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Abstract

Clinical evidence indicates that fat is inversely proportional to bone mass in elderly obese women.
However, it remains unclear whether obesity accelerates bone loss. In this report we present
evidence that increased visceral fat leads to inflammation and subsequent bone loss in 12-month-
old C57BL/6J mice that were fed 10% corn oil (CO)-based diet and a control lab chow (LC) for 6
months. As expected from our previous work, CO-fed mice demonstrated increased visceral fat
and enhanced total body fat mass compared to LC. The adipocyte-specific PPARy and bone
marrow (BM) adiposity were increased in CO-fed mice. In correlation with those modifications,
inflammatory cytokines (IL-1p, IL-6, TNF-a) were significantly elevated in COfed mice
compared to LC-fed mice. This inflammatory BM microenvironment resulted in increased
superoxide production in osteoclasts and undifferentiated BM cells. In CO-fed mice, the increased
number of osteoclasts per trabecular bone length and the increased osteoclastogenesis assessed ex-
vivo suggest that CO diet induces bone resorption. Additionally, the up-regulation of osteoclast-
specific cathepsin k and RANKL expression and down-regulation of osteoblast-specific RUNX2/
Cbfal supports this bone resorption in CO-fed mice. Also, COfed mice exhibited lower trabecular
bone volume in the distal femoral metaphysis and had reduced OPG expression. Collectively, our
results suggest that increased bone resorption in mice fed a CO-enriched diet is possibly due to
increased inflammation mediated by the accumulation of adipocytes in the BM microenvironment.
This inflammation may consequently increase osteoclastogenesis, while reducing osteoblast
development in CO-fed mice.
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1. Introduction

Obesity has become a critical medical problem (Kopelman, 2000). It is a major cause of
mortality and morbidity (Ogden et al., 2006; Powell, 2007). Obesity is reported to be both
protective (Kirchengast et al., 2002) and deleterious to bone health status (Villareal et al.,
2005). On one hand, it has been proposed that the biomechanical pressure due to an
overweight status stimulates bone formation by decreasing apoptosis (Ehrlich and Lanyon,
2002), possibly through the Wnt/B-catenin signaling pathway (Bonewald and Johnson,
2008). On the other hand, there are numerous reports that obesity is a risk factor for
osteoporosis in humans (Nunez et al., 2007; Rosen and Bouxsein, 2006; Villareal et al.,
2005; Zhao et al., 2008) . It has been proposed that lipotoxicity and subsequent
inflammation might be responsible for bone loss (Duque, 2008) Several molecular and
cellular mechanisms, by which inflammatory events associated with the aging process
decrease the bone mass, have been elucidated (Duque, 2008; Mundy, 2007). It has been
suggested that increasing amounts of fat in the BM microenvironment (Naveiras et al., 2009)
may affect bone turnover, through both the inhibition of osteoblast function and increased
osteoclast differentiation/activation (Oh et al., 2010). Murine and human studies have shown
that adipose tissue produce pro-inflammatory cytokines, such as Interleukin (IL)-1p, IL-6
and Tumor Necrosis Factor (TNF)-a. These cytokines are known to stimulate the
proliferation and differentiation of osteoclasts (Horowitz et al., 2001; Wu et al., 2007).
Interestingly, osteoclastogenesis is closely related to both osteoblastogenesis and
adipogenesis. In addition, osteoblasts produce receptor activator of nuclear factor-xp ligand
(RANKL) and osteoprotegerin (OPG), two critical factors in osteoclast differentiation
(Boyle et al., 2003).

Superoxide production, by the osteoclast at the bone interface, is involved in bone matrix
degradation (Key et al., 1994). Moreover, bone resorption is characterized by elevated
reactive oxygen species (ROS), which adversely affects bone remodeling (Wauquier et al.,
2009). While it is proposed that ROS/inflammation and lipotoxicity participates in bone
loss, the exact mechanism of obesity-mediated bone loss remained unclear.

The aim of the present study was to investigate whether the bone marrow micro-
environment in a murine obesity model is associated with bone resorption. We have selected
a corn oil (CO)-enriched diet for this present study, which is widely used in western diets,
and is responsible for many diseases (Simopoulos, 2006). We fed a westernized diet
containing 10% CO to 12-month-old C57BL/6J female mice for 6 months. CO is known to
promote age-associated obesity and thus represents a useful model for studying obesity and
osteoporosis (Halade et al., 2010). Our work demonstrates that increased bone marrow
adiposity influences the microenvironment and results in increased inflammatory cytokine
production and osteoclasts formation/differentiation. These processes correlate with
enhanced superoxide production in differentiated osteoclasts and undifferentiated BM cells
of CO-fed animals. These data collectively suggest that CO-induced obesity leads to bone
resorption in a redox-dependent manner. Therefore, the down-regulation of bone adiposity,
inflammation and osteoclastogenesis should be beneficial to maintain the bone homeostasis
in obesity.

2. Materials and methods

2.1 Reagents and ELISA Kits

a-modified minimal essential medium (a-MEM), Roswell Park Memorial Institute (RPMI)
1640 medium, phenol red-free a-MEM, Hanks balanced salt solution (HBSS) and fetal
bovine serum were purchased from Sigma-Aldrich (St. Louis, MO, USA). Recombinant
mouse RANKL and M-CSF were obtained from PeproTech Inc. (Rocky Hill, NJ) and R&D
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Systems (Minneapolis, MN, USA), respectively. Phorbol 12-myristate 13-acetate (PMA),
and superoxide dismutase (SOD) were obtained from Sigma Chemical Co. (St. Louis, MO,
USA). The enhancer-containing luminol-based detection system (Diogenes) was obtained
from National Diagnostics (Atlanta, GA, USA).

2.2 Animals and diet

Eleven-month-old female mice, weighing 25-27 g, were purchased from Jackson
Laboratories (Bar Harbor, Maine 04609 USA) and provided water and standard chow
American Institute of Nutrition (AIN) 93G (diet recommended by AIN for growth) ad
libitum for one month. At 12 months, age-matched and weight-matched animals were
randomized into two groups, each containing 15 mice. Subsequently, the animals were
housed in a standard controlled animal care facility in cages (5 mice/cage) and fed a diet
containing CO and one group maintained on standard lab chow (LC) rodent diet ad libitum
for 6 months. The animals were maintained in a temperature-controlled room (22 —25°C,
45% humidity) on a 12:12-h dark-light cycle. National Institutes of Health guidelines were
strictly followed, and all the studies were approved by the Institutional Laboratory Animal
Care and Use Committee of the University of Texas Health Science Center (San Antonio,
TX). Body weight was measured weekly. The CO diet was prepared using 10% CO with
AIN93 semi-purified powdered ingredients as described previously (Halade et al., 2010).
Primarily, we selected CO, which contains n-6 fatty acids, to underline the mechanism for
bone loss along with obesity, predominantly in female mice. The standard rodent LC control
diet was procured from Harlan, USA (Catalog No. Harlan Teklad LM-485 Mouse/Rat
Sterilizable Diet). After completion of the 6 month period, animals from both experimental
groups were sacrificed under isoflurane anesthesia. Femur bones were separated from
muscle mass, stored in saline-soaked gauze at —20°C until further micro-CT analysis.

2.3 Percentage of fat mass assessed by DXA

Body composition was measured at the beginning and at the termination of study using Dual
energy X-ray Absorptiometry (DXA), using a Lunar PIXImus bone densitometer (GE,
Madison, WI), as described previously (Halade et al., 2010). Percent of fat was measured
using 2.10 PIXImus software.

2.4 Quantitative structural imaging using micro-CT

Fixed femurs were positioned within translucent foam, immersed in 70% ethanol, scanned
with a SkyScan 1172 system (Kontich, Belgium). The scan parameters were as: 50 kV x uA,
20 mm FOV, 2048 x 2048 pixel matrix, 0.6 rotation step, 4 frame average, and a 10 pm
nominal isotropic resolution. Once the data were acquired, two volumes of interest were
identified. A mid-diaphyseal volume of interest (\VOI) included 100 slices centered in the
mid-shaft. A second VOI was created in the distal metaphysis that included only the
trabecular bone. This VOI was positioned 50 slices proximal to the distal growth plate and
included 150 total slices (1.5 mm). Data were thresholded by visually selecting a single grey
scale value that resulted in a structure that best represented original images. After
thresholding, the femoral cortical bone volume (BV), relative bone volume (BV/TV) and
thickness were measured in the diaphyseal VOI. In the distal femoral metaphysis, several
measures including the bone volume fraction (BV/TV), structural model index (SMI),
trabecular thickness (TbTh), and trabecular number (TbN) were calculated.

2.5 Preparation and culture of osteoclasts from primary BM cells

At the end of the study, BM cells were isolated from tibiae and femurs of female C57BL/6J
at 18 months of age, according to the method described (Shevde et al., 2002). In brief,
isolated BM cells were cultured in a-MEM containing 10% heat-inactivated fetal calf serum
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(FCS; Invitrogen), 100 U/ml penicillin G, and 100 pg/ml streptomycin at 37°C for 2 h under
95% air and 5% CO 2. Non-adherent cells were carefully harvested, centrifuged at 2000 rpm
for 5 min at room temperature and viability was determined using trypan blue exclusion
method. They were subsequently cultured in a-MEM medium in 24 well plates (1x108 cells/
well), or phenol red-free a-MEM in 96-well (1x10° cells/well) clear-bottom white culture
plates, supplemented with or without 150 ng/ml RANKL and 100 ng/ml M-CSF. A half-
volume of the medium, with or without RANKL/M-CSF, were replaced with the fresh
medium every 3 days.

2.6 BM tartarate-resistant acid-phosphatase (TRAP) staining

TRAP stained BM cells were counted for multinucleated cells (MNCs), as previously
described (Shevde et al., 2002). In brief, cells were fixed with 10% formalin in phosphate-
buffered saline at room temperature for 15 min. They were quenched with a 1:1 (v/v)
mixture of ice-cold acetone and ethanol. These cells were incubated for 15-60 min at 37°C
with 0.1 M acetate buffer (pH 5) containing 25 mM sodium tartrate, 0.01% naphthol AS-
MX phosphate, and 0.06% fast red violet LB salt and then rinsed with water. TRAP-
positive, MNCs having more than three nuclei were counted as osteoclasts under
microscopic observation.

2.7 Pit formation assay

BM cells were prepared from the femora and tibiae of 18-month-old female mice as
described above. The BM cells were added to slices of sperm whale dentin. Slices of sperm
whale dentin (0.25 x 6 x 6 mm) were prepared using a Buehler low-speed diamond bone
saw (Buehler, Lake Bluff, IL, USA) followed by sonication (15 min) in several changes of
distilled water. Slices were polished between two glass plates, transferred to petri dishes,
and sterilized under UV light for 1 day. Slices were soaked in 100% ethanol, allowed to air
dry, and rinsed twice with sterile saline solution. Before all experiments, slices were
incubated in a-MEM supplemented with 10% FBS and 1% penicillin-streptomycin solution
for at least 24 h before use. Media were removed, and 1x106 cells/well were plated in the
absence or presence of 150 ng/ml recombinant murine RANKL and 100ng/ml M-CSF for 5
days in humidified air (5% CO,) at 37°C, before quantification of osteoclast numbers and
assessment of resorption pit, as described by Yoneda et al. (Yoneda et al., 1995). A single
experiment used 12 slices, with a minimum of 3 slices/ group. Experiments were repeated at
least twice on different days. For examination of resorption lacunae, the slices were
sonicated in 0.1 M NaOH and stained with 0.1% (w/v) toluidine blue. Resorption pits were
counted using light microscopy, and the whole area of matrix resorbed was quantified using
a computer-assisted MetaVue Image Analysis System (Olympus America Inc, PA, USA).

2.8 Bone immunohistochemistry for RANKL and OPG expression and cytochemical
analysis of TRAP

Left femur specimens from each group were collected and trimmed of excess tissue and
were fixed in 10% neutral buffer formalin (NBF) for 48 hours at room temperature (RT).
Bone specimens were decalcified in 10% EDTA in water for 2 weeks at RT and were then
placed in 70% ETOH, processed and embedded in paraffin as detailed (Yoneda et al., 1995).
RANKL (sc7628) and OPG (sc 8468) antibodies obtained from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA.) were used for immunostaining of paraffin-embedded bone sections
following the method described by Yoneda et al. (Yoneda et al., 1995). Additional bone
sections were stained cytochemically for tartrate-resistant acid phosphatase (TRAP) activity,
a well-recognized marker of osteoclasts in vivo. TRAP staining of bone sections were
performed as described (Oyajobi et al., 2003). RANKL, OPG and TRAP sections were
digitally captured with a CoolSNAP color camera (Imaging Research St Catharines, ON,
Canada) linked to an Olympus BX-40 microscope attached to a computer and MetaVVue
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Bioimaging software (Universal Imaging Corp., Downingtown, PA). RANKL and OPG
expression were calculated by measuring the optical density and relative area of staining,
respectively. The number of TRAP+ multinucleated cells along the trabecular bone length
was then enumerated and expressed as osteoclasts per millimeter of trabecular bone length
(n=5 mice/group).

2.9 Quantitative real-time reverse transcriptase (RT)-PCR

Right whole femurs were crushed under liquid nitrogen conditions using a Kinematica
Tissue Pulverizer and RNA was isolated using RNeasy Mini Kit following the
manufacturer's instructions (Qiagen, Valencia, CA). Total RNA concentration was assessed
in NanoDropTM 1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA).
MRNA expression for genes encoding IL-1pB, IL-6, TNF-a, Cathepsin K (ctsk), Runt-related
transcription factor 2 (RUNX2)/ core-binding-protein-Al (Cbfal) and Peroxisome
proliferators-activated receptor (PPARY) were measured using real time RT-PCR. Real time
RT-PCR was carried out using TagMan® RNA-to-CT 1-step kit (Applied Biosystems,
Foster City, CA) in an ABI Prism 7900HT Sequence Detection System (Applied
Biosystems) using fluorescent TagMan methodology. Real time quantitative RT-PCR was
performed for each of the following genes, using ready-to-use primer and probe sets pre-
developed by Applied Biosystems (TagMan Gene Expression Assays) were used to quantify
IL-18 (Mm00434228 ml), IL-6 (MmM00466190_m1), TNF-oa. (Mm00443258 ml), ctsk (ctsk,
Mm00484036_m1), RUNX2/Cbfal (Mm00501578_ml), PPAR, (ppar,, Mm01184321_m1)
and Glyceraldehyde-3-phosphate dehydrogenase (Gapdh, Mm99999915 g1) as an
endogenous control. mRNA Ct values for these genes were normalized to the house-keeping
gene GAPDH, and expressed as relative increase or decrease to the LC group.

2.10 Measurement of superoxide in freshly isolated BM cells, undifferentiated BM cells and
differentiated osteoclasts

3. Results

The rate of superoxide production by BM cells and differentiated osteoclasts was
determined using a luminol-based chemiluminescent reagent (Diogenes, National
Diagnostics, GA) that is specific to superoxide (El Jamali et al., 2008). The cells were
washed in PBS and placed in Hanks' balanced salt solution (HBSS). For the assay, a 100 ul
aliquot of the Diogenes reagent was mixed with a maximum of 1x10° cells and incubated at
37°C for 2-4 minutes. Superoxide generation was stimulated with PMA (50ng/ml) in the
presence or absence of SOD (20 ug/ml). Chemiluminescence was measured every minute
for up to 60 minutes using a microplate reader (Bio Tek; Clarity™, BioTek Instruments Inc.
VT, USA) and an integration time of 5 seconds.

3.1 Increased body weight and percentage of fat in CO-fed mice as compared to LC-fed

mice

Six months of feeding a CO-enriched diet to 12-month-old C57BL/6J female mice,
significantly increased body weight compared to LC (control). Consequently, CO-fed mice
demonstrated significant increase in fat content (Figure 1) compared to LC-fed mice, as
measured by DXA. Furthermore, the fasting serum analyses indicated a metabolic
dysregulation, characterized by hyperglycemia and insulin resistance, as observed in obesity
(Halade et al., 2010).

3.2 Osteoclastogenesis is enhanced in CO-fed mice

To further investigate whether obesity characterized by increased abdominal fat mass, total
body fat mass (BFM) and BM adiposity (Halade et al., 2010) affects the BM
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microenvironment, we examined the osteoclasts formation in the BM of lean and obese
mice, since bone loss is more associated with CO-fed obese mice. TRAP-positive MNCs
appeared on day 3 and constituted 60—70% of total cells by day 5. These results showed
significantly increased number of TRAP-positive MNCs formed by the BM cells on plastic
(Figure 2A and 2B) and dentin slice (Figure 2C and 2D) from CO-fed mice than LC-fed
mice. We have previously established that CO developed BM adiposity in the femur and
tibia of obese female mice (Halade et al., 2010), as compared to lean mice when fed a CO
diet for 6 months. Furthermore, BM cells from CO-fed mice were able to dissolve more
dentin slice area and formed more resorption pits on day 6 than LC-fed mice (Figure 2E and
2F). This data is consistent with our previous results on bone adiposity in obese mice
(Halade et al., 2010), demonstrating increased osteoclastogenesis in BM adiposity
microenvironment in obese mice than in lean mice.

3.3 CO-fed mice exhibited reduced bone mass and trabecular micro-structure

To address the effects of obesity-mediated bone loss, micro-CT was used to image and
quantify bone mass in CO-and LC-fed mice. Representative images of distal femoral
metaphysis from CO-fed mice (Figure 3B) exhibited the 66% reduction in relative trabecular
bone volume (BV/TV), 20% reduction Th.Th and an 83% reduction in Th.N. than LC
control mice (Figure 3C to 3E). No differences were observed in the cortical bone
measurements.

3.4 CO-diet-induced obesity increased osteoclasts formation, enhanced RANKL and
decreased OPG expression in femurs

Receptor activator of nuclear factor kB (RANK)/RANK ligand (RANKL)/osteoprotegerin
(OPG) system is an important signal transduction pathway that regulates osteoclast
formation (Bai et al., 2008). Previously, we reported that CO diet-induced age-related
obesity in female aging mice is associated with increased BM adiposity (Halade et al.,
2010); therefore, we examined the obesity-mediated BM RANKL/OPG microenvironment
in these mice. Representative histological images of bone sections (femur) demonstrated an
increased number of visible adipocytes, with increased number of osteoclasts/trabecular
bone length (Figure 4A and 4B), enhanced expression of RANKL (Figure 5A and 5B) and
decreased expression of OPG (Figure 6A and 6B) in CO-fed obese mice compared with
their LC control counterparts. These results indicate that CO diet induces osteoclastogenesis.

3.5 CO diet reduced osteoblast specific and increased adipocyte, osteoclast-specific and
pro-inflammatory gene expression in femurs

Gene expression was assessed using real time RT-PCR to determine the status of bone
homeostasis. Our data show that CO diet induces the expression of gene associated with BM
adiposity-mediated inflammation (Figure 7A, 7B, and 7C). Furthermore, PPARY, a known
marker of adipocyte differentiation and maturation, were significantly elevated in CO-fed
mice compared to LC (Figure 7D). These data are consistent with enhanced BM adiposity
and related inflammation by CO diet. Moreover, increased mRNA levels of cathepsin k, an
osteoclast marker gene (Figure 7E), and reduced levels of RUNX2/Cbfal (Figure 7F), an
early marker of osteoblasts, indicate lineage selection towards osteoclast differentiation in
inflammatory BM adiposity conditions. Suppression of osteoblast-specific mMRNA levels,
and enhanced osteoclast-specific and inflammatory gene expression is consistent with
increased bone adiposity and decreased bone density in female obese mice.

3.6 Obese mice generated more superoxide in osteoclasts and BM cells

We examined superoxide production in freshly isolated BM cells. As described previously,
we found that these cells transiently produce superoxide when stimulated by PMA. A
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maximum is reached very rapidly (<5min), followed by a plateau (5-20 min) and a slow
decrease to reach non-stimulated levels (60 min). In freshly isolated BM cells, superoxide
production stimulated by PMA was not significantly affected by the diet (Figure 8A and
8B). In absence of RANKL, we observed that BM cells culture obtained from CO-fed mice
conserved the ability to produce superoxide when stimulated with PMA. The kinetic was
however different since a maximum was reached in 30 min and was sustained for the next
30 min (Figure 8C and 8D). Finally, we tested superoxide production by BM cells cultured
in the presence of RANKL to induce their differentiation in osteoclasts. Stimulation of
osteoclasts obtained from both CO-fed mice and LC-fed mice by PMA transiently induced
superoxide production (Figure 8E and 8F). A maximum signal was reached in 30 min and
superoxide production returned to basal level 30 min later. The level of superoxide produced
by osteoclast obtained from CO-fed mice was significantly higher than levels produced by
osteoclasts obtained by LC-fed mice. Furthermore, for all conditions tested,
chemiluminescence detected by the Diogenes® reagent was abrogated by the addition of
superoxide dismutase (SOD), indicating that generation of superoxide anion was being
specifically detected. These results show collectively that CO-diet increases superoxide
production by osteoclasts and undifferentiated BM cells.

4. Discussion

Clinical evidence of obesity in older adults is associated with bone loss (McTigue et al.,
2006) and indicates that controlling fat accumulation is an important target for skeletal
health (Kawai et al., 2009; Kawai and Rosen). In addition, several reports demonstrate that
obesity is negatively associated with bone mass (Nunez et al., 2007) in boys (10-12 years)
(Dimitri et al., 2009), in girls (12-18 years) (Russell et al.), men (25-45 years) (Taes et al.,
2009) and adolescent women (15-25 years) (Gilsanz et al., 2009). It seems that obesity is a
common factor in bone loss. Consistent with our previous findings (Halade et al., 2010), we
have clearly demonstrated: (i) obesity in female mice is accompanied by increased bone
resorption and reduced bone mass; (ii) change in fat metabolism, like increased obesity,
affects skeletal health by stimulating osteoclastogenesis in the BM microenvironment; (iii)
adipose tissue acts as an endocrine organ, secreting pro-inflammatory cytokines (such as
IL-1p and IL-6), TNF-a, and adipokines, whose effects are detrimental to the trabecular
skeleton; and (iv) superoxide production is associated with obesity-mediated bone
resorption.

Our results are consistent with the idea that fat accumulation itself in the BM
microenvironement is responsible for poor skeleton health (Kawai and Rosen; Naveiras et
al., 2009), and induces a shift from bone formation to bone resorption, due to lipotoxicity
(Duque, 2008). Two concepts are widely accepted: i) that fat overload would replace
functional hematopoietic and/or osteogenic cells in the BM cavity (Naveiras et al., 2009);
and ii) that a balanced BM microenvironment is critical for normal osteogenesis, among
other processes (Naveiras et al., 2009). Increased production of adipocytes and related
factors, cytokines and fatty acids, could alter the fat—-BM relationship, thereby inhibiting
osteogenesis (Naveiras et al., 2009).

PPARY is a critical transcription factor in adipogenesis of the nuclear receptor super family
(Takada et al., 2009), which is activated by thiazolidinedione compounds (Grey, 2009).
Activation of PPARYy stimulates adipogenesis and inhibits osteogenesis (David et al., 2007),
as they share a common progenitor, i.e., MSC in the BM (Pittenger et al., 1999). Previously,
we noted increased mRNA expression of PPARYy in the BM of CO-fed obese mice,
demonstrated by increased BM adiposity (Halade et al., 2010). In the present investigation,
we showed that enhanced PPARy may inhibit the transcription factor RUNX2/cbfal, which
is indispensable for osteoblast differentiation (Ducy et al., 1997). Previous studies have also
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shown that BM adipogenesis increased lipopolysaccharide-stimulated pro-inflammatory
cytokines IL-6 and TNF-a, secreted by the BM (Halade et al., 2010) in CO-fed mice, further
demonstrating an elevated mRNA expression of pro-inflammatory IL-1f, IL-6 and TNF-a
cytokines. These cytokines have been shown to increase osteoclast activity through
regulation of the RANKL/RANK/OPG pathway (Khosla, 2001). Moreover, CO-fed mice
exhibited an increase ctsk mRNA expression, which is a collagenolytic, papain-like,
cysteine protease that is mainly expressed in osteoclasts, functioning in the bone resorptive
process (Deaton and Tavares, 2005). Furthermore, knockout studies of ctsk in mice lead to
an osteopetrotic phenotype (Bromme and Lecaille, 2009). Taken together, our results show
that CO induces up-regulation of PPARy and down-regulation of RUNX2/cbfal, which
leads to BM adiposity. This altered microenvironment, with increased ctsk and
inflammatory cytokines, possibly contributes to bone resorption in these obese mice.

It is widely accepted that three major processes lead to age-related osteoporosis. The first
and most important is trabecular bone loss, the second process is continued bone resorption
at the endocortical surface and the third is a decrease of cortical bone (Chen et al., 2009).
Our present investigation illustrated that the most prominent change in obesity-mediated
bone loss was the decrease of trabecular bone within the femur. Some limitations of this
current study should be mentioned. First of all, a limited number of skeletal sites were
analyzed. With more specimens from the femoral neck, tibia and thoracic vertebra, we may
offer more suitable conclusions on the site-dependent variations of the bone microstructural
properties. A second limitation is that serum concentrations of bone remodeling markers,
such as osteocalcin, TRAP, alkaline phosphatase and insulin like growth factor-1, were not
measured in the present investigation. Other studies have shown that significant reductions
in serum IGF-1 levels are also associated with aging (Niu and Rosen, 2005). Evidence
suggests that high circulating concentrations of leptin in obesity can stimulate skeletal
growth (Maor et al., 2002). Recently, Cao et al. reported increased serum TRAP and
decreased concentration of osteocalcin in high-fat fed mice (Cao et al., 2010). Despite the
limitations of present study, an inverse correlation is indicated between the obesity-mediated
inflammatory BM microenvironment and the trabecular bone microstructural parameters
which contribute to bone resorption in obesity.

In accord with those studies and consistent with the recently published study by Patsch et al,
and Cao et al. showing that obesity resulted in significant bone loss, particularly in the
trabecular architecture in young C57BL/6J male mice (Cao et al., 2009; Patsch et al.). Age-
related bone loss is characteristic of both male and female C57BL/6J mice (Glatt et al.,
2007); therefore, both CO and LC have absolutely low relative bone volume (BV/TV) due to
age, noting the accelerated trabecular bone loss in CO-fed mice. Our study is distinguished
by its emphasis on a model of a westernized diet-induced obesity and inflammatory bone
resorption. It provides insight to resolve the question of how much fat deposition in the BM
is safe with aging in females. It is also be worth mentioning that BM fat and bone mass are
not always inversely proportional. For example, the C3H/HeJ mouse strain has both high
BM adiposity and high BMD (Rosen, 2008). Eventually, exact thresholds of BM adiposity
with aging in obesity need to be investigated. Obesity also leads to type 2 diabetes, a factor
of the metabolic syndrome, which consistently demonstrates increased BMD, but
compromised bone strength in men (Petit et al., 2009). In addition, postmenopausal obese
women, thought to be at high risk for fracture (Premaor et al., 2009) and knee osteoarthritis
(Sowers and Karvonen-Gutierrez), exhibit this same trend. Currently, the precise mechanism
for musculoskeletal complications in obesity is unclear; here, we provide a compelling
rationale to investigate these mechanisms in greater detail.

Aging leads to changes in body composition and fat distribution that have negative effects
on bone mass and health (Kuk et al., 2009). Aging results in a preferential shift to

Exp Gerontol. Author manuscript; available in PMC 2012 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Halade et al.

Page 9

adipogenesis, among osteoblast precursor cells (Duque and Troen, 2008). Therefore, it is
conceivable that a certain fat accumulation to be beneficial to bone homeostasis and that
excess of fat over an undefined threshold would decrease bone mass. It might be either an
independent factor or might be a cofounding factor contributing to bone loss in obesity
phenotype.

Obesity-mediated change in fat metabolism impacts skeletal health by stimulating
osteoclastogenesis in the BM microenvironment. Bone resorption and formation are linked
through the RANK/RANKL/OPG axis (Bai et al., 2008; Khosla, 2001). The activation of the
receptor for RANKL (RANK) is a key step in the differentiation into mature osteoclasts
(Feng, 2005; Yasuda et al., 1998) and an endogenous antagonist of RANKL is
osteoprotegerin (OPG), also known as osteoclastogenesis inhibitory factor (OCIF), which
inhibits the production of osteoclasts by blocking the RANKL-RANK interaction. In accord
with those previous findings (Cao et al., 2003; Cao et al., 2010; Kyung et al., 2009), we
observed that CO-induced osteoclastogenesis correlates with an increase of RANKL (Figure
5) and a decrease of OPG (Figure 6). These results suggest that a CO diet may contribute to
bone loss, through the modulation of RANK/RANKL/OPG axis in favor of
osteoclastogenesis,

Of interest, we observed that a CO diet increases ROS production in undifferentiated BM
cells and osteoclasts. Since the stimulation of osteoclast formation by RANKL generates
reactive oxygen species (ROS) through Nox enzymes (Lee et al., 2005), it is possible that a
CO-enriched diet alters Nox activity or expression, thereby, contributing to oxidative stress-
mediated bone resorption. Nox1, Nox2, and Nox4 enzymes are expressed in osteoclasts and
their precursor cells. While the role of Nox-dependent ROS production is found to be
necessary for the differentiation of monocyte/macrophage lineage cells into osteoclasts, the
exact role and contribution of the different Nox remains unclear (Sasaki et al., 2009). The
fact that the effect of a CO diet is prominent in undifferentiated cells suggests that
macrophages, which are the immediate precursor of the osteoclast, are possibly directly
affected by the diet. These results suggest that a CO diet may alter hematopoiesis. However
it remains to be determined which BM cell populations are affected by the diet, how they are
affected and which Nox enzymes might be contributing to this CO-induced
osteoclastogenesis.

In summary, our results questioned the traditional dogma that obesity increases bone mass
(Wardlaw, 1996) and adipocytes act as inactive fillers in the BM. We showed that obesity
enhanced osteoclastogenesis and reduced osteoblast formation affecting overall bone
homeostasis in favor of bone resorption (Figure 9). Furthermore, our results suggest a
plausible mechanism where the accumulation of adipocytes in the BM may increase
inflammation and bone resorption in a redox-dependent manner. Future detailed mechanistic
studies in this innovative area are necessary to identify the complex molecular pathways
involved in BM adipogenesis and osteoporosis progression.
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Figure 1.

CO-fed mice increased body weight (g) and % fat, compared to standard diet-fed mice (LC)
measured by DXA. (A) Body weight, (B) Body weight gain, and (C) % fat. All
measurements were performed in 18-month-old C57BL/6J female mice (n=10) fed with CO
or LC for 6 months. Data are mean + SEM. Results were analyzed by t-test (unpaired) and p
<0.05 was considered significant.
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Figure 2.

Osteoclastogenesis from BM cells of corn oil (CO)-and LC-fed female C57BL/6J mice. BM
cells from 12-month-old C57BI/6J fed with LC or CO for 6 months were cultured with or
without 150 ng/ml RANKL and 100 ng/ml M-CSF for 6 days. Half of the medium was
replaced with fresh medium every 3 days. These cells were fixed and stained with TRAP on
day 6. Numbers of TRAP-positive, multinucleated cells containing three or more nuclei
were counted. Values are means + SEM of three independent experiments. (A) TRAP on
plastic plate, (B) Number of TRAP+ MNCs on plastic, (C) TRAP on dentin slice, (D)
Number of TRAP+ MNCs on dentin slice, (E) Resorption pits and (F) Pit area (um?) that
formed were measured, after the BM cells were cultured with or without 150 ng /ml
RANKL and 100 ng/ml MCSF for 6 days. After removal of the cells, the thin films and the
dentine slices stained with 0.5% toludine blue and were photographed. Values are means +
SEM of two independent experiments analyzed by t-test (unpaired). Scale bar in (A), (C)
and (E) are 650pum.
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Figure 3.

Structural parameters of trabecular bone in the distal femoral metaphysis in mice fed the CO
and the LC diet. (A) The figures illustrate the region in the mouse femur analyzed by uCT.
(B) Gray-scale image showing the amounts of trabecular bone in the distal femurs. An
evaluation of trabecular bone structural parameters was done in a region of interest that
consisted of 100 slices starting from approximately 0.1 mm distal to growth plate,
constituting 0.72 mm in length. (C) Relative bone volume (BV/TV), (D) Trabecular
thickness (TbTh), and (E) Trabecular number (TbN). Data are mean£SEM (n=6). Results
were analyzed by t-test (unpaired) and p <0.05 was considered significant.
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Figure 4.

Femural sections for TRAP activity illustrate clear differences in osteoclast number. TRAP
+ve staining for osteoclasts in femur of 12-month-old female C57BL/6J mice fed with CO
and LC for 6 months. Note overall increased number of osteoclasts along the trabecular bone
surface in CO-fed mice (left panel) compared with LC-fed mice (right panel). All sections
were counterstained with Haematoxylin (n=5). Original magnification is 10X. (A) TRAP+
multinucleated osteoclasts aligned the trabecular bone length (Upper panel), (B) Number of
osteoclasts per millimeter of trabecular bone length (Lower panel). Scale bar in (A) is 125
um. Results were analyzed by t-test (unpaired) and p <0.05 was considered significant.
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Figure 5.

Immunohistochemical staining for RANKL protein expression (DAB) in 12-month-old
female C57BL/6J mice fed with CO or LC for 6 months. All sections were counterstained
with Haematoxylin (n=5). (A) Higher RANKL protein demonstrated in femur of CO-fed
mice using immunostaining (white arrows) compared to standard diet-fed mice (LC). (B)
Optical density of staining on 5 individual mouse femurs. Scale bar in (A) is 125 um.
Results were analyzed by t-test (unpaired) and p <0.05 was considered significant.
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Figure 6.

OPG staining is more prominent in LC than CO-fed mice in the bone microenvironment,
particularly in bone marrow. (A) Representative images of immunohistochemical staining
for OPG in 12 months old female C57BL/6J mice fed with CO or LC for 6 months. All
samples were counterstained with Haematoxylin (n=5). OPG staining (DAB) in cells within
bone marrow remote from bone demonstrating strong expression of OPG in numerous cells
in LC-fed mice than CO-fed mice. (B) Relative area of staining on 5 individual mouse
femurs. Scale bar in (A) is 125 um. Results were analyzed by t-test (unpaired) and p <0.05
was considered significant.
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Gene expression of inflammatory cytokines (IL-1p, IL-6 and TNF-a), osteoclasts,
osteoblasts and adipocytes specific mMRNAs in CO-and LC-fed mice. RNAs were isolated
from femur of 18 month-old C57BL/6J female mice fed CO or LC for 6 months. Transcript
levels of (A) IL-1B, (B) IL-6 and (C) TNF-a, (D) PPARYy, (E) cathepsin K, and (F) RUNX2/
Cbfal were measured by real-time RT-PCR using GAPDH mRNA level as an internal
quantity control. Values are means + SEM (n=5). Statistical significance (P<0.05) was
measured CO vs LC-fed mice using student's t-test (unpaired).
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Figure 8.

Spontaneous (Diamond, triangle) or 50 ng/ml PMA-stimulated (square, X) superoxide
production was determined in freshly isolated bone marrow cells (A, B), undifferentiated
bone marrow cells (C, D) and osteoclasts (E, F) obtained from 18-month old female C57BL/
6J mice fed with CO and LC diet. (A, C, E) Chemiluminescence output of the cells
incubated or not with PMA for the indicated times. (B, D, F) Superoxide production was
calculated as the area under the curve after the normalization by the subtraction of the zero-
time value of the chemiluminescence output. The data expressed are the means +/— SEM of
3 independent experiments. Statistical significance versus cells obtained from LC-fed mice
is indicated (p<0.05). BMC: bone marrow cells, CO: corn oil, LC: Lab chow (standard diet),
OCs: Osteoclasts, PMA: Phorbol 12-myristate 13-acetate, SOD: Superoxide dismutase.
Results were analyzed by t-test (unpaired) and p <0.05 was considered significant.
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Figure 9.

Two primary mechanisms promote increased osteoclastogenesis and bone resorption in
obesity. Increased BM adiposity (Halade et al., 2010) produces elevated levels of pro-
inflammatory cytokines IL-1p, IL-6 and TNF-a. These cytokines promote increased
RANKL expression in stromal cells, which leads to enhanced osteoclastogenesis.
Furthermore, increased PPARYy leads to adipogenesis, resulting in lowered RUNX2/cbfal
and OPG expression and eventually to reduced bone mass.
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