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Abstract

Background: It is well established that excessive consumption of a high fat diet (HFD) results in obesity; however, the
consequences of obesity on postnatal skeletal development have not been well studied.

Methodology and Principal Findings: Total enteral nutrition (TEN) was used to feed postnatal day 27 male rats
intragastrically with a high 45% fat diet (HFD) for four weeks to induce obesity. Fat mass was increased compared to rats fed
TEN diets containing 25% fat (medium fat diet, MFD) or a chow diet (low fat diet, LFD) fed ad libitum with matched body
weight gains. Serum leptin and total non-esterified fatty acids (NEFA) were elevated in HFD rats, which also had reduced
bone mass compared to LFD-fed animals. This was accompanied by decreases in bone formation, but increases in the bone
resorption. Bone marrow adiposity and expression of adipogenic genes, PPARc and aP2 were increased, whereas
osteoblastogenic markers osteocalcin and Runx2 were decreased, in bone in HFD rats compared to LFD controls. The
diversion of stromal cell differentiation in response to HFD stemmed from down-regulation of the key canonical Wnt
signaling molecule b-catenin protein and reciprocal up-regulation of nuclear PPARc expression in bone. In a set of in vitro
studies using pluripotent ST2 bone marrow mesenchymal stromal cells treated with serum from rats on the different diets
or using the free fatty acid composition of NEFA quantified in rat serum from HFD-fed animals by GC-MS, we were able to
recapitulate our in vivo findings.

Conclusions/Significance: These observations strongly suggest that increased NEFA in serum from rats made obese by
HFD-feeding impaired bone formation due to stimulation of bone marrow adipogenesis. These effects of obesity on bone in
early life may result in impaired attainment of peak bone mass and therefore increase the prevalence of osteoporosis later
on in life.
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Introduction

Although it is well established that excessive consumption of a

high fat diet (HFD) results in obesity, the consequences of obesity

on development, maturation and remodeling of the skeletal system

have not been well studied [1], [2]. Body weight (total mass

relative to height) can be a strong determinant of bone mass,

reflecting adaptation of skeletal remodeling to loading. However, if

the confounding factor of body weight is adjusted for, a strong but

inverse association between percent fat mass and bone mass is

observed [3], suggesting that body composition may be just as

important a determinant of bone quality as total body mass.

Although somewhat controversial, it has been hypothesized that

increased body fat has a negative effect on attaining peak bone

mass and bone mineral content [4], [5]. While the relationship

between obesity and bone loss and the underlying mechanisms

involved are still poorly understood, it is clear that obese children

have a significantly increased fracture risk [6] and a direct

demonstration of the effects of dietary-induced obesity on bone

loss is required.

Bone marrow surrounds trabecular elements of the skeleton and

is composed of pluripotent stromal cells. Stromal cells are

regulated by a number of factors. When osteoblast differentiation

signals, such as Runx2 and Wnt/b-catenin are activated, stromal

cells are driven into the osteoblast lineage [7]. In contrast, entry of

stromal cells into the adipocyte lineage occurs through activation

of the nuclear receptor peroxisome proliferator-activated receptor-

gamma (PPARc). Since bone and fat cells share a common origin,

a switching mechanism in mesenchymal stromal cells (MSCs) may

explain some previous observations in which factors enhance bone
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marrow adipogenesis at the expense of osteoblast differentiation

[8]. It is not known how dietary-induced obesity affects osteoblast

or adipocyte differentiation from MSCs. However, we do know

that increased adipose tissue mass leads to an increase in release of

biologically active factors, such as adipokines and free fatty acids

(FFAs), which may affect this process. Although the mechanism by

which FFAs influence the development of chronic diseases is not

clearly understood, FFAs might be a candidate to produce bone

loss [9], because decreased bone formation [10] and increased

bone resorption [11] have been shown under conditions of

hyperlipidemia. Epidemiological studies also suggest that bone

mineral density is significantly related to serum lipid profiles [12].

Bone biopsies from rodents [13] and patients [14] with

degenerative bone disorders such as osteoporosis have revealed

fat accumulation in marrow and this may be accompanied by

decreases in fatty acid (FA) unsaturation [15]. Leptin (the major

adipokine produced by fat cells) is another potential link between

obesity and bone mass. Leptin has been shown to regulate bone

mass indirectly via stimulation of bone resorption through a

neuroendocrine circuit [16]. In addition, functional leptin

receptors have recently been described in bone marrow stromal

cells and suggested to have multiple direct actions, dependent on

differentiation status [17].

In the current study, we utilized a total enteral nutrition (TEN)

rat model to feed different diets containing differing amounts of fat

during early life. We tested the hypothesis that HFD-induced

obesity may impair bone development through elevated FFA levels

by increasing bone marrow adipogenesis at the expense of

osteoblast differentiation. We show that HFD-induced obesity

favors activation of PPARc while suppressing Runx2 and b-

catenin in bone and pre-osteoblasts. The changes in differentiation

of adipocytes and osteoblasts observed in bone in vivo of these obese

animals were also demonstrated in vitro after exposing mesenchy-

mal stromal cells to serum from HFD-induced obese animals or to

an artificial mixture of purified FAs which mirrors the composition

of non-esterified free fatty acids (NEFA) appearing in serum from

HFD-induced obese rats.

Results

Body Weights, Body Fat and Bone Composition
TEN was utilized to tightly match body weight gains in all three

diet groups. However, after 4 weeks of feeding, gonadal and

retroperitoneal adipose tissue (percent body weight) differed and

was lowest in the LFD group and highest in the HFD group

(P,0.05) (Figure 1). Trabecular BMC was lower (P,0.05) in the

HFD compared to either the LFD control or MFD groups

(Figure 1E). Importantly, trabecular BMD was inversely

associated with dietary fat content and the observed retroperito-

neal and gonadal fat accumulation independent of body weight

(Figure 1F). There were no differences in total and cortical BMD

among groups (Figure 1G, H) indicating that short term HFD-

induced obesity may initially effect trabecular bone compartment,

a site of relatively high bone turnover, before eventually effecting

total and cortical BMD.

Adipogenesis in Bone
To determine if obesity affected balance between osteoblasto-

genesis and adipogenesis in the bone marrow, we measured bone

turnover markers, obesity associated factors in rat serum and

expression of key genes in bone tissue. Consistent with previously

observed enhanced osteoclastic bone resorption in obese animals

[18], we found the serum bone resorption marker RatLaps (C-

terminal telopeptide of rat type I collagen) to be greater in the

HFD-induced obese group than in the MFD or LFD groups

(P,0.05; Figure 2B). On the other hand, lower serum levels of

the specific bone formation marker osteocalcin was also found in

the HFD-induced obese animal group compared to both MFD

and LHD groups (P,0.05;Figure 2A). Serum leptin levels are

positively associated with body fat (Figure 2C). However,

increases in serum NEFA were only significant in the HFD-

induced obese animal group compared to LFD group. NEFA were

presumably derived in part from dietary lipid and in part from

hydrolysis of triglycerides in adipose tissue (Figure 2D). As can be

seen from the H&E sections depicted in Figure 3A, bone marrow

from HFD-induced obese animals had a higher accumulation of

fat than the other two groups (P,0.05). Real-time RT-PCR

analysis of mRNA levels of adipocyte-specific genes PPARc and

aP2 in bone, following aspiration of bone marrow cells, confirmed

the histological findings (Figure 3D and E). mRNA levels of

bone forming gene osteocalcin and the osteoblast differentiation

transcription factor Runx2 were inversely associated with the

amount of fat intake (Figure 3 B and C; P,0.05).

PPARc and b-catenin
In an effort to decipher the molecular signaling involvement in

bone leading to the increased in bone marrow adiposity and

decreased bone formation in HFD-induced obese animals, we

examined the PPARc and b-catenin protein expression in bone

without bone marrow cells and bone marrow. PPARc and b-

catenin are well known adipogenic and osteoblastogenic signaling

molecules, respectively. Although we could not identify the specific

cell type, immunochemistry of b-catenin from tibial bone sections

revealed that expression of b-catenin was lower in the HFD-

induced obese animals compared to the LFD control group

(P,0.05; Figure 4A). Results from western blots of total proteins

isolated from femur, with bone marrow cells removed, confirmed

that b-catenin protein expression was significantly down-regulated

in the HFD-induced obese animals (Figure 4B). b-Catenin

protein expression was lower in the MFD group compared with

LFD controls, but was higher in this group than the HFD-induced

obese animals (P,0.05; Figure 4B). The expression of PPARc
protein in bone was opposite to b-catenin. The expression of

PPARc protein, especially nuclear fractions from bone from the

HFD-induced obese animals, was higher than in either of the

other two groups (P,0.05; Figure 4B). These data suggest that

HFD-induced obesity reciprocally regulates osteoblastogenesis and

adipogenesis.

Serum from HFD-Induced Obese Rats and an Artificial
Mixture of FAs Suppress Osteoblast Differentiation In
Vitro

We next examined the ability of serum from the HFD-induced

obese rats and of a mixture of FAs to affect osteoblast

differentiation. To do this, bone marrow derived mesenchymal

stromal ST2 cells were first treated with media containing 2%

serum from animals from each diet group for 72 h. Similar to the

in vivo data, real-time PCR revealed that b-catenin gene expression

was down-regulated by serum from the HFD-induced obese

animals compared to serum from LFD controls (P,0.05;

Figure 5A). On the other hand, PPARc gene expression was

up-regulated by HFD-induced obese rat serum (P,0.05;

Figure 5A). Similar to previous studies with macrophages [19],

we examined the effects of FAs (a 2:1 mixture of palmitate and

oleate acids) which are known to be elevated in serum of obese

individuals on ST2 cells and found a similar pattern of b-catenin

and PPARc gene expression. After 48 h treatment, b-catenin
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mRNA was down-regulated in a concentration-dependent man-

ner; whereas, PPARc was up-regulated by FFAs (P,0.05;

Figure 5B). Consistent with real-time data, western blot showed

an inverse association between b-catenin and PPARc. When ST2

cells were treated with FAs, down-regulated b-catenin was also

accompanied with up-regulated PPARc (P,0.05; Figure 5C).

On the other hand, when cells were treated with soluble Wnt3a, a

well known b-catenin agonist, up-regulated b-catenin was

accompanied with down-regulation of PPARc expression

(P,0.05; Figure 5C). To further examine composition and

concentration of FAs in serum NEFA from our experimental

animals, we used GC-MS after TLC separation (Figure 6A). We

found that there were 5 major FAs: palmitic, stearic, oleic, linoleic

and arachidonic acid in the ratio of 5:1:2:3:1 in rat serum and

roughly 5-fold higher concentrations in HFD-induced obese rats

with palmitate as the most prominent FA compared to either of

the other two diet groups (Figure 6B). We next tested whether the

mixture of five FAs based on the ratio and concentration of NEFA

appearing in serum from obese rats would regulate b-catenin and

PPARc in pre-osteoblasts and observed up-regulated PPARc and

concomitantly down-regulate b-catenin expression (Figure 6C,
D). The up-regulation of PPARc was also found in osteogenic

cells, such as calvarial cells isolated from neonatal rat calvaria (data

not shown here). ST2 cells were also treated with serum from rats

from each diet group or FAs in the presence of either osteogenic

(OB) medium or Wnt3a for 8 d. Both serum from the HFD-

induced obese rats and FAs suppressed bone specific alkaline

phosphatase (ALP) activity as assessed by ALP staining (P,0.05;

Figure 7A), indicating that osteoblast differentiation was

suppressed. We next explored potential mechanisms by which

HFD-induced rat serum and FAs could attenuate pro-osteogenic

canonical Wnt signaling. While both serum from HFD-fed rats

and FAs significantly increased PPARc promoter activity as

determined by a PPRE-luciferase reporter assay in C2C12 cells

(Figure 7B), b-catenin/TCF-mediated transcription was sup-

pressed (P,0.05; Figure 7B). We finally examined whether there

Figure 1. Effect of increasing dietary fat on body weight and composition in male rats. LFD, low fat diet (control pelleted AIN-93G 14% fat
diet); MFD, medium fat TEN diet (25% fat diet); HFD, high fat TEN diet (45% fat diet). (A), growth curves from three different diet groups. (B), visceral
(gonadal fat) % body weight and (C), abdominal fat % body weight (D), Representative pseudocolored images of tibial peripheral quantitative CT scans
(pQCT) (slice 3) from LFD, MFD and HFD rats. Color changes from blue, yellow, red, to gray represent decreases in bone density. Decreased bone mass in
male rats fed HFD can be visualized. (E), total tibial bone mineral content (BMC). (F), tibial trabecular bone mineral density (BMD). (G), total tibial BMD. (H),
tibial cortical BMD. Data bars are expressed as mean 6 SEM (n = 6/group). Means with different letters differ significantly from each other at P,0.05,
a,b,c as determined by two-way ANOVA followed by Student-Newman-Keuls post hoc analysis for multiple pairwise comparisons.
doi:10.1371/journal.pone.0013704.g001
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is an inter-relation between suppressed b-catenin and activated

PPARc in pre-osteoblasts. C2C12 cells were transfected with

siRNA against b-catenin. Silencing of b-catenin in pre-osteoblasts

increased expression of endogenous PPARc (Figure 7C), indi-

cating the possible existence of switch programs in pre-osteoblasts

that direct differentiation to either osteoblasts or adipocytes under

appropriate stimuli. Finally, we have examined whether the

increased expression of PPARc leads to increased activity and

transcriptional regulation of target genes. Sensitive TransAMTM

transcription factor ELISA was performed and DNA binding for

activated PPARc transcription factor was analyzed using samples

from both in vivo and in vitro. As data depicted in Figure 8A,

transcriptional factor abundance was significantly increased in

bone from obese animals and in pre-osteoblasts treated with FAs

and serum from obese animals. To further detect whether FAs

enhances binding of PPARc and its target genes, ChIP assay was

carried out on the mouse aP2 gene (Figure 8B). We used an

antibody against mouse PPARc and subsequent PCR amplifica-

tion of adjacent PPRE in the enhancer of the murine aP2 (a known

target gene for PPARc) gene. We found that there was a

pronounced increase in the binding of PPARc to the aP2 enhancer

in ST2 cells treated with FAs. These data indicated that HFD-

induced obesity and FAs not only increase PPARc expression but

also its transcriptional activity.

Discussion

Bone development during the post-natal period is largely

influenced by diet intake, intrinsic hormonal milieu and physical

stimulus, although genetics or pre-natal programming may also

play an important role. Positive correlations have been observed

between body mass (weight or body mass index) and bone mineral

density, particularly at weight-bearing sites [20]. Several recently

published studies have highlighted a negative association between

obesity and either bone density or quality [21], [22], however,

none of these previous studies demonstrated a direct effect of

HFD-induced obesity on bone growth. It needs to be noted that

body composition varies widely among some populations with the

Figure 2. Effects of feeding HFD on serum leptin, non-esterified fatty acids (NEFA) and bone turnover markers. Serum bone formation
marker osteocalcin (A), resorption marker RatLaps (B), leptin levels (C), and NEFA levels (D) were measured using standard ELISA methods. Data bars
are expressed as mean 6 SEM (n = 6/group). LFD, low fat diet (control pelleted AIN-93G 14% fat diet); MFD, medium fat TEN diet (25% fat diet); HFD,
high fat TEN diet (45% fat diet). Means with different letters differ significantly from each other at p,0.05, a,b,c as determined by two-way ANOVA
followed by Student-Newman-Keuls post hoc analysis for multiple pairwise comparisons.
doi:10.1371/journal.pone.0013704.g002
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same body mass [23]. We used TEN to carefully feed diets that

differed in composition and because we could regulate the amount

of diet fed, we could infuse varied levels of total calories to establish

groups of rats which had of the same body weight, but differed

significantly in body composition to mirror this human situation.

The TEN model provides all the nutrients for rats recommended

by the National Research Council, it allows precise control of

caloric intake and manipulation of percentage of dietary fat. We

believe that using this model results in several distinct advantages

over other recent studies of obesity and bone. It not only presents a

highly reproducible and precise model to control calorie and fat

intake, but also eliminates the additional variable of differences in

weight gain. Rats fed the high fat diet (HFD) became obese (higher

percent body fat), while rats fed the low fat diet (LFD) gained the

same weight, but remained leaner. Using this animal model, we

were able to study the balance between adipocyte and osteoblast

differentiation from MSCs in bone and bone marrow in response

to obesity, independent of body weight. Our findings are

consistent with other situations such as aging, osteoporosis and

chronic alcohol abuse in which increased bone marrow adiposity

accompanies decreased bone formation and bone loss [13], [22].

Both in vivo and in vitro studies have indicated that increased NEFA

associated with HFD feeding-induced obesity may be directly

responsible for both increased marrow adipogenesis and decreased

osteoblast differentiation.

During the preparation of this manuscript, Bielohuby et al

reported that feeding a low-carbohydrate/high fat diet ad libitum

could result in significantly more visceral and bone marrow fat,

induce low BMD, and reduce bone formation in rats [24], which

are consist with our current findings. Although these investigators

showed similar changes in BMD and bone formation and

significant accumulation of fat mass, the dietary fat content was

excessive. Fat was 66% and 95% of total calories which is well

above the 30-45% commonly consumed by U.S. populations [25]

and used in the current study.

Another feature of the current study was the use of serum from

treated rats to study cells in culture. The idea is to determine if

blood born factors could be identified as bioactive components

that mediate the effects on bone observed in vivo. We have

successfully used serum from animals fed different dietary

components, such as soy protein isolate and blueberries, to treat

stromal cells in vitro in previous bone formation and resorption

studies [26], [27]. In the present report, serum from LFD control,

MFD and HFD-fed rats was used to treat ST2 or C2C12 cells, and

cell differentiation into osteoblasts was examined. While both

C2C12 and ST2 cells are derived from bone marrow, compared to

committed bipotential C2C12 cells, ST2 cells are pluripotent

mesenchymal stem/stromal cells. There were some technical

reasons for choosing these two different cells in the study, for

example transfection efficiency, however, by using these two cell

types, our results implicate the possibility that obesity has effects on

both osteoblast differentiation and commitment. Using these cell

lines treated with HFD rat serum, we were able to confirm our

hypothesis that there is an inverse relationship between differen-

tiation of adipocytes and osteoblasts within the marrow cavity

[28], and that this balance is disrupted in obesity.

Figure 3. Increased adipogenesis in bone and bone marrow in HFD-induced obese animals. (A), Represented H&E staining picture of
increased bone marrow adiposity in tibial bone section from HFD-induced obese animals (10x). (B) and (C), osteocalcin and Runx2 gene expression
measured using real-time RT-PCR. (D) and (E), PPARc and aP2 gene expression measured using real time RT-PCR. Total RNA was isolated from femur
of each animal after bone marrow aspiration for RT-PCR. LFD, low fat diet (control pelleted AIN-93G 14% fat diet); MFD, medium fat diet (25% fat diet);
HFD, high fat TEN diet (45% fat diet). Data bars are expressed as mean 6 SEM (n = 6/group). Means with different letters differ significantly from each
other at p,0.05, a,b,c as determined by two-way ANOVA followed by Student-Newman-Keuls post hoc analysis for multiple pairwise comparisons.
doi:10.1371/journal.pone.0013704.g003
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Since serum from HFD rats drives adipocyte differentiation while

at the same time diminishing osteoblast differentiation, we next

sought to determine which serum component may be the causal

factor. Although leptin may play some role in the effects of high fat

feeding in vivo [16], its main action on bone turnover is an indirect

stimulation of bone resorption via effects on RANKL expression [16].

Direct actions of leptin on bone formation are far less clear and

appear to be related to regulation of mineralization [17]. However,

evidence has been shown that there are biologically relevant PPARc
ligands produced during adipogenesis [29]. It remains to be

determined if these endogenous PPARc ligands also inhibit

osteogenesis. We demonstrated that the concentration and ratio of

FAs appearing in serum from HFD-induced obese rats can inhibit

osteoblast differentiation. Our data indicate that NEFA appears to

reciprocally regulate PPARc and Wnt/b-catenin expression in

stromal cells at the transition level, providing a mechanistic

explanation for the association between HFD-induced obesity with

increased marrow adipogenesis and increased bone loss. Although we

have identified and characterized individual FAs in NEFA from

serum of HFD rats, whether the effects of NEFA on osteoblast and

adipocyte differentiation are due to particular single FA or synergistic

effect of multiple FAs still needs to be further investigated. It is still

Figure 4. Increased PPARc but decreased b-catenin protein expression in bone from HFD-induced obese rats. (A) Representative
pictures of immunostained tibial bone sections using an anti-mouse b-catenin polyclonal antibody. White arrows indicate immunostained b-catenin,
and black arrows indicate bone tissues. (B), Western blots of PPARc (from total protein lysates, nuclear and cytoplasmic fractions), b-catenin and b-
actin are depicted for four samples from LFD, MFD and HFD groups. LFD, low fat diet (control pelleted AIN-93G 14% fat diet); MFD, medium fat TEN
diet (25% fat diet); HFD, high fat TEN diet (45% fat diet). Proteins were isolated from long bone after aspiration of bone marrow cells.
doi:10.1371/journal.pone.0013704.g004
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Figure 5. Serum from HFD fed rats and an artificial FA mixture down-regulate b-catenin but up-regulate PPARc in ST2 cells, Wnt3a
does the opposite. (A), ST2 cells were treated with 2% serum from LFD, MFD or HFD rats for 3 days. Cell RNAs were isolated and real-time PCR was
performed for b-catenin and PPARc. (B), ST2 cells were treated with three different concentrations of FAs (200, 400 or 800 mM) for 24 h and 48 h. Cell
RNAs were isolated and real-time PCR was performed for b-batenin and PPARc. (C), ST2 cells were treated with a FA mixture and Wnt3a respectively
for 24 h. Cell protein lysates were collected, and western blots were performed for b-catenin, PPARc and b-actin in duplicates. Data bars are
expressed as mean 6 SEM (n = 3/treatment). Means with different letters differ significantly from each other at P,0.05, a.b.c, *, P,0.05, versus
control as determined by two-way ANOVA followed by Student-Newman-Keuls post hoc analysis for multiple pairwise comparisons.
doi:10.1371/journal.pone.0013704.g005
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unclear whether NEFA-induced early stage adipocyte commitment is

an event independent of osteoblast differentiation since high levels of

functional PPARc may down-regulate the amount and transcrip-

tional activity of b-catenin. Silencing of endogenous b-catenin in pre-

osteoblasts leads to over-expression of PPARc, indicating that b-

catenin acts as a suppressor of PPARc in the osteoblast differenti-

ation. However, the exact molecular mechanism responsible for the

down-regulation of b-catenin by PPARc induced by NEFA remains

to be elucidated. It is possible that there is a direct protein-protein

interaction between PPARc and b-catenin, or there is an additional

protein such as TAZ, a transcriptional coactivator with PDZ-binding

motif [30] that plays a role in mediating b-catenin down-regulation.

In summary, we have presented results demonstrating impaired

bone quality in HFD-induced obesity. This appears to be due at

least in part to serum NEFA which can directly affect stromal cell

differentiation potential in bone marrow. HFD-induced obesity may

gradually impair the well maintained balance between adipocyte

and osteoblast differentiation in bone marrow, causing a shift that

favors adipogenesis while suppressing osteogenesis. We believe that

higher levels of NEFA in serum not only activate PPARc to

stimulate adipogenesis, but also suppress Wnt/b-catenin to inhibit

osteogenesis. Our data reveal a novel link between HFD-induced

obesity and low bone mass with profound implications for further

clinical and mechanistic research. Furthermore, these studies clearly

provide evidence to support the hypothesis that body composition

(independent of body weight) may be just as important a

determinant of bone quality as total body mass.

Materials and Methods

Animals and Diets
Time-impregnated female Sprague-Dawley rats (n = 6) (Harlan

Industries, Indianapolis, IN) arrived on gestational day 4 and were

individually housed in an Association for Assessment and

Figure 6. An artificial NEFA mixture based on the ratio and concentrations of FAs appearing in serum from obese rats reciprocally
regulates b-catenin and PPARc expression in ST2 cells. (A), GC-MS analysis of NEFA. To measure NEFA composition, 100 ml of serum from LFD,
MFD or HFD rats was characterized and quantified by a Shimazu QP-2010 GC-MS system after TLC separation. (B), Mean concentrations of the 5 major
FAs in NEFA are presented. (C), ST2 cells were treated with a NEFA mixture based on individual FA concentrations appearing in serum in LFD, MFD
and HFD rats for 24 and 48 h. Real-time RT-PCR of b-catenin and PPARc mRNA expressions. (D) Western blot analysis of b-catenin and PPARc (n = 3).
LFD, low fat diet (control pelleted AIN-93G 14% fat diet); MFD, medium fat TEN diet (25% fat diet); HFD, high fat TEN diet (45% fat diet). Data bars are
expressed as mean 6 SEM (n = 3/treatment). *, P,0.05, versus control (vehicle treatment) as determined by t-test.
doi:10.1371/journal.pone.0013704.g006
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Accreditation of Laboratory Animal Care-approved animal facility

at the Arkansas Children’s Hospital Research Institute with

constant humidity and lights on from 06:00–18:00 hrs at 22uC. All

animal procedures were approved by the Institutional Animal

Care and Use Committee at University of Arkansas for Medical

Sciences (UAMS, Little Rock, AR). The approval ID for this study

is 2567. Pregnant rats were fed AIN-93G standard diets made with

casein as the sole protein source. Litters from these dams were

culled to 5 male and 5 female pups. Male pups at post-natal day 20

were randomly assigned (8 per group) to AIN-93G diets with or

without surgery. Experimental diets were started 7 days later

following acclimation to surgery. The control, low fat diet (LFD)

group (n = 8) was fed an AIN-93G diet (14% fat) ad libitum [31].

The remaining rats were surgically implanted with an intragastric

cannula and fed by TEN as described previously [32–34]. Liquid

diets were formulated to contain the nutrients recommended by

the National Research Council. Rats were randomly assigned to

either high fat (HFD; n = 8) or medium fat TEN diets (MFD;

n = 8). The HFD diet contained 25% protein, 45% fat (corn oil),

and 30% carbohydrate and the MFD diet contained 25% protein,

25% fat (corn oil), and 50% carbohydrate. Body weights were

monitored daily and the infusion rate of TEN diets adjusted daily

in order to match the weight gain of TEN rats to that of the ad

libitum-fed LFD control group. The average amount of diet

consumed by TEN animals was 352 Kcal per kilogram of body

weight, and by control animals was 346 Kcal per kilogram of body

weight. Rats were infused TEN diets from 6 PM to 8 AM (lights off

7 PM to 7 AM) for 4 weeks. At the completion of the experiment,

rats were anesthetized by injection with 100 mg Nembutal/kg

body weight (Avent Laboratories), followed by decapitation, and

serum, left and right tibia, femur, and gonadal and abdominal fat

were collected.

Bone Analysis
Peripheral quantitative computerized tomography (pQCT) was

performed on formalin fixed left tibia for bone mineral density

measurement using a method well established previously in our lab

[32] using a STRATEC XCT 960 M unit (XCT Research SA,

Figure 7. Serum from HFD-induced obese rats and an artificial FA mixture suppress osteoblast differentiation. (A), ST2 cells were
cultured in 12 well plates. Cells were treated with 2% serum from LFD, MFD or HFD rats, 50 ng/ml Wnt3a, 400 mM FAs and their combination for 7
days in the presence or absence of osteogenic medium. Alkaline phophatase staining was performed. (B), 2% serum from HFD-induced obese rats
and an artificial FA mixture significantly decreased TCF/LEF-dependent transcription of a luciferase reporter gene (TOPFLASH) in C2C12 osteoblastic
cells compared with cells treated with LFD serum. Luciferase activity in C2C12 cells transfected with a PPRE-luc reporter construct and treated with
2% serum from LFD, MFD or HFD-fed rats, 50 ng/ml Wnt3a, 400 mM FAs and their combination for 24 h. (C), b-catenin gene was knock down using b-
catenin siRNA in ST2 cells. After 24 h of b-catenin siRNA, cell proteins were collected and western blot was performed for b-catenin and PPARc. Bars
are expressed as mean 6 SEM in triplicates. *, P,0.05, versus control by ANOVA followed by Student-Newman-Keuls post hoc analysis for multiple
pairwise comparisons.
doi:10.1371/journal.pone.0013704.g007
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Norland Medical Systems, Fort Atkins, WI) specifically configured

for small bone specimens. Software version 5.4 was used with

thresholds of 570 mg/cm3 to distinguish cortical bone and 214 mg/

cm3 to distinguish trabecular from cortical and sub-cortical bone.

Tibial bone mineral density (BMD) and bone mineral content

(BMC) were automatically calculated and color images generated.

The CVs for these measurements were ,2%. The position for

pQCT scanning was defined at a distance from the proximal tibia

growth palate corresponding to ,7% of the total length of the tibia.

Distance between each scanning was 1 mm, total of 5 scans (5 slices)

were carried out. Data were expressed as the mean of three

contiguous slices with the greatest trabecular bone density.

Serum Bone Remodeling Markers, Leptin and NEFA
The serum bone formation marker osteocalcin and the serum bone

resorption marker procollagen cross-links RatLaps were measured by

Rat-MIDTM osteocalcin ELISA and RatLapsTM ELISA, respec-

tively, from Nordic Biosciences Diagnostic (Herlev, Denmark).

Serum levels of Leptin (ALPCO Diagnostics, 26 Keewaydin Drive

Unit G. Salem, NH) and total non-esterified fatty acids (NEFA)

(Wako Diagnostics, Wako Chemicals USA, Inc. VA, USA) were

measured using standard ELISA method according to procedures

provided from the manufacturer. NEFA composition in serum from

HFD and LFD-fed rats was characterized and quantified using a

Shimazu QP-2010 GC-MS after TLC separation.

Bone Histology and Immunofluorescence
H&E staining and immunostaining for b-catenin on decalcified

tibia sections were carried out using standard protocol from

VectaStain ABC kit (Vector Laboratory, Burlingame, CA, USA).

For b-catenin immunostaining, sections were deparaffinized,

blocked with normal goat serum in 2% BSA-PBS for 30 min,

and incubated with polyclonal antibody to b-catenin for 60 min.

After three washes with PBS, sections were incubated with

biotinylated secondary antibody, which was labeled with strepta-

vidin-conjugated Alexa 488 (Molecular Probes, Carisbad, CA,

USA) and counterstained with DAPI (Molecular Probes, Carisbad,

CA, USA) [35].

RNA Isolation and Real-Time PCR Array
Rat femur bone was harvested followed by removal of marrow

cells by aspiration according to methods previously described [36].

RNA from femur tissue were extracted using TRI Reagent (MRC

Inc., Cincinnati, OH) according to the manufacturer’s recom-

mendation followed by DNase digestion and column cleanup

using QIAGEN mini columns [36]. Reverse transcription was

carried out using an iScript cDNA synthesis kit from Bio-Rad

(Hercules, CA). RNA isolation from in vitro cell culture was also

described previously [35]. All primers for real-time PCR analysis

used in this report were designed using Primer Express software

2.0.0 (Applied Biosystems), and are listed in Table 1.

Cell Culture
Bone marrow stromal cell line ST2 cells or C2C12 cells were

cultured in a-MEM supplemented with 10% fetal bovine serum

(FBS) (Hyclone, Logan, UT), penicillin (100 Units/ml), strepto-

mycin (100 mg/ml), and glutamine (4 mM). ST2 cells in 24- and 6-

well plates were treated in the presence or absence of 50 ng/ml of

soluble Wnt 3a (R & D Systems, Inc.) in combination with or

without 400 mM fatty acids (FAs, oleate and palmitate 1:2 mixture,

Sigma-Aldrich) for 7 days followed by ALP staining and collection

of proteins for western blotting according to previously published

methods [36]. FAs were dissolved in 95% ethanol at 60uC and

then mixed with pre-warmed BSA (10%) to yield a stock

concentration of 8 mM. Cells were also treated with a second

mixture of FAs, the composition, ratio and concentration of which

was based on the composition of NEFA appearing in serum from

HFD-fed rats. MEM (Invitrogen, Carlsbad, CA) supplemented

with 10% FBS, 1 mM ascorbyl-2-phosphate (Sigma-Aldrich), and

4 mM L-glutamine was used as osteoblast differentiation (OB)

medium while MEM supplemented with 10% FBS was used as

without OB medium. ST2 cells were also treated with cell culture

Figure 8. Activation of PPARc and regulation of its target gene. (A), nuclear proteins were extracted from rat tibia and from ST2 cells treated
with rat serum and FAs mixture using 10 cm dish. TransAM was performed for activity of PPARc. (B) ST2 cells were treated for 24 h with FAs mixture
according to the concentrations that appeared in animal circulation. ChIP of mouse aP2 enhancer elements by specific anti PPARc antibody. Control,
normal cell culture medium; LFD, low fat diet (control pelleted AIN-93G 14% fat diet); MFD, medium fat TEN diet (25% fat diet); HFD, high fat TEN diet
(45% fat diet). Bars are expressed as mean 6 SEM in triplicates. *, P,0.05, versus LFD by ANOVA followed by Student-Newman-Keuls post hoc analysis
for multiple pairwise comparisons. #, P,0.05, versus control by t-test.
doi:10.1371/journal.pone.0013704.g008

Table 1. Real-Time Reverse-Transcription Polymerase Chain Reaction (RT-PCR) Primer Sequences.

Gene Forward Primer Reverse Primer

Rat

Osteocalcin AAGCCCAGCGACTCTGAGTCT GCTCCAAGTCCATTGTTGAGGTA

RUNX2 CCGTGGCCTTCAAGGTTGTA ATTTCGTAGCTCGGCAGAGTAGTT

PPARc CCAAGTGACTCTGCTCAAGTATGG GTCATGAATCCTTGTCCCTCTGA

aP2 CCAAGCCCAACTTGATCATCAG TGGTCGACTTTCCATCCCACT

GAPDH TGAGGTGACCGCATCTTCTTG TGGTAACCAGGCGTCCGATA

Mouse

PPARc GCTTCCACTATGGAGTTCATGCT CCGGCAGTTAAGATCACACCTAT

b-Catenin GATATTGACGGGCAGTATGCAA AACTGCGTGGATGGGATCTG

GAPDH GTATGACTCCACTCACGGCAAA GGTCTCGCTCCTGGAAGATG

doi:10.1371/journal.pone.0013704.t001
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medium containing 2% serum from HFD-fed rats. Half of the cell

culture medium was changed every 2 d.

Constructs for Luciferase Assay and siRNA
Luciferase reporter constructs were introduced into C2C12 cells

by transient transfection using Lipofectamine 2000 (Invitrogen,

Carlsbad, CA, USA). PPRE-luciferase (PPRE-luc) expression

plasmids were kindly provided by B. Spiegelman, Harvard

Medical School, Boston, MA (Addgene plasmid 1015). TCF/

LEF-Firefly luciferase reporter plasmid (TOPFLASH) and control

reporter containing mutant TCF binding sites (FOPFLASH) were

purchased from Upstate Biotechnology. C2C12 cells were plated

in 48 well plates and transfected 24 h later with a total of 0.4 mg of

DNA. Luciferase activity assays were performed as previously

described [34]. b-catenin siRNA was purchased from Santa Cruz

Biotechnology, Inc. (sc-44253) and transfection of b-catenin

siRNA into C2C12 cells was performed following instruction

provided by manufacturer.

Western Blotting, TransAMTM and ChIP Assay
Right tibia bone tissue proteins and in vitro cellular proteins were

extracted using a cell lysate buffer described previously [35], [36].

Briefly, after cleaning of surrounding connective tissues and

aspiration of bone marrow cells, right tibia was smashed to small

pieces using surgical pliers. After adding about 400 ml of cell lysate

buffer, bone tissues were homogenized using a tissue homogenizer.

Nuclear and cytoplasmic protein extractions were performed using

NE-PER Nuclear and Cytoplasmic Extraction Reagents kit

purchased from PIERCE (cat# 78833, PIERCE Biotechnology).

b-catenin, PPARc and b-actin in bone tissue and in vitro osteoblasts

were assessed by Western immunoblotting using goat polyclonal

antibody recognizing b-catenin (Cell Signaling), rabbit polyclonal

antibody recognizing PPARc (Cell Signaling) and mouse poly-

clonal antibody recognizing b-actin (Sigma) followed by incuba-

tion with either an anti- rabbit or an anti-mouse antibody

conjugated with horseradish peroxidase (Santa Cruz). SuperSignal

West Pico chemiluminescent substrate (Pierce) was used for

developing blots. Quantitation of the intensity of the bands in

the autoradiograms was performed using a ChemiDoc XRS

imaging system (Bio-Rad). TransAMTM PPARc transcription

factor ELISA kits were purchased from Active Motif (Actove Motif

North America, Carlsbad, California, USA. Cat#40196). Nuclear

protein fractions from both tissue and cell samples were used for

TransAM assay. The assay was performed according to proce-

dures provided from the manufacturer. ChIP assay was performed

basically as described in the protocol of the ChIP assay kit from

Active Motif (Cat# 53008&53009). FAs treated ST2 cells were

cross-linked with formaldehyde in PBS for 10 min, lysed in lysis

buffer provided in the kit. 50 ml of chromatin was incubated with

anti-PPARc antibody from Santa Cruz (sc-7196x). Recovered

immunoprecipitates were used as template for PCR of aP2 gene

using the following mouse specific primers: aP2-F, CCTCCA-

CAATGAGGCAAATC; aP2-R, CTGAAGTCCAGATAGCTC.

Statistical Analyses
Data were expressed as means 6 standard error. One-way or

two way analysis of variance (ANOVA) followed by Student-

Newman-Keuls post hoc analysis was used to compare the

treatment groups. Values were considered statistically significant at

p,0.05.

Acknowledgments

We would like to give our thanks to Matt Ferguson, Tammy Dallari, Trae

Pittman and Jamie Badeaux for technical assistance.

Author Contributions

Conceived and designed the experiments: JRC TMB MJJR. Performed the

experiments: JRC OPL YT MLB. Analyzed the data: JRC OPL KS.

Contributed reagents/materials/analysis tools: XW KS. Wrote the paper:

JRC MLB TMB MJJR.

References

1. Zhao LJ, Liu YJ, Liu PY, Hamilton J, Recker RR, et al. (2007) Relationship of

obesity with osteoporosis. J Clin Endocrinol Metab 92: 1640–1646.

2. Zhao LJ, Jiang H, Papasian CJ, Maulik D, Drees B, et al. (2008) Correlation of
obesity and osteoporosis: effect of fat mass on the determination of osteoporosis.

J Bone Miner Res 23: 17–29.

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

1097–1104.

4. Weiler HA, Janzen L, Green K, Grabowski J, Seshia MM, et al. (2000)
Percentage body fat and bone mass in healthy Canadian females 10 to 19 years

of age. Bone 27: 203–207.

5. Leonard MB, Shults J, Wilson BA, Tershakovec AM, Zemel BS (2004) Obesity
during childhood and adolescence augments bone mass and bone dimensions.

Am J Clin Nutr 80: 514–523.

6. Chan G, Chen CT (2009) Musculoskeletal effects of obesity. Curr Opin Pediatr
21: 65–70.

7. Krishnan V, Bryant HU, Macdougald OA (2006) Regulation of bone mass by

Wnt signaling. J Clin Invest 116: 1202–1209.

8. Smas CM, Chen L, Zhao L, Latasa MJ, Sul HS (1999) Transcriptional

repression of pref-1 by glucocorticoids promotes 3T3-L1 adipocyte differenti-
ation. J Biol Chem 274: 12632–12641.

9. Oh SR, Sul OJ, Kim YY, Kim HJ, Yu R, et al. (2009) Saturated fatty acids

enhance osteoclast survival. J Lipid Res Apr 11 [Epub ahead of print].

10. Parhami F, Tintut Y, Beamer WG, Gharavi N, Goodman W, et al. (2001)
Atherogenic high-fat diet reduces bone mineralization in mice. J Bone Miner

Res 16: 182–188.

11. Tintut Y, Morony S, Demer LL (2004) Hyperlipidemia promotes osteoclastic
potential of bone marrow cells ex vivo. Arterioscler Thromb Vasc Biol 24:

e6–10.

12. Cui LH, Shin MH, Chung EK, Lee YH, Kweon SS, et al. (2005) Association
between bone mineral densities and serum lipid profiles of pre-and post-

menopausal rural women in South Korea. Osteoporosis Int 16: 1975–
1981.

13. Shankar K, Hidestrand M, Liu X, Chen JR, Haley R, et al. (2008) Chronic

ethanol consumption inhibits postlactational anabolic bone rebuilding in female
rats. J Bone Miner Res 23: 338–349.

14. Verma S, Rajaratnam JH, Denton J, Hoyland JA, Byers RJ (2002) Adipositic

proportion of bone marrow is inversely related to bone formation in
osteoporosis. J Clin Pathol 55: 693–698.

15. Yeung DK, Griffith JF, Antonio GE, Lee FK, Woo J, et al. (2005) Osteoporosis

is associated with increased marrow fat content and decreased marrow fat
unsaturation: a proton MR spectroscopy study. J Magn Reson Imaging 22:

279–285.

16. Takeda S, Elefteriou F, Levasseur R, Liu X, Zhao L, et al. (2002) Leptin
regulates bone formation via the sympathetic nervous system. Cell 111:

305–317.

17. Scheller LE, Song J, Dishowitz MI, Soki NF, Hankenson KD, et al. (2010)

Leptin functions peripherally to regulate differentiation of mesenchymal
progeitor cells. Stem Cells (In Press).

18. Kyung TW, Lee JE, Phan TV, Yu R, Choi HS (2009) Osteoclastogenesis by

bone marrow-derived macrophages is enhanced in obese mice. J Nutr 139:
502–506.

19. Zhou Q, Leeman SE, Amar S (2009) Signaling mechanisms involved in altered

function of macrophages from diet-induced obese mice affect immune responses.
Proc Natl Acad Sci U S A 106: 10740–5.

20. Felson DT, Zhang Y, Hannan MT, Anderson JJ (1993) Effects of weight and

body mass index on bone mineral density in men and women: the Framingham
study. J Bone Miner Res 8: 567–573.

21. Akridge M, Hilgers KK, Silveira AM, Scarfe W, Scheetz JP, et al. (2007)

Childhood obesity and skeletal maturation assessed with Fishman’s hand-wrist

analysis. Am J Orthod Dentofacial Orthop 132: 185–190.

22. Rosen CJ, Bouxsein ML (2006) Mechanisms of disease: is osteoporosis the

obesity of bone? Nat Clin Pract Rheumatol 2: 35–43.

23. Yajnik CS, Yudkin JS (2004) The Y-Y paradox. Lancet 363: 163.

24. Bielohuby M, Matsuura M, Herbach N, Kienzle E, Slawik M, et al. (2010) Short
Term Exposure to Low-Carbohydrate/High Fat Diets Induces Low Bone

Obesity Suppresses Bone Growth

PLoS ONE | www.plosone.org 12 October 2010 | Volume 5 | Issue 10 | e13704



Mineral Density and Reduces Bone Formation in Rats. J Bone Miner Res 25:

275–284.
25. Kennedy ET, Bowman SA, Powell R (1999) Dietary-fat intake in the US

population. J Am Coll Nutr 18: 207–212.

26. Chen JR, Singhal R, Lazarenko OP, Liu X, Hogue WR, et al. (2008) Short term
effects on bone quality associated with consumption of soy protein isolate and

other dietary protein sources in rapidly growing female rats. Exp Biol Med
(Maywood) 233: 1348–1358.

27. Chen JR, Lazarenko OP, Blackburn ML, Badeaux JV, Badger TM, et al. (2009)

Infant formula promotes bone growth in neonatal piglets by enhancing
osteoblastogenesis through bone morphogenic protein signaling. J Nutr 139:

1839–1847.
28. Gimble JM, Zvonic S, Floyd ZE, Kassem M, Nuttall ME (2006) Playing with

bone and fat. J Cell Biochem 98: 251–266.
29. Tzameli I, Fang H, Ollero M, Shi H, Hamm JK, et al. (2004) Regulated

production of a peroxisome proliferator-activated receptor-gamma ligand during

an early phase of adipocyte differentiation in 3T3-L1 adipocytes. J Biol Chem
279: 36093–36102.

30. Hong JH, Hwang ES, McManus MT, Amsterdam A, Tian Y, et al. (2005) TAZ,
a transcriptional modulator of mesenchymal stem cell differentiation. Science

309: 1074–1078.

31. Reeves PG, Nielsen FH, Fahey GC, Jr. (1993) AIN-93 purified diets for
laboratory rodents: final report of the American Institute of Nutrition ad hoc

writing committee on the reformulation of the AIN-76A rodent diet. J Nutr 123:

1939–1951.

32. Shankar K, Kang P, Harrell A, Zhong Y, Marecki JC, et al. (2010) Maternal

Overweight Programs Insulin and Adiponectin Signaling in the Offspring.

Endocrinology 151: 2577–2589.

33. Marecki JC, Ronis MJJ Badger TM (2010) Ectopic fat disposition and insulin

resistance develop after overfeeding of a high fat diet to prepubertal rats despite

increased adiponectin signaling. J Nutr Biochem (In Press).

34. Chen JR, Haley RL, Hidestrand M, Shankar K, Liu X, et al. (2006) Estradiol

protects against ethanol-induced bone loss by inhibiting up-regulation of

receptor activator of nuclear factor-kappaB ligand in osteoblasts. J Pharmacol

Exp Ther 319: 1182–1190.

35. Chen JR, Lazarenko OP, Haley RL, Blackburn ML, Badger TM, et al. (2009)

Ethanol Impairs Estrogen Receptor Signaling Resulting in Accelerated

Activation of Senescence Pathways While Estradiol Attenuates the Effects of

Ethanol in Osteoblasts. J Bone Miner Res 24: 221–230.

36. Chen JR, Shankar K, Nagarajan S, Badger TM, Ronis MJ (2008) Protective

effects of estradiol on ethanol-induced bone loss involve inhibition of reactive

oxygen species generation in osteoblasts and downstream activation of the

extracellular signal-regulated kinase/signal transducer and activator of tran-

scription 3/receptor activator of nuclear factor-kappaB ligand signaling cascade.

J Pharmacol Exp Ther 324: 50–59.

Obesity Suppresses Bone Growth

PLoS ONE | www.plosone.org 13 October 2010 | Volume 5 | Issue 10 | e13704


