  The processes of commitment and 

differentiation are complex and not fully characterized. 

 
Figure 2 (pg 23).  MicroCT scout view of a mouse (top).  The abdominal region of 

interest between the proximal end of L1 and the distal end of the L5 vertebrae is 

shown between the dotted lines.  At the level of the dotted lines, cross-sectional 

view through the proximal and distal that were used to identify the abdominal 

region of interest are shown (bottom).  Arrows indicate the muscle layer that 

separates visceral from subcutaneous fat. 

 
Figure 3 (pg 26).  Selection of threshold values for each tissue type to separate fat and 

bone from other tissues.  (a). Representative regions of interest (ROI) of known 

composition were selected.  Histograms of the gray-level intensities (x-axis) 

within these representative ROIs were generated.  The top histogram presents a 

histogram for a ROI in which only one tissue type (fat) was present.  The 

relatively homogenous fat tissue is represented by a narrow distribution of gray 

level intensities (densities), allowing the selection of an upper and lower 

thresholds (Th1 and Th2) specific for fat.  For the histogram below, an ROI was 

selected in which two tissue types - fat and lean tissue (muscles and/or internal 

viscera) – were present, causing a bimodal intensity distribution.  The bottom 

histogram shows a trimodal distribution of density values from a ROI with two 

tissue types and background.  (b). A reconstructed image from the mid-torso 

areas was utilized in the selection of the ROI with known tissue types (top).  The 

enlarged image (bottom) provides an example for a ROI which yields a bimodal 

distribution. 

 
Figure 4 (pg 29).  (a) Reconstructed microCT scan of a mouse in which the skeleton 

can be readily identified to define the region of interest.  (b). The majority of the 

adipose tissue in the mouse is localized in the abdominal region, as the thoracic 
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cavity and legs show lower prevalence of low density (fat) tissue.  (c). To quantify 

fat volume in these different body compartments, tissues of different density were 

segregated and categorized as either fat (yellow) lean mass (red) or bone 

(white). (d). Representative images from three different animals with either low, 

intermediate, or high adiposity, with the threshold specific to fat applied.  

Subcutaneous fat is shown in gray, visceral fat in red. 

 
Figure 5 (pg 30).  (a) Total fat volume (from the base of the skull to the distal tibia) 

determined by in vivo microCT was highly correlated with both the visceral and 

subcutaneous tissue weight of the fat pads harvested at sacrifice (n=90).  (b). A 

scan of the abdominal region reduced the scan time by two-thirds.  Despite the 

much smaller region, fat volume of the abdomen (spanning between L1 and L5 

vertebrae) was highly correlated with total fat volume of the entire mouse body 

(n=45). 

 

Figure 6 (pg 31).  Evaluation of abdominal adiposity separating visceral adipose tissue 

(VAT) from subcutaneous adipose tissue (SAT).  For these analyses, data from 

45 animals were randomly selected from the entire population.  (a). Visceral 

adipose tissue volume was highly correlated with the weight of the visceral 

(perigonadal) fat pad (p<0.001). (b).  Subcutaneous adipose tissue volume was 

highly correlated with the weight of the subcutaneous (from the lower back) fat 

pad (p<0.001). (c).  As the microCT calculated volumes for both fat deposits 

correlated well with the weights of the respective fat pads, VAT and SAT area 

were also correlated to each other (p<0.001). 

 

Figure 7 (pg 43).  A high fat diet readily induces obesity in male C57BL/6J mice, such 

that animals fed high fat for 12 wks (FD) increased body mass 13%.  Animals fed 

high fat for 15 wks (SFD) saw a 37% increase relative to RD animals (a). 

Percentage increases in fat volume (113% and 172% respectively, both p<0.001, 

b) and epididymal fat mass (190% and 241% respectively, both p<0.001, c) were 

much larger than the change in body mass.  The increase in animal mass is 

largely due to the increase in adipose burden, as liver mass (d) shows no 

differences between groups. 
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Figure 8 (pg 45).  Representative images from a regular diet (a) and fat diet (b) animal 

show clear differences in adipocyte morphology.  Qualitative assessments of 

average adipocyte size based on images from 5 random fields from each animal 

(n=2 animals per group) demonstrated a 30% increase in cell radius (c).  Based 

on microCT calculated adipose volumes for the entire animal (neck to distal 

tibia), the total number of adipocytes was determined to be 93% greater in fat 

diet animals (d). 

 
Figure 9 (pg 46).  To determine the effect of high fat diet on the bone marrow derived 

stem cell populations, animals were fed a high fat diet for 6 weeks.  The overall 

stem cell pool containing both hematopoietic and mesenchymal stem cells was 

significantly suppressed by six weeks of a high fat diet (a).  Demonstrating that a 

high fat diet exerts significant consequences on the process of adipogenesis, the 

mesenchymal stem cell population that gives rise to osteoblasts and adipocytes 

was  reduced by -59.6% (b) due to the dietary challenge introduced to a young 

animal.   

 

Figure 10 (pg 47).  Representative image of a flow cytometry plot (forward scatter = 

FSC on x-axis, side scatter = SSC on y-axis) for a bone marrow sample (a) 

showing the 3 distinct populations of similar FSC and SSC.  Within each of the 

three regions, the percentage of preadipocyte factor-1 (Pref-1) positive cells 

shows clear differences in distribution for animals fed a high fat diet (b).  

Mechanistically, the high fat diet increases the commitment of preadipocytes (R1) 

and the differentiation pattern, perhaps with more preadipocytes converting to 

adipocytes and losing the preadipocyte marker (decrease in R3). 

 

Figure 11 (pg 48).  Animals fed a high fat diet for 9 wks demonstrated a 9.4% (p=0.017) 

over animals that were fed the high fat diet for 6 wks (a).  The significant 

divergence in weight was actually evident beginning at 7 wks of age when the FD 

group commenced the fat diet. In addition to the increased adiposity of SFD 

animals, the earlier onset of obesity increases the metabolic demands of the 

animal, as evidenced in greater weekly food consumption (b) FD animals 

consistently ate less with the difference being significant at weeks 9 and 11 of 

age. 
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Figure 12 (pg 49).  Flow cytometry data indicated that the number of stem cells present 

in the marrow had been significantly decreased in SFD animals compared to FD 

(a).  Considering that FD animals already demonstrate compromised numbers of 

stem cells compared to regular diet animals, the additional 60% reduction caused 

by the duration of the high fat diet highlights the negative effect of excessive fat 

mass.  However, even as the stem cells pool was diminished, the 

osteoprogenitors in the SFD group demonstrated a significant increase (b).  

Linear regressions between the adipose burden (represented by epididymal fat 

mass) and the % of stem cells further demonstrate the suppression of stem cells 

by increasing adiposity in FD animals (p=0.03), but not SFD (p=0.81, c).  Neither 

group saw any relationship between % and osteoprogenitors and fat mass (p = 

0.59 and 0.31 for FD and SFD respectively, d). 

 

Figure 13 (pg 60).  Over the course of the experimental period, no significant 

differences were measured in average body mass (a) or weekly food intake (b) 

between controls (■) and LMMS mice (●).  n>15 in each group. 

 
Figure 14 (pg 62).  Following twelve weeks of daily, 15 minute low-level mechanical 

signal, the average amount of fat within the torso is 27% lower than that of age-

matched control animals.  Representative longitudinal (top) and transverse 

(bottom, taken at level of dashed line) reconstructions of total fat content through 

the torso of a control (left) and LMMS (right) mouse.   

 
Figure 15 (pg 64).  Fat volume, as a function of body mass, for both the CON (a) and 

LMMS (b) mice.  While the control animals demonstrated a strong positive 

correlation between fat volume and weight (R2 = 0.70; p=0.0001), the correlation 

in the LMMS animals was weak (R2 = 0.18; p=0.1).  A comparison between slope 

and intercept shows the control and LMMS conditions to be significantly different 

(p<0.001).  Considered along with the similar food intake between groups, these 

data indicate that the mechanical signals suppressed adipogenesis.  (n=15 in 

each group).   
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Figure 16 (pg 66).  Mean ± standard deviations of fat volume in the torso of CON and 

LMMS mice, as measured by in vivo microCT (n = 15 each, a), as well as the 

measured mass of the epididymal fat pad (n = 15 each, b).  Also shown are total 

triglycerides and non-esterified free fatty acids in adipose tissue (n = 8 each, c, e) 

and TG’s and NEFA in liver (n = 12 each, d, f).  For all comparisons of CON to 

LMMS, p<0.05 except TG in adipose. 

 
Figure 17 (pg 67).  The ratio of GFP+ adipocytes to GFP+ mesenchymal stem cells (a), 

to be compared to the weight of the epididymal fat pad (b).  * signifies p<0.05.  

The significant 19% decrease in this ratio in LMMS animals in part explains a 

reduced adipose burden as fewer transplanted cells have differentiated into 

adipocytes. 

 

Figure 18 (pg 79).  As compared to Control animals (A), low level mechanical signals 

increase the number of stem cells in the bone marrow of LMMS animals (B).  

Representative dot plots from flow cytometry experiments indicate the ability of 

LMMS to increase the number of stem cells in general (Sca-1 single positive, 

upper quadrants), and MSCs specifically (both Sca-1 and Pref-1 positive, upper 

right quadrant).  The actual increase in total stem cell number was calculated as 

% positive cells/total cells for the cell fraction showing highest intensity staining 

(C).  The effect of LMMS enhancement of MSC proliferation is even greater (D).  

 
Figure 19 (pg 80).  LMMS influences on stem cells was focused on the distinct cell 

populations identified in flow cytometry (A), with stem cells being identified as low 

forward (FSC) and side (SSC) scatter.  Osteoprogenitor cells were identified as 

Sca-1(+) cells, residing in the region highlighted as high FSC and SSC, and were 

29.9% (p=0.23) more abundant in the bone marrow of LMMS treated animals (B).  

The preadipocyte population, identified as Pref-1 (+), Sca-1 (-), demonstrated a 

trend (+18.5%; p=0.25) towards an increase in LMMS relative to CON animals 

(C). 

 
Figure 20 (pg 81).  LMMS shifts the bone marrow environment towards osteogenesis.  

Real Time RT-PCR analysis of bone marrow samples harvested from animals 

subject to 6 weeks LMMS treatment of sham control indicated a significant 
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upregulation of the osteogenic gene Runx2 (A) and downregulation of the 

adipogenic gene PPARγ (B).   

 
Figure 21 (pg 82).  Bone volume fraction, as measured in vivo by low resolution µCT, 

indicated that LMMS increased bone volume fraction across the entire torso of 

the animal (A).  Post-sacrifice, high resolution CT of the proximal tibia indicated a 

significant increase in trabecular bone density (B).  As compared to controls (C), 

representative µCT reconstructions at the proximal tibia indicate the enhanced 

morphological properties of LMMS animals (D). 

 
Figure 22 (pg 86).  In vivo µCT images used to discriminate visceral and subcutaneous 

adiposity in the abdominal region of a CON and LMMS animal (A). Visceral fat is 

shown in red, subcutaneous fat in gray (A).  Linear regressions of calculated 

visceral adipose tissue (VAT) volume against adipose and liver biochemistry 

values demonstrated strong positive correlations in CON, and weak correlations 

in LMMS, as well as generally lower levels for all LMMS biochemical values.  

N=6 for adipose (B), N=10 for liver (C,D).  Regressions for adipose TG 

(p=0.002), adipose NEFA (p=0.03), liver TG (p=0.006) and liver NEFA (p=0.003) 

were  significant for CON animals, but only liver NEFA (p=0.02) was significant 

for LMMS.  Overall, LMMS mice exhibited lower, non-significant correlations in 

liver TG (p=0.06), adipose TG (p=0.19), and adipose NEFA (p=0.37) to increases 

in visceral adiposity.  CON =○, LMMS = ■ 

 
Figure 23 (pg 88).  Suppression of the obese phenotype was achieved to a degree by 

stem cells preferentially diverting from an adipogenic lineage.  Reconstructed  in 

vivo µCT images of total body fat (red; A) indicate that following 12w, animals 

which began LMMS at the time that the high fat diet was introduced exhibited 

22.2% less fat volume as compared to control.  In contrast, animals allowed a 

high fat diet for 4w prior to LMMS failed to demonstrate any reduction of fat 

volume (B).  Shown as a relative percentage of fat to total animal volume, LMMS 

reduced the percent animal adiposity by 13.5% (p=0.017), while the lack of a 

response in the already obese animals reinforces a conclusion that the 

mechanical signal works primarily at the stem cell development level, as existing 

fat is not metabolized by LMMS stimulation. 
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Figure 24 (pg 102).  Average weekly animal weights (a) and food consumption (b) for 

CON and LMMS animals over the 36 week study period (n=8 per group).  Rate of 

growth was established as the slope of a linear fit line and assessed in 3 month 

increments to coincide with the longitudinal microCT scans performed at 3, 6 and 

9 months, and demonstrated high correlations for both groups of animals (all R2-

values ≥0.95 except for LMMS animals at 9 months R2 =0.081).  LMMS animals 

demonstrated a trend towards reductions in mass accumulation due to DIO, with 

24.8% (p=0.128) suppression in the growth rate during the first 3 months (0 and 

12 wks on study).  CON animals consistently ate more on a weekly basis, 

(p<0.05 at wks 8, 16, and 34) and summed for the entire 36 wks demonstrated a 

5.7% increase (p = 0.021) in total food consumption over LMMS animals. 

 
Figure 25 (pg 103).  The inverse development and maintenance of adipose (a) and 

bone (b) tissue for animals on a high fat diet was monitored by longitudinal in 

vivo microCT at 3, 6, and 9 months.  Daily LMMS treatment demonstrated 

maximal fat suppression at the 3 month time point, with a -20.4% (p=0.051) 

reduction in LMMS animals compared to CON.  The greatest promotion of bone 

was also seen during this early phase, during the period of maximal animal 

growth as they achieve peak bone mass.  Differences in fat volume between 

CON and LMMS groups attenuated over time, as LMMS animals “caught up” in 

fat development by 6 months on the high fat diet due to the large caloric excess.  

Compared to data at 3 months, the bone volume fraction had decreased by -

18.0% (p<0.001) by 9 months for the CON animals.  Relative to the same 3 

month CON value, LMMS was able to protect against some of the age and diet 

induced bone loss, with treated animals only losing 10.0% (p=0.042) bone 

volume fraction. 
 
Figure 26 (pg 105).  LMMS provided significant protection against hepatomegaly (liver 

enlargement) associated with long term dietary induced obesity. (a) Liver weight 

after 36 wks LMMS treatment was on average 0.8 grams (-28.7%, p=0.022) less 

that the CON group.  The reduction in liver weight was observed in conjunction 

with improved appearance of the liver, both in terms of gross morphology (b, 

speckling, color) and histologically (c).  CON livers contained large lipid deposits 
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(macrovesicles) infiltrated within and between the hepatocytes, whereas LMMS 

livers show a more typical packing of cells, with smaller and fewer lipid vacuoles. 

 
Figure 27 (pg 107).  The reduction in liver size and weight can be somewhat accounted 

for by the reduction of fatty infiltration (as approximated by TG and NEFA 

content) in LMMS animals.   The concentration (per mg of tissue) of these 

compounds were both decreased by ~25% (a,c), and taken in parallel with the 

29% decrease liver weight translated into 46.2%, (p=0.013) reduction in total 

triglycerides in the liver (b) and 42% overall decrease in total liver NEFA (d) of 

LMMS animals, compared to the sham CON group.  Based on the concentrations 

of TG levels and % decreases, the reduction in just the triglyceride component of 

the liver accounted for 132 mg of the decrease in liver weight.   

 
Figure 28 (pg 108).  Flow cytometry data tracking the surface labeling of Sca-1, a 

marker present on both HSC and MSC, illustrate the age-related decline in the 

number of multipotent progenitor cells (a).  Data were compared between CON 

subjects (6 wk:  n=8 , 36 wk:  n=7), fed a high fat diet for either 6 or 36 weeks.  

Comparing the effect of the LMMS signal on either the overall stem cell 

population (b) or specifically the MSC population (c) it was evident that the MSC 

cell population exhibits a greater responsiveness to mechanical stimulation over 

the long term.  While overall stem cells were non-significantly affected by LMMS, 

MSCs saw a 36.4% (p=0.039) increase highlighting the ability of the LMMS 

signal to some degree counter the age-induced loss of stem cells and 

regenerative potential. 
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OBESITY AND OSTEOPOROSIS 
 

 
Obesity is a condition in which the natural energy reserve stored in fatty tissue 

exceeds healthy limits.  For humans, it is commonly defined as a body mass index (BMI) 

of 30 kg/m2 or higher.  It is currently estimated that almost 65% of adult Americans are 

overweight (BMI of 25 kg/m2 or higher), translating into approximately $100 billion per 

year in direct health care costs. (1)   

Another major health problem, osteoporosis, is characterized by a decrease in 

bone, due to reductions in bone mineral density (BMD) and disruption of bone micro-

architecture.  The diagnosis of osteoporosis is typically made on measurement of BMD 

by methods such as dual energy X-ray absorptiometry (DXA or DEXA).  Osteoporosis 

results in over 1.5 million fractures each year in the United States, with direct costs 

estimated at approximately $18 billion dollars in 2002. (2)  

The presentations of these two diseases are markedly disparate, and yet at the 

cellular and molecular level several similarities emerge.  As reviewed by Zhao et al, both 

obesity and osteoporosis are affected by genetic and environmental factors.  Mechanical 

forces, such as those experienced during exercise can suppress the development of 

both diseases, and can to some degree “treat” excess adiposity and reduced bone 

mass.  Bone remodeling and adiposity are both regulated through the hypothalamus and 

the sympathetic nervous system. (3)  Perhaps most significantly, mature adipocytes and 

osteoblasts both derive and differentiate from the same multipotent mesenchymal stem 

cells (MSCs).  Many researchers have noted an inverse dependency between the 

development of osteoblasts and adipocytes, and consequently the processes of 

osteogenesis and adipogenesis appear to be interdependent. (4) Yet clinically, it has 

been reported that obese individuals tend to have higher bone mineral density than 

normal weight individuals, and are less prone to osteoporosis. (5)  Clearly, the 
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interaction between bone and fat is complex, and highly contingent on a multitude of 

factors including genetic, biochemical, and mechanical inputs that coordinate the overall 

interaction and resulting phenotype. 

However, what is clear is that the increasing prevalence of, and costs associated 

with, osteoporosis and obesity represent major health concerns.  Further, for obese 

individuals the excess adiposity actually puts them at risk for developing a multitude of 

additional diseases such as diabetes, cardiovascular disease and cancer.  

Pharmacological treatments for both have met with limited success, and carry lots of 

associated risks.  Rather than simply exploring treatments for the compromised state 

once the disease has developed, it is generally accepted that primary prevention should 

be emphasized.  With this, fundamental understanding of the some of the interacting 

factors that drive the differential development of stem cells down either a bone or fat 

lineage holds promise for the discovery of new prevention and treatment strategies. 

 

 

CURRENT TREATMENTS FOR OBESITY 

 

The strategies for obesity treatment generally aim at shifting the balance 

between energy consumption and energy expenditure. (6)  The act of “dieting” 

undertaken by an individual or more rigorous diet restriction prescribed by a doctor 

represent the simplest method to combat obesity, and yet limiting caloric consumption is 

difficult for a variety of societal and lifestyle reasons.  As reviewed in Kirk et al, the 

treatment options for pediatric obesity are rather limited. (7)  In the US, there are 

currently only two prescription treatments approved for long term use by the Food and 

Drug Administration (FDA) for obesity.  Orlistat blocks absorption of up to 30% of 

ingested fat in the intestine, to create a negative energy balance.  The second approved 
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drug, sibutramine, inhibits the reuptake of neurotransmitters to promote satiety and 

prevent overconsumption, and is only approved for patients over the age of 18.  Adverse 

effects of the these treatments include gastrointestinal complications (orlistat), increases 

in blood pressure and heart rate (sibutramine) and high attrition rates for both drugs. (8) 

 In cases of severe obesity, bariatric surgery for adults has been shown to be 

effective, and is gaining prominence for use with adolescents.  Obese adolescents with a 

BMI of 40 or more and serious medical complications associated with their obesity are 

considered good candidates for the technique. (7)  The costs and risks of this procedure, 

and its indication only in severe cases, limit its applicability to the general population.  

Further, as both pharmacologic control and surgical intervention are designed to reduce 

the caloric load with the intent to reduce the existing adipose deposits, these treatments 

do not address the actual cascade of events whereby adipocytes develop and 

accumulate into fat tissue.   

 

 

CURRENT TREATMENTS FOR OSTEOPOROSIS 

 

 Treatment options for osteoporosis and low bone density can be categorized as 

those designed to promote new bone growth (anabolic treatments), or to prevent bone 

resorption/loss (anti-catabolic treatments).  Within these two approaches, the majority of 

current treatment options are pharmacologic, although non-pharmacologic therapies are 

under development.  Bisphosphonates such as alendronate, risedronate, and 

ibandronate are antiresportive compounds that are widely prescribed for bone loss and 

associated diseases. (9)  A different class of compounds is the selective estrogen-

receptor modulators, which include drugs such as raloxifene, lasofoxifene, bazedoxifene, 

and arzoxifene.  Complications of these agents vary, from osteonecrosis of the jaw to 
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increased risk of breast cancer and stroke. (10)  In terms of anabolic agents, parathyroid 

hormone (PTH), PTH-like compounds, and strontium ranelate have all been shown to 

decrease fracture risk with varying degrees of success.  PTH is the only currently FDA 

approved anabolic drug, but can only be administered by injection and only for up to 24 

months. (11)   

 In the category of non-pharmacologic interventions for bone loss, exercise in the 

form of short, repetitive mechanical loads has been established as leading to the 

greatest increases in bone strength, especially in childhood before peak bone mass is 

achieved. (12)  In adults, regular exercise helps in maintenance of bone mass, but 

additional gains in bone are relatively small and are contingent upon continued activity.   

  

 

TREATMENT AND PREVENTION BY TARGETING THE COMMON PROGENITOR  

 

The current treatments are predominantly designed to treat obesity and 

osteoporosis once symptoms have already manifested, and a major shortcoming of 

these pharmacologic interventions is that they are not well suited for prevention of 

disease.  In addition, the majority of these strategies offer treatments aimed at acting on 

the fat and bone cells themselves, to try to modify the activity of these cells whether it be 

to reduce the lipid accumulation (adipocytes) or to prevent activation (osteoclasts) and 

matrix resportion.  With the increasing knowledge of the developmental pathways by 

which these diseases develop, new targets for primary prevention are being evaluated.  

For example, recent findings show that targeting adipocyte apoptosis pathways might 

potentially provide treatment for obesity and osteoporosis, as high adipocyte counts in 

bone marrow are directly related to bone loss, due to fat cells replacing osteoblasts in 

the bone marrow compartment. (13)  Strategies targeting diseases of bone and fat at the 
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developmental level, by targeting the progenitor cells (such as mesenchymal stem cells) 

that have yet to commit and differentiate into the mature cell types is a relatively new 

strategy. (14;15) 

 

 

MESENCHYMAL STEM CELLS (MSCs) 

 

Studies examining the therapeutic potential of mesenchymal stem cells have 

greatly increased in recent years. (16-18)  MSCs are primarily found in the bone marrow, 

and are able to differentiate into various cell types including osteoblasts, adipocytes, 

fibroblasts, chondrocytes, and myocytes (Fig 1). (19)  Further, along with the classical 

mesenchymal lineages, the bone marrow cells actually exhibit great multipotency, and 

have recently been induced into functional myocardial cells. (20)  It is important to note 

that the bone marrow houses a diversity of cells, including hematopoietic stem cells 

(HSC) which also exhibit mulitpotent differentiation capacity.  In addition to development 

into the various cells that coordinate the immune response, HSCs are the progenitor cell 

to mature osteoclasts. (21) 
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Fig 1.  Schematic representation of the lineage potential of multipotent mesenchymal 
stem cells in the bone marrow.  The development of mature cells such as adipocytes 
and osteoblasts proceed through intermediate “progenitor” cells, preosteoblasts and 
preadipocytes.  The processes of commitment and differentiation are complex and not 
fully characterized. 
 

 

IDENTIFICATION OF MSCS 

While the interest in mesenchymal stem cells and their application to 

regenerative therapy and molecular medicine has been great, the understanding of 

these cells is still in the nascent stages.  Even the identification of the MSC population is 

under debate as stem cells and their neighboring cells within tissues are difficult to 

delineate based on current histological methods.  Illustrating the difficulty of cellular 

identification, using a combination of markers that distinguish HSCs from 99.9% of other 

cells in the bone marrow yields a population estimated at 3% purity. (22)   
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The expression of surface markers is not well characterized and to date markers 

exclusively defining MSCs have not been reported.  Cell populations obtained in the 

current isolation methods are essentially heterogeneous mixtures of several cell types. 

(23)  Although consensus is lacking, there are several markers such as stem cell antigen 

(Sca-1) and CD117 (c-kit) that are commonly used for identification of stem cells in 

murine models. (24;25)  Additionally, many studies utilize negative selection, with stem 

cells identified as cells not expressing lineage surface markers (Lin-), but Sca-1 and c-kit 

positive. (26;27)  When harvested from bone marrow, MSCs are typically defined as the 

non-hematopoietic fraction, either for adherence to plastic (hematopoietic cells do not 

adhere) or by negative selection for HSC markers such as CD34, CD45, etc.   

In vitro assays to identify stem cells are useful, but inherently limited in that 

culture environments can artificially modify stem cell development. (28).  The classical 

assay to demonstrate the “stemness” of an isolated population is via transplantation into 

immunodeficient mice, and induction to differentiation towards tissues of mesodermal 

origin. (29)  Recent studies employing the technique of bone marrow transplantation 

using fluorescently tagged cells injected into a live animal to track cell fate and to 

determine lineage commitment have been reported with the potential to provide valuable 

information. (30) 

 

CELL LINEAGE DETERMINATION 

 

Not surprisingly, the question of what determines whether a MSC differentiates 

into either an adipocyte or osteoblast or other cell type remains unknown and is the 

focus of intense research.  Of the various signals capable of inducing differentiation, 

various biochemical factors have been reported that typically drive the differentiation 
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towards one cell type, with a parallel suppression of another cell.  Recent work on the 

differentiation of osteoblasts from MSCs highlights the finding that cell fate decisions can 

be made by preferentially activating a very small subset of a particular signaling network, 

rather than requiring large or dramatic shifts on gene expression. (31)   

Certain molecules, such as Pref-1 (also known as Fetal antigen 1 (FA1) and 

delta-like 1 (Dlk-1)) of the epidermal growth factor (EGF)-like protein family, have been 

identified as promoting the maintenance of a bipotential stem cell population. (32)  In 

their native bone marrow environment, mesenchymal stem cells express small amounts 

of both adipogenic and osteogenic factors, which cross regulate each other to keep the 

cell in its undifferentiated state.  For example, PPARγ down-regulates Runx2 expression 

to suppress osteogenesis whereas MSX2 binds to C/EBPα to repress adipogenesis. (33)  

As such, the relative expression levels of the molecules PPARγ and Runx2 in the 

marrow can be taken as general indicators of either adipogenic or osteogenic 

environments. 

 

 

MECHANICAL STIMULATION TO INDUCE CELL DIFFERENTIATION   

 

In addition to the biochemical factors capable of altering cell fate, mechanical 

forces can also play key and interacting roles in the cellular environment.  

Mechanotransduction is the process by which cells transduce physical force-induced 

signals into electrical and/or biochemical responses, resulting in altered gene 

expression, cell morphology, and extracellular matrix production.  This process is critical 

for mediating adaptations to mechanical loading in many tissues. (34)  The basis for 

mechanotransduction lies in that cells form networks, which are connected by 

intercellular adhesion complexes such as adherens junctions, gap junctions or by local 
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paracrine signals. (35)  These networks are capable of acting as integrated units to 

transduce various stimuli, such as mechanical loading, into coordinated tissue 

responses.  Not surprisingly, to transduce the mechanical signal requires the interaction 

of many signaling pathways, (35) and due to the complexity is still not well characterized.  

Various pathways such as cell-extracellular matrix interactions, cytokines, second 

messenger transmission through gap junctions and intercellular adhesive junctions 

enable cells to transmit mechanical signals to other cells. (36) 

As an example of cellular mechanotransduction in lineage determination, the role 

of mechanical forces in the control of adipogenesis has been linked to changes in 

extracellular matrix (ECM) proteins and matrix metalloproteinases. (37)  ECM 

components play an important role in regulating adipose tissue remodeling during 

adipocyte differentiation, by transducing cellular signals which can alter adipocyte gene 

transcription during adipogenesis. (38)  Examples of the importance of mechanical 

signals to bone and bone marrow are highlighted in the following section. 

 

 

MECHANOTRANDUCTION IN BONE AND BONE MARROW 

 

Underlying the essence of mechanotransduction is the necessity that certain 

cells in the biological environment can act as receptors, which in turn can generate 

secondary, cytogenic signals that are aimed at target cells.  How mechanical factors are 

sensed in the bone comprises a large body of active research, with many differing 

hypotheses regarding the mechnosensory element. (39;40)  The prevailing view is that 

osteocytes are responsible for detecting mechanical signals, and respond by signaling 

the effector cells, osteoblasts and osteoclasts, that modulate actual bone formation and 

resportion. (41)  Equally complex is the multitude of forces generated in the bone 
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marrow cavity in response to mechanical loading. (42)  Even as mechanotransduction by 

cells in the musculoskeletal system has long been observed, the ability of mechanical 

signals to affect and alter the differentiation patterns of mesenchymal stem cells was 

only recently noted. (43;44)   

Enmeshed within the bone/bone marrow interaction is the concept of a stem cell 

“niche”, a specialized location where cells reside and are regulated.  The thought that 

the marrow cavity represents such a niche has gained traction within recent years, with 

the endosteal bone surface providing the primary location for marrow regeneration. 

(45;46)  Several models utilizing transgenic mice have shown that increases in 

hematopoiesis occur in conjunction with increases in both osteoblasts and trabecular 

bone, as an increased niche size is necessary to provide support for the increase in 

hematopoietic stem cells. (47)  Within this niche, it has been suggested that osteoblasts 

can play a direct role on stem cell function by providing support for hematopoietic stem 

cells. (48)  Thus, the ability of mechanical forces to effect changes in the bone and bone 

marrow are interlinked, and perhaps the responsiveness of bone to mechanical signals 

might provide insight into the ability of cells in the bone marrow to respond. 

 

 

MECHANISMS OF MECHANOSENSING IN BONE 

 

The ability of bone as a tissue to respond and adapt to mechanical signals has 

long been explored by researchers interested in harnessing the benefits of physical 

activity as a means to the prevention of bone loss and osteoporosis.  While the 

understanding of the interaction of exercise and bone is yet incomplete, among the 

various effects of exercise, there is evidence that the mechanical component can 

regulate bone maintenance and stimulate bone formation and the accumulation of 
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mineral to strengthen existing bone. (49)  Insights from animal models including turkeys, 

rats, and mice have revealed several key features that illuminate some of the 

mechanisms of mechanosensing in the bone.  It has been hypothesized that the 

interconnected network of osteocytes and of the periosteal and trabecular lining cells is 

mechanosensitive to shear stress and streaming electrical potentials generated by 

extracellular fluid forced through the bone canaliculi when cortical bone undergoes 

compression, bending, or torsion during mechanical loading. (50;51)  Further, the 

increased fluid flow provides circulatory enhancement to bones through increased 

supply of nutrients, hormones and oxygen. (49)  

 As such, it is intuitive that static loads do not play a role in mechanotransduction, 

and to be anabolic to bone the applied load should be dynamic and time varying.  This 

effect has been demonstrated in turkeys and rats where static (isometric), loading 

provides very little stimulus to mechanotransduction (52-54) and under certain 

circumstances actually inhibits normal appositional growth. (55)  Researchers have also 

noted that for a mechanical signal to activate new bone formation, a threshold level of 

loading needs to be exceeded. (56)  This loading threshold and the osteogenic potential 

of mechanical signals is modulated by the interaction between strain rate and strain 

amplitude. (57;58)  In terms of exercise, this means that activities that create relatively 

high strain rates (i.e. jumping) will be more osteogenic than loads applied gently, or in 

which a strain magnitude is held constant for a period of time (i.e. walking or strength 

training). (59) 

A key characteristic of loading, revealed in early work by Rubin and Lanyon is 

that very few loading cycles are actually required to elicit new bone formation. (58)  This 

anabolic effect saturated very quickly in turkey ulnae such that increasing the duration of 

loading beyond approximately 40 cycles per day had little additional effect.  Similar 

saturation effects were seen in rat tibiae for just 5 loading cycles per day. (60)  Further, a 
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given number of loading cycles will also be more osteogenic if they are broken up into 

shorter bouts with rest periods in between, as bone cells can re-sensitize to a stimulus 

after a rest period.   Robling et al demonstrated that for 360 cycles of tibial loading 

divided into 1 bout of 360, 2 bouts of 180, 4 bouts of 90 or 6 bouts of 60 cycles per day 

for 2 weeks, the bone formation rate in the loaded tibia saw an 80% increase in the 

groups that received the most inserted rest periods (4 to 6 bouts). (61)  

Translating these findings on the various types of load that are most effectively 

sensed and mechanotransduced in animal studies to young children, controlled trials 

with a loading regime incorporating short bouts of relatively high loading with rest 

periods inserted in between demonstrated increased bone strength in the distal tibia (62) 

and 2-4% increases in spine and total body BMC of prepubertal boys and peripubertal 

girls. (63)  At the opposite end of the spectrum, with the sensitivity of bone to mechanical 

loading increasing rapidly with frequency, the application of low strain magnitudes are 

also sufficient to maintain bone mass.  It is predicted that minimum strain magnitudes 

required to maintain bone mass could be lower than 70 microstrain, given a high enough 

loading frequency. (64) 

 

 
 

LOW MAGNITUDE MECHANICAL SIGNALS (LMMS) 
 

 
Accepting that mechanical forces can play a critical role in the normal 

development and maintenance of numerous tissues, and that these forces need not be 

large to be sensed at the cellular level to enact large tissue level changes, we now 

examine how these forces can be applied as a potential strategy to control cell fate.  

Based on work done by researchers in the field of bone biology and mechanics, it is 

know that the skeleton responds to low magnitude mechanical signals (LMMS) by 
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increasing both bone quantity and quality. (65;66)  This significant tissue level response 

to a relatively small signal highlighted the potential of this method as a non-

pharmacologic intervention for osteoporosis (67-69) and demonstrated influence to at 

least one cell population (perhaps osteoblasts or osteocytes) by the applied stimulus.  

However, there were persistent inconsistencies on how and why mechanical factors 

stimulate bone in some, but not all cases.  Differential responsiveness at different 

skeletal sites within the same animal to the same stimulus further complicates the 

understanding of the interaction. (70) 

The physiologic relevance of high frequency, low magnitude mechanical signals 

becomes evident upon examination of the contractile spectra of muscle.  Type IIa 

muscle fibers fire in the range of 20-50 Hz, (71) at very low magnitude.  Compared to the 

high amplitude, lower frequency peak signals generated by strenuous activities such as 

running, the high frequency signals over time comprise a predominant component of the 

mechanical energy in the musculoskeletal system. (72)  The responsiveness of bone to 

LMMS has been shown to be dependent on the applied frequency, with a 90 Hz signal 

stimulating greater bone growth than a 45 Hz signal at the same strain magnitude. (73)  

 

 

RESEARCH QUESTION 

 

As the bone exerts a large influence to the marrow cavity, it is intuitive that the 

cells in the marrow cavity likewise exert control over the bone.  Therefore, is the ability of 

the bone to respond to a mechanical stimulus being influenced by the ability of the 

marrow to sense and respond to the same mechanical signal?  Further, if the bone 

marrow derived stem cells respond to the signal by differentiating into bone, does it 
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affect the potential of the stem cell to differentiate into other cell types, specifically fat?  

These questions form the basis for this project, which stems from preliminary work that 

demonstrated that the introduction of a low magnitude mechanical signal that was 

anabolic to bone could in effect alter the balance of bone and fat development at the 

tissue level.  The precise mechanism by which this effect occurred was the focus of this 

dissertation, as outlined based on four key questions. 

 

First, what is the effect of diet induced obesity to the bone marrow derived stem cell 

population?  Specifically, of the complications engendered by obesity, how much 

influence is exerted by the increased adiposity or are there other factor that are affected 

by the high fat diet? 

 

Second, can LMMS alter the fat phenotype in normal animals, and what changes are 

experienced at the biochemical and cellular levels?  Specifically, can reductions in 

adiposity reduce key biochemical factors such as triglycerides, free fatty acids, and 

adipokines that are known to be elevated in obesity? 

 

Third, can LMMS prevent and/or treat obesity and osteoporosis, and what changes 

were occurring in the bone marrow environment in obese animals?  Specifically, how 

was the mechanical stimulation affecting the proliferation and differentiation of 

mesenchymal stem cells, osteoblasts, adipocytes to elicit the phenotypic bone and fat 

response?   

 

Fourth, what are the long term effects of LMMS and dietary induced obesity as the 

animal ages?  Specifically, can LMMS prevent or counteract the deleterious effects of 

aging and obesity? 
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OBJECTIVE AND HYPOTHESIS 

 

The overall objective of this dissertation was to develop a better understanding of 

the divergence down the osteogenic and adipogenic lineages from a single precursor 

stem cell type, thus providing the scientific foundation for a unique, non-pharmacologic 

intervention for the prevention and/or treatment of both osteoporosis and obesity with the 

same therapeutic modality.  The research questions were addressed in experiments 

designed based on four sub-hypotheses.   

 

Hypothesis 1:  Diet induced obesity negatively effects the stem cell population.  The 

increased adipose burden not only increases risk of obesity related complications, but 

diminishes the ability of the organism to combat disease because of compromised stem 

cell numbers. 

 

Hypothesis 2: LMMS phenotypically suppresses fat formation and adipose tissue 

growth, while simultaneously promoting bone formation at the level of cellular 

development. 

 

Hypothesis 3: Mechanical signals (either directly or indirectly) are able to stimulate 

increased proliferation of MSCs, and in addition increase the differentiation towards 

osteoprogenitor cells.  

 

Hypothesis 4: By promoting the proliferation of MSCs, the beneficial effects of LMMS in 

overall ability to resist disease, even in response to aging and obesity, are sustainable 

over time, and result in systemically “healthier” animals. 
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ANIMAL MODEL AND RESEARCH DESIGN 

 

Small animal models such as the mouse, are the model of choice in obesity and 

diabetes research. (74)  In particular, the general purpose C57BL/6J inbred mouse strain 

was chosen as the animal model for these studies due to 1).  Their broad application in 

research and 2).  C57BL/6J mice have a high susceptibility to diet induced obesity and 

Type 2 diabetes.   

The responsiveness of bone to LMMS has been shown to be dependent on the 

applied frequency, with a 90 Hz signal stimulating greater bone growth than a 45 Hz 

signal at the same strain magnitude (73) and thus the 90 Hz stimulation was adopted.  

All experiments were conducted with a whole body oscillatory signal at the same 

magnitude (0.2 g acceleration) and frequency (90 Hz) applied for 15 minutes a day 

without additional optimization.  It is important to note that associations persist between 

vibration and adverse health conditions, including low-back pain, cartilage erosion, 

circulatory disorders and neurovestibular dysfunction, (75;76) leading to International 

Safety Organization advisories to limit human exposure to these mechanical signals. 

(77)  At the frequency and amplitude used in these studies the exposure would be 

considered safe for over four hours each day.  

17 
 



    

 

 
 
 

Chapter 2 
 

 
 

IN VIVO QUANTIFICATION OF 

SUBCUTANEOUS AND VISCERAL 

ADIPOSITY BY MICRO COMPUTED 

TOMOGRAPHY IN A SMALL ANIMAL 

MODEL*  

 

--------------------------------------------------------------------------------------------------------------------- 

*Reprinted from Luu et al. from Medical Engineering Physics (paper in press) 

 

 

18 
 



    

ABSTRACT 

 

Accurate and precise techniques that identify the quantity and distribution of 

adipose tissue in vivo are critical for investigations of adipose development, obesity, or 

diabetes.  Here, we tested whether in vivo micro computed tomography (microCT) can 

be used to provide information on the distribution of total, subcutaneous and visceral fat 

volume in the mouse.  Ninety C57BL/6J mice (weight range: 15.7 - 46.5 grams) were 

microCT scanned in vivo at 5 mo of age and subsequently sacrificed.  Whole body fat 

volume (base of skull to distal tibia) derived from in vivo microCT was significantly 

(p<0.001) correlated with the ex vivo tissue weight of discrete perigonadal (R2 = 0.94), 

and subcutaneous (R2 = 0.91) fat pads.  Restricting the analysis of tissue composition to 

the abdominal mid-section between L1 – L5 lumbar vertebrae did not alter the 

correlations between total adiposity and explanted fat pad weight.  Segmentation 

allowed for the precise discrimination between visceral and subcutaneous fat as well as 

the quantification of adipose tissue within specific anatomical regions. Both the 

correlations between visceral fat pad weight and microCT determined visceral fat volume 

(R2=0.95, p<0.001) as well as subcutaneous fat pad weight and microCT determined 

subcutaneous fat volume (R2=0.91, p<0.001) were excellent.  Data from these studies 

establish in vivo microCT as a non-invasive, quantitative tool that can provide an in vivo 

surrogate measure of total, visceral, and subcutaneous adiposity during longitudinal 

studies.  Compared to current imaging techniques with similar capabilities, such as 

microMRI or the combination of DEXA with NMR, it may also be more cost-effective and 

offer higher spatial resolutions. 
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INTRODUCTION 

 

The current obesity epidemic has spurred efforts to identify its etiology as well as 

prophylaxes and potential treatments for this health crisis.  Because the accumulation of 

fat in different body compartments carries differential metabolic risks (78), spatial 

information on the distribution of adipose tissue is important.  Increased total adiposity 

across the abdomen promotes a high risk of metabolic disease (79) and type 2 diabetes 

(80) but visceral adipose tissue (VAT) is more closely correlated with obesity-associated 

pathologies and complications than either total adipose tissue (TAT) or subcutaneous 

adipose tissue (SAT) (81;82).  Nevertheless, the quantification of both VAT and SAT 

accumulation is also relevant as they have been associated with many metabolic risk 

factors including fasting plasma insulin, triglycerides, low-density lipoprotein, or 

cholesterol levels (83;84).  

In humans, the use of magnetic resonance imaging (MRI) and computed 

tomography (CT) to assess body composition and determine fat content is well 

established (85;86).  However, the ability to spatially discriminate different types of 

adipose tissue in small animal models such as the mouse, the model of choice in obesity 

and diabetes research (74), is limited by most of the current measurement techniques.  

The resolution and signal-to-noise ratio required to selectively quantify adipose tissue 

depots in mice that weigh as little as ten grams presents a unique challenge. MicroMRI 

has been successfully used to phenotype mouse models of obesity (87), but this 

technology is not readily available to most researchers.  Dual energy x-ray 

absorptiometry (DEXA) and quantitative nuclear magnetic resonance (QMR) based 

scanning of the whole animal have been used to effectively characterize lean and fat 

volume in the mouse, but they do not provide detailed spatial information on fat 

distribution (88;89).  
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Over the past ten years, high-resolution micro-computed tomography (microCT) 

scanners have become widely available.  MicroCT distinguishes itself from other imaging 

techniques in its ability to acquire high-resolution images based on the physical density 

of the tissue.  Because of the much greater density of calcified tissue, this technique has 

been used extensively in biomedical research to quantify the morphology and micro-

architecture of the skeleton (68;90;91).  However, microCT also provides a three-

dimensional density map with sufficiently large density gradients (contrast) to distinguish 

adipose tissue from other tissues, fluids, and cavities without contrast agents.  As the 

resolution of in vivo microCT scans can be selected to fall into an isometric voxel range 

of approximately ten to two hundred microns, the system can not only measure the total 

volume of adipose tissue within an animal, but can also identify and quantify very small 

volumes of fat cells residing in discrete deposits.  While perhaps not necessary for 

adipose imaging, the capability of high-resolution microCT scan confers specificity for 

describing adipose tissue that can currently only be obtained by combining DEXA with 

MRI technology (92).   

The ability to use in vivo microCT imaging to describe altered levels of total fat 

content based on low-resolution scans has been recently suggested (93;94).  Herein, we 

tested whether microCT can provide a surrogate measure of in vivo visceral, 

subcutaneous, or total fat pad mass and whether adipose information obtained from the 

abdominal region is equivalent to that derived from whole body scans.  Data from these 

studies establish and validate in vivo microCT as a non-invasive, quantitative tool that 

provides a robust, reliable, simple and cost-effective alternative with higher resolution 

and selectivity than previous methods to precisely determine total and regional adipose 

volumes.   
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MATERIALS AND METHODS 

 

Experimental Model.  All procedures were reviewed and approved by Stony Brook 

University’s Animal Care and Use Committee (IACUC).  Twenty-four female and 66 male 

C57BL/6J mice were obtained from The Jackson Laboratories (Bar Harbor, ME) at 6wk 

of age, housed in conventional cages, and given free access to food and water.  Of this 

population, fifty mice received a regular chow (Lab Diets, RMH 3000, Richmond, IA) diet 

(12 female, 38 male) or a 45% kcal high-fat (Test Diets, 58V8, Richmond, IA) diet (12 

female, 28 male).  At 7wk of age, half of the mice within each group (regular diet and fat 

diet, male and female), were subjected to a non-pharmacological prophylaxis for 

adiposity (short daily durations of very low-level mechanical signals applied via vertical 

whole body oscillations for 12 wk), further amplifying differences in body composition 

within the group of mice (93).  At 19wk of age, mice were scanned in vivo by microCT.  

Animals received a 2wk recovery from the exposure to anesthesia to facilitate 

biochemical analyses unrelated to this study.  Upon sacrifice, the perigonadal fat pad 

(epididymal in male and parametrial in female mice) and a subcutaneous fat pad 

spanning the lower back (mesenteric) region were harvested and weighed.  The 

perigonadal fat pad is regarded as part of the visceral compartment (95).  The 

mesenteric fat pad is considered subcutaneous, starting at the lesser curvature of the 

stomach and ending at the sigmoid colon (96) but is external to the abdominal capsule 

delineated by the muscle fascia (Fig. 2). 
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L1 L7L1 L5

 

Fig 2.  MicroCT scout view of a mouse (top).  The abdominal region of interest between 
the proximal end of L1 and the distal end of the L5 vertebrae is shown between the 
dotted lines.  At the level of the dotted lines, cross-sectional view through the proximal 
and distal that were used to identify the abdominal region of interest are shown (bottom).  
Arrows indicate the muscle layer that separates visceral from subcutaneous fat. 
 
 
In Vivo Scanning.  For in vivo scans, mice were anesthetized by 1% isoflurane 

inhalation and positioned with both legs fully extended. The entire torso of each mouse 

was scanned at an isotropic voxel size of 76 microns (45kV, 133µA, 300ms integration 

time) with a vivaCT 40 scanner (Scanco Inc, SUI). Selection of the scan energy and 

voxel size (scanning increment) was based on optimizing the requirements of scanning 

time and tissue detail, and to minimize exposure to radiation.  Based on the scan 

parameters, the estimated radiation exposure is on the order of 190-380 mGy for each 

scan (based on values provided by Scanco, SUI).  Two-dimensional gray-scale image 

slices were reconstructed into a three-dimensional tomography.  Density values for soft 

tissue were calibrated from a 5-point linear fit line with mixtures in various ratios of two 
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liquids, ranging from 0.78mg/ml (100% ethanol, Sigma, St. Louis, MO) to 1.26mg/ml 

(100% glycerol, J.T. Baker, Phillipsburg, NJ).  Density values for bone tissue were 

calibrated via a commercially available phantom containing hydroxyapatite rods of 

different densities (Scanco, SUI). Scans were reconstructed for either the whole body 

(base of the skull, as the spinal canal begins to widen and the distal end of the tibia) or 

the abdominal region (between the proximal end of L1 and the distal end of L5, Fig. 2).  

The head and feet were not scanned and/or evaluated because of the relatively low 

amount of adiposity in these regions, and to allow for a reduction in scan time and 

radiation exposure to the animals. The region of interest (ROI) for each animal was 

defined based on skeletal landmarks from the gray-scale images.  

 

In Silico Evaluation, Total Fat Volume.  A custom script written in image processing 

language (IPL) was used to analyze total fat volume. Briefly, the algorithm separated the 

mouse body from the background to provide the total tissue volume (TV) of the mouse. 

A Gaussian filter (sigma = 1.5, support = 3.0) was used to reduce the background noise 

in the image.  A preliminary threshold segmenting fat from other tissue and background 

(voids) was determined by ex-vivo microCT imaging of a freshly harvested fat pad from a 

C57BL/6J mouse.  The harvested fat pad only served to provide a broad estimate of the 

threshold, and would not be necessary for future studies using the same genetic mouse 

strain.  Subsequently, the lower and upper threshold values were adjusted by selecting 

only those voxels within a histogram of all grayscale values of a given region of interest 

(ROI) that represented either adipose tissue and muscle/internal organs (lean tissue).  

This is readily accomplished as the distribution of tissue grayscale values from a 

microCT scan is bimodal in nature, with one mode representing adipose tissue voxels 

and the other mode representing lean tissue voxels (Fig. 3). For our analyses, we 

selected regions from an animal with average body mass in which the tissue 
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composition consisted of approximately 50% fat, 50% lean volume, and was of sufficient 

size to ensure that the histogram had sufficient data points to provide two distinct peaks 

within the distribution.  Thus, thresholds can be set to selectively visualize fat volume, 

lean volume, or both.  By comparing raw to segmented images, the selected threshold 

was visually confirmed for animals on the extremes of low- and high body mass.  These 

thresholds were fixed thresholds and applied consistently across all animals and regions 

of interest. 

 

Quantifying Visceral and Subcutaneous Fat.  For determinations of abdominal 

adipose volume, a subset of 45 animals was randomly selected from the total animal 

population of 90.  The total adipose tissue (TAT) volume was first evaluated, and then 

further subdivided into compartments.  The abdominal muscular wall was used as the 

demarcation line to separate visceral adipose tissue (VAT) from subcutaneous adipose 

tissue (SAT) (97).  Histologically, the muscle fascia is distinct and easy to identify (Fig. 

2).  In microCT density based images of an animal, this muscle layer appears brighter 

because of its higher density.  To separate the lower density fat compartments on both 

sides on either side of the muscle, the fascia can either be traced manually by drawing 

contour lines, or detected automatically to increase processing speed and reduce user-

variability (98;99).  The separation of fat regions was performed on segmented images.  

Here, the fat compartments in the abdominal region were separated and quantified using 

a custom IPL script based on the Canny method for edge detection (100;101). 
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Fig 3.  Selection of threshold values for each tissue type to separate fat and bone from 
other tissues.  (a). Representative regions of interest (ROI) of known composition were 
selected.  Histograms of the gray-level intensities (x-axis) within these representative 
ROIs were generated.  The top histogram presents a histogram for a ROI in which only 
one tissue type (fat) was present.  The relatively homogenous fat tissue is represented 
by a narrow distribution of gray level intensities (densities), allowing the selection of an 
upper and lower thresholds (Th1 and Th2) specific for fat.  For the histogram below, an 
ROI was selected in which two tissue types - fat and lean tissue (muscles and/or internal 
viscera) – were present, causing a bimodal intensity distribution.  The bottom histogram 
shows a trimodal distribution of density values from a ROI with two tissue types and 
background.  (b). A reconstructed image from the mid-torso areas was utilized in the 
selection of the ROI with known tissue types (top).  The enlarged image (bottom) 
provides an example for a ROI which yields a bimodal distribution. 
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Statistics.  Across all mice (n = 90 for whole body evaluations, n=45 for abdominal 

evaluations), linear regressions were used to determine the association between the 

microCT-determined adipose volumes and explanted fat pad weights.  For the 

abdominal region of each animal, total adipose volume in (TAT) was divided into visceral 

(VAT) or subcutaneous (SAT) adipose volume and regressed against fat pad weight 

individually.  All data were reported as mean ± standard deviation, and statistical 

significance was defined at p<0.05. 

 

 

RESULTS 

 

Validation of Scan Data.  The in vivo microCT scans provided a sufficiently high 

contrast and signal-to-noise ratio to identify and isolate adipose tissue throughout the 

body of the mouse (Fig. 4).  As expected, the degree of adiposity varied greatly across 

the group of 90 mice. The use of skeletal sites as anatomical landmarks allowed the 

precise definition of the region of interest, both for measurements between different 

animals as well as for multiple measurements within the same animal.  This was 

particularly important because we found that adipose and other soft tissues were poor 

landmarks because of their variable location due to physiological factors (e.g., 

gastrointestinal status) and variability associated with positioning (e.g., stretching) the 

animal in the scanner. 

Across the ninety mice, total adipose values of the body (minus head and feet) 

exhibited a very strong and positive correlation with the physiologic weight of the 

discrete visceral and subcutaneous fat pads that were explanted at sacrifice (2wks after 

the scans).  The coefficient of determination (R2) for the correlation between the 

harvested subcutaneous fat pad and microCT fat volume of the entire body was 0.91 
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(p<0.001) while the correlation between the harvested visceral fat pad and whole-body 

fat volume (R2 = 0.94, p<0.001) was similarly high (Fig. 5a). 

The length of time required to scan an entire mouse with our scanner at the 

specified settings was approximately 40 minutes and, inherently, proportional to the 

length of each mouse.  To decrease the scan time and the exposure of the animal to 

anesthesia and radiation, it was investigated whether similar information on fat volume 

can be gained by reducing the length of the region of interest from the whole body to the 

abdominal area.  Selection of this much smaller abdominal region, encompassing the 

mid-torso between the L1 and L5 vertebrae, reduced the scan-time by two thirds, from 

35-40 minutes to 12-13 minutes.  Whole-body fat volume was very highly correlated with 

abdominal fat volume across the 45 mice (R2 = 0.99, p<0.001, Fig 5b) and, therefore, 

the R2 values between microCT fat volume and fat pad weight did not change 

significantly by restricting the region of interest to the abdominal area (R2 = 0.92 for 

subcutaneous fat pad and R2 = 0.96 for epididymal fat pad, p<0.001 each). 
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Fig 4.  (a) Reconstructed microCT scan of a mouse in which the skeleton can be readily 
identified to define the region of interest.  (b). The majority of the adipose tissue in the 
mouse is localized in the abdominal region, as the thoracic cavity and legs show lower 
prevalence of low density (fat) tissue.  (c). To quantify fat volume in these different body 
compartments, tissues of different density were segregated and categorized as either fat 
(yellow) lean mass (red) or bone (white). (d). Representative images from three different 
animals with either low, intermediate, or high adiposity, with the threshold specific to fat 
applied.  Subcutaneous fat is shown in gray, visceral fat in red. 
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Fig 5.  (a) Total fat volume (from the base of the skull to the distal tibia) determined by in 
vivo microCT was highly correlated with both the visceral and subcutaneous tissue 
weight of the fat pads harvested at sacrifice (n=90).  (b). A scan of the abdominal region 
reduced the scan time by two-thirds.  Despite the much smaller region, fat volume of the 
abdomen (spanning between L1 and L5 vertebrae) was highly correlated with total fat 
volume of the entire mouse body (n=45). 
 

 

Visceral and Subcutaneous Fat Discriminations.  To investigate any potentially 

different relations between the subcutaneous/visceral adipose tissue compartments and 

fat pad weights, visceral fat volume was automatically separated from subcutaneous fat 

volume by customized algorithms for the abdominal region encompassing L1 to L5.  The 

weight of the visceral fat pad weight was highly correlated with the microCT determined 

VAT volume (R2 =0.95, p<0.001, Fig. 6a).  The correlation between the subcutaneous fat 

pad weight and the microCT determined SAT volume was equally high (R2 =0.91, 

p<0.001, Fig. 6b).  Further, VAT volume was highly correlated with SAT volume (R2 = 

0.98, p<0.001, Fig. 6c), similar to the correlation between visceral fat pad weight and 

subcutaneous fat pad weight (R2 =0.95, p<0.001). 
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Fig 6.  Evaluation of abdominal adiposity separating visceral adipose tissue (VAT) from 
subcutaneous adipose tissue (SAT).  For these analyses, data from 45 animals were 
randomly selected from the entire population.  (a). Visceral adipose tissue volume was 
highly correlated with the weight of the visceral (perigonadal) fat pad (p<0.001). (b).  
Subcutaneous adipose tissue volume was highly correlated with the weight of the 
subcutaneous (from the lower back) fat pad (p<0.001). (c).  As the microCT calculated 
volumes for both fat deposits correlated well with the weights of the respective fat pads, 
VAT and SAT area were also correlated to each other (p<0.001). 
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DISCUSSION 

 

With the high current, and projected, activity in obesity and diabetes related 

research, the ability to non-invasively image different types and locations of adipose 

tissue in small animal models has become increasingly important.  The primary aim of 

this study was to validate the methodology of in vivo microCT scanning as a substitute 

for the ex vivo measurements of fat pads.  Mice used in this study were of the most 

commonly utilized inbred strain in biomedical research and displayed differences in body 

fat volume by an order of magnitude.  The very high correlations between total / 

subcutaneous / visceral fat volume with the specific subcutaneous and visceral fat pad 

weights demonstrated the utility of this technique in providing real time data on adiposity 

in the mouse, in a quick, non-invasive manner.  That the correlations using fixed 

thresholds that were consistent across this very diverse sample of mice (body mass, 

body fat, diet, gender, and treatment) attests to the robustness of this method. While this 

study was performed in mice, it can be readily adapted to any animal model that fits into 

a microCT scanner. 

All evaluated data for visceral and subcutaneous adipose tissue showed strong 

correlations to the weight of the explanted fat pads.  However, the perigonadal (visceral) 

fat correlations were slightly higher than the mesenteric (subcutaneous) correlations 

even though the R2 values for either type of fat were not significantly different from each 

other.  This difference may have been caused by the location of the isolated mesenteric 

fat pad which, in contrast to the perigonadal fat pad, was not entirely within the 

evaluated abdominal region.  Moving the distal anatomical landmark further distally may 

further enhance the coefficient of determination.  The high R2 values for the linear 

regressions between microCT-calculated fat volumes and fat pad weights over a large 

range of data demonstrates the utility of in vivo microCT to determine differences in body 
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composition between different groups but it is important to note that the absolute values 

of the calculated fat volumes were entirely dependent on the region of interest.  As the 

cross-sectional fat content varies greatly along the longitudinal axis of the mouse torso, 

the regressions cannot be used for future studies to predict the specific weight of 

visceral or subcutaneous fat pad weights based on the microCT data.   

Our data showed that the information derived from whole-body microCT scans 

was equivalent to scans of only the abdominal region between the L1 and L5 vertebrae.  

In clinical studies, relatively few (typically one to five) CT slices in the abdominal area 

between the L2 and L3 vertebra are analyzed to assess adiposity (102).  While this 

suggests that it may be possible to further reduce the length of the region of interest in 

the mouse, it may cause inaccuracies in the discrimination between visceral and 

subcutaneous fat, particularly in small and lean animals, as the total volume of evaluated 

fat deposits would be greatly decreased.  Regardless, our data demonstrate that the 

scanning and evaluating of only the mid-torso of a mouse, encompassing the majority of 

the intra-abdominal fat, will provide a precise relative assessment of total, subcutaneous, 

and visceral adipose tissue.   

For our analyses, the calculated SAT value also included the volume of the skin, 

as the density of skin is similar to the density of fat (103) and is therefore assigned to fat 

within the selected threshold values.  The full thickness of skin for the C57BL/6J inbred 

mouse strain is approximately 120 microns (104).  Based on the resolution of the 

microCT scans, the skin encompassed up to two voxels in the radial direction and this 

volume was included in our reported fat volumes.  For the spatial analyses of SAT and 

VAT, the skin volume defaulted as part of the subcutaneous compartment (based on 

location).  Because skin voxels contributed a relatively small and consistent volume to 

the SAT, no efforts were made to subtract them either from SAT or TAT.  Nevertheless, 
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in very lean mice or in mice with very little subcutaneous fat, algorithms could be used to 

adjust SAT volume to exclude the contribution from skin. 

Adipose mass and increased adiposity can alter systemic physiology by 

changing the endocrine and metabolic state of the tissue (105) and the measurement of 

in vivo fat volume and adipose burden may be an important surrogate indicator of 

metabolic health.  Thus, the ability to determine this parameter non-invasively in a live 

animal will not only provide longitudinal data without the need to sacrifice the animal, but 

will also increase the statistical power by the ability to perform intra-animal comparisons.  

Our data indicate that in vivo microCT of small animals can quickly and reliably provide 

data on adipose volume at spatial resolutions that are high enough to quantify specific 

and very small deposits of fat within animals of varying adiposity. 
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ABSTRACT 

 

Parallel to the growth of the obesity epidemic, the number of medical conditions 

associated with and/or caused by excess adiposity has also increased dramatically.  

Caloric intake and dietary composition play a large role in the development of obesity, 

but the contribution of these factors to the cells involved in adipogenesis, specifically the 

bone marrow derived stem cell population, has not been defined.  We hypothesized that 

in addition to promoting adiposity, dietary induced obesity (DIO) also reduces the stem 

cell pool, compromising the ability to repair and regenerate after tissue damage.  Our 

data indicated that in response to 6 wks of a high fat diet beginning at 7 wks of age, FD 

animals (n=8) exhibited a 13% (p = 0.010) increase in body mass, 113% (p<0.001) 

increase in fat volume, and a -54.8% (p<0.001) decrease compared to age matched 

regular diet animals (RD, 13 wks old at sacrifice, n=8) in the total bone marrow derived 

stem cell number, which included both hematopoietic (HSC) and mesenchymal stem 

cells (MSCs).  Further, comparison of the FD animals fed 6 wks of a fat diet to a SFD 

group (n=8) fed 9 wks of a fat diet beginning at 4 wks age demonstrated an additional 

stem cell reduction (-59.9%, p<0.001), highlighting that the age of obesity onset and 

duration of obesity contribute greatly to the stem cell reduction.  Linear regression of 

number of stem cells to the epididymal fat mass demonstrated a significant suppression 

of stem cells with increasing adipose burden (R2 = 0.59, p = 0.03).  Overall, a high fat 

diet greatly disrupts the stem cell population, both in terms of number and differentiation 

patterns, providing evidence of the toxicity of obesity to stem cells.  This negative 

correlation of increased adiposity to diminished number of stem cells can be seen as a 

contributing factor to the impaired ability of obese individuals, who are more prone to 

certain diseases, to also resist and fight disease. 
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INTRODUCTION 

 

As the incidence of obesity continues to increase, the medical conditions that are 

associated with adiposity likewise become more prevalent. Conditions such as 

osteoarthritis and obstructive sleep apnea are often attributed to an increased adipose 

burden in obese individuals, whereas the increased number and size of adipocytes are 

considered key etiologic factors in the development of diabetes, cardiovascular disease, 

and various cancers.(106)  Not surprisingly, the impact of excessive caloric intake and a 

poorly balanced diet are major foci of obesity research, clinical practice, and public 

policy.(107)  Diets high in saturated and trans fat typically promote weight gain, which in 

turn engenders complications such as metabolic syndrome.(108)  In addition, diet 

patterns high in fat cause activation of the immune response and an increase in 

inflammation.(109) 

The role of obesity and excess fat mass in the progression of bone loss and 

osteoporosis is another active area of investigation.  It is often presumed that the load 

bearing challenges inherent to obesity will have a beneficial impact on the skeleton, 

(110)  as heavier individuals adapt greater density in their bones to withstand the 

increased loading.  There is increasing evidence, however, that overweight individuals 

do not realize a proportionally greater bone mass, and are at a greater relative risk of 

fracture when falling. (111).  In a review of risk factors for fractures in normally active 

children and adolescents, excess adiposity was shown to increase the fracture risk to 

33.3% in obese children, up from 15.5% in normal weight children (112;113).   

That an association exists between a high fat diet and obesity, and obesity and 

osteoporosis, is becoming clear, but the full impact and interaction of the dietary signal 

and fat and bone development is far from characterized.  The effect of diet on the 

molecular responses that drive adipocyte formation is an area of active research, with 
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recent evidence that the adipose burden increases not only due to adipocyte 

hypertrophy, but also adipogenesis.(114)  The effect of diet on bone has been noted in 

epidemiological studies, which indicate that high fat diets result in low bone mass and 

poor bone quality.(115)  Based on in vitro studies and animal models, researchers have 

suggested that excess dietary fat (and their metabolites) can inhibit bone formation by 

blocking differentiation of osteoblast progenitor cells (116) and by inducing apoptosis of 

osteoblastic cells.(117) 

Conclusive evaluations on the interaction of a high fat diet and stem cells are 

lacking in the literature.  Herein we examine the effect of a high fat diet on the marrow 

mesenchymal stem cell population, the progenitor population to the mature adipocyte 

and osteoblast, as a potential contributing factor to the pathophysiology of obesity. We 

hypothesized that in addition to promoting adiposity, dietary induced obesity (DIO) also 

reduces the mesenchymal stem cell (MSC) pool, which would compromise the ability to 

repair and regenerate in response to tissue damage.  This finding lends support for a 

preventative approach towards obesity, as not only does excess adiposity increase the 

risk factors for disease, obesity-induced loss of stem cells to resist and fight disease 

could potentially decrease the efficacy of treatment. 

 

 

MATERIALS AND METHODS 

 

Experimental Design.  The overall experimental design consisted of two similar 

protocols, differing in the duration that animals were fed the respective diets.  To 

characterize the development of dietary induced obesity three groups were established:  

12 wks on either a regular (RD, n=15) or high fat diet (FD, n=10), and 15 wks on a high 

fat diet (SFD, n=7).  In vivo measurements were made at 19 wks of age, and ex vivo 
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values established at sacrifice at 21 wks of age.  The second study, designed to assess 

mechanistic responses of cells to the duration of the high fat diet feeding period and 

amount of adiposity are likewise referred to as RD (n=8) FD (6 wks on high fat, n=8) and 

SFD (9 wks on high fat, n=8), and all animals in this study were sacrificed at 13 weeks of 

age. 

 

Animal Model.  Male C57BL/6J mice were obtained from Jackson Laboratories (Bar 

Harbor, ME), and were acclimated (single-housed) in our facilities for a week.  For the 

study to characterize phenotypic responses, mice were randomized by weight into two 

groups  to either receive a regular chow diet (Lab Diet, Richmond, IN) or a high fat diet 

(45% kcal fat, # 58V8, Research Diet, Richmond, IN, n=8 for RD, n=16 for high fat diet).  

The high fat diet group was further segregated into animals that began the high fat at 4 

wks of age (SFD, n=8) or those that began high fat at 7 wks of age (FD, n=8).  Body 

mass and food intake were monitored weekly.  Animals were allowed free access to food 

and water, and were sacrificed by cervical dislocation under deep anesthesia at 21 

weeks of age. 

For the study to assess the effect of duration of high fat feeding and amount of 

adiposity, animals were fed a high fat diet beginning at either 4 wks of age (SFD, n=8) or 

7 wks of age (FD, n=8).  A RD group (n=8) was age-matched to FD animals.  All animals 

were sacrificed at 13 wks of age.  All animal procedures were reviewed and approved by 

the Stony Brook University animal care and use committee  

 

In Vivo Microcomputed Tomography and Determination of Adiposity.  Total 

adipose volume for each animal was established at 19 wks of age.  Refer to Chapter 2 

for detailed scanning and data evaluation methodology, as well as method validation.  

Briefly, the entire torso of each mouse was scanned at an isotropic voxel size of 76 
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microns (45kV, 133µA, 300ms integration time) with a vivaCT 40 scanner (Scanco Inc, 

SUI). The region of interest was defined by two anatomical landmarks, one at the distal 

end of the tibia and the other at the base of the skull.  At the end of each scan x-ray 

impressions of the whole body were reconstructed as a three dimensional grey scale 

image.  A custom script written in image processing language (ipl) was used to contrast 

and analyze fat tissue. Gaussian filtering (sigma = 1.5, support = 3.0) was used to 

reduce the noise in the separated image, followed by an image segmentation to contrast 

fat from bone and lean tissue.  

 

Estimation of Adipocyte Size and Number.  At sacrifice, the epididymal fat pad was 

harvested and fixed in 10% formalin.  The fixed tissue was paraffin embedded, sectioned 

at 8 µm thickness, and stained with hematoxylin and eosin (H&E) to visualize cell 

morphology.  H&E stained slides from each individual animal were imaged on a Zeiss 

Axiovert 200M.  For each animal, average cell radius was calculated based on images of 

5 random fields, and with the simplifying assumptions of homogenous cell size and 

spherical cell shape.  The number of adipocytes that comprise the total adipose volume 

(determined by in vivo micro-computed tomography) of the animal was estimated based 

on the average adipocyte cell volume determined from histological images.   

 

Status of MSC Pool by Flow Cytometry.  Cellular and molecular changes in the bone 

marrow resulting from 6w of regular or high fat diet (n=8 animals per group) were 

determined at sacrifice from bone marrow harvested from the right tibia and femur by 

flushing (animals at 13w of age).  Red blood cells in the bone marrow aspirate were 

removed by room temperature incubation with Pharmlyse (BD Bioscience) for 15 mins.  

Single cell suspensions were prepared in 1% sodium azide in PBS, stained with the 

appropriate primary and (when indicated) secondary antibodies, and fixed at a final 
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concentration of 1% formalin in PBS.  Phycoerythrin (PE) conjugated rat anti-mouse 

Sca-1 antibody and isotype control were purchased from BD Pharmingen and used at 

1:100.  Rabbit anti-mouse Pref-1 antibody and FITC conjugated secondary antibody 

were purchased from Abcam (Cambridge, MA) and used at 1:100 dilutions.  Flow 

cytometry data was collected using a Becton Dickinson FACScaliber flow cytometer 

(San Jose, CA).   

 

Flow Cytometric Analyses.  Regions were defined for flow cytometry data based on 

clustering of cells with similar forward (FSC) and side scatter (SSC) profiles.  FSC 

correlates with the cell size/volume and SSC depends on the inner complexity of the cell 

(i.e. shape of the nucleus, the amount and type of cytoplasmic granules or the 

membrane roughness).  Reported stem cells quantities are from region R1 (smallest, 

least granular cells), which typically comprised the population with the highest positivity 

for the Sca-1 marker.  Sca-1 positive cells in region R3 (largest size, most internal 

complexity) were quantified as osteoprogenitors. The preadipocyte population was 

identified as all cells positive for surface staining of preadipocyte factor-1 (Pref-1). 

 

Statistical Analyses.  All data are shown as mean ± standard deviation.  To determine 

significant differences between RD, FD, and SFD groups (multiple comparisons), one way 

ANOVAs with two-tailed Dunnett post-hoc tests were used.  For comparisons between FD 

and SFD groups, two-tailed t-tests were performed.  Significance value set at 5% was 

used throughout for all analyses.   
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RESULTS 

 

Development of Diet Induced Obesity.  Increases in body mass and fat volume were 

used to assess the development of obesity in the animals.  Weight-based randomization 

of animals at the beginning of the study ensured that all groups were of similar weight at 

baseline.  Body mass at the time of in vivo microCT scanning (all animals 19 wks of age) 

demonstrated significant increases between all groups (Fig 7a).  RD animals weighed 

on average 28.6 ± 2.5 g, FD animals 32.4 ± 3.8 g (+ 13.3%, p = 0.010) and SFD animals 

39.2 ± 3.0 g (+37.0%, p <0.001).  Percentage changes are reported relative to RD.  

MicroCT calculated fat volumes demonstrated even larger differences, with FD and SFD 

animals exhibiting increases of 113.4% and 171.7% respectively (both p<0.001) over the 

RD group (Fig 7b). 

 At sacrifice, differences in epididymal fat pad and liver weights for all groups 

were determined.  The epididymal fat mass in regular diet animals averaged 0.62 ± 0.22 

g, and FD animals saw a 190.1% (p<0.001) increase in fat mass over the RD group.  

Epididymal fat mass in SFD animals were 240.6% (p<0.001) higher (Fig 7c) than RD.  In 

contrast to the relatively small yet significant increases in animal weight and large 

increases in total fat volume and fat pad weight, the weight of the liver was not affected 

by the high fat diet (Fig 7d).  Compared to RD (1.12 ± 0.11 g), FD animals saw a non-

significant decrease (0.98 ± .016 g, p = 0.196).  Likewise, SFD animals (1.10 ± 0.38 g, p 

= 0.301) were similar to RD.  Tibial lengths measured with a digital micrometer indicated 

that both fat diet groups had slightly shorter tibia than RD animals (17.7 ± 0.13 mm for 

RD, 17.5 ± 0.14 mm for FD and 17.4 ± 0.36 mm for SFD, p = 0.020 for multiple 

comparison).  The 1% difference between RD and FD animals was not significant (p = 

0.103), but the 1.5% difference between RD and SFD was (p = 0.017).   
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Fig 7.  A high fat diet readily induces obesity in male C57BL/6J mice, such that animals 
fed high fat for 12 wks (FD) increased body mass 13%.  Animals fed high fat for 15 wks 
(SFD) saw a 37% increase relative to RD animals (a). Percentage increases in fat 
volume (113% and 172% respectively, both p<0.001, b) and epididymal fat mass (190% 
and 241% respectively, both p<0.001, c) were much larger than the change in body 
mass.  The increase in animal mass is largely due to the increase in adipose burden, as 
liver mass (d) shows no differences between groups. 
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In addition to the various measurements of weight and volume of fat at the 

organismal (microCT volume) and tissue (epididymal fat mass) levels, qualitative results 

based on image analysis of histological sections from epididymal fat from RD and FD 

animals indicate that adipocyte size was increased by 30%, and the total number of 

adipocytes in the animal based on volume increase by 93% (Fig 8) due the 12 weeks of 

a high fat diet.  Standard deviations and p-values are not reported for the qualitative data 

due to the small sample size (n=2), and will be reported once all samples are analyzed.  

Adipocyte size and number in SFD animals has not yet been determined for this study. 

 

High Fat Diet Reduces Marrow Mesenchymal Stem Cells.  To assess the effect of a 

high fat diet on the process of adipogenesis in terms of the developmental response, the 

progenitor cell populations upstream of mature adipocyte formation (preadipocytes and 

mesenchymal stem cells) were examined.  To elucidate potential changes in the cell 

population that would precede the large phenotypic changes seen after 12 weeks on a 

high fat diet, animals fed high fat for 6 wks were utilized.  Flow cytometric analyses of 

the total marrow cell population harvested from the femurs and tibias of animals after six 

weeks of either a regular chow diet or a high fat diet indicated that the number of stem 

cells present had been significantly diminished in response to the fat diet (Fig 9).  The 

overall bone marrow derived stem cell pool representing all cells expressing the surface 

marker stem cell antigen-1 (Sca-1), including both hematopoietic and mesenchymal 

stem cells, was decreased by -54.8% (p<0.001).  More specifically, the undifferentiated 

MSC population was decreased by -59.6% (p<0.001). 
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Fig 8.  Representative images from a regular diet (a) and fat diet (b) animal show clear 
differences in adipocyte morphology.  Qualitative assessments of average adipocyte 
size based on images from 5 random fields from each animal (n=2 animals per group) 
demonstrated a 30% increase in cell radius (c).  Based on microCT calculated adipose 
volumes for the entire animal (neck to distal tibia), the total number of adipocytes was 
determined to be 93% greater in fat diet animals (d). 
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Fig 9.  To determine the effect of high fat diet on the bone marrow derived stem cell 
populations, animals were fed a high fat diet for 6 weeks.  The overall stem cell pool 
containing both hematopoietic and mesenchymal stem cells was significantly 
suppressed by six weeks of a high fat diet (a).  Demonstrating that a high fat diet exerts 
significant consequences on the process of adipogenesis, the mesenchymal stem cell 
population that gives rise to osteoblasts and adipocytes was  reduced by -59.6% (b) due 
to the dietary challenge introduced to a young animal.   
 

 

Distribution of Size and Granularity of Preadipocytes is Altered by High Fat Diet.  

Identified by the expression of Pref-1 surface protein, the distribution of the preadipocyte 

cells for animals fed a high fat diet showed a clear shift from the regular diet animals 

(Fig 10), in that there was an increase of smaller, less granular preadipocytes (region 

R1).  The preadipocyte population in region R2 (-1.5%, p=0.92) remained consistent, but 

in conjunction with the increase in R1 (+555%, p=0.001) due to the high fat diet, there 

was a large decrease in R3 (-58.6%, p=0.003). 
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Fig 10.  Representative image of a flow cytometry plot (forward scatter = FSC on x-axis, 
side scatter = SSC on y-axis) for a bone marrow sample (a) showing the 3 distinct 
populations of similar FSC and SSC.  Within each of the three regions, the percentage of 
preadipocyte factor-1 (Pref-1) positive cells shows clear differences in distribution for 
animals fed a high fat diet (b).  Mechanistically, the high fat diet increases the 
commitment of preadipocytes (R1) and the differentiation pattern, perhaps with more 
preadipocytes converting to adipocytes and losing the preadipocyte marker (decrease in 
R3). 
 

 

Longer Duration of Obesity Causes Greater Loss of Stem Cells.  Examining the 

effect of the duration of the high fat diet demonstrated that SFD animals that began the 

high fat at 4 wks of age and persisted for 9 wks were on average 30.0 ± 1.5 g, which 

represented a 9.4% (p=0.017) increase over the FD group (27.4 ± 2.4 g, Fig 11a), that 

began the high fat diet at 7 wks age and persisted for 6 wks.  In addition to the longer 

time frame over which to accumulate fat, the weekly food consumption of animals was 

also altered (Fig 11b).  Compared to SFD animals, the FD animals consistently ate less 

with the difference being significant at weeks 9 and 11 of age.    
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Fig 11.  Animals fed a high fat diet for 9 wks demonstrated a 9.4% (p=0.017) over 
animals that were fed the high fat diet for 6 wks (a).  The significant divergence in weight 
was actually evident beginning at 7 wks of age when the FD group commenced the fat 
diet. In addition to the increased adiposity of SFD animals, the earlier onset of obesity 
increases the metabolic demands of the animal, as evidenced in greater weekly food 
consumption (b) FD animals consistently ate less with the difference being significant at 
weeks 9 and 11 of age. 

 

 

The consequences of the increased high fat diet duration on the stem cell 

population are evident from flow cytometry data quantifying the stem cell populations 

Compared to FD animals, SFD animals had fewer cells bone marrow derived stem cells 

(-59.9%, p=0.001, Fig 12a).  The relationship between increasing fat mass (epididymal 

fat) and total stem cell number is shown as a linear regression between these two 

variables for both the FD and SFD groups (Fig 12c).  For the FD animals, increasing fat 

mass demonstrates a strong negative correlation to the stem cell number (R2 = 0.589, p 

= 0.026) whereas the SFD animals show no relationship between these two parameters 

(R2 = 0.010, p = 0.081).  However, the osteoprogenitor population was increased in SFD 

(+78.8%, p=0.098) as compared to FD animals (Fig 12b).  Differences between groups 

in the osteoprogenitor population were not attributed to changes in body mass (data not 
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shown) or epididymal fat mass, as correlations for the SFD group (R2 = 0.18, p = 0.31) 

and the FD group (R2 = 0.05, p = 0.59) both demonstrated that increases in fat mass did 

not account for the differences in the osteoprogenitor population (Fig 12d). 
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Fig 12.  Flow cytometry data indicated that the number of stem cells present in the 
marrow had been significantly decreased in SFD animals compared to FD (a).  
Considering that FD animals already demonstrate compromised numbers of stem cells 
compared to regular diet animals, the additional 60% reduction caused by the duration of 
the high fat diet highlights the negative effect of excessive fat mass.  However, even as 
the stem cells pool was diminished, the osteoprogenitors in the SFD group 
demonstrated a significant increase (b).  Linear regressions between the adipose burden 
(represented by epididymal fat mass) and the % of stem cells further demonstrate the 
suppression of stem cells by increasing adiposity in FD animals (p=0.03), but not SFD 
(p=0.81, c).  Neither group saw any relationship between % and osteoprogenitors and 
fat mass (p = 0.59 and 0.31 for FD and SFD respectively, d). 
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DISCUSSION 

 

Data reported in May 2007 indicate that 15 percent of children and adolescents 

can be labeled as having childhood obesity in the U.S, which according to the Centers 

for Disease Control and Prevention (CDC) is associated with more severe complications 

of obesity, such as diabetes, cardiovascular disease, and cancer later in life. (118)  This 

steadily increasing incidence of childhood obesity raises serious concern about the 

health of these youth as they approach adulthood, and understanding the cellular effects 

of negative dietary factors, such as a high fat diet, could provide potential insight into 

preventions and treatments for obesity.  Specifically, of the complications engendered by 

obesity, how much influence is exerted by the increased adiposity, or are there other 

factors that are influenced by elevated fat intake?  We show that in addition to creating a 

caloric excess, a high fat diet negatively affects the number of marrow derived stem cells 

and would likewise influence and contribute to obesity related complications. This data 

implies that for individuals that are obese, especially early in life, their long term health 

would be compromised as they would simultaneously be more prone to developing 

certain diseases, and less capable of fighting disease and repairing damage.   

Our in vivo microCT analyses and assessments of ex vivo tissue weights clearly 

demonstrate that the relatively small increases in body mass (~10-30%) somewhat mask 

the >100% changes in adiposity between the regular diet and fat diet groups.  The 

relatively short duration of the dietary challenge in this study, was not long enough to 

enact changes in the major organs, as 12 weeks of high fat did not affect liver size.  

Liver enlargement and fatty liver disease are associated with obesity, (119) but are 

typically changes seen over the longer term.  The average adipocyte size observed is 

consistent with the reported range of 60-100 µm for white adipose tissue (120) even as 
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the analysis of adipocyte size and number were qualitative and relied on simplifying 

assumptions of homogeneity in size and uniformity of distribution. 

The characterizations of the effects of high fat on the cellular milieu demonstrate 

that the bone marrow derived stem cell populations, and committed but not fully 

differentiated “progenitor” populations are largely influenced by diet, with the introduction 

of a high fat diet exerting significant negative consequences to the in vivo marrow 

environment.  Osteoprogenitors and preadipocytes are considered progenitor cells, as 

they are committed to the lineage but have not achieved full differentiation.  The drastic 

percentage decreases in the number of both hematopoietic and mesenchymal stem cells 

is observed in parallel to percentage increases in the committed progenitor populations, 

with the possible implication being that the resident bone marrow derived stem cell 

population would have diminished plasticity to respond to various biological challenges 

such as injury.  Indeed, researchers have noted that with age, the number of bone 

marrow derived stem cells diminish as the marrow cavity increasingly fills with mature 

adipocytes.(121)  That these changes are observed in parallel with the increased fragility 

and reduced capability of elderly individuals to heal is perhaps not coincidental. 

In terms of the increase quantified in the osteoprogenitor population, some 

biomechanical factor surely is in effect, where larger loads due to the increased animal 

weight and adiposity engender greater bone mass.  However, in humans only 27-38% of 

total body weight is attributed to fat,(3) and estimates based on our microCT calculated 

volumes and the reported density of fat (122) show that FD animals in this study were 

similar to these values (~32% of body weight attributed to fat).  As such, increased 

loading due to increased fat mass does not entirely account for the increased in 

osteoprogenitors.  The large excess in caloric intake serves as a dominating signal for 

differentiation towards adipogenesis, and in response to six weeks of a high fat diet, the 

number of early commitment preadipocytes increased by several orders of magnitude 
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indicating that the differentiation pathway of the stem cells was shifted towards 

adipogenesis.  The decrease in R3 preadipocytes, which we believe to be further 

progressed towards the mature adipocyte morphology, is perhaps indicative of a change 

in rate of adipogenesis.  As it is inhibitory of terminal adipocyte differentiation, the 

disappearance of surface expression of Pref-1 marks the transition to a mature cell 

phenotype. (37)  The actual role of the preadipocyte, specifically of those residing in the 

marrow space, is not clearly understood and the full differentiation pathway of 

adipogenesis from the mesenchymal stem cell to the preadipocyte to the mature 

adipocyte is yet unclear.  Additional studies are needed to definitively confirm the early 

identification of both the osteoprogenitors and preadipocytes, as well as address the rate 

of conversion into the mature cell types.  

The negative correlation between adiposity and stem cell number is evident, but 

surely a bottom “limit” to the loss of stem cells must surely be achieved, as a basal level 

of cells is necessary for survival.  Further decreases in the stem cell population might 

herald an early death if animals experience any sort of immune challenge or injury.  

Animals that start a high fat diet earlier in life and are therefore obese for a longer 

amount of time show drastic reductions in the stem cell population even compared to 

age-matched animals that began a high fat diet slightly later in life.  For these animals 

there is no correlation between increasing fat mass and stem cell number as likely they 

are at the bottom limit of number of stem cells needed to survive, considering that they 

began the high fat diet essentially right after weaning. 

In a similar manner by which osteoprogenitors are needed to maintain a “healthy” 

state of bone as animals age (122), the findings of this study indicate that at least some 

component of the pathophysiology of obesity and increased susceptibility of obese 

individuals to disease is likewise due to a lack of progenitor cells, mesenchymal or 

otherwise, to replenish the various tissues as damage (including that induced by the 
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excess adiposity) accumulates.  There is increasing evidence that MSCs are protective 

of tissue damage and can help regenerate liver and pancreatic islet cells (123) with 

MSCs recruited to sites of injury and tumor microenvironments due to the secretion of 

various inflammatory factors. (124)  Studies have shown that obesity compromises this 

immune response, and increases susceptibility to tumorigenesis, with one report 

showing a 30% increase in tumor development in DIO mice one week after 

subcutaneous injection of cancer cells compared with normal mice. (125;126)  In 

humans, excess body weight is responsible for an estimated 14% of all cancer deaths in 

men and up to 20% in women. (127)  Our results demonstrate the profound effects of 

diet on the stem cell population, in part providing explanation for how and why choices 

made early in life regarding diet can impact an individuals long term health, growth, and 

regenerative potential.  This insight into another potential factor contributing to the 

pathphysiology of obesity, at the stem cell level that affects the repair and regeneration 

mechanism rather than a causality of fat to the development of disease, illuminates that 

in addition to therapies to “simply” reduce adiposity there is a need for treatments that 

can promote and protect the number of pluripotent stem cells resident in the bone 

marrow. 
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ABSTRACT 

 

 Obesity, a global pandemic which debilitates millions of people and burdens 

society with tens of billions of dollars in health care costs, is deterred by exercise.  While 

it is presumed that the more strenuous a physical challenge the more effective it will be 

in the suppression of adiposity, here we show that 15 weeks of brief, daily exposure to 

high frequency mechanical signals, induced at a magnitude well below that which would 

arise during walking, inhibited adipogenesis by 27% in C57BL/6J mice.  The mechanical 

signal also reduced key risk factors in the onset of type II diabetes, non-esterified free 

fatty acid and triglyceride content, in the liver by 43% and 39%, respectively.  Irradiated 

mice receiving bone marrow transplants from heterozygous GFP+ mice revealed that 

6wks of these mechanical signals reduced the commitment of mesenchymal stem cell 

differentiation into adipocytes by 19%, indicating that obesity in these models was 

deterred by a marked reduction in stem cell adipogenesis. Translated to the human, this 

may represent the basis for the non-pharmacologic prevention of obesity and its 

sequelae, achieved through developmental, rather than metabolic pathways. 
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INTRODUCTION 

 

 With the escalating incidence and associated cost of obesity, the need to develop 

effective interventions is prevalent.(128)  Even the control of obesity and diabetes has 

proven difficult, as the principal etiologic factors are built into lifestyle choices that are 

increasingly sedentary.  As a deterrent to the accumulation of adiposity, exercise 

suppresses obesity and the onset of type II diabetes by metabolizing calories that 

accumulate through the diet (6) and regulating insulin, free fatty acids and triglyceride 

production through physiologic control of sugar in the bloodstream.(129;130)  This 

implies that the more strenuous and extended the exercise, the greater the benefit in 

metabolizing fat.(131;132)  While the exact mechanism remains unknown, the pathways 

by which exercise suppresses adipogenesis are certain to involve both metabolic 

(133;134) and mechanical (135) factors, and a more complete understanding is 

necessary to help define physical and biochemical pathways which will more efficiently, 

effectively and uniformly control the pathogenesis of these diseases.(136)  

 In some contrast to paradigm that “more is better,” short daily durations of high 

frequency, extremely low-level mechanical signals, at least two orders of magnitude 

below those induced by exercise,(137) can positively influence other biologic systems, 

including bone (65) and muscle.(69)  Considering that adipocytes, osteoblasts and 

myocytes all derive from a common progenitor, marrow derived mesenchymal stem 

cells,(138) it was hypothesized that these low-level mechanical signals which are 

anabolic to the musculoskeletal system would, in parallel, suppress adiposity.  This 

would be achieved not by metabolizing existing adipose tissue, but by inhibiting stem cell 

differentiation into adipocytes, thus curbing obesity via a developmental pathway, at a 

56 
 



    

physical input far below that currently considered necessary to suppress obesity via 

exercise.(139)    

 

METHODS 

 

Mechanical Influence on Adiposity in the Normal Mouse: To examine the potential of 

high frequency, low magnitude mechanical signals to influence adipogenesis, forty 

C57BL/6J male mice, seven weeks of age and given free access to a normal chow diet, 

were randomized by weight into either LMMS (n=20) or their age-matched sham controls 

(CON; n=20).  Animal weights, as well as their individual food consumption, were 

measured on a weekly basis.  All procedures were reviewed and approved by the 

university’s institutional animal care and use committee.   

 

Low Magnitude Mechanical Stimulation (LMMS).  For fifteen weeks, five days per 

week, LMMS mice were subjected to fifteen minutes per day of a 90Hz, 0.2g peak 

acceleration (1g = earth’s gravitational field, or 9.8m·s2), induced by vertical whole body 

vibration via a closed-loop feedback controlled, oscillating platform (modified from 

Juvent, Inc, Somerset, NJ).(140)  A sinusoidal vibration at this magnitude and frequency 

causes a displacement of approximately 12 microns and is barely perceptible to human 

touch.  Sham CON animals were placed on an inactive vibrating platform each day. 

  

Determination of Adiposity by In Vivo microCT.  Twelve weeks into the protocol (19w 

of age), in vivo micro-computed tomography was used to quantify fat and lean volume of 

the torso (n=15 in each group, method detailed in Chapter 2).  Data was evaluated by 
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defining the torso as the entire animal from the neck to the distal tibia, and reported 

adipose volumes are considered as representative of the total adipose tissue (less any 

fat contained in the head and feet). 

 

Biochemical Assays.  At 15w into the protocol (22w of age), eight mice from each 

group were fasted overnight before blood collection. Samples were collected by cardiac 

puncture with the animal under anaesthesia and the plasma harvested by centrifugation 

(14,000 rpm, 15min, 4ºC).  Mice were sacrificed by cervical dislocation and the different 

tissues (i.e., epididymal fat pad, a subcutaneous fat pad from the torso, liver, and heart) 

quickly excised and weighed and frozen in liquid nitrogen and stored at –80ºC for further 

analyses.  Glycerol, triglycerides (TG), free fatty acids (FFA) and insulin were measured 

in the plasma, and TG and non-esterified free fatty acids (NEFA) were measured on lipid 

extracts from adipose tissue (n=8 per group) and liver (n=12 per group).  Plasma insulin 

levels were measured using an ELISA kit (Mercodia Inc., Winston-Salem, NC). TG and 

FFA/NEFA from plasma and tissues were measured using enzymatic colorimetric kits: 

Serum Triglyceride Determination Kit (Sigma, Saint Louis, MO) and NEFA C (Wako 

Chemicals, Richmond, VA), respectively. Total lipids from white adipose tissue 

(epididymal fat pad) and liver were extracted and purified following the chloroform-

methanol method with some modifications,(141)  while liver glycogen content was 

determined by the anthrone method.(142) 

 

Cell Fate Determination after Bone Marrow Transplant:  Sixteen male C57BL/6J 

mice, 8w of age, were irradiated in a Gamma Cell Irradiator with a Cs137 source at a 

total dose of 15Gy (dose rate of 1.07 Gy/min).  The following day, irradiated mice were 

injected through the tail vein with 1 x 107 cells (total injection volume of 100 µl) harvested 

58 
 



    

from the bone marrow of the GFP+ donor B6 mice.  Heterozygous C57BL/6JGFP mice 

(GFP expression controlled by constitutive actin promoter) were utilized as bone marrow 

donors.(30)  After one week of recovery, GFP+ transplanted mice were randomized into 

either CON or LMMS groups (n=8 each).  Animals were sacrificed following 6w of the 

respective protocol, and the epididymal fat pad and marrow from the tibia were 

harvested for examination.   

 

Identification of GFP+ Cells by Flow Cytometry.  Single cell suspensions from the 

direct isolation of the tissue were prepared in PBS and fixed at a final concentration of 

1.5% formalin in PBS. Adipocytes were isolated from the epididymal fat pad by 

collagenase digestion and centrifuged to remove the stromal vascular compartment.  

Bone marrow was harvested from the tibia and femur by flushing of the marrow cavity 

with PBS (0.5% bovine serum albumin).  Red blood cells in the bone marrow aspirate 

were removed by room temperature incubation with Pharmlyse (BD Bioscience) for 15 

mins.  Single cell suspensions were prepared in 1% sodium azide in PBS, and fixed at a 

final concentration of 1% formalin in PBS.  Flow cytometry data were collected on 

adipocytes and bone marrow cells on a Becton Dickinson FACScan flow cytometer (San 

Jose, CA) based on the GFP fluorescence signal.   

 

Statistical Analyses.  All data are shown as mean ± standard deviation.  To determine 

significant differences between CON and LMMS groups, two-tailed t-tests were performed.  

For microCT calculated volumes (fat, lean, and bone) analyses were performed taking into 

account body mass as a covariate.  Significance value set at 5% was used throughout for 

all analyses.   

59 
 



    

RESULTS 

 

LMMS Suppression of Adiposity in Normal Mice:  Throughout the study, body mass 

of both CON and LMMS groups increased at similar rates (Fig. 13a).  At 12w, when the 

in vivo CT scans were performed, the body mass of LMMS animals was comparable to 

CON (4.0% lower in LMMS, p=0.2, Table 1).  Throughout the course of the protocol, 

weekly food intake between LMMS (26.4 ± 2.1 g/w) and CON (27.0 ± 2.1 g/w) were 

essentially identical (Fig 13b).    
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Fig. 13.  Over the course of the experimental period, no significant differences were 
measured in average body mass (a) or weekly food intake (b) between controls (■) and 
LMMS mice (●).  n>15 in each group. 
 

 In vivo CT fat volume measured at 12 wk was 27.4% lower in LMMS animals 

than that measured in CON mice (p=0.008; Fig 14).  With body mass of the animals as a 

covariate increased the P value to 0.013 whereas food intake as a covariate to fat 

volume does not alter the P value for the difference between CON and LMMS.  With 
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body mass a covariate, total lean volume of the torso was greater in LMMS than CON 

(+1.2%, p=0.035), and bone volume was also indicated a trend towards increase 

(+0.6%, p=0.081).  No differences in tibial length (p=0.6), the length of the torso (p=0.6), 

heart (p=0.7) or liver weights (p=0.6), were measured between groups (Table 2). 

 

Parameters CON LMMS % Diff. P 

Body Mass @ 12 weeks 
(g) 28.6 ± 2.49 27.4 ± 2.21 -4.0 0.20 

Fat Volume 
(cm3) 5.20 ± 1.67 3.85 ± 0.93 -27.4 

0.013 
(0.008 w/o body 
mass covariate) 

Bone Volume 

(mm3) 
521.9 ± 39.0 518.6 ± 34.8 +0.6 0.081 

Lean Volume 
(cm3) 17.3 ± 1.2 17.5 ± 1.5 +1.2 0.035 

Skeletal Length 
(cm) 8.13 ± 0.15 8.15  ± 0.18 +0.3 0.682 

Fat Mass (g) 
(density = 0.92) 4.87 ± 1.5 3.54 ± 0.9 -27.4 0.008 

Bone Mass (g) 
(density = 1.80) 0.93 ± 0.06 0.94 ± 0.07 +0.6 0.809 

 

Table 1:  Mean and standard deviation, as well as percentage difference and p-values, 
of body habitus parameters of the CON and LMMS mice at 12w, as defined by in vivo 
microcomputed tomography (n=15 in each group, p-values <0.05 are in bold).  
Significance values for reported volumes are based on analyses using body mass as a 
covariate.  
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5 mm5 mm5 mm5 mm

CON LMMS

 

Fig. 14.  Following twelve weeks of daily, 15 minute low-level mechanical signal, the 
average amount of fat within the torso is 27% lower than that of age-matched control 
animals.  Representative longitudinal (top) and transverse (bottom, taken at level of 
dashed line) reconstructions of total fat content through the torso of a control (left) and 
LMMS (right) mouse.   

 

 

Fat volume data derived from in vivo CT were supported by the weights of the 

dissected fat pads harvested post-sacrifice at 15w, where LMMS had 26.2% less 

epididymal (p=0.01) and 20.8% less subcutaneous (p=0.02) fat than CON mice (Table 

2; Fig 15). Normalized to animal mass, there was 22.5% less epididymal and 19.5% less 

subcutaneous fat mass in LMMS than CON (p=0.007).  
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Parameters CON LMMS % Diff. P 

Epididymal Fat weight 
(g) 0.63 ± 0.21 0.47 ± 0.12 -26.2 0.014 

Subcutaneous Fat weight 
(g) 0.21 ± 0.06 0.17 ± 0.03 -20.8 0.016 

Heart weight 
(g) 0.120 ± 0.010 0.122 ± 0.015 +1.6 0.707 

Liver weight 
(g) 1.11 ± 0.11 1.09  ± 0.09 -1.7 0.581 

Tibial Length 
(mm) 18.2 ± 0.17 18.1 ± 0.27 -0.4% 0.43 

Plasma Glycerol 
(mg/dL) 17.37 ± 6.63 18.75 ± 9.31 +7.9 0.64 

Plasma Insulin 
(ng/mL) 0.54 ± 0.09 0.48 ± 0.07 -10.8 0.068 

Plasma TG 
(mg/dL) 38.74 ± 15.67 39.44 ± 12.4 +1.8 0.89 

Plasma FFA 
(mmol/L) 0.69 ± 0.32 0.63 ± 0.20  -8.9 0.53 

 

Table 2.  Mean and standard deviation, as well as percentage difference and p-values, 
of body habitus (n>15 in each group) and biochemical parameters (n=8 in each group for 
adipose, n=12 in each group for liver) of the Control and LMMS mice, measured at 
sacrifice (p-values <0.05 are in bold).   

63 
 



    

 

 

 

 

 

 

 

 22 24 26 28 30 32 34
2000

3000

4000

5000

6000

7000

8000

9000

10000

Fa
t V

ol
um

e 
(m

m
3 )

Body Mass (g)

r2=0.70

22 24 26 28 30 32 34
2000

3000

4000

5000

6000

7000

8000

9000

10000

Fa
t V

ol
um

e 
(m

m
3 )

Body Mass (g)

r2=0.18

a b 

 

Fig. 15.   Fat volume, as a function of body mass, for both the CON (a) and LMMS (b) 
mice.  While the control animals demonstrated a strong positive correlation between fat 
volume and weight (R2 = 0.70; p=0.0001), the correlation in the LMMS animals was 
weak (R2 = 0.18; p=0.1).  A comparison between slope and intercept shows the control 
and LMMS conditions to be significantly different (p<0.001).  Considered along with the 
similar food intake between groups, these data indicate that the mechanical signals 
suppressed adipogenesis.  (n=15 in each group).   

 

 

Correlations between food intake and either total body mass (R2 = 0.15; p = 0.7) 

or fat volume (R2=0.008; p = 0.6) were weak, and indicated that the lower adiposity in 

LMMS animals could not be explained by differences in food consumption between the 

groups. While variations in body mass of the CON mice correlated strongly with fat 

volume (R2 = 0.70; p = 0.0001), no such correlation was observed in LMMS (R2 = 0.18; p 

= 0.1), indicating that fat mass contributed to weight gain in the controls, but failed to 

account for the increase in body mass in the mechanically stimulated animals (Fig 15). 

To account for the 1.2g body mass difference between LMMS and CON mice 

measured at 12w, in vivo CT measurements of fat volume were converted to mass 

equivalents. Using a density of 0.9196 g·cm-3 to convert fat volume to fat mass (143) 

indicated that 3.54g ± 0.9 of the average LMMS mouse mass came from fat (13% of 
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total mass), while 4.87g ± 1.5 of the mass of the average CON mouse came from fat 

(17% of total mass). Thus, the lack of fat in the LMMS animals was, in essence, able to 

account for the “missing mass” between the groups (p=0.01).   

Although there was a slight decrease in fasting glucose and insulin levels in the 

LMMS group (p=0.07), this was not significantly different (Table 2).  Similarly, there was 

no significant change in glucose tolerance, insulin signaling or fatty acid oxidation in 

muscle, liver or adipose tissue (data not shown). However, triglycerides in adipose tissue 

of LMMS mice were 21.1% (p=0.3) lower than CON, and 39.1% lower in the liver 

(p=0.02; Fig 16c, d).  Total non-esterified free fatty acids (NEFA) in adipose tissue were 

37.2% less in LMMS mice as compared to CON (p=0.01, Fig 16e), while NEFA in the 

liver of LMMS mice was 42.6% lower (p=0.02) than CON (Fig 16f).   

 

Influence of LMMS on the Differentiation of GFP Marrow Cells into Adipocytes:  It 

has recently been reported that the adipogenic precursors in mice are derived from bone 

marrow stem cells,(138) the presumable site of mechanical signal recognition. Thus, we 

used GFP-labeled recipient mice to determine if LMMS suppressed adiposity in the 

growing animal by redirecting bone marrow derived adipogenic stem cells.  This was 

accomplished by examining the production of adipocytes following GFP-labeled bone 

marrow transplant. Sacrificed following 6w of loading (animal age 15w), the animal mass 

of LMMS was not significantly different from CON.  Flow cytometry demonstrated the 

ratio of GFP+ adipocytes in the epididymal fat pad to GFP+ marrow-based mesenchymal 

stem cells to be 19% lower (p=0.018) in animals subjected to LMMS relative to controls 

(CON: 101.2% ± 16.1%; LMMS 82.0% ± 11.1%; Fig 17).  These data indicating reduced 

commitment to adipocytes were supported by the weight of the epididymal fat pad 

following 6w of LMMS, which was 12.2% less than CON (p=0.029). 
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Fig. 16.  Mean ± standard deviations of fat volume in the torso of CON and LMMS mice, 
as measured by in vivo microCT (n = 15 each, a), as well as the measured mass of the 
epididymal fat pad (n = 15 each, b).  Also shown are total triglycerides and non-esterified 
free fatty acids in adipose tissue (n = 8 each, c, e) and TG’s and NEFA in liver (n = 12 
each, d, f).  For all comparisons of CON to LMMS, p<0.05 except TG in adipose. 
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Fig 17.  The ratio of GFP+ adipocytes to GFP+ mesenchymal stem cells (a), to be 
compared to the weight of the epididymal fat pad (b).  * signifies p<0.05.  The significant 
19% decrease in this ratio in LMMS animals in part explains a reduced adipose burden 
as fewer transplanted cells have differentiated into adipocytes. 
 

 

 

DISCUSSION 

 

Obese children are more prone to develop type II diabetes(144) and increase 

their lifetime risk of cardiovascular disease.(145)  Overweight adults, not yet even obese, 

are more susceptible to chronic, debilitating diseases and increased risk of death.(146)  

While exercise remains the most readily available and generally accepted means of 

curbing weight gain and the onset of type II diabetes, compliance is poor, and the means 

by which these metabolic and mechanical cues conspire to suppress adiposity and 

diabetes are not fully understood.  In contrast to the perception that physical signals 

must be large and endured over a long period of time to offset caloric input and control 
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insulin production, the results presented here indicate that the cell population(s) and 

physiologic process(es) responsible for establishing fat mass and, perhaps indirectly, 

free fatty acid and triglyceride production, are readily influenced by mechanical signals 

barely large enough to be perceived, an attribute achieved within a short period of time.   

The brevity of the signal, and that loading challenge of LMMS is low relative even 

to normal weightbearing, indicate that the inhibition of adipogenesis is achieved by 

pathways other than an exercise-mediated increase in metabolic activity.  Instead, data 

from the GFP+ recipient mice, indicate that the reduced adiposity resulting from LMMS is 

achieved through influencing the differentiation of adipocytes.  Despite a similar diet, it 

appears that LMMS curbs the gain of fat by “simply” avoiding the creation of adipocytes.   

There is recent in vitro evidence that high levels of mechanical stretch can influence 

mesenchymal stem cells to drive towards an osteoblastogenic lineage, in preference 

over adipocytes.(15)  Here, in an in vivo system, we were able to demonstrate that 

physical signals need not be large to influence differentiation, and can be delivered non-

invasively to influence the phenotype of the entire organism.  Certainly, acceleration as a 

means of delivering mechanical information to a biologic system is an efficient means of 

notifying a cell population of physical challenges.(68) 

In any case, the inhibition of adipogenesis by low-level mechanical signals, 

considered along with the anabolic potential of these stimuli to bone and muscle, (69) 

support the presence of a systems-interdependent benefit of exercise, and the systemic 

consequences of a sedentary lifestyle.  Arguably, these data indicate that mesenchymal 

precursors perceive and respond to these mechanical “demands” as stimuli to 

differentiate down a musculoskeletal pathway rather than “defaulting” to adipose tissues, 

and may, to a certain extent, etiologically interconnect age-related increases in obesity, 

osteopenia and sarcopenia. 
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In parallel with the lower adiposity realized by LMMS, the production of non-

esterified free fatty acids and triglycerides in adipose and liver tissue, key biochemical 

factors related to type II diabetes, were suppressed.  Numerous studies have 

demonstrated that dyslipidemia can have major negative impact on metabolism, growth 

and development. In particular, intra-tissue lipid accumulation (liver steatosis) and intra-

myocellular lipids have been closely linked to insulin resistance, and is considered the 

best predictor for the future development of insulin resistance.(147)  The ability to 

suppress adipose tissue expansion by mechanical signals, as well as limit NEFA and 

triglyceride production, may provide a simple, non-pharmacologic approach to limit 

obesity in a manner sufficient to prevent the consequences of dyslipidemia.  

 In summary, our findings indicate that brief exposure to high frequency, low 

magnitude mechanical signals, inducing forces and accelerations far below those which 

arise even during walking, markedly suppress adipogenesis, triglyceride and free fatty 

acid production, and could ultimately provide a unique, non-pharmacologic intervention 

for the control of obesity and its sequelae, such as type II diabetes.  That the signals are 

so low, and so brief, yet with such striking response in the phenotype of the growing 

animal, suggest a means of suppressing adipogenesis independent of a metabolic 

pathway, and that a mechanical signal anabolic to bone may simultaneously inhibit fat 

production would couple the prevention of obesity to the prevention of osteoporosis. 
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ABSTRACT 
 

Mesenchymal stem cells (MSCs), a population of adult stem cells, are defined by 

their ability to self-renew and differentiate into the cells forming mesodermal tissues In 

young male C57BL/6J mice, 6w of extremely low magnitude mechanical signals (LMMS) 

increased the bone marrow stem cell population by 37% and the number of MSCs by 

46% relative to sham controls.  Concomitant with the increase in number of stem cells, 

the differentiation potential of the MSCs was strongly biased towards osteoblastic over 

adipogenic differentiation, as reflected by Runx2 expression, a key transcription factor in 

osteoblastogenesis, was upregulated in the bone marrow by 72%, while PPARγ, a gene 

central to adipogenesis, was downregulated by 27%, paralleled by a 29% increase in the 

number of osteoprogenitor cells in the marrow space.  The ability of LMMS to influence 

MSC lineage determination was demonstrated in a mouse model of high fat diet induced 

obesity (DIO), where 14w of LMMS suppressed visceral adipose tissue formation in the 

torso by 28% while simultaneously increasing trabecular bone volume fraction in the tibia 

by 11%.  The inability of LMMS to reduce fat in mice that were already obese indicates 

that the prevention of obesity in DIO was achieved primarily by mechanical influence of 

developmental pathways.  Mechanical modulation of stem cell proliferation and 

differentiation indicates a unique therapeutic target for tissue regenerative therapy, and 

represents the basis of a non-pharmacologic strategy to simultaneously prevent obesity 

and osteoporosis, diseases linked by a common precursor. 

71 
 



    

INTRODUCTION 

 

Bone marrow houses a diverse population of cells belonging to several lineages, 

including stem cells of both hematopoietic and mesenchymal origin. Pluripotent 

mesenchymal stem cells (MSCs) are considered ideal therapeutic targets in 

regenerative medicine, as they hold the capacity to differentiate into osteoblasts, 

adipocytes, fibroblasts, chondrocytes, and myocytes.  However, the pertinent 

environmental cues that regulate the lineage selection of MSCs remain largely unknown, 

making it difficult to harness this potential for clinical application.(79;148;149)   

When the bone marrow stem cell population is driven to differentiate towards one 

cell fate, the establishment of another cell type is inherently suppressed.  More 

specifically, MSCs express small amounts of both adipogenic and osteogenic factors, 

which cross regulate to retain the cell in an undifferentiated state.(33) When oncostatin, 

a member of the IL-6 family, is used to promote osteogenesis it simultaneously inhibits 

adipogenesis.(150)  Conversely, anti-diabetic thiazolidinediones such as Rosiglitazone, 

a potent activator of PPARγ, promotes adipogenesis while suppressing 

osteogenesis.(138;151;152)  Hyper-physiologic levels of tensile strain will increase 

proliferation of bone marrow cells,(43) and can down-regulate PPARγ in the local bone 

marrow, thus favoring osteoblastogenesis over adipogenesis.(15)  These examples 

indicate an inversely coupled relationship of adipocytes and osteoblast differentiation, as 

dependent on fate decisions of their common precursor, the MSC.   

The potential to harness MSCs as a means of prevention and treatment of 

disease is dependent on an improved understanding of the means by which exogenous 

signals regulate their activity, and the ability of these stimuli to influence either/both 

proliferation and differentiation.(123)  Pharmacologic enhancement of stem cell 

proliferation has recently been demonstrated in vivo,(153) while extremely low 
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magnitude mechanical signals (LMMS) were shown to suppress adipogenesis in the 

growing animal without the use of drugs.(93)  Utilizing a model of dietary induced obesity 

(DIO), the work presented here demonstrates that non-invasive mechanical signals can 

markedly elevate the total number of stem cells in the marrow, and can bias their 

differentiation towards osteoblastogenesis, resulting in both an increase in bone density 

and less visceral fat.  A pilot trial on young osteopenic women provides preliminary 

evidence that the therapeutic potential of low magnitude mechanical signals can be 

translated to the clinic, with an enhancement of bone and muscle mass, and a 

concomitant suppression of visceral fat formation. 

 

 

METHODS 

 

Animal Model to Prevent Diet Induced Obesity.  All animal procedures were reviewed 

and approved by the Stony Brook University animal care and use committee. The overall 

experimental design consisted of two similar protocols, differing in the duration of 

treatment to assess mechanistic responses of cells to LMMS (6w of LMMS compared to 

control, n=8 per group) or to characterize the phenotypic effects (14w of LMMS 

compared to control).  Two models of DIO were employed: 1. to examine the ability of 

LMMS to prevent obesity, a “Fat Diet” condition (n=12 each, LMMS and CON) was 

evaluated where LMMS and DIO were initiated simultaneously, and 2. to examine the 

ability of LMMS to  reverse obesity, an “Obese” condition (n=8 each, LMMS and CON) 

was established, whereby LMMS treatment commenced 3 weeks after the induction of 

DIO, and compared to sham controls.  
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Mechanical Enhancement of Stem Cell Proliferation and Differentiation in DIO.  

Beginning at 7w of age, C57BL/6J male mice were given free access to a high fat diet 

(45% kcal fat, # 58V8, Research Diet, Richmond, IN).  The mice were randomized into 

two groups defined as LMMS (5d/w of 15min/d of a 90Hz, 0.2g mechanical signal, where 

1.0g is earth’s gravitational field, or 9.8m/s2), and placebo sham controls (CON).  The 

LMMS protocol(93) provides low magnitude, high frequency mechanical signals by a 

vertically oscillating platform,(140) and generates strain levels in bone tissue of less than 

five microstrain, several orders of magnitude below peak strains generated during 

strenuous activity.(154)  Food consumption was monitored by weekly weighing of food. 

 

Status of MSC Pool by Flow Cytometry.  Cellular and molecular changes in the bone 

marrow resulting from 6w LMMS (n=8 animals per group, CON or LMMS) were 

determined at sacrifice from bone marrow harvested from the right tibia and femur 

(animals at 13w of age).  Red blood cells in the bone marrow aspirate were removed by 

room temperature incubation with Pharmlyse (BD Bioscience) for 15 mins.  Single cell 

suspensions were prepared in 1% sodium azide in PBS, stained with the appropriate 

primary and (when indicated) secondary antibodies, and fixed at a final concentration of 

1% formalin in PBS.  Phycoerythrin (PE) conjugated rat anti-mouse Sca-1 antibody and 

isotype control were purchased from BD Pharmingen and used at 1:100.  Rabbit anti-

mouse Pref-1 antibody and FITC conjugated secondary antibody were purchased from 

Abcam (Cambridge, MA) and used at 1:100 dilutions.  Flow cytometry data was 

collected using a Becton Dickinson FACScaliber flow cytometer (San Jose, CA).   

 

RNA Extraction and Real-Time RT-PCR.  At sacrifice, the left tibia and femur were 

removed and marrow flushed into an RNAlater solution (Ambion, Foster City, CA).  Total 

RNA was harvested from the bone marrow using a modified TRIspin protocol.  Briefly, 
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TRIzol reagent (Life Technologies, Gaithersburg, MD) was added to the total bone 

marrow cell suspension and the solution homogenized.  Phases were separated with 

chloroform under centrifugation. RNA was precipitated via ethanol addition and applied 

directly to an RNeasy Total RNA isolation kit (Qiagen, Valencia, CA).  DNA 

contamination was removed on column with RNase free DNase. Total RNA was 

quantified on a Nanodrop spectrophotometer and RNA integrity monitored by agarose 

electrophoresis.  Expression levels of candidate genes was quantified using a real-time 

RT-PCR cycler (Lightcycler, Roche, IN) relative to the expression levels of samples 

spiked with exogenous cDNA.(155)  A “one-step” kit (Qiagen) was used to perform both 

the reverse transcription and amplification steps in one reaction tube.   

 

qRT-PCR with Content Defined 96 Gene Arrays.  PCR arrays were obtained from Bar 

Harbor Biotech (Bar Harbor, ME), with each well of a 96 well PCR plate containing gene 

specific primer pairs.  The complete gene list for the osteoporosis array can be found at 

www.bhbio.com, and include genes that contribute to bone mineral density through bone 

resorption and formation, genes that have been linked to osteoporosis, as well as 

biomarkers and gene targets associated with therapeutic treatment of bone loss.  cDNA 

samples were reversed transcribed (Message Sensor RT Kit, Ambion, Foster City, CA) 

from total RNA harvested from bone marrow cells and used as the template for each 

individual animal.  Data were generated using an Applied Biosystems 7900HT real-time 

PCR machine, and analyzed by Bar Harbor Biotech. 

 

Body Habitus Established by In Vivo Micro-Computed Tomography (µCT) 

Phenotypic effects of DIO, for both the “prevention” and “reversal” of obesity test 

conditions were defined after 12 and 14w of LMMS.  At 12w, in vivo µCT scans were 

used to establish fat, lean, and bone volume of the torso (VivaCT 40, Scanco Medical, 
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Bassersdorf, Switzerland).  Scan data was collected at an isotropic voxel size of 76 µm 

(45 kV, 133 µA, 300-ms integration time), and analyzed from the base of the skull to the 

distal tibia for each animal.  Threshold parameters were defined during analysis to 

segregate and quantify fat and bone volumes.  Lean volume was defined as animal 

volume that is neither fat nor bone, and includes muscle and organ compartments.  

(Refer to Chapter 2).  Detailed CT scanning protocol and analysis techniques are 

reported elsewhere.(101;156)   

 

Bone Phenotype Established by Ex Vivo Micro-computed Tomography.  Trabecular 

bone morphology of the proximal region of the left tibia of each mouse was established 

by µCT at 12μm resolution (μCT 40, Scanco Medical, SUI).  The metaphyseal region 

spanned 600 μm, beginning 300μm distal to the growth plate.  Bone volume fraction 

(BV/TV), connectivity density (Conn.D), trabecular number (Tb.N), trabecular thickness 

(Tb.Th), trabecular separation (Tb.Sp), and the structural model index (SMI) were 

determined.   

 

Serum and Tissue Biochemistry.  Blood collection was performed after overnight fast 

by cardiac puncture with the animal under deep anesthesia. Serum was harvested by 

centrifugation (14,000 rpm, 15 min, 4°C). Mice were euthanized by cervical dislocation, 

and the different tissues (i.e., epididymal fat pad and subcutaneous fat pads from the 

lower torso, liver, and heart) were excised, weighed, frozen in liquid nitrogen, and stored 

at -80°C.  Total lipids from white adipose tissue (epididymal fat pad) and liver were 

extracted and purified based on a chloroform–methanol extraction.  Total triglycerides 

(TG) and non-esterified free fatty acids (NEFA) were measured on serum (n=10 per 

group) and lipid extracts from adipose tissue (n=5 or 6 per group) and liver (n=10 per 

group) using enzymatic colorimetric kits (TG Kit from Sigma, Saint Louis, MO; and NEFA 
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C from Wako Chemicals, Richmond, VA).  ELISA assays were utilized to determine 

serum concentrations of leptin, adiponectin, resistin (all from Millipore, Chicago, IL), 

osteopontin (R&D Systems, Minneapolis, MN), and osteocalcin (Biomedical 

Technologies Inc, Stoughton, MA), using a sample size of n=10 per group. 

 

Statistical analyses.  All data are shown as mean ± standard deviation, unless noted.  To 

determine significant differences between LMMS and CON groups, two tailed t-tests 

(significance value set at 5%) were used throughout.  Animal outliers were determined 

based on animal weight at baseline (before the start of any treatment) as animals falling 

outside of two standard deviations from the total population, or in each respective group at 

the end of 6 or 14 weeks LMMS (or sham CON) by failure of the Weisberg one-tailed t-test 

(alpha = 0.01), regarded as an objective tool for showing consistency within small data 

sets.(157)  No outliers were identified in the 6w CON and LMMS groups.  Two outliers per 

group (CON and LMMS) were identified in the Fat Diet model (14w LMMS study) and 

removed.  Data from these animals were not included in any analyses, resulting in a 

sample size of n=10 per group for all data, unless otherwise noted.  No outliers were 

identified in the 14w Obese model (n=8).   

 

 

RESULTS 

 

Bone marrow stem cell population is promoted by LMMS.  Flow cytometric 

measurements using antibodies against Stem Cell Antigen-1 (Sca-1) indicated that in 

animals in the “prevention” DIO group, 6w of LMMS treatment significantly increased the 

overall stem cell population relative to controls, as defined by cells expressing Sca-1.  
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Analysis focused on the primitive population of cells with low forward (FSC) and side 

scatter (SSC), indicating the highest Sca-1 staining for all cell populations.  Cells in this 

region demonstrated a 37.2% (p=0.028) increase in LMMS stem cell numbers relative to 

sham CON animals. Mesenchymal stem cells as represented by cells positive for Sca-1 

and Preadipocyte Factor-1 (Pref-1),(79) represented a much smaller percentage of the 

total cells.  Identified in this manner, in addition to the increase in the overall stem cell 

component, LMMS treated animals had a 46.1% (p=0.022) increase in mesenchymal 

stem cells relative to CON (Fig 18). 

 

LMMS biases marrow environment and lineage commitment towards 

osteogenesis.  After six weeks, cells expressing only the Pref-1 label, considered 

committed preadipocytes, were elevated by 18.5% (p=0.25) in LMMS treated animals 

relative to CON (Fig 19).  Osteoprogenitor cells in the bone marrow population, identified 

as Sca-1 positive with high FSC and SSC,(158) were 29.9% greater (p=0.23) greater 

when subject to LMMS.   This trend indicating that differentiation in the marrow space of 

LMMS animals had shifted towards osteogenesis was confirmed by gene expression 

data, which demonstrated that transcription of Runx2 in total bone marrow isolated from 

LMMS animals was upregulated 72.5% (p=0.021) relative to CON.  In these same 

LMMS animals, expression of PPARγ was downregulated by 26.9% (p=0.042) relative to 

CON (Fig 20). 
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Fig 18.  As compared to Control animals (A), low level mechanical signals increase the 
number of stem cells in the bone marrow of LMMS animals (B).  Representative dot 
plots from flow cytometry experiments indicate the ability of LMMS to increase the 
number of stem cells in general (Sca-1 single positive, upper quadrants), and MSCs 
specifically (both Sca-1 and Pref-1 positive, upper right quadrant).  The actual increase 
in total stem cell number was calculated as % positive cells/total cells for the cell fraction 
showing highest intensity staining (C).  The effect of LMMS enhancement of MSC 
proliferation is even greater (D).  
 

 

 

  

79 
 



    

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

CON LMMS

%
 S
ca
 P
os
it
ve
 C
el
ls
 in

 R
3

Osteoprogenitor Cells

Population including
preadipocytes

Population including 
osteoprogenitors

A

B C

FSC‐H

SSC‐H

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

CON LMMS

%
 P
re
f‐
1 
Po

si
tv
e 
O
nl
y

Preadipocytes

 
Fig 19.  LMMS influences on stem cells was focused on the distinct cell populations 
identified in flow cytometry (A), with stem cells being identified as low forward (FSC) and 
side (SSC) scatter.  Osteoprogenitor cells were identified as Sca-1(+) cells, residing in 
the region highlighted as high FSC and SSC, and were 29.9% (p=0.23) more abundant 
in the bone marrow of LMMS treated animals (B).  The preadipocyte population, 
identified as Pref-1 (+), Sca-1 (-), demonstrated a trend (+18.5%; p=0.25) towards an 
increase in LMMS relative to CON animals (C). 
 

 

Gene expression data on bone marrow samples were also tested on a 96 gene 

“osteoporosis” array, which included genes that contribute to bone mineral density 

through bone resorption and formation, and genes that have been linked to osteoporosis 

through association studies.  Samples for both CON and LMMS groups expressed 83 of 

the 94 genes present on the array.  qRT-PCR arrays reported decreases in genes such 

as Pon1 (paraoxonase-1), is known to be associated with high density lipoproteins (-

137%, p = 0.263), and sclerostin (-258%, p=0.042), which antagonizes bone formation 
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by acting on Wnt signaling.(159)  Genes such as estrogen related receptor (Esrra; 

+107%, p=0.018) and Pomc-1 (pro-opiomelanocortin, +68%, p=0.055) were up-

regulated by LMMS.   
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Fig 20.  LMMS shifts the bone marrow environment towards osteogenesis.  Real Time 
RT-PCR analysis of bone marrow samples harvested from animals subject to 6 weeks 
LMMS treatment of sham control indicated a significant upregulation of the osteogenic 
gene Runx2 (A) and downregulation of the adipogenic gene PPARγ (B).   
 

 

LMMS enhancement of bone quantity and quality.  The ability of LMMS induced 

changes in proliferation and differentiation of MSCs to elicit phenotypic changes in the 

skeleton was first measured at 12w by in vivo µCT scanning of the whole mouse (neck 

to distal tibia).  Animals subject to LMMS showed a 7.3% (p=0.055) increase in bone 

volume fraction of the axial and appendicular skeleton (BV/TV) over sham CON.  Post-

sacrifice, 12 µm resolution µCT scans of the isolated proximal tibia of the LMMS animals 

showed 11.1% (p=0.024) greater bone volume fraction than CON (Fig 21).  The micro 

architectural properties were also enhanced in LMMS as compared to CON, as 

evidenced by 23.7%  greater connectivity density (p=0.037), 10.4% higher trabecular 
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number (p=0.022), 11.1% smaller separation of trabeculae (p=0.017) and a 4.9% lower 

structural model index (SMI, p=0.021; Table 3).  
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Fig 21.  Bone volume fraction, as measured in vivo by low resolution µCT, indicated that 
LMMS increased bone volume fraction across the entire torso of the animal (A).  Post-
sacrifice, high resolution CT of the proximal tibia indicated a significant increase in 
trabecular bone density (B).  As compared to controls (C), representative µCT 
reconstructions at the proximal tibia indicate the enhanced morphological properties of 
LMMS animals (D). 
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 CON LMMS % diff p-value 

Conn.D  
(1/mm3) 105.3 ± 34.2 130.3 ± 28.9 23.7 0.037 

Tb.N 
(1/mm) 3.06 ± 0.45 3.38 ± 0.37 10.4 0.022 

Tb.Th 
(mm) 0.029 ± 0.001 0.030 ± 0.001 1.0 0.398 

Tb.Sp 
(mm) 0.304 ± 0.046 0.270 ± 0.035 -11.1 0.017 

SMI 2.93 ± 0.22 2.78 ± 0.14 -4.9 0.021 

 
Table 3.  Micro-architectural parameters of trabecular bone in fat diet animals measured 
at 14w (mean ± s.d., n=10) demonstrate the enhanced structural quality of bone in the 
proximal tibia of LMMS treated animals as compared to controls. 
 

 

Prevention of obesity by LMMS:  At 12w, neither body mass gains nor the average 

weekly food intake differed significantly between the LMMS or CON groups (Table 4).  

At this point, (19w of age), CON weighed 32.9g ± 4.2g, while LMMS mice were 6.8% 

lighter at 30.7g ± 2.1g (p=0.15).  CON were 15.0% heavier than mice of the same strain, 

gender and age that were fed a regular chow diet, (93)  and increase in body mass due 

to high fat feeding was comparable to previously reported values. (160)   Adipose 

volume from the abdominal region (defined as the area encompassing the lumbar spine) 

was segregated as either subcutaneous or visceral adipose tissue (SAT or VAT, 

respectively). LMMS animals had 28.5% (p=0.021) less VAT by volume, and 19.0% 

(p=0.016) less SAT by calculated volume.  Weights of epididymal fat pads harvested at 

sacrifice (14w) correlated strongly with fat volume data obtained by CT.  The epididymal 

fat pad weight was 24.5% (p=0.032) less in LMMS than CON, while the subcutaneous 

fat pad at the lower back region was 26.1% (p=0.018) lower in LMMS (Table 4).   
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 CON LMMS % diff p-value 

Animal Weight at 12 weeks 
(grams) 32.9 ± 4.12 30.7 ± 2.74 -6.8 0.152 

Weekly Food Consumption 
(grams) 18.9 ± 1.57 18.5 ± 1.47 -2.5 0.406 

Visceral Adipose Tissue 
(VAT, cm3) 2.3 ± 0.72 1.6 ± 0.34 -28.5 0.021 

Subcutaneous Adipose Tissue 
(SAT, cm3) 0.84 ± 0.16 0.68 ± 0.08 -19.0 0.016 

Epididymal Fat Pad  
(grams) 1.85 ± 0.52 1.40 ± 0.32 -24.5 0.032 

Subcutaneous Fat Pad 
(grams) 0.67 ± 0.17 0.50 ± 0.12 -26.1 0.018 

Liver 
(grams) 0.99 ± 0.16 0.94 ±0.07 -4.9 0.399 

 
Table 4:  Despite similar body mass and weekly food consumption, phenotypic 
parameters of the fat diet animals after 12w of LMMS or at sacrifice (14w, mean ± s.d., 
n=10) demonstrate a leaner body habitus, as the adipose burden (visceral and 
subcutaneous fat) is significantly lower in the LMMS animals. 
 

 

LMMS prevents increased biochemical indices of obesity.  Triglycerides (TG) and 

non-esterified free fatty acids (NEFA) measured in plasma, epididymal adipose tissue, 

and liver were all lower in LMMS as compared to CON (Table 5).  Liver TG levels 

decreased by 25.6% (p=0.19) in LMMS animals, paralleled by a 33.0% (p=0.022) 

decrease in NEFA levels.  Linear regressions of adipose and liver TG and NEFA values 

to µCT visceral volume (VAT)  demonstrated strong positive correlations for CON 

animals, with R2 =0.96 (p=0.002) for adipose TG, R2 =0.85 (p=0.027) for adipose NEFA, 

R2 =0.64 (p=0.006) for liver TG and R2 =0.80 (p=0.003) for liver NEFA (Fig 22).  LMMS 

resulted in weaker correlations between all TG and NEFA levels to increases in VAT. 
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 CON LMMS % diff p-value 

TG Liver 
(total mg) 31.8 ± 14.3 23.6 ± 12.7 -25.6 0.195 

NEFA Liver 
(total mol) 7.5 ± 2.7 5.0 ± 1.5 -33.0 0.022 

TG Adipose 
(total mg) 

91.6 ± 34.6 
(n=5) 

72.9 ± 18.1 
(n=6) -20.4 0.321 

NEFA Adipose 
(total mmol) 

18.1 ± 5.8 
(n=5) 

15.3 ± 2.4 
(n=6) -15.8 0.345 

TG Serum 
(mg/dl) 46.2 ± 17.0 47.0 ± 18.4 1.6 0.928 

NEFA Serum 
(mmol/l) 0.68 ± 0.10 0.64 ± 0.14 -5.3 0.526 

Leptin Serum 
(ng/mL) 15.9 ± 7.2 10.1 ± 4.7 -37.6 0.049 

Resistin Serum 
(ng/mL) 4.3 ± 1.2 3.6 ± 1.0 -15.8 0.200 

Adiponectin Serum 
(μg/mL) 9.2 ± 1.7 7.0 ± 1.4 -23.5 <0.01 

Osteopontin Serum 
(ng/mL) 197.8 ± 22.8 183.0 ± 39.6 -7.5 0.409 

Osteocalcin Serum 
(ng/mL) 55.7 ± 17.2 47.6 ± 7.8 -14.6 0.218 

 
Table 5:  Biochemical parameters of the fat diet animals (mean ± s.d., n=10) highlight 
lower level of TG, NEFA, and circulating adipokines following 14w of LMMS stimulation 
as compared to controls. 

 

 

At sacrifice, fasting serum levels of adipokines were lower in LMMS as compared 

to CON. Circulating levels of leptin were 35.3% (p=0.05) lower, adiponectin was 21.8% 

(p=0.009) lower, and resistin was 15.8% lower (p=0.26) than CON (Table 5).  Circulating 

serum osteopontin (-7.5%, p=0.41) and osteocalcin (-14.6%, p=0.22) levels were not 

significantly affected by the mechanical signals.  
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Fig 22.  In vivo µCT images used to discriminate visceral and subcutaneous adiposity in 
the abdominal region of a CON and LMMS animal (A). Visceral fat is shown in red, 
subcutaneous fat in gray (A).  Linear regressions of calculated visceral adipose tissue 
(VAT) volume against adipose and liver biochemistry values demonstrated strong 
positive correlations in CON, and weak correlations in LMMS, as well as generally lower 
levels for all LMMS biochemical values.  N=6 for adipose (B), N=10 for liver (C,D).  
Regressions for adipose TG (p=0.002), adipose NEFA (p=0.03), liver TG (p=0.006) and 
liver NEFA (p=0.003) were significant for CON animals, but only liver NEFA (p=0.02) 
was significant for LMMS.  Overall, LMMS mice exhibited lower, non-significant 
correlations in liver TG (p=0.06), adipose TG (p=0.19), and adipose NEFA (p=0.37) to 
increases in visceral adiposity.  CON =○, LMMS = ■ 
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LMMS fails to reduce existing adiposity. In the “reversal” model of obesity, 4w old 

animals were started on a high fat diet for 3w prior to beginning the LMMS protocol at 7w 

of age.  These “obese” animals were on average 3.7 grams heavier (p < 0.001) than 

chow fed regular diet animals (baseline) at the start of the protocol.  The early-

adolescent obesity in these mice translated to adulthood, such that by the end of the 

12w protocol, they weighed 21% more than the CON animals who begun the fat diet at 

7w of age (p < 0.001).  In stark contrast to the “prevention” animals, where LMMS 

realized a 22.2% (p=0.03) lower overall adipose volume relative to CON (distal tibia to 

the base of the skull), no differences were seen for fat (-1.1%, p=0.92), lean (+1.3%, 

p=0.85), or bone volume (-0.2%, p=0.94) between LMMS and sham control groups after 

12w of LMMS for these already obese mice (Fig 23). 
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Fig 23.  Suppression of the obese phenotype was achieved to a degree by stem cells 
preferentially diverting from an adipogenic lineage.  Reconstructed  in vivo µCT images 
of total body fat (red; A) indicate that following 12w, animals which began LMMS at the 
time that the high fat diet was introduced exhibited 22.2% less fat volume as compared 
to control.  In contrast, animals allowed a high fat diet for 4w prior to LMMS failed to 
demonstrate any reduction of fat volume (B).  Shown as a relative percentage of fat to 
total animal volume, LMMS reduced the percent animal adiposity by 13.5% (p=0.017), 
while the lack of a response in the already obese animals reinforces a conclusion that 
the mechanical signal works primarily at the stem cell development level, as existing fat 
is not metabolized by LMMS stimulation. 
 

 

DISCUSSION 

 

 The experiments reported here indicate that extremely low magnitude mechanical 

signals, well below those generated during locomotion, will promote the number of stem 

cells residing in the marrow.  Further, these subtle mechanical signals biased the 

differentiation of the MSC cohort towards osteoblastogenesis over adipogenesis, such 

that obesity was prevented while the formation of bone was simultaneously promoted. 

These data provide support for the growing body of evidence of an inversely coupled 
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relationship between pre-osteoblasts and pre-adipocytes in the marrow cavity, and 

osteogenesis and adipogenesis overall.(4)    

 Cell surface expression of Sca-1 was used to give a general indication of the status 

of the bone marrow cell population, representing both HSCs and MSCs.  The relative 

increase in the overall bone marrow stem cell population induced by LMMS reflected an 

enhancement of stem cells of both hematopoietic and mesenchymal lineages.  The 

method utilized for bone marrow harvesting (flushing of bones) does not remove the 

significant portion (33%) of hematopoietic stem cells (HSCs) that resides in proximity to 

the endosteal surface of the bone,(161) and thus the influence of LMMS on HSC’s is 

likely underestimated in this model.  Cells expressing both Sca-1 and Pref-1 are more 

specific in identifying mesenchymal stem cells, and while accordingly these cells occur 

less frequently, this population demonstrated a larger increase in response to LMMS 

than that measured in the overall stem cell population.  In all, these data indicate that the 

stem cell pool has been positively influenced by mechanical signals, resulting in an 

increase in total number of cells. 

At the molecular level, LMMS induced a clear shift in the biological balance of 

key osteogenic and adipogenic factors, including a marked increase in the expression 

levels of Runx2, and a significant decrease in the level of PPARγ.  Together, this change 

in balance would conspire to push stem cells in the undifferentiated state preferentially 

towards the formation of bone and away from fat.(4)  PPARγ activation has been shown 

to change marrow structure and function by decreasing the multipotential character of 

mesenchymal stem cells.(152)  Reduced levels of PPARγ are known to be permissive to 

osteoblastogenesis and lead to higher trabecular bone volume,(162) by promoting the 

osteoblastic lineage decision of MSCs.(163)  Data from the PCR arrays highlights that – 

despite the marked changes in bone and fat phenotype, relatively few genes have 

changed expression in response to the LMMS, emphasizing that the adaptive response 
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of the organism is quite subtle, particularly when considered relative to repair.(164)  That 

said, those genes that were upregulated (i.e. Esrra, Pomc1) have been shown to be 

osteogenic and/or protective of obesity, while those genes that were down-regulated (ie. 

sclerostin, Pon1) are related to osteoclast and lipid activity.  While the full mechanistic 

pathway by which LMMS is sensed and transduced in the bone marrow environment is 

as of yet undetermined, the data indicate that genes implicated in signaling cascades 

controlling bone development are up-regulated, and those influencing adipose 

development are down-regulated, all by a physical signal transduced to the marrow. 

While not statistically significant, the increased percentage of cells in the 

osteoprogenitor and preadipocyte populations in bone marrow from the LMMS animals 

showed trends which support a conclusion that lineage selection of cells has been 

altered by the mechanical signal.  There is evidence suggesting that preadipocytes, 

through expression of the plasma membrane protein Pref-1, are responsive to 

differentiation signals from the extracellular environment,(165) with Pref-1 expression 

actually being inhibitory of adipogenesis and terminal adipocyte differentiation.(166)  The 

ultimate fate of marrow preadipocytes and their ability to migrate to other adipose tissue 

depots has not been definitively addressed and ultimately may highlight the inherent 

difficulty in harnessing stem cell plasticity as a therapeutic endpoint.(167;168)   

While the influence of LMMS has been evaluated in bone marrow derived stem 

cells, it is important to recognize that the mechanical signal is delivered systemically and 

thus does not preclude other cell populations from being subject to the stimulus.  Indeed, 

we do not categorically conclude that the phenotypic changes measured in fat and bone 

are exclusively the result of regulating the bone marrow stem cell population, and 

changes in visceral fat, etc., may be through influencing other stem cell populations.  

What is apparent, however, is that LMMS increases the size of the precursor pool, and 

biases them away from adipogenesis and towards higher order connective tissues.  We 

90 
 



    

believe these data support a conclusion that the mechanical biasing of MSC lineage 

selection towards osteoblastogenesis inherently suppresses adipogenesis because the 

stem cell can only make a “single pathway” commitment.  Indeed, even though adipose 

tissue mass was more than twenty percent greater in the controls relative to the LMMS 

animals, animal weights differed by less than seven percent, as the reduced fat mass of 

the LMMS animals was to a degree, compensated by the increase in bone mass, and 

further emphasized the binary nature of the differentiation process.    

While these data indicate a critical role of development in obesity, they do not 

preclude an influence on the overall metabolic state of the animal, as increased adiposity 

alters the systemic physiology by changing the endocrine and metabolic state of the fat 

tissue.(105)  The marked disparities of fat mass measured between control and LMMS 

groups will inevitably influence their susceptibility to the metabolic consequences of 

obesity, particularly considering the capacity of LMMS to suppress visceral adipose 

tissue (VAT).  VAT is an important risk factor to metabolic complications which afflict the 

obese, with adiposity positively correlating with fasting plasma insulin, triglyceride (TG), 

low-density lipoprotein (LDL) and apolipoprotein B (apo B) levels, as well as the 

cholesterol (CHOL)/high-density lipoprotein (HDL)-CHOL ratio.(83)  Increased 

abdominal adiposity is also known to be a significant risk factor for type 2 diabetes.(80)  

Control animals presented with these same positive correlations of TG and NEFA levels 

in adipose tissue and the liver to visceral adipose accumulation, while adipose gains in 

LMMS treated animals did not translate into proportional increases, suggesting that 

suppression of adipogenesis and/or adiposity inhibited associated sequelae.   

Serum levels of osteopontin were measured to assay systemic changes in bone 

tissue, as osteopontin is secreted by osteoblasts and acts to activate osteoclasts in the 

normal process of bone remodeling.  Additionally, osteopontin has been reported as a 

potent constraining factor on hematopoietic stem cell proliferation.(45)  That osteopontin 
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is unaffected by LMMS treatment highlights the general promotion of stem cell 

proliferation (HSC and MSC), but the specificity of the proposed mechanism to MSC 

differentiation as biasing the formation of osteoprogenitors did not examine if 

osteoclasts, which derive from HSCs, were activated.  Circulating levels of the key 

adipokines leptin, adiponectin and resistin are known to be elevated under conditions of 

DIO, as these molecules are secreted by white adipose tissue. (160;169)  Animals with 

greater adipose volume demonstrate correspondingly higher serum adipokine levels.  

These molecules each exhibit pleiotropic effects, with implications for inflammatory and 

immune responses.(170)  In light of the similar food intake between groups, the 

markedly reduced levels of circulating adipokines in LMMS animals may best reflect the 

reduced adipose burden in these mice.   

In evaluating the ability of LMMS to prevent obesity, these data clearly indicate 

that these mechanical signals were effective at the molecular, cellular and tissue level, 

as indicated by a distinct bias towards osteogenesis after 6w, translating at 12 and 14w 

into clear phenotypic differences in bone and fat volume.  In contrast, mice allowed to 

become obese (4w of a high fat diet) before being subject to LMMS indicated not only 

the inability of these mechanical signals to reverse obesity in animals that were already 

fat, it failed to influence their bone mass, despite receiving the same mechanical signal 

as the “prevention” group.  This could either mean that the stem cell population in the 

“pre-obese” mice was already committed towards adipogenesis by the time the 

mechanical signal was introduced, or that the adipogenic environment catalyzed by a 

high fat diet supersedes the ability of other exogenous signals to drive MSCs towards 

specific lineages.  Certainly, the inability to coax adipose tissue away from the obese 

animal emphasizes the starkly different challenges of a developmental strategy to 

prevent obesity versus the metabolic realities of reversing it.  A similar scenario may well 

be evident in preventing versus reversing age-related bone loss with mechanical signals, 

92 
 



    

as the deterioration of the marrow based stem cell population which parallels aging may 

undermine the ability of any intervention to harness the potential of stem cells to treat 

disease.(171) 

Aging animals demonstrate a significant reduction in their stem cell population 

and their regenerative capacity,(172) while simultaneously predisposing this 

environment towards adipogenesis in the remaining MSCs.(173)  Extending this “aging” 

related deterioration to disuse, inactivity and microgravity markedly reduce 

osteoblastogenesis in the MSC pool,(174) while the actual number of osteoprogenitor 

cells is also severely compromised.(175)  Thus, both age and activity are determinants 

of the viability of the stem cell population, and independently or together may conspire 

towards a reduced regenerative capacity.  This deterioration can be somewhat mitigated 

by replenishment of the bone marrow stem cell population, either directly or via exposure 

to a “young” environment, showing promise as a intervention to restore musculoskeletal 

health.(176;177)   When considering this in the context of the data presented here, 

where LMMS increased bone mass while simultaneously suppressing visceral adiposity, 

suggests that susceptibility to diseases such as obesity and osteoporosis may be more 

closely linked than previously thought, due – potentially - to a failure to drive stem cells 

towards the “right” fate.   

It has been estimated that 80% of obese adolescents develop into obese 

adults,(178) contributing to the conclusion by the American Heart Association that 

primary prevention is the key to constraining the societal impact,(179) as treatments 

once an individual is obese are limited.  The differential response to LMMS in the two 

animal models presented herein further highlights this disparity, in that prevention of 

obesity via developmental control was achievable, but that reversal of an obese state, 

once cell fate had been pre-determined, was not realized.  Rather than a metabolic 

pathway, these data indicate a developmentally mediated mechanism by which the 
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suppression of fat and the enhancement of bone is coupled, as linked to mechanical 

influences on stem cell populations.  Indeed, the mechanically mediated increase in the 

number of progenitor cells, taken together with the ability of these mechanical signals to 

drive commitment choices, indicates a viable means to enhance an organism’s 

regenerative capacity and reduce susceptibility to disease, achieved by exploiting stem 

cell sensitivity to physical signals. 
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ABSTRACT 
 
 

The increased fragility of the human body in response to aging, including 

diminished immunity and regenerative capacity, exact great health consequences in the 

elderly.  Further potentiating the negative effects of aging is the increasing prevalence of 

obesity, which independently compromises the regenerative potential by decreasing the 

number of stem cells.  Herein we characterized the dual effects of both diet and long 

term LMMS in a mouse model of obesity and aging, and investigated the ability of LMMS 

to mitigate the loss of stem cells associated with both these pathologies.  Suppression of 

adiposity during DIO is observed in young animals (-20.4%, p=0.05) after 12 wks of 

LMMS stimulation, but animals equalized over the ensuing 24 wks such that there were 

no significant differences in fat volume between CON and LMMS groups at 36 wks.  

However, the benefit of 36 wks of LMMS was seen in the prevention of obesity related 

hepatomegaly and fatty liver disease.  Livers from the CON animals demonstrated an 

average weight of 2.78 ± 0.30 g whereas livers of LMMS treated animals weighed 1.98 ± 

0.61 g, demonstrating a 28.7% (p=0.022) mass reduction.  Qualitative histological 

examination revealed the presence of numerous large lipid deposits infiltrating the 

hepatocellular space on CON animals, but livers from LMMS animals displayed relatively 

few and smaller-sized lipid vesicles.  Quantitative assays for TG and FFA demonstrated 

46.2% (p=0.013) and 42.1% (p=0.020) reductions in LMMS stimulated animals 

compared to CON.  Mechanistically, the protection against fatty liver disease seen in 

LMMS stimulated animals is perhaps partially explained by the mesenchymal stem cell 

population, which saw a 36.4% (p=0.039) increase over CON animals.  Taken together, 

these results give preliminary indication of the ability of LMMS to ameliorate the long 

term health consequences of obesity and the gradual accumulation of damage due to 

aging by protection of the stem cell population. 
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INTRODUCTION 

 

Of great health consequence to an aging population is the increased fragility of 

the human body in response to aging, and the compromised immunity and regenerative 

capacity.  Emerging evidence suggests that diverse tissue-specific stem cell reserves 

decline with advancing age, with consequences that contribute to accumulation of 

damage to tissues and organs. (23)  Diseases such as Type II osteoporosis result from 

dysregulated bone remodeling during aging.  Anemia and sarcopenia are also likely the 

result of an imbalance between cell loss and renewal, (180) with the weakening of the 

musculoskeletal system contributing to a generalized fragile state in older individuals.  

Another age-related change in physiology contributing to a state of fragility is the change 

in size and distribution of body fat, with the visceral and subcutaneous fat deposits 

generally decreasing and marrow fat increasing.  The intricate balance of bone and fat 

development due to the interaction of many factors, as they become altered during 

aging, all conspire and contribute to the high incidence of both osteoporosis and bone 

marrow adiposity in elderly subjects. (3)  It has been reported that decreases in bone 

volume correlate to increased bone marrow adiposity. (181)  The clinical presentations 

of old age comprise an entire field of medicine – gerontology, and yet the molecular 

mechanisms – and hence development of potential palliative treatments – for aging are 

still not well characterized nor fully realized. 

The clear changes in physiology due to aging are driven at the cellular and 

molecular levels by changes in the various tissues, including the bone marrow derived 

stem cell populations.  MSCs undergo age related changes, underlying a fundamental 

shift of the marrow environment to a pro-adipocytic program via shifts in TGF-β and BMP 

signaling pathways. (121)  Changes in cell proliferation and signaling result in the 

diminished capacity of the undifferentiated stem cell population to maintain tissue 
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homeostasis, and retain their multipotency. Adipocytes which are mostly absent in the 

bone marrow of young individuals, can come to occupy up to 90% of the bone marrow 

cavity of older individuals. (182)  This metabolically inactive and potentially toxic marrow 

fat releases adipokines and fatty acids (171) which surely would interact with and further 

diminish the already altered marrow stem cell population.   

Further potentiating the negative effects of aging is the increasing prevalence of 

obesity, which independently compromises the regenerative potential by decreasing the 

number of stem cells (Chapter 3).  As the number of obese individuals continues to 

increase, and these individuals begin to age, the long term consequences of excess 

adiposity and the subsequent acceleration of the otherwise gradual process of age- 

related accumulation of tissue damage will need to be addressed.  At the heart of these 

changes, both in terms of cause and effect, is the mesenchymal stem cell which 

becomes an attractive therapeutic target.  Even as it gives rise to mature adipocytes and 

osteoblasts, once differentiated the presence of mature cells can affect the further 

proliferation and differentiation of the MSC.  The ability of low magnitude mechanical 

stimulation (LMMS) to specifically promote MSC proliferation has been shown in the 

preceding chapters.  Herein we characterized the dual effects of both diet and aging in a 

mouse model of obesity, and demonstrate the ability of LMMS to mitigate the loss of 

stem cells associated with these pathologies, providing protection against at least one 

significant obesity pathology, fatty liver disease. 

 

 

MATERIALS AND METHODS 

 

Animal Model and Experimental Design.  Beginning at 8w of age, single-housed 

C57BL/6J male mice were given free access to a high fat diet (45% kcal fat, # 58V8, 
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Research Diet, Richmond, IN), and were randomized into two groups defined as LMMS 

(5 d/w of 15 min/d of a 90 Hz, 0.2 g mechanical signal) and age-matched sham handled 

controls (CON).  Refer to Chapters 4 and 5 for detailed LMMS protocol.  Animal mass 

and food consumption were monitored weekly. 

In vivo µCT scans were used to establish fat, lean, and bone volume of the torso 

at 12, 24, and 36 wks (VivaCT 40 for 12 and 24 wk time points, VivaCT 75 for 36 wk 

time point, both systems from Scanco Medical, SUI).  Refer to Chapter 2 for detailed CT 

scanning protocol and analysis techniques. Scan data was collected at low resolution 

(76-82 µm), and reported fat volumes are based on an analysis region from the neck to 

the distal tibia for each animal.  (101;156) 

 

Serum and Liver Biochemistry.  Blood collection was performed after overnight fast by 

cardiac puncture with the animal under deep anesthesia. Mice were euthanized by 

cervical dislocation, and the liver was excised, weighed, frozen in liquid nitrogen, and 

stored at -80°C.  Total lipids from liver were extracted and purified based on a 

chloroform–methanol extraction.  Total triglycerides (TG) and non-esterified free fatty 

acids (NEFA) were measured on total lipid extracts from liver using enzymatic 

colorimetric kits (TG Kit from Sigma, Saint Louis, MO; and NEFA C from Wako 

Chemicals, Richmond, VA).  An ELISA assay was used to determine serum resistin 

(Millipore, Chicago, IL). 

 
Flow Cytometry Analysis for Stem Cell Identification.  Cellular composition of the 

bone marrow was determined at sacrifice from bone marrow harvested from the right 

tibia and femur by flushing.  Refer to Chapter 3 for detailed methodology for marrow 

harvest and preparation.  Phycoerythrin (PE) conjugated rat anti-mouse Sca-1 antibody, 

FITC conjugated rat anti-mouse CD 90.2 (aka Thy 1.2) and isotype controls were 
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purchased from BD Pharmingen.  Flow cytometry data was collected using a Becton 

Dickinson FACScaliber flow cytometer (San Jose, CA).   

 

Statistical Analysis.  All data are shown as mean ± standard deviation, unless noted.  To 

determine significant differences between LMMS and CON groups, two tailed t-tests 

(significance value set at 5%) were used throughout.  Two animals (one from each group, 

CON and LMMS) were euthanized shortly before the 36 week scan due to some form of 

dermatitis.  No scan data is available for these animals at the last time point.  One 

additional animal from the LMMS group expired during the course of the last scan at 36 

weeks due to anesthesia overdose, and the scan data for this animal is reported.  Tissue 

samples were not harvested for these three animals, and the final sample size for all 

reported ex-vivo tissue analyses is n=7 for CON, n=6 for LMMS. 

 

 

RESULTS 

 

LMMS Slows the Rate of Weight Gain in Long Term Obesity.  In a 36 week long 

study to assess the long term benefits of LMMS treatment to suppress fat accumulation, 

weekly measurements of animal mass demonstrated that the rate of weight 

accumulation was decreased by 24.8% (p=0.128) during the first 12 weeks of treatment, 

and was continually suppressed even as the animals aged.  The maximum weight 

suppression was seen at 18 weeks of LMMS (animals at 25 weeks of age), where 

animals exhibited a 5.8 g weight difference (p=0.019) between groups.  By the end of 

the 36 week LMMS protocol, treated animals (48.4 ± 4.2 g) were still on average 4.1 

grams lighter than sham handled CON animals (52.5 ± 2.3 g, p=0.067) even as the rate 

of animal growth had decreased by approximately 50% compared to the early time 
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points for both groups.  CON animals consistently ate more on a weekly basis, (p<0.05 

at wks 8, 16, and 34) compared the LMMS animals.  Comparison of the total food 

consumption during the entire study (sum of weekly averages for the entire 36 wks) 

demonstrated a 5.7% increase (p = 0.021) in total food consumption over LMMS 

animals.   

 

Inverse Interdependence of Fat and Bone Volumes.  Induced by a large caloric 

excess to develop obesity, the suppression of adipogenesis in LMMS animals was 

observed in longitudinal microCT scan data collected at 3, 6, and 9 months of the study 

(Fig 24a).  Similar to the fat diet data reported in Chapter 5, 12 weeks of LMMS 

suppressed adipose development in the mouse body by -20.4% (p=0.05).  After 6 

months of high fat feeding, LMMS was still able to reduce the adipose volume by -9.8% 

(p=0.15).  Nine months of a high fat diet, coupled with the increased age of the animals, 

attenuated the initial differences seen between LMMS and CON groups -7.8% (p=0.13), 

confirming that the maximal fat suppression was seen in the earliest phases of LMMS, 

during the phase of maximal animal development. 

MicroCT data analyzed for bone volume from the same scans showed the 

inverse response, where the largest total body bone volume fraction was measured at 3 

months and gradually declined as the animals increased in fat volume.  Compared to 

data at the 3 month time point, the bone volume fraction had decreased by -18.0% 

(p<0.001) by 9 months for the CON animals.  Relative to the same 3 month CON value, 

LMMS was able to protect against some of the age and diet induced bone loss, with 

treated animals only losing 10.0% (p=0.042) bone volume fraction.  Comparisons 

between CON and LMMS at each time point are shown in Fig 25. 
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Fig 24.  Average weekly animal weights (a) and food consumption (b) for CON and 
LMMS animals over the 36 week study period (n=8 per group).  Rate of growth was 
established as the slope of a linear fit line and assessed in 3 month increments to 
coincide with the longitudinal microCT scans performed at 3, 6 and 9 months, and 
demonstrated high correlations for both groups of animals (all R2-values ≥0.95 except for 
LMMS animals at 9 months R2 =0.081).  LMMS animals demonstrated a trend towards 
reductions in mass accumulation due to DIO, with 24.8% (p=0.128) suppression in the 
growth rate during the first 3 months (0 and 12 wks on study).  CON animals consistently 
ate more on a weekly basis, (p<0.05 at wks 8, 16, and 34) and summed for the entire 36 
wks demonstrated a 5.7% increase (p = 0.021) in total food consumption over LMMS 
animals. 
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Fig 25.  The inverse development and maintenance of adipose (a) and bone (b) tissue 
for animals on a high fat diet was monitored by longitudinal in vivo microCT at 3, 6, and 
9 months.  Daily LMMS treatment demonstrated maximal fat suppression at the 3 month 
time point, with a -20.4% (p=0.051) reduction in LMMS animals compared to CON.  The 
greatest promotion of bone was also seen during this early phase, during the period of 
maximal animal growth as they achieve peak bone mass.  Differences in fat volume 
between CON and LMMS groups attenuated over time, as LMMS animals “caught up” in 
fat development by 6 months on the high fat diet due to the large caloric excess.  
Compared to data at 3 months, the bone volume fraction had decreased by -18.0% 
(p<0.001) by 9 months for the CON animals.  Relative to the same 3 month CON value, 
LMMS was able to protect against some of the age and diet induced bone loss, with 
treated animals only losing 10.0% (p=0.042) bone volume fraction. 
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LMMS Decreases Liver Size.  Even as animal weights had begun to equilibrate after 

long term, high fat feeding, the long term effects of LMMS treatment were clearly seen in 

the significant -28.7% (p=0.022) reduction in liver weights of LMMS animals (Fig 26a).  

The average liver weight of the CON group was 2.78 ± 0.30 g while the LMMS group 

weighed 1.98 ± 0.61 g.  The disparity of “fat” content in the livers of CON and LMMS 

animals harvested at sacrifice was visually evident, as CON livers showed a “speckling” 

pattern where fat had deposited, in contrast to the clear, bright red color of LMMS livers 

(Fig 26b).  Histological sections cut from frozen liver and stained with hematoxylin and 

eosin further supported the decrease in fat content of LMMS livers, as qualitatively large 

lipid vacuoles (macrovesicles) were seen throughout the CON tissue, but were much 

smaller and less prevalent in LMMS tissue (Fig 26c).  The size and prevalence of lipid 

infiltration into the tissue based on histological sections has not been quantified. 
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Fig 26.  LMMS provided significant protection against hepatomegaly (liver enlargement) 
associated with long term dietary induced obesity. (a) Liver weight after 36 wks LMMS 
treatment was on average 0.8 grams (-28.7%, p=0.022) less that the CON group.  The 
reduction in liver weight was observed in conjunction with improved appearance of the 
liver, both in terms of gross morphology (b, speckling, color) and histologically (c).  CON 
livers contained large lipid deposits (macrovesicles) infiltrated within and between the 
hepatocytes, whereas LMMS livers show a more typical packing of cells, with smaller 
and fewer lipid vacuoles.   
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Accumulation of Triglycerides and Free Fatty Acids in Liver is Suppressed by 

LMMS.  In addition to the reduction in liver weight, the concentration of total liver 

triglycerides also saw a -27.4% (p=0.041) decrease (Fig 27a).  The concentration of free 

fatty acids in the liver was reduced -24.7% (p=0.081, Fig 27c).  Taking into account both 

the reduction in liver weight coupled with the reduction in concentration, the total amount 

of triglycerides in the liver saw a 46.2% (p=0.013, Fig 27b) overall decrease.  Similarly, 

the total NEFA amount for each animal in the liver experienced an overall -42.1% 

(p=0.020) decrease (Fig 27d). 

 

Age-induced Loss of Mesenchymal Stem Cells is Mitigated by 36 wks of Daily  

LMMS Stimulation.  To characterize age-related changes in the overall stem cell 

population, flow cytometry data from bone marrow samples from the current study, 

harvested at sacrifice after 36 wks, was compared to data reported for animals in 

Chapter 3 fed a high fat diet for 6 wks.  Comparing CON animals at each time point that 

were not subject to any mechanical stimulation, the total bone marrow derived stem cell 

population was reduced by -53.2% (p<0.001) after 36 wks of the high fat diet when 

compared to 6 wks (Fig 28a).  Whereas at 13 wks of age (6 wk study) the Sca-1 positive 

population represented 19.5 ± 4.9% of the total cell population in the region of interest 

(R1, refer to Chapter 3 for definitions of regions), this value had declined to 9.1 ± 1.0% 

by 44 wks of age.   
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Fig 27.  The reduction in liver size and weight can be somewhat accounted for by the 
reduction of fatty infiltration (as approximated by TG and NEFA content) in LMMS 
animals.   The concentration (per mg of tissue) of these compounds were both 
decreased by ~25% (a,c), and taken in parallel with the 29% decrease liver weight 
translated into 46.2%, (p=0.013) reduction in total triglycerides in the liver (b) and 42% 
overall decrease in total liver NEFA (d) of LMMS animals, compared to the sham CON 
group.  Based on the concentrations of TG levels and % decreases, the reduction in just 
the triglyceride component of the liver accounted for 132 mg of the decrease in liver 
weight.   
 

 Comparing the effect of the LMMS signal on either the overall stem cell 

population (Fig 28b) or specifically the MSC population (Fig 28c) it was evident that the 

MSC cell population exhibits a greater responsiveness to mechanical stimulation over 

the long term.  While the overall percentage of bone marrow derived stem cells were 

non-significantly affected by LMMS, MSCs saw a 36.4% (p=0.039) increase due to 36 

wks of daily stimulation.  In contrast to the previous studies where MSCs were identified 

107 
 



    

by Sca-1 and Pref-1 positivity, these studies utilized Thy 1.2 and Sca-1 to label the MSC 

population and thus no data on the preadipocyte population was obtained.  However, the 

osteoblast progenitor population could now be identified based on expression of both 

markers. (183)  Identified in this more stringent manner, a trend towards increase of 

osteoprogenitors (+5.7%, p=0.528) was observed. 
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Fig 28.  Flow cytometry data tracking the surface labeling of Sca-1, a marker present on 
both HSC and MSC, illustrate the age-related decline in the number of multipotent 
progenitor cells (a).  Data were compared between CON subjects (6 wk:  n=8 , 36 wk:  
n=7), fed a high fat diet for either 6 or 36 weeks.  Comparing the effect of the LMMS 
signal on either the overall stem cell population (b) or specifically the MSC population (c) 
it was evident that the MSC cell population exhibits a greater responsiveness 
mechanical stimulation over the long term.  While overall stem cells were non-
significantly affected by LMMS, MSCs saw a 36.4% (p=0.039) increase highlighting the 
ability of the LMMS signal to some degree counter the age-induced loss of stem cells 
and regenerative potential.  

 

 

DISCUSSION 

 

Evidence suggests that DNA damage, accumulated over time, contributes 

significantly to stem cell decline in aging. (180)  While we have reported that diet 

induced obesity likewise causes a decline in number of stem cells, the actual cause of 

obesity induced stem cell loss has not been examined by us nor other researchers.  
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Obesity and old age increase an individuals risk of mortality, but excess fat and/or the 

fragile state are not the actual causes of death.  Rather, the downstream effects of these 

conditions in the overall reduction of the organism’s capacity to resist disease, and repair 

the damages of disease lead to ultimate and fatal failure of tissues and organ systems.  

In other words, an individual likely will not die of obesity, but obesity related diseases 

such as cardiac failure.  Similarly, the colloquial usage of the expression “dying of old 

age” typically refers to the fact that an elderly individual has succumbed to an injury or 

disease that their body was not capable of repairing.  A 2004 statistic from the CDC 

reports that for mortalities in individuals aged 65 and over, 30% were from heart disease, 

22% from cancer, and 7% from stroke as the underlying cause of death.(184)   

Our characterization of the interaction between diet and aging in a mouse model 

of obesity clearly show the diet potentiated development of at least one pathological 

condition:  nonalcoholic fatty liver disease.  From our previous studies, we have 

observed that liver weights of normal animals of the C57BL/6J strain typically are on the 

order of approximately 1.5 grams (Chapter 4), and enlargements in the liver are 

associated with a number of pathologies.  Primarily, nonalcoholic fatty liver disease 

(NAFLD) is a very common disorder that is documented in up to 10-15% of normal 

weight individuals, but is exacerbated by excess adiposity as 70 to 80 percent of obese 

individuals are afflicted. (119)  Evidence indicates that this disease is the hepatic 

component of the obesity induced metabolic syndrome, with gradual weight loss as the 

primary therapeutic component for treatment.  Left untreated, NAFLD could lead to end-

stage liver disease, as well as an increased risk of heptocellular carcinoma. (119)  

NAFLD is characterized by macrovesicular steatosis, like those observed in livers from 

the CON animals in this study.  The biosynthesis of triglycerides typically occurs in 

adipocytes, and occurrence other tissues is typically linked to various disease states.  

The accumulation of TG in non-adipocytic cells facilities that formation of molecules that 
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eventually induce apoptosis and lipotoxicity. (120)  As such, the increase quantity of TG 

and FFA in the liver represents a state of hepatic steatosis that compromises liver 

function.   

Our data clearly indicate that the development and/or progression of fatty liver 

disease is prevented LMMS.  The protection against liver enlargement by LMMS, and 

significant reductions in TG and FFA production in the liver give indication of improved 

function even though in vivo functional assays (glucose production and insulin 

suppression tests) were not conducted out of concern that the stress of these 

procedures could affect the development of adiposity.  The reduction in liver FFAs and 

TG levels in long term obesity represents improved health of these animals, an effect we 

believe to be due to the synergistic interaction of a reduced adipose burden early in life 

and the long term maintenance of the stem cell population against diet and age-induced 

losses.   

Of note between these analyses of older animals, compared to our previous 

studies that utilized primarily young adult animals, was the differential response of the 

various stem cell populations.  We had previously noted that in young animals, the 

LMMS promotion of stem cell number was greater in the MSC population than when 

HSC and MSC were classified together (Chapter 6) even as both quantifications were 

increased significantly after 6 weeks of treatment.  In response to 36 weeks of LMMS, an 

increase in MSC number was still experienced, but the overall stem cell population did 

not exhibit any significant difference.  This data certainly highlights the need for a more 

thorough analysis of the LMMS effect specifically on HSC, and a more rigorous 

identification of this cell type, but is consistent with the current understanding of the HSC 

niche, and the potential divergence in response from the MSC niche.  Yet extensive 

evidence indicates that HSC numbers increase substantially with advancing age in 

common strains of lab mice. (185)  Even as the number of resident stem cells might or 
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might not be diminished during aging, HSCs from old mice display impaired bioactivity 

and numerous functional deficiencies.(186) 

For this study, the full assessment of experimental outcomes is still a work in 

progress, and the effects of diet and aging, and the ability of LMMS to counteract some 

of the deleterious changes is currently under study in other tissues.  The fatty infiltration 

into muscles will be assessed in terms of TG and FFA in soleus and gastrocnemius 

muscles and well as examined histologically.  The adipose content of the bone marrow 

cavity will be examined both quantitatively by methods such as microMRI (with 

specificity to quantify fat in the marrow space) and histology.  Further, cortical and 

trabecular bone quantity and micro-architectural quality in the tibia and lumbar vertebrae 

will be determined.  

The idea of a possible negative synergy between diet and aging is illustrated via 

examination of the opposite end of the diet spectrum.  Caloric restriction (CR) is the only 

intervention known to actually extend longevity.  This anti-aging effect is seen along with 

improved HSC function in aged animals. (187)  Energy restriction has been successfully 

utilized to restore the impaired immune response induced by dietary obesity. (188)  

These studies lend insight into the complexity of interaction between diet, aging, and the 

stem cell population and in part explain why exercise is so often generally indicated for 

treatment even as the mechanisms involved have not been isolated. 

Studies have shown that exercise can greatly decrease the risk of metabolic 

disease and improve  the complications of Type 2 diabetes mellitus by the reduction of 

key adipokines and inflammatory factors.(134;189)  Body composition changes and 

improved musculoskeletal health resulting from exercise can reduce aging associated 

insulin resistance, (190) the risk of infectious disease, and improve vaccine efficacy. 

(191)  However, in obese and/or elderly individuals exercise might not be a feasible 

treatment.  For most diabetic men over 55 years old, physical training aside from very 
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low intensity exercise is not possible because of complications and hindrance from 

interfering diseases. (192)  The benefit of exercise in cancer patients has been shown, 

but in the case of elderly patients (where 78% of all new cancers are diagnosed) the 

participation in and adherence to exercise programs is low. (193)  For patients where 

exercise is logistically difficult, perhaps LMMS could represent a viable alternative to 

exacting some of the same benefits and promotion of not only musculoskeletal health, 

but also protection against age and obesity related sequelae via maintenance of the 

stem cell population. 
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SUMMARY 

 

The studies and experiments reported in this dissertation were designed to 

explore the hypothesis that MSCs represent a common mechano-responsive element 

upstream of osteoblast and adipocyte differentiation that could potentially be targeted for 

the control and treatment of both obesity and osteoporosis.  We proposed that low 

magnitude mechanical signals (LMMS) could non-pharmacologically and non-invasively 

promote stem cell proliferation, and thus an organism’s healing and regenerative 

potential.  In Chapter 1, the current strategies for the treatment of obesity and 

osteoporosis were reviewed.  Focus on the emerging understanding of the role of the 

progenitor stem cell population in the development of these diseases, and control of the 

stem cell population by mechanical signals highlighted the potential of LMMS to 

influence the cell lineage commitment. 

In the second chapter, the development of a robust methodology to non-

invasively quantify adiposity in a live animal was detailed.  MicroCT calculated fat 

volumes demonstrated excellent correlation to explanted fat pad weights, validating the 

method as a surrogate assessment of in vivo adipose burden, which could further be 

delineated and quantified as visceral or subcutaneous fat.  This methodology was 

applied to assessing the development of excess adiposity by a dietary signal to induce 

obesity.  Aside from the contribution of the caloric excess to the process of 

adipogenesis, the impact of a high fat diet on the resident stem cell population, as a 

possible contributing factor in the pathophysiology of obesity was examined in Chapter 

3.  We show that the MSC population was significantly diminished in animals fed a high 

fat diet for six weeks, and that the reduction in number of bone marrow derived stem 

cells correlated to the mass of the epididymal fat pad. 
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The ability and applicability of LMMS to reduce the adipose burden and key 

biochemical factors such as adipokines (leptin, adiponectin, and resistin), triglycerides 

and free fatty acids that are known to be elevated in obese individuals was 

demonstrated in Chapter 4.  Results for the bone marrow transplantation experiments 

provided the first indication that the applied LMMS signal was increasing the proliferation 

of bone marrow derived stem cells.  Data from flow cytometry and real-time PCR from 

animals on a model of dietary induced obesity in Chapter 5 provided clear indication that 

indeed the marrow environment had changed in LMMS treated animals, with an increase 

in stem cell number and a shift towards osteogenesis.  Taken together, the data in 

Chapters 3, 4 and 5 highlight that while the high fat diet decreased the MSC population, 

LMMS increased the proliferation of MSC’s and was able to recover the diet-induced 

decrease in cell numbers.  In addition, the marrow environment in LMMS animals had 

shifted towards osteogenesis both in cell number and gene expression, providing a 

mechanism of LMMS action based on the selective differentiation of MSC’s into 

osteoprogenitors.  Finally, data from a long term study (36 week of LMMS treatment, 

Chapter 6) provided preliminary evidence of the benefit of LMMS in mitigating some the 

deleterious effects of dietary induced obesity and aging.  Specifically, the 36 weeks of 

high fat diet promoted the development of fatty liver disease in CON animals, whereas 

LMMS animals subject to the same dietary challenge were largely protected against liver 

enlargement and fatty infiltration. 

Cumulatively these studies provide insight into the role of MSCs in the 

development of bone and fat.  Further, the utility of low magnitude mechanical signals as 

a preventative measure in the development of obesity and osteoporosis is demonstrated 

in normal animals and several animal models of obesity and aging.  The changes in the 

cellular and molecular composition of the bone marrow highlight the important 

pathological features intrinsically arising from a high fat diet and aging.  These two 
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factors are remarkably similar in that they negatively impact the stem cell population, 

which affects both the immune response (by decreasing the HSC population) and the 

ability to regenerate and repair damaged tissues (by decreasing the MSC population).  

The mechanical promotion of the number of progenitor cells, as well as driving 

commitment choices, suggests a means to enhance an organism’s regenerative 

capacity as achieved by exploiting stem cell sensitivity to physical signals.  The 

remarkable specificity of LMMS to promote the MSC and tune its differentiation towards 

osteogenesis highlights the vast clinical applications of this technology. 

The relevance and translation of LMMS to bone is currently being explored (and 

in some cases has already seen application) in various patient populations including 

young osteopenic women, post-menopausal women, and astronauts to protect against 

bone loss during space flight.  Our results demonstrating the suppression of 

adipogenesis in young animals highlight the utility of LMMS as a primary prevention to 

the development of childhood obesity.  While we have not shown that it can in and of 

itself reverse or treat a state of obesity, in combination with lifestyle and dietary 

modifications it would surely boost health and immunity and perhaps even synergistically 

promote weight loss in adults.  For the various disease states and obesity related 

pathologies where weight loss is the primary treatment indication, LMMS could serve as 

a powerful adjunct therapy to that end.  Further, the field of obesity research is 

undergoing a fundamental paradigm shift, where in contrast to the long-held belief that 

once formed fat cells in an individual do not renew, recent findings definitively 

demonstrate that adipocytes do indeed turn over in humans.  By analysis of integration 

of 14C into genomic DNA, Spalding et al determined that approximately 10% of fat cells 

are renewed annually in adults, via a balance of adipocyte death and generation. (194) 

Based on the ability of LMMS to slow and deter the development of stem cells into fat, 
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perhaps even adult obesity could be treated via capitalizing on the normal process of 

adipocyte death if the development of new adipocytes could be suppressed. 

The potential applications of non-invasive, non-pharmacologic, in vivo LMMS 

promotion of bone marrow derived stem cells, and specifically mesenchymal stem cells 

which are able to be recruited to various biological sites are incredibly vast.  To date, no 

negative outcomes due to LMMS have been noted, and the long term usage of the 

stimulation for preventative treatments would be indicated.  The list of disorders that 

could benefit from LMMS, and we believe comprise the eventual applications of LMMS, 

include: 

• To promote an enhanced and robust capacity to fight and resist disease 

in the overall population by promotion of the HSC population. 

• To accelerate the ability to repair and regenerate after injury and tissue 

damage by enhancement of the MSC population. 

• To protect against development of obesity and age related disorders such 

as liver disease and neurodegenerative disorders such as Alzheimers 

and Parkinsons. 

• To serve as an adjunct therapy to cancer patients undergoing 

chemotherapy and/or radiation to help boost innate immunity.  

• To elderly individuals as either treatment or prophylaxes for age-related 

decline in overall health.   

Although our identifications of the HSC and MSC populations are not exact and 

are quantified based on the cells being members of a population enriched for stem cell 

activity, this common limitation has yet to be overcome by stem cell researchers.(22) 

Further, while our results clearly demonstrate an effect and interaction between bone, 
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fat, and the undifferentiated stem cells in the marrow in response to LMMS, the precise 

mechanism and order of events has yet to be uncovered.  We do not conclude that the 

proposed mechanism is exclusive, but rather hypothesize that it is complementary to the 

many theories put forth by the many experts in the fields of bone, fat, and stem cell 

research.  Indeed, based on the abundant and often contradictory reports in the 

literature on the interaction of stem cells in certain niches, with the differentiated tissues 

that form the micro-environment – any phenotypic observation is likely resultant of a 

complex interplay with feedback and regulatory factors yet unknown.  Beyond the binary 

choice to differentiate either into osteoblasts or adipocytes, the development of 

chondrocytes, and myocytes are also likely affected by the low magnitude mechanical 

signals and need to be examined.  Stem cell populations residing outside of the bone 

marrow need to be assessed, to determine if there is a site and/or lineage specificity of 

LMMS promotion of proliferation. 

The quantifications of stem cell and progenitor populations are all reported as 

percentage changes relative to the total population in suspension, and due to technical 

limitations of the cell harvesting and flow cytometry procedures absolute quantification of 

cell numbers are difficult.  With the manual harvesting of bone marrow by flushing of the 

marrow cavity, it is not possible to ensure that the same amounts of marrow (and 

therefore cells) are collected from each animal.  Further, the marrow fat is typically 

(although perhaps not consistently) lost during the preparation of cells for flow cytometry 

during the numerous washing steps as the lower density of these cells cause them to 

float rather than pellet during centrifugation.  As such, additional methods to quantify the 

cell types, whether histologically or with in vitro experiments will be needed to 

corroborate these findings.  Further work with the models of bone marrow transplants to 

track cell fate, specifically via injections of sorted populations of cells identified for 
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surface expression of specific markers in flow cytometry, would greatly enhance the 

functional characterizations in vivo of the cell populations. 

While mouse models of disease are excellent research tools, the applicability of 

these findings and their uncertain translation to the human disease state represents 

another current limitation of this work.  Indeed, even the identifying markers of stem cells 

in mice and in humans show large disparity, with surface antigens such as Sca-1 

expressed on mouse cells and not human cells. (195)  As such, the characterization of 

LMMS effects on mesenchymal stem cell populations will have to necessarily rely on 

other markers to identify human mesenchymal and hematopoietic stem cells.  

The eventual translation of stem cell technologies to clinical application is 

hampered by numerous challenges including the inability to isolate a homogenous 

population of MSCs, and expansion of the cell population without compromising the 

differentiation potential.(23)  Further, the plasticity of MSCs and their ability to 

transdifferentiate make most attempts at in vitro functional characterization difficult.(196)  

As such, we believe that our findings represent a significant advance in that the in vivo 

application of LMMS can be directly measured in clear and beneficial changes in animal 

phenotype and physiology.   
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