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Body fat loss induced by calcium in co-supplementation with conjugated linoleic acid is
associated with increased expression of bone formation genes in adult mice ™ x
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Abstract

The potential of conjugated linoleic acids (CLA) and calcium in weight management in animal models and human studies has been outlined, as well as their
use to prevent bone loss at critical stages. In addition, it has been suggested that bone remodeling and energy metabolism are regulated by shared pathways and
involve common hormones such as leptin. We have previously shown that supplementation with CLA and calcium in adult obese mice decreases body weight
and body fat. The aim of the present study was to assess the effects of these two compounds on bone and energy metabolism markers on bone. Mice (C57BL/6])
were divided into five groups according to diet and treatment (up to 56 days): control (C), high-fat diet (HF), HF+-CLA (CLA), HF+calcium (Ca) and HF with both
compounds (CLA+Ca). At the end of treatment, bone formation markers were determined in plasma and expression of selected bone and energy markers was
determined in tibia by quantitative polymerase chain reaction. Results show that CLA was associated with decreased tibia weight and minor impact on bone
markers, whereas calcium, either alone or co-supplemented with CLA, maintained bone weight and promoted the expression of bone formation genes such as
bone gamma-carboxyglutamate protein 2 (Bglap2) and collagen Iae1 (Collal). Furthermore, it had a significant effect on key players in energy metabolism, in
particular leptin and adiponectin tibia receptors. Overall, in addition to the weight loss promoting properties of calcium, on its own or co-supplemented with

CLA, our results support beneficial effects on bone metabolism in mice.
© 2015 Published by Elsevier Inc.
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1. Introduction

In recent years, it has been suggested that the skeleton should be
considered an endocrine organ due to its close relationship with
energy metabolism, as well as with glucose and fat management. A
decade ago, it was proposed that both bone remodeling and energy
metabolism are regulated by common hormones and further studies
have proved that leptin, which appeared in evolution together with
the skeleton, is involved in the regulation of bone (see review [1]). In
addition, obesity can offer some protection against the development of
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osteoporosis, although adverse effects of mechanical loading caused
by excess body weight are also apparent [2,3].

The main biochemical marker of bone formation processes is
osteocalcin (OC), an osteoblast-specific, noncollagenous, vitamin K-
dependent molecule. Woo et al. [4] showed that bone regulates energy
metabolism using an OC knockout mice model, in which animals were
glucose intolerant and overweight. Further studies have shown that
this animal model also shows lower pancreatic (3-cell proliferation,
decreased insulin production and hyperglycemia, effects that are
reversed when given OC [5-7]. On the other hand, human studies have
shown that patients with obesity and/or metabolic syndrome
presented lower concentrations of OC in serum, as well as showing a
negative association between OC and body weight, body mass index,
fasting triglycerides, plasma glucose, insulin and HOMA (Homeostasis
Model Assessment) [8-11]. Furthermore, the metabolic activity of OC
is in turn regulated by leptin [12]. Together, this evidence supports the
role of skeleton as an endocrine organ contributing to the regulation of
energy balance.

Studies have shown that feeding a high-fat (HF) diet can result in
impaired bone formation [2,13]. On the other hand, it has been seen
that both calcium and conjugated linoleic acids (CLAs) may have a
positive effect on bone metabolism in cell cultures [14,15] and mice
[12,16-18], particularly on their potential in the prevention of
postmenopausal bone loss and osteoporosis. This is of interest when
considering their well-documented role on energy metabolism by
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promoting weight loss and reducing adiposity levels in a dose-
dependent manner [19-23]. Therefore, the aim of this study has been
to assess whether calcium and CLA had an added effect on bone and
energy-related metabolic markers in tibia in obese animals. To our
knowledge, this is the first in vivo study that looks into the effects of a
dietary co-supplementation with CLA and calcium regarding energy-
associated gene expression in bone.

2. Materials and methods
2.1. Animals, diets and supplementation

Male mice (C57BL/6]) were obtained from Charles River (Barcelona, Spain) at 5
weeks of age, weighing 214-0.1 g. Animals underwent an acclimatization period of 1
week and were then divided into groups of four ensuring equal weight average. Housing
conditions followed standard procedure and were kept under a 12-h light/dark cycle at
22°C with food and water ad libitum. Research Diets Inc (New Brunswick, NJ, USA)
provided all diets used and these were presented as pellets to the animals. Detailed
composition can be found in Ref. [23]. In brief, diets contained equal proportion of
protein (20% k) and carbohydrate was used to adjust the energy content. The standard
normal-fat diet (NF; 12% k] as fat) was used as control and an HF diet (43% k] as fat) was
used to induce obesity; both diets contained 4 g/kg of calcium. An HF diet enriched with
calcium (12 g/kg) (Ca group) was used to prevent fat gain [21,23].

Mice were divided into five groups (n=8) and were administered the following
diets and treatments for 54 days: a NF diet, a HF diet and a Ca diet. In addition, a daily
oral dose of CLA (6 mg, equivalent to 21.4 nmol/isomer/day) was given to HF animals
(CLA group) and to those following the calcium-enriched diet (CLA+Ca group). Tonalin
TG 80 (kindly provided by Cognis) is derived from safflower oil and was used as the CLA
supplement. It is composed of triglycerides containing approximately 80% CLA, with a
50:50 ratio of the active CLA isomers cis-9, trans-11 and trans-10, cis-12.

Food was changed twice a week and intake and body weight were registered every
3 days. Body weight, body composition and metabolic parameters (plasma leptin,
insulin, glucose and HOMA) have been previously published [23].

All procedures carried out were reviewed and approved by the Bioethical
Committee of the University of the Balearic Islands (approval 13th February 2006),
and university guidelines for the use and care of laboratory animals were followed.

2.2. Sacrifice and sample collection

Sacrifice of mice was carried out within the animal facilities, at the beginning of the
light cycle and after 10 h of starvation. An intraperitoneal injection made up of a mixture
of xilacine (10 mg/kg body weight) and ketamine (100 mg/kg body weight) was used as
anesthetic. Afterward, blood samples were collected by cardiac puncture using
heparinized syringes and needles (0.2% heparin diluted with saline; Sigma, Madrid,
Spain). To obtain the plasma, collected blood was centrifuged at 1000 xg for 10 min and
stored at —20°C until analysis. White adipose tissue (WAT) (including epididymal,
retroperitoneal, mesenteric and inguinal adipose tissue) and tibia of animals were
excised, weighed and cleaned with DEPC 0.1%. Bones were divided into two parts using
diagonal pliers and snap frozen at —80°C.

2.3. Determination of plasma parameters

Determination of plasma proteins using enzyme-linked immunosorbent assays was
carried out using commercial kits: undercarboxylated OC [uOC; Mouse Under-
carboxylated Osteocalcin ELISA Kit (EMELCA Bioscience, the Netherlands)], osteocalcin
[OC; Osteocalcin ELISA for mice (Uscn Life Science Inc., USA)] and propeptide of 1
collagen C-propeptide [P1CP; RatLaps ELISA (IDS Ltd, UK)].

2.4. Tibia RNA extraction, retrotranscription and real-time polymerase chain reaction

RNA extraction protocol was based on a previously published protocol [24].
Approximately 200 mg of tibia was ground by mortar and pestle, and homogenized with
Tripure Reagent (Roche Diagnostic Gmbh, Mannheim, Germany) at full speed for 45 s.
Samples were then centrifuged at 8600xg for 15 s at room temperature. RNA was
extracted from the supernatant with the RNeasy Mini Kit (Qiagen, UK). Isolated RNA
was quantified using NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies
Inc., Wilmington, DE, USA).

Samples were retrotranscribed and real-time polymerase chain reaction (PCR) was
carried out for the analysis of gene expression in tibia. Briefly, 0.25 pg of total RNA was
denatured at 65°C for 10 min and then reverse-transcribed to cDNA using MuLV reverse
transcriptase (Applied Biosystems, Madrid, Spain) at 20°C for 15 min, 42°C for 30 min
and 5 min at 95°C in a thermal cycler (Applied Biosystems 2720 Thermal Cycler, Madrid,
Spain). PCR was performed with diluted cDNA template, forward and reverse primers
(ranging from 2.5 to 10 pM) and Power SYBR Green PCR Master Mix (Applied
Biosystems, Carlsbad, CA, USA). All primers were designed and obtained from Sigma
Aldrich Quimica SA (Madrid, Spain), except bone gamma-carboxyglutamate protein 2
(Bglap2) [25], insulin receptor (Insr) [26] and osteotesticular protein tyrosine

phosphatase (OST-PTP) (G. Karsenty, personal communication, 2012). Table 1 includes
accession numbers and primer sequences. Real-time PCR was performed using the
Applied Biosystems StepOnePlus Real-Time PCR Systems (Applied Biosystems) with the
following template: 10 min at 95°C followed by 42 temperature cycles (15 sat 95°C and
1 min at 60°C). In order to verify the purity of the products amplified, a melting curve
was produced after each run according to the manufacturer's instructions. The
threshold cycle (Ct) was calculated by the instrument's software (StepOne Software
v2.0). Glutamate oxaloacetate transaminase 2, mitochondria (Got2) and tripartite
motif-containing 27 (Trim27) were used for normalization as reference genes. The
relative expression of each gene analyzed is presented as percentage of the expression
found in NF mice using the 2722 method [27].

2.5. Statistical analysis

Data are presented as means+S.E.M. Equality of variances between groups was
assessed by Levene's test. When homogeneity of variances was assumed, one-way
analysis of variance (ANOVA) was used to determine the significance of the different
parameters between groups. If there was a significant difference, a Bonferroni test was
used to determine where the difference lay and to correct for multiple testing. When
homogeneity of variances was not assumed, data were log transformed. Linear
relationships between key variables were tested using Pearson's correlation coeffi-
cients. Threshold of significance was set at P<.05. The analysis was performed using the
SPSS program for Windows version 21.0 (SPSS, Chicago, IL, USA).

3. Results

3.1. Calcium co-supplementation with CLA counteracts obesity induced
by HF feeding preventing bone loss

Significant differences were observed among groups regarding
WAT weight (P=.000). HF diet was associated with increased adipose
tissue in comparison to the rest of the groups, which was not totally
counteracted by CLA supplementation (P=.000 vs. NF), but calcium-
enriched diet and in co-supplementation with CLA (Ca and CLA+Ca
groups) were able to maintain control levels (Fig. 1A). Impact on bone
weight was observed in the groups studied (P=.012). CLA-supple-
mented animals presented lower tibia weight (19% less, P=.015 vs.
NF), whereas calcium prevented tibia weight loss (Fig. 1B).

3.2. Plasma OC levels are decreased by co-supplementation of calcium
with CLA and correlate positively with WAT weight

Relevant plasma bone biomarkers were analyzed. Significant
differences were found among groups for OC (P=.010), which was
particularly lower in animals co-supplemented with CLA and calcium
(P=.041 vs. NF). Furthermore, OC in plasma was positively correlated
with WAT (r=0.377, P=.021) (Fig. 2A). However, high variability was
observed between groups and no differences were found concerning
uOC and P1CP concentrations in plasma (Fig. 2B).

3.3. Both CLA and calcium supplementation stimulate OST-PTP
expression, whereas in co-supplementation, they induce an increase in
the expression of bone formation markers

Gene expression of selected bone metabolism genes was deter-
mined in mouse tibia. OST-PTP, Bglap2 and Collal messenger RNA
(mRNA) expression showed significant changes throughout groups
(P=.000, P=.016 and P=.005, respectively), whereas no effects were
observed for Fgf23. OST-PTP expression was higher in animals which
received either CLA (2.4-fold, P=.000) or calcium (1.8-fold, P=.024)
compared to NF, and according to its proposed role as a regulator of
bone growth, mRNA levels were negatively correlated with tibia
weight (r=—0.410, P=.016). Furthermore, positive correlations were
found between expression of OST-PTP and plasma glucose (r=0.542,
P=.001) and HOMA index (r=0.436, P=.009) (Fig. 3A). On the
other hand, Bglap2 mRNA was significantly increased in animals
receiving calcium supplementation, alone or together with CLA (P=
.026 and P=.035 vs. NF, respectively). This profile, which could
suggest higher bone formation potential, was accompanied by an
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Table 1
Nucleotide sequences of primers used for PCR amplification in tibia®

Gene symbol Forward primer (5’ to 3’) Reverse primer (3’ to 5) Accession no.
Housekeeping genes Got2 tctgectetgecaatcgtatgee gagaagtcaggatggttgctgeg NM_010325.2
Trim27 gcggagactaacgtgtcgtg gggcatctggtectgcete NM_009054.3
Bone metabolism Bglap2 ctgacctcacagatcccaage tggtctgatagetcgtcacaag NM_001032298.2
OST-PTP cagtcactccagcaaggtca caatgcgctgttcagacagt AF300701.1
Fgf23 atgctagggacctgecttaga agccaagcaatggggaagtg NM_022657.4
Collal gctectettaggggecact ccacgtctcaccattgggg NM_007742.3
Energy metabolism Lep ttgtcaccaggatcaatgaca gacaaactcagaatggggtgaag NM_008493.3
Lepr cctgtgeacattcccagecca actggaacggaaccttgaggcettt NM_146146.2
Adrb2 actcaggaacgggacgaag gcacacgccaaggagattat NM_007420.3
Ins1 accgtgtaaatgccactgaa cggatggactgtttgtaacct NM_008386.3
Insr ccaaccatctgtaagtcaca acatcaagttgctggaatcatg NM_010568.2
Adipor1 aggaagaggaggaggaggteg gaaaggagggcataggtggt NM_028320.3
Adipor2 tacacacagagacgggcaac daaaggaaaggcagagaatgg NM_197985.3

¢ Adipor1: adiponectin receptor 1; Adipor2: adiponectin receptor 2; Adrb2: adrenergic receptor, beta 2; Bglap2: bone gamma-carboxyglutamate protein 2; Collal: collagen, type I,
alpha 1; Fgf23: fibroblast growth factor 23; Got2: glutamate oxaloacetate transaminase 2, mitochondria; Ins1: insulin; Insr: Insulin receptor; Lep: leptin; Lepr: leptin receptor; OST-PTP:

osteotesticular protein tyrosine phosphatase; Trim27: tripartite motif-containing 27.

increase in Col1al mRNA levels, particularly in CLA+4-Ca animals (P=
.026 vs. NF) (Fig. 3B).

3.4. Both CLA and calcium supplementation have a significant impact on
energy metabolism-associated genes' expression in tibia

The effect of calcium and CLA supplementation on the expression
of energy-related genes was determined in tibia. Dietary intervention
had a significant impact on the expression of the leptin and insulin
receptors [Lepr (P=.000) and Insr (P=.004), respectively], whereas
no effect was observed on the expression of their respective targets. HF
diet caused a decrease in expression of Lepr (P=.034 vs. NF), which
was not recovered in either CLA (P=.025 vs. NF) or CLA+Ca (P=.034
vs. NF) groups; however, calcium supplementation was able to restore
control levels. Interestingly, Lepr expression in tibia showed a
significant negative correlation with leptin levels in plasma (r=
—0.326, P=.049) (Fig. 4A). Concerning adiponectin receptor mRNA
levels, dietary intervention modulated the expression of the Adipor1
(P=.011), particularly in calcium-supplemented animals (P=.009 vs.
NF), whereas the rest of the groups maintained control values
(Fig. 4D). No effects were observed concerning expression of Adrb2
(Fig. 4B) and Adipor2 (Fig. 4B).

4. Discussion
The idea that the skeleton acts as an endocrine organ has been

recently put forward, suggesting that it plays a key role integrating
whole-organism homeostasis in its interaction with other tissues and
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systems, being regulation of energy metabolism one of the novel
aspects under extensive study [1]. A number of studies have under-
lined the potential of CLA and calcium in weight management in
both animals [19-23] and humans [28,29]. In addition, their use to
prevent bone loss at critical stages has raised some interest in the past
few years [12,16-18]. Our data show that under dietary conditions
that induce obesity such as the HF diet, both oral supplementation of
CLA and an enriched calcium diet have a significant effect on
expression of key genes associated with both bone and energy
metabolism. However, the most interesting results were obtained
when CLA was given in co-supplementation with calcium. In this
regard, CLA animals exhibited decreased tibia weight, but when given
together with calcium, bone weight was maintained, expression of
bone formation markers was stimulated and this was associated with
counteraction of body fat accretion and body weight gain. Because
these compounds are usually used independently to aid in weight loss
strategies, these results are suggestive that a joint combination would
show higher benefits.

Concerning the molecular mechanisms involved, levels of OC were
assessed, being the hormone that contributes to the cross-talk
between bone and adipose tissue. However, contrary to what was
initially expected, plasma OC concentration was found to be lower in
co-supplemented animals and positively associated with adipose
mass. Plasma OC is considered a marker of bone formation [1,30],
conferring beneficial effects on insulin sensitivity [31-33], and is
therefore usually found to be negatively associated with body fat
[5,34-36]. Unfortunately, additional determination of the under-
carboxylated and active form of OC (uOC) did not contribute to shed
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Fig. 1. WAT and tibia weight. (A) WAT (g) and (B) tibia (g) weights of animals were recorded at sacrifice, showing significant differences among groups. Data are the mean+S.E.M. of 7-8
animals/group. Letters indicate differences among groups; one-way ANOVA followed by a Bonferroni test (P<.05).
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Fig. 2. Plasma biomarkers. (A) Plasma OC levels (ng/mL) were lower in CLA+Ca animals and correlated positively with WAT weight (g). (B) uOC and P1CP (ng/ml) showed no significant
differences between groups. Data are the mean+S.E.M. of 6-8 animals/group. No differences among groups were found; one-way ANOVA followed by a Bonferroni test (P<.05).

more light on the role of OC. As stated in previous studies, this is a
protein difficult to measure with precision [37,38]. Accordingly, a high
variability between samples was observed, making it hard to reach to a
specific conclusion as to the effects of CLA and calcium supplemen-
tation on the degree of active OC.

The use of CLA in the prevention of osteoporosis and bone mass loss
has been extensively studied, but results are still inconsistent and
there is no straightforward consensus on whether it promotes bone
formation or resorption (discussed in review [39]). This inconsistency
has been put down to various factors, sometimes associated with the
nature of CLA. CLA is a term that designs a family of compounds which
includes two main bioactive isomers, cis-9, trans-11 (9,11-CLA) and
trans-10,cis-12 (10,12-CLA) CLA, which show different physiological
properties [40]. 9,11-CLA diminishes osteoblast differentiation and
increases adipocyte differentiation, whereas 10,12-CLA has an
opposite effect [15,41]. Furthermore, when the isomers are given
together, 10,12-CLA is responsible for the improvement of bone mass,
in particular when given with calcium [17,18,42]. Decreased tibia
weight in CLA animals, which was counteracted when given in co-
supplementation with calcium, could be partially explained by the
changes observed in skeleton gene expression. Both CLA (made up of
both isomers) and calcium separately stimulated an increase in the
expression of OST-PTP mRNA, a gene encoded by Esp, which is a
negative regulator of OC secretion in bones and an inhibitor of OC
decarboxylation [43]. Accordingly, bone OST-PTP expression was
negatively correlated with tibia weight and positively associated with
plasma glucose and HOMA index, associations which have also been
previously described [4,44]. Furthermore, these data suggest that the
expression of OST-PTP induced by CLA could explain the negative
effect on glucose metabolism which has been previously described in
this animal model using this dose of CLA [23]. However, calcium in co-
supplementation with CLA was able to keep OST-PTP expression at
control levels and was accompanied by induction of the expression of

bone formation genes, in particular Bglap2 and Col1a1 [45]; as a result,
these animals did not show reduced bone weight.

Moreover, the analysis of expression of energy metabolism-
associated genes on tibia supports the feasibility that bone acts as an
endocrine organ in a tight relationship with energy metabolism and is
able to respond to dietary interventions. An impact was mainly
observed on gene expression of key receptors in bone. Groups with
higher leptin plasma levels [23] (HF and CLA animals) showed lower
expression of Lepr on bone and presented lower tibia weight. Karsenty
and Ferron [12,46] have done extensive work on this subject and have
shown that leptin acts as an inhibitor of bone mass accrual, by
reducing bone formation and increasing bone resorption. In agree-
ment, calcium animals maintained plasma leptin at control levels [23],
as well as bone Lepr expression and tibia weight. Moreover, Insr and
Adipor1 were also induced by dietary calcium intake. Insr is a tyrosine
kinase involved in the regulation of insulin signalling, particularly in
skeletal muscle and adipose tissue [47], although it is expressed in a
wide variety of cells such as osteoblasts [44]. Knock-out mice for the
insulin receptor in osteoblasts are glucose intolerant and insulin
resistant [ 14], supporting the hypothesis that correct insulin signalling
in bone is necessary for glucose homeostasis in the organism. The
increase observed in CLA+Ca animals of insulin receptor expression,
particularly in comparison with CLA animals, is therefore of interest,
since it would contribute to the improvement of glucose sensitivity
seen in these animals [23].

Although adiponectin function is mainly associated to adipose
tissue, the presence of the two receptors in osteoblasts, and evidence
that it exerts its action in an autocrine/paracrine manner, suggest that
adiponectin plays an important role in bone physiology in cross-talk
with adipose tissue [48]. The increased expression of Adiporl
observed by calcium supplementation would fit with the induction
seen on bone formation genes Bglap2 and Collal, contributing to the
maintenance of bone mass.
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Fig. 3. Expression of bone (re)modeling genes in tibia. (A) OST-PTP mRNA (%) levels were found to be significantly higher in CLA and Ca animals. OST-PTP expression negatively
correlated with tibia weight, whereas positive correlations were found with plasma glucose and HOMA index. (B) Bone gamma-carboxyglutamate protein 2 (Bglap2) and collagen, type
I, alpha 1 (Col1al) mRNA (%) expression was induced by co-supplementation, whereas no effects were seen on fibroblast growth factor 23 (Fgf23) mRNA. Data are the mean=+S.E.M. of
6-8 animals/group. Letters indicate differences among groups; one-way ANOVA followed by a Bonferroni test (P<.05). Linear relationship between key variables was tested using
Pearson's correlation coefficients (P<.05).
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Fig. 4. Expression of energy metabolism associated genes in tibia. (A) Leptin receptor (Lepr) was lower in the HF, CLA and CLA+Ca groups, whereas calcium maintained control values.
Moreover, bone Lepr mRNA negatively correlated with leptin in plasma. No differences were seen for leptin (Lep). (B) No effect was seen on adrenergic receptor beta 2 (Adrb2). (C)
Insulin receptor (Insr) was increased in CLA+Ca animals, while no differences were seen for insulin (Ins1). (D) Adiponectin receptor 1 (Adipor1) was significantly increased in calcium-
supplemented animals, and although adiponectin receptor 2 (Adipor2) levels were higher in CLA+Ca, this was not significant. Data are the mean4S.E.M. of 6-8 animals/group. Letters
indicate differences among groups; one-way ANOVA followed by a Bonferroni test (P<.05). Linear relationship between key variables was tested using Pearson's correlation coefficients
(P<.05).

Overall, we have shown that dietary supplementation with the two eling and energy metabolism in tibia. Furthermore, interesting
bioactive isomers of CLA and calcium, particularly co-supplemented, is correlations are seen with key metabolism players, such as plasma
able to modulate the expression of genes involved in bone (re)mod- leptin, suggesting an interaction with energy homeostasis and body fat
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content in adult mice. Although further research is needed, this study
highlights the beneficial effect of CLA in co-supplementation with
calcium on bone health, supporting the fact that bone is able to
respond to dietary inputs, and points out that strategies aiming to
counteract obesity should take into account the potential cross-talk
between adipose tissue and the skeleton.

Acknowledgments

We thank Pilar Parra for her assistance in the first steps of
experimental design, animal handling and sample collection and to
Sarah Laraichi (Laboratory of Calorimetry and Materials, Faculty of
Sciences, Abdelmalek Essaddi University, 93030 Tétouan, Morocco) for
her help with the animal care and sample collection during her stay in
our lab.

References

[1] Ferron M, Lacombe ]. Regulation of energy metabolism by the skeleton:
osteocalcin and beyond. Arch Biochem Biophys 2014;561:139-46.

[2] Cao JJ, Sun L, Gao H. Diet-induced obesity alters bone remodeling leading to
decreased femoral trabecular bone mass in mice. Ann N Y Acad Sci 2010;1192:
292-7.

[3] Cao]J. Effects of obesity on bone metabolism. ] Orthop Surg Res 2011;6:30. http://
dx.doi.org/10.1186/1749-799X-6-30.

[4] Lee NK, Sowa H, Hinoi E, Ferron M, Ahn JD, Confavreux C, et al. Endocrine
regulation of energy metabolism by the skeleton. Cell 2007;130:456-69.

[5] Ferron M, Hinoi E, Karsenty G, Ducy P. Osteocalcin differentially regulates beta cell
and adipocyte gene expression and affects the development of metabolic diseases
in wild-type mice. Proc Natl Acad Sci U S A 2008;105:5266-70.

[6] Hinoi E, Gao N, Jung DY, Yadav V, Yoshizawa T, Myers Jr MG, et al. The sympathetic
tone mediates leptin's inhibition of insulin secretion by modulating osteocalcin
bioactivity. ] Cell Biol 2008;183:1235-42.

[7] Wei ], Hanna T, Suda N, Karsenty G, Ducy P. Osteocalcin promotes beta-cell
proliferation during development and adulthood through Gprc6a. Diabetes 2014;
63:1021-31.

[8] Bullo M, Moreno-Navarrete JM, Fernandez-Real M, Salas-Salvado ]. Total and
undercarboxylated osteocalcin predict changes in insulin sensitivity and beta cell
function in elderly men at high cardiovascular risk. Am J Clin Nutr 2012;95:
249-55.

[9] Kanazawa I, Yamaguchi T, Sugimoto T. Relationship between bone biochemical
markers versus glucose/lipid metabolism and atherosclerosis; a longitudinal
study in type 2 diabetes mellitus. Diabetes Res Clin Pract 2011;92:393-9.

[10] Pollock NK, Bernard PJ], Gower BA, Gundberg CM, Wenger K, Misra S, et al. Lower
uncarboxylated osteocalcin concentrations in children with prediabetes is
associated with beta-cell function. ] Clin Endocrinol Metab 2011;96:E1092-9.

[11] Gower BA, Pollock NK, Casazza K, Clemens TL, Goree LL, Granger WM. Associations
of total and undercarboxylated osteocalcin with peripheral and hepatic insulin
sensitivity and beta-cell function in overweight adults. J Clin Endocrinol Metab
2013;98:E1173-80.

[12] Karsenty G. Bone endocrine regulation of energy metabolism and male
reproduction. C R Biol 2011;334:720-4.

[13] Cao J], Gregoire BR, Gao H. High-fat diet decreases cancellous bone mass but has
no effect on cortical bone mass in the tibia in mice. Bone 2009;44:1097-104.

[14] Fulzele K, Riddle RC, DiGirolamo DJ, Cao X, Wan C, Chen D, et al. Insulin receptor
signaling in osteoblasts regulates postnatal bone acquisition and body composi-
tion. Cell 2010;142:309-19.

[15] Kim ], Park Y, Lee SH. Trans-10, cis-12 conjugated linoleic acid promotes bone
formation by inhibiting adipogenesis by peroxisome proliferator activated receptor-
gamma-dependent mechanisms and by directly enhancing osteoblastogenesis from
bone marrow mesenchymal stem cells. ] Nutr Biochem 2013;24:672-9.

[16] Banu J, Bhattacharya A, Rahman M, Fernandes G. Beneficial effects of conjugated
linoleic acid and exercise on bone of middle-aged female mice. ] Bone Miner
Metab 2008;26:436-45.

[17] Park Y, Terk M. Interaction between dietary conjugated linoleic acid and calcium
supplementation affecting bone and fat mass. ] Bone Miner Metab 2011;29:
268-78.

[18] Park Y, Kim ], Scrimgeour AG, Condlin ML, Kim D. Conjugated linoleic acid and
calcium co-supplementation improves bone health in ovariectomised mice. Food
Chem 2013;140:280-8.

[19] Parra P, Serra F, Palou A. Moderate doses of conjugated linoleic acid isomers mix
contribute to lowering body fat content maintaining insulin sensitivity and a

noninflammatory pattern in adipose tissue in mice. J Nutr Biochem 2010;21:
107-15.

[20] Parra P, Palou A, Serra F. Moderate doses of conjugated linoleic acid reduce fat
gain, maintain insulin sensitivity without impairing inflammatory adipose tissue
status in mice fed a high-fat diet. Nutr Metab (Lond) 2010;7:5. http://dx.doi.org/
10.1186/1743-7075-7-5.

[21] Parra P, Bruni G, Palou A, Serra F. Dietary calcium attenuation of body fat gain
during high-fat feeding in mice. ] Nutr Biochem 2008;19:109-17.

[22] Perez-Gallardo L, Gomez M, Parra P, Sanchez |, Palou A, Serra F. Effect of calcium-
enriched high-fat diet on calcium, magnesium and zinc retention in mice. British ]
Nut 2009;101:1463-6.

[23] Laraichi S, Parra P, Zamanillo R, El Amarti A, Palou A, Serra F. Dietary
supplementation of calcium may counteract obesity in mice mediated by changes
in plasma fatty acids. Lipids 2013;48:817-26.

[24] Carter LE, Kilroy G, Gimble JM, Floyd ZE. An improved method for isolation of RNA
from bone. BMC Biotechnol 2012;12:5. http://dx.doi.org/10.1186/1472-6750-12-5.

[25] XiaoY, CuiJ, Li YX, Shi YH, Wang B, Le GW, et al. Dyslipidemic high-fat diet affects
adversely bone metabolism in mice associated with impaired antioxidant
capacity. Nutrition 2011;27:214-20.

[26] Irwin R, Lin HV, Motyl K], McCabe LR. Normal bone density obtained in the
absence of insulin receptor expression in bone. Endocrinology 2006;147:5760-7.

[27] Pfaffl MW. A new mathematical model for relative quantification in real-time RT-
PCR. Nucleic Acids Res 2001;29:e45 [PMC55695].

[28] Soares M], Chan She Ping-Delfos W, Ghanbari MH. Calcium and vitamin D for
obesity: a review of randomized controlled trials. Eur ] Clin Nutr 2011;65:
994-1004.

[29] McCrorie TA, Keaveney EM, Wallace JM, Binns N, Livingstone MB. Human health
effects of conjugated linoleic acid from milk and supplements. Nutr Res Rev 2011;
24:206-27.

[30] Clemens TL, Karsenty G. The osteoblast: an insulin target cell controlling glucose
homeostasis. ] Bone Miner Res 2011;26:677-80.

[31] Hwang YC, Jeong IK, Ahn K], Chung HY. The uncarboxylated form of osteocalcin is
associated with improved glucose tolerance and enhanced beta-cell function in
middle-aged male subjects. Diabetes Metab Res Rev 2009;25:768-72.

[32] Kanazawa I, Yamaguchi T, Yamamoto M, Yamauchi M, Kurioka S, Yano S, et al.
Serum osteocalcin level is associated with glucose metabolism and atheroscle-
rosis parameters in type 2 diabetes mellitus. ] Clin Endocrinol Metab 2009;94:
45-9.

[33] Iglesias P, Arrieta F, Pinera M, Botella-Carretero JI, Balsa JA, Zamarron I, et al.
Serum concentrations of osteocalcin, procollagen type 1 N-terminal propeptide
and beta-CrossLaps in obese subjects with varying degrees of glucose tolerance.
Clin Endocrinol (0Oxf) 2011;75:184-8.

[34] Kindblom JM, Ohlsson C, Ljunggren O, Karlsson MK, Tivesten A, Smith U, et al.
Plasma osteocalcin is inversely related to fat mass and plasma glucose in elderly
Swedish men. ] Bone Miner Res 2009;24:785-91.

[35] Ducy P, Desbois C, Boyce B, Pinero G, Story B, Dunstan C, et al. Increased bone
formation in osteocalcin-deficient mice. Nature 1996;382:448-52.

[36] Saleem U, Mosley Jr TH, Kullo IJ. Serum osteocalcin is associated with measures of
insulin resistance, adipokine levels, and the presence of metabolic syndrome.
Arterioscler Thromb Vasc Biol 2010;30:1474-8.

[37] Polgreen LE, Jacobs Jr DR, Nathan BM, Steinberger ], Moran A, Sinaiko AR.
Association of osteocalcin with obesity, insulin resistance, and cardiovascular risk
factors in young adults. Obesity (Silver Spring) 2012;20:2194-201.

[38] Ferron M, Lacombe ]. Regulation of energy metabolism by the skeleton:
osteocalcin and beyond. Arch Biochem Biophys 2014;561:137-46.

[39] Dilzer A, Park Y. Implication of conjugated linoleic acid (CLA) in human health.
Crit Rev Food Sci Nutr 2012;52:488-513.

[40] Ing SW, Belury MA. Impact of conjugated linoleic acid on bone physiology:
proposed mechanism involving inhibition of adipogenesis. Nutr Rev 2011;69:
123-31.

[41] Platt ID, EI-Sohemy A. Regulation of osteoblast and adipocyte differentiation from
human mesenchymal stem cells by conjugated linoleic acid. ] Nutr Biochem 2009;
20:956-64.

[42] ParkY, Pariza MW. Cosupplementation of dietary calcium and conjugated linoleic
acid (CLA) improves bone mass in mice. ] Food Sci 2008;73:C556-60.

[43] Ducy P. The role of osteocalcin in the endocrine cross-talk between bone
remodelling and energy metabolism. Diabetologia 2011;54:1291-7.

[44] Ferron M, Wei ], Yoshizawa T, Del Fattore A, DePinho RA, Teti A, et al. Insulin
signaling in osteoblasts integrates bone remodeling and energy metabolism. Cell
2010;142:296-308.

[45] Mantila Roosa SM, Liu Y, Turner CH. Gene expression patterns in bone following
mechanical loading. ] Bone Miner Res 2011;26:100-12.

[46] Karsenty G, Ferron M. The contribution of bone to whole-organism physiology.
Nature 2012;481:314-20.

[47] Ramalingam L, Oh E, Thurmond DC. Novel roles for insulin receptor (IR) in
adipocytes and skeletal muscle cells via new and unexpected substrates. Cell Mol
Life Sci 2013;70:2815-34.

[48] Shinoda Y, Yamaguchi M, Ogata N, Akune T, Kubota N, Yamauchi T, et al.
Regulation of bone formation by adiponectin through autocrine/paracrine and
endocrine pathways. ] Cell Biochem 2006;99:196-208.



http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0005
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0005
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0010
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0010
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0010
http://dx.doi.org/10.1186/1749-799X-6-30
http://dx.doi.org/10.1186/1749-799X-6-30
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf9000
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf9000
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0025
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0025
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0025
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0030
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0030
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0030
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0035
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0035
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0035
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0040
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0040
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0040
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0040
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0045
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0045
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0045
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0050
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0050
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0050
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0055
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0055
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0055
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0055
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0060
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0060
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0065
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0065
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0070
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0070
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0070
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0075
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0075
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0075
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0075
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0080
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0080
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0080
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0085
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0085
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0085
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0090
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0090
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0090
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0095
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0095
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0095
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0095
http://dx.doi.org/10.1186/1743-7075-7-5
http://dx.doi.org/10.1186/1743-7075-7-5
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0100
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0100
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf9005
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf9005
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf9005
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0110
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0110
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0110
http://dx.doi.org/10.1186/1472-6750-12-5
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0120
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0120
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0120
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0125
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0125
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0130
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0130
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0135
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0135
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0135
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0140
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0140
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0140
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0145
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0145
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0150
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0150
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0150
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0155
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0155
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0155
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0155
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0160
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0160
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0160
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0160
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0165
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0165
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0165
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0170
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0170
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0175
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0175
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0175
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0180
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0180
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0180
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0185
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0185
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0190
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0190
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0195
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0195
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0195
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0200
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0200
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0200
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0205
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0205
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0210
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0210
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0215
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0215
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0215
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0220
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0220
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0225
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0225
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0230
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0230
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0230
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0235
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0235
http://refhub.elsevier.com/S0955-2863(15)00192-8/rf0235

	Body fat loss induced by calcium in co-supplementation with conjugated linoleic acid is associated with increased expressio...
	1. Introduction
	2. Materials and methods
	2.1. Animals, diets and supplementation
	2.2. Sacrifice and sample collection
	2.3. Determination of plasma parameters
	2.4. Tibia RNA extraction, retrotranscription and real-time polymerase chain reaction
	2.5. Statistical analysis

	3. Results
	3.1. Calcium co-supplementation with CLA counteracts obesity induced by HF feeding preventing bone loss
	3.2. Plasma OC levels are decreased by co-supplementation of calcium with CLA and correlate positively with WAT weight
	3.3. Both CLA and calcium supplementation stimulate OST-PTP expression, whereas in co-supplementation, they induce an incre...
	3.4. Both CLA and calcium supplementation have a significant impact on energy metabolism-associated genes' expression in tibia

	4. Discussion
	Acknowledgments
	References


