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Growing evidence argues for a relationship between lipid and bone metabolisms with inconsistent conclusions.
Sphingosine-1-phosphate (S1P) has been recognized as a suitable candidate for possible link between lipid metab-
olism and bone metabolism. This study was designed to investigate the effects of hyperlipidemia on bone metabo-
lismusing diet-induced and genetic-induced hyperlipidemia animalmodels and to explorewhether S1P is involved.
Wild-typemice and low-density lipoprotein receptor gene deficient (LDLR−/−) mice at age of 8 weeks were placed
on either control diet or high-fat diet (HFD) for 12 weeks. Bone structural parameters were determined using
microCT. Cross-linked type I collagen (CTx) and S1P levels in plasma were measured by ELISAmethods. Bone mar-
rowcells fromwild type and LDLR−/−micewere induced todifferentiate into osteoblasts, osteoclasts and adipocytes
respectively. Gene expressions in distal femur metaphyses and cultured cells were studied by qRT-PCR. Moderate
hypercholesterolemia was found in HFD-feeding mice; severe hypercholesterolemia and moderate hypertriglyc-
eridemiawere present in LDLR−/−mice. Femoral trabecular bonemasswas reduced in both diet-induced andgenet-
ic hyperlipidemiamice.Mice feeding onHFD showed higher CTx levels, andmicewith hyperlipidemia had elevated
S1P levels. Correlation analysis found apositive correlationbetweenCTx and S1P levels. LowerRunx2 expression and
higher TRAP expressionwere found in both diet-induced and genetic hyperlipidemiamice, indicating decreased os-
teoblastic functions and increased osteoclastic functions in these mice. Bone marrow cells from LDLR−/− mice also
showed increased adipogenesis and inhibited osteogenesis accompanied by enhanced PPARγ expression. In conclu-
sion, our study found decreased bone mass in both diet-induced and genetic hyperlipidemia mice.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Previous studies found an increased risk of osteoporosis in subjects
with atherosclerotic diseases or metabolic syndrome, suggesting an un-
derlying link may mediate those chronic metabolic diseases. Hyperlip-
idemia, especially hypercholesterolemia, serving as the most
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prominent and well-established risk factor for atherosclerosis and a
major component of metabolic syndrome, has been suggested to be
the possible link. For example, higher risk of hip fracture was found in
women after a diagnosis of a cardiovascular disease [1]. In postmeno-
pausal women not taking hormone replacement therapy, total choles-
terol (TC) and low density lipoprotein (LDL) levels have been found to
be negatively associated with bone mineral density (BMD) at all mea-
sured sites [2] . In Japanese postmenopausal women, higher LDL-C
levels were associated with increased risks for non-vertebral fractures
[3]. Hypercholesterolemiamice also present an osteoporotic phenotype,
including increased osteoclasts (OCs), reduced trabecular number and
mechanical properties [4]. Statins, the first-line drugs for hypercholes-
terolemia, show beneficial influence of increasing BMD and reducing
fracture risk in humans [5,6]. Statins regulate lipid metabolism exclu-
sively through liver, where they inhibit cholesterol synthesis, leading
to increased LDL uptake by the hepatocytes. Therefore, it seems likely
that the beneficial effects of statins originate mainly from lipid-lower-
ing, and not from direct effects on bone.

Low-density lipoprotein receptor-knockout (LDLR−/−) mice, present-
ing with markedly increased serum TC, LDL-C levels and moderately el-
evated triglyceride (TG) levels as a result of impaired removal of
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cholesterol-rich lipoproteins from the plasma compartment, are widely
used animal models for studying mechanism underlying hyperlipid-
emia related diseases such as atherosclerosis, type 2 diabetes and non-
alcoholic steatohepatitis [7,8]. Soares et al. found smaller trabeculae,
thinner spongy bone and impaired biomechanical properties in
LDLR−/− mice, rendering these mice were more prone to fracture [9].
Low-density lipoprotein receptor-related protein 5 (LRP5) and LRP6,
members of the LDLR family, are co-receptors ofWnt signaling pathway
and are all involved in lipid aswell as bonemetabolism. Human carrying
LRP5 or LRP6mutations exhibit hypercholesterolemia and impaired glu-
cose tolerance [10,11]. On the other hand, mice with either heterozy-
gous or homozygous mutations in LRP5 or heterozygous mutations in
LRP6 show limb defects and decreased BMD [12]. Homozygous loss-
of-function mutations in LRP5 lead to the autosomal recessive osteopo-
rosis-pseudoglioma syndrome (OPPG) in human, presenting with se-
vere osteoporosis and early onset blindness [13]. Furthermore,
individuals carrying LRP5 mutations showed lower BMD and higher
prevalence of fractures accompanied by hypercholesterolemia [11].
The co-existence of deficient lipid and bone metabolism in carriers of
mutant LDLR-related proteins further highlights their potential recipro-
cal interactions.

However, some studies got contrary results. Framingham Osteopo-
rosis Study, enrolled 712 women and 450 men, found no long-term ef-
fects of cholesterol levels on BMD in women and men [14]. National
Health and Nutritional Examination Survey (NHANES) III included
13,592 participants and also revealed no significant relationship be-
tween TC, LDL, or high density lipoprotein (HDL) levels and BMD after
correcting for possible confounding factors [15]. Okayasu et al. reported
increased bonemass in LDLR−/−mice due to impaired osteoclast forma-
tion as a result of defective osteoclastic cell-cell fusion [16]. Further-
more, previous studies reported different effects of hyperlipidemia on
osteoblastic and osteoclastic functions [17–22]. The existence of a possi-
ble link between hypercholesterolemia and low BMD inmost but not all
studies indicates more investigations are needed to clarify their
relationship.

Both bone and adipose tissue have been considered to have endo-
crine functions and are mutually regulated. On the one side, bone de-
rived osteocalcin stimulates adiponectin secretion from adipose tissue,
resulting in improved insulin sensitivity [23]. On the other side, adipose
derived adipokines, such as leptin and adiponectin, show regulatory ef-
fects on bone. It is suggested that leptin inhibits bone formation through
the central nervous system [24], while stimulates bone formation via
the peripheral pathway [25]. Sphingosine-1-phosphate (S1P), a break-
down product of ceramide metabolism, is involved in the development
of metabolic diseases including insulin resistance and type 2 diabetes
[26–28]. Interestingly, S1P has been found to regulate bone homeostasis
through mobilizing osteoclast precursors into bone marrow cavities,
resulting in enhanced bone resorption [29,30]. Thus, S1P represents a
suitable candidate for possible link between lipid metabolism and
bone metabolism.

Therefore, in this study, we will investigate the effects of hyperlipid-
emia on bone metabolism and the possible mechanism using two hy-
perlipidemic animal models, and to explore whether S1P is involved.

2. Material and methods

2.1. Animals and intervention

All animal experiments were performed in accordance with the
guidelines for the care and use of laboratory animals andwere approved
by the Institutional Animal Care and Use Committee at the West China
Hospital, Sichuan University. All efforts were made to minimize animal
suffering. 16 wild type mice (male) and 16 homozygous LDLR gene
knockout mice (male) were obtained from the Jackson Laboratory
(Bar Harbor, ME, USA). Both strains were on C57BL/6 J background
and maintained in pathogen-free barrier conditions at animal facility
of West China Hospital, Sichuan University. The animals were main-
tained in ventilated racks at a controlled temperature under a 12-h
light/dark cycle, and free access to water and diet.

At age of 8 weeks, mice were randomly divided into four groups
with 8 animals each: (1).WC group: wild-type mice, fed on chow diet;
(2).WH group: wild-type mice, fed on HFD; (3). LC group: LDLR−/−

mice, fed on chow diet; and (4). LH group: LDLR−/− mice, fed on HFD.
Mice were placed on either a chow diet (64% carbohydrate, 10% fat
and 26% protein) or a high-fat diet (28% carbohydrate, 60% fat and
12% protein) for 12weeks. Both diets were bought from Trophic Animal
Feed High-Tech Co., Ltd., (Nantong, Jiangsu, China). Mice were weighed
weekly.

2.2. Plasma and tissue sampling

At the end of experiment,micewere euthanizedwith an intraperito-
neal injection of sodium pentobarbital. Blood samples were collected
and stored at −80 °C. Visceral fat (VF) (including epididymis fat and
retroperitoneal fat) were weighed, immediately frozen in liquid nitro-
gen and stored at −80 °C. The right femora were immersed into 4%
paraformaldehyde immediately and were used for detecting bone
structural parameters. The left femora were immediately frozen in liq-
uid nitrogen and stored at−80 °C for detectingmRNA expression levels
of bone-related genes.

2.3. Blood chemistry

Plasma TG and TC levels were determined using COD-PAP method
(Changchun Huili Biotech CO., LTD., Changchun, China). LDL-C was
measured using direct method (Changchun Huili Biotech CO., LTD.,
Changchun, China). Fasting blood glucose was determined using
Lifescan One touch glumeter (Johnson & Johnson, USA). Insulin levels
were measured using an ultra-sensitive ELISA kit (Crystal Chem Inc., Il-
linois, USA). C-terminal telopeptide of type I collagen (CTx) and S1P
were also measured by ELISA methods (Wuhan USCN Business co.,
Ltd., Wuhan, China; MyBioSource, San Diego, California, USA).

2.4. MicroCT 80 for bone structural parameters

Bone structural parameters of LDLR−/− and wild-type femora were
measured usingmicrocomputed tomography (μCT) (MicroCT80, Scanco
Medical AG, Bassersdorf, Switzerland), as previously described [31,32].
Briefly, femurs were scanned for microarchitecture in the metaphyseal
region of the distal femur at the energy level of 55 keV, and intensity
of 177 μA. The distal trabecular scan started about 0.6 mm proximal to
the growth plate and extended proximally 1.5 mm. 100 contiguous
slices were used for analysis [33]. This instrument provides high-resolu-
tion data for trabecular and cortical bone volume, as well as trabecular
number (Tb·N), trabecular thickness (Tb·Th), and trabecular separation
(Tb·Sp).

2.5. Real-time qRT-PCR for bone-related gene expression

Femur distal metaphyses were resected and chopped finely with a
scalpel as previously described [32]. Total RNA was extracted using
Trizol reagent according to the manufacturer's protocol (Invitrogen,
Frederick, USA). 1 μg RNA was reversely transcribed into cDNA with
PrimeScriptR RT reagent kit (TaKaRa Biotechnology Co., Ltd., Dalian,
China). Following reverse transcription, the cDNA (2 μl) was amplified
and quantified (Bio\\Rad laboratories, Inc., California, USA). The se-
quence of oligonucleotide primers was listed in Table 1. Each RNA sam-
ple was analyzed in triplicate. GAPDH was used as an endogenous
control. The relative mRNA expression levels were normalized to the
GAPDH in the same sample and analyzed with the 2−△△CT method as
our previous report [34]. Total RNA was also extracted from visceral
fat to study gene expression of leptin in the similar way.



Table 1
Oligonucleotide primers for cDNA amplification.

Oligonucleotide Sequence (5′–3′) Product length Corresponding cDNA sequence

c-Fos forward primer
c-Fos reverse primer

AGAGCGGGAATGGTGAAGAC
AGTTGATCTGTCTCCGCTTGG

194 461–480
654–634

Col1a1 forward primer
Col1a1 reverse primer

GCGAAGGCAACAGTCGCT
CTTGGTGGTTTTGTATTCGATGAC

101 4166–4183
4266–4243

CTSK forward primer
CTSK reverse primer

GAAGAAGACTCACCAGAAGCAG TCCAGGTTATGGGCAGAGATT 102 677–698
778–698

GAPDH forward primer
GAPDH reverse primer

TGCACCACCAACTGCTTAG
GGATGCAGGGATGATGTTC

177 520–538
696–678

Leptin forward primer
Leptin reverse primer

GGAAAATGTGCTGGAGACCC
TACCGACTGCGTGTGTGAAAT

158 55–74
212–192

MMP9 forward primer
MMP9 reverse primer

CTGGACAGCCAGACACTAAAG CTCGCGGCAAGTCTTCAGAG 145 297–317
441–422

NFATc1forward primer
NFATc1reverse primer

GACATGACGGGGCTGGAG TAACTGTAGTGTTCTGCGGC 101 53–70
153–134

OCN forward primer
OCN reverse primer

CTCACAGATGCCAAGCCC CCAAGGTAGCGCCGGAGTCT 98 109–126
206–187

PPARγ forward primer
PPARγ reverse primer

TTCGCTGATGCACTGCCTAT
TGATCGCACTTTGGTATTCTTGG

271 94–113
364–342

Runx2 forward primer
Runx2 reverse primer

GTGGTAGGCAGTCCCACTTT
GAGCACTCACTGACTCGGTT

272 47–66
318–299

TRAP forward primer
TRAP reverse primer

CAGCAGCTCCCTAGAAGATGG
CTGGAACCTCTTGTCGCTGG

284 118–138
401–382

Col1a1: collagen type I alpha 1; CTSK: cathepsin K;MMP9:matrixmetallopeptidase 9;NFATc1:Nuclear factor of activated T cells, cytoplasmic 1;OCN: osteocalcin; PPARγ, peroxisome proliferator-
activated receptor gamma; Runx2, runt-related transcription factor 2; TRAP: tartrate-resistant acid phosphatase.
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2.6. Comparison of osteoblast and osteoclast differentiation between WT
and LDLR−/− mice in vitro

2.6.1. Bone marrow stromal cell (BMSC) cultures
Femur and tibia fromWTand LDLR−/−micewere used for BMSC cul-

tures as previously described [32]. Bone marrow cells were flushed out
with a 3 cm3 syringe and 25G needle. Cells were collected, counted and
plated on 24-well plates at a density of 1 × 106/well at 37 °C inα-MEM,
supplemented with 10% FBS, 1% penicillin/streptomycin. The day of
plating was counted as day 0. Plated cells became confluent around
days 5–6 and total RNA was extracted to measure peroxisome
proliferator-activated receptor-γ (PPARγ) expression.

2.6.2. Osteoblast and adipocyte differentiation
At day 7, the culture medium was changed to differentiation medi-

um consisting of regular medium, 50 μg/ml ascorbic acid, and 10 mM
beta-glycerophosphate for osteogenic differentiation. For adipogenic
differentiation, culture medium was changed to adipogenic medium
containing StemPro® Adipogenesis Differentiation Kit from Gibco
(Thermo Fisher Scientific Inc., U.S.). Alkaline phosphatase (ALP) staining
with a kit from Sigma (sigma, U.S.) and Oil red O staining were per-
formed to determine osteogenic and adipogenic differentiation respec-
tively. After osteoblast induction for 7 days, expression levels of
osteoblast-related genes including Runt-related transcription factor 2
(Runx2), collagen type 1 alpha-1 (Col1a1) and osteocalcin (OCN) were
determined as stated before.

2.6.3. Osteoclast differentiation
Bone marrow cells were collected as above and plated on 24-well

plates at a density of 1 × 106/well at 37 °C in α-MEM, supplemented
with 10% FBS, 1% penicillin/streptomycin, 25 ng/ml of human macro-
phage-colony stimulating factor (M-CSF) (R&D Systems, U.S.) and
30 ng/ml of human soluble receptor activator of NF-κB ligand
(RANKL) (R&D Systems, U.S.). Medium was changed every 3 days.
7 days later, resistant acid phosphatase (TRAP) staining with a kit
from Sigma (sigma, U.S.) was performed to determine osteoclast forma-
tion. TRAP-positive cells containing 3 or more nuclei were counted as
osteoclast. Osteoclast numbers of each well and nuclear numbers of
each osteoclast were calculated from 6 wells/group using bright-field
light microscopy (Zeiss, Germany). Expression levels of osteoclast-
related genes including nuclear factor-activated T cells c1 (NFATc1), c-
Fos, TRAP, cathepsin K (CTSK) and matrix metallopeptidase 9 (MMP9)
were determined as stated before.
2.7. Statistical analyses

Data were presented asmeans ± SDs and were analyzed using SPSS
16.0 software. The comparison of metabolic variables, bone structural
parameters and relative gene expression levels among WC, WH, LC
and LH groups were analyzed using two-way factorial ANOVA to test
the main effects of different genotypes and diets. The comparison of
gene expression levels between WT mice and LDLR−/− mice were ana-
lyzed using independent- sample t-test. Correlation analysis was per-
formed using pearson correlation coefficient. The statistical
significance was set at P b 0.05 (two tails).
3. Results

3.1. Metabolic parameters

No significant differences in bodyweightwere foundamong the four
groups, whereas a significant increase in VF/body weight ratio was ob-
served in group LH when compared to groups WC, WH and LC (Fig.
1A, B). As expected, plasma TC levels were different among the four
groups in the following order: WC b WH b LC b LH (Fig. 1C). No differ-
ences in plasma TG and LDL-C were observed between groups WC and
WH. However, LDLR−/− mice showed higher TG and LDL-C levels
when compared with WT mice on the same diet; the TG and LDL-C
levels were further increased upon HFD feeding in group LH compared
to group LC (Fig. 1D, E). Plasma insulin and blood glucose levels were
comparable among groups (data not shown). Mice in groups WH and
LH showed higher plasma CTx levels (Fig. 1F). Higher S1P levels were
found in mice with hyperlipidemia (Fig. 1G.) Fig.1H showed a positive
correlation between plasma CTx and S1P levels (r= 0.514, p= 0.006).

Factorial ANOVA analysis showed significant main effects of geno-
types on plasma TC, TG, LDL-C and S1P levels, significant main effects
of diets on TC levels, VF/body weight ratio, CTx and S1P levels. Signifi-
cant genotype-by-diet interactions were noted for plasma S1P levels
(Table 2).



Fig. 1. Comparison ofmetabolic parameters among groups. A. Bodyweights ofmice. B. VF/bodyweight. C. TC levelswere different among groups in the following order:WC bWH b LC b LH. D.
TG levels were higher in LDLR−/− mice. E. LDL-C levels were higher in LDLR−/−mice. F. CTx levels were higher in HFD-feedingmice. G. Hyperlipidemia mice present with higher S1P levels. H.
PlasmaS1P levelswerepositively associatedwithCTx levels (r=0.514,p=0.006) (*Pb 0.05, **Pb 0.01, compared to the samegenotype, #Pb 0.05, ##Pb 0.01, compared to the samediet,n=8).

Table 2
Two-way factorial ANOVA analyses ofmetabolic variables, bone structural parameters and
relative gene expression levels among groups WC, WH, LC and LH.

Variables P
Main effect of
genotype

Main effect
of diet

Genotype by diet
interaction

Body weight (g) 0.54 0.28 0.49 0.49
VF/body weight 0.01 0.08 0.02 0.06
TC (mmol/L) 0.01 0.01 0.00 0.29
TG (mmol/L) 0.01 0.01 0.38 0.29
LDL-C (mmol/L) 0.01 0.01 0.07 0.95
Insulin (pmol/L) 0.90 0.74 0.59 0.74
Blood glucose
(mmol/L)

0.28 0.29 0.51 0.15

S1P (nmol/L) 0.01 0.01 0.01 0.04
CTx (pg/mL) 0.01 0.23 0.01 0.25
Tb. BV/TV 0.01 0.04 0.00 0.01
Tb·Th (mm) 0.19 0.68 0.10 0.18
Tb·N (1/mm) 0.51 0.38 0.70 0.23
Tb·Sp (mm) 0.34 0.17 0.56 0.21
Cort.BV/TV 0.05 0.18 0.03 0.42
Runx2 expression
levels

0.03 0.02 0.04 0.67

Col1a1
expression
levels

0.01 0.01 0.55 0.38

TRAP expression
levels

0.049 0.03 0.94 0.08

CTSK expression
levels

0.01 0.01 0.30 0.29

MMP9
expression
levels

0.01 0.01 0.07 0.75

Leptin
expression
levels

0.04 0.02 0.33 0.18

VF, visceral fat; TC, total cholesterol; TG, triglyceride; LDL-C, low density lipoprotein- cho-
lesterol; S1P, sphingosine-1-phosphate; CTx, cross-linked type I collagen; Tb. BV/TV, tra-
becular bone volume/total volume; Tb·Th, trabecular thickness; Tb·N, trabecular
number; Tb·Sp, trabecular spacing; Cort.BV/TV, cortical bone volume/total volume;
Runx2, runt-related transcription factor 2; Col1a1: collagen type I alpha 1; TRAP: tartrate-re-
sistant acid phosphatase; CTSK: cathepsin K; MMP9: matrix metallopeptidase 9.
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3.2. Bone mass and structure

μCTwas used to evaluate effects of genotype and diet onmicrostruc-
tural properties of femora. In the comparison of the trabecular bone
mass of femora, the bone volume to tissue volume ratio (BV/TV) was
significant lower in groups WH and LH compared to groups WC and
LC respectively, and group LC also showed lower BV/TV compared
with group WC (Fig. 2A). No differences were found in Tb·Th, Tb·N
and Tb·Sp among the four groups (Fig. 2B, C, D). When comparing cor-
tical bonemass of femora, we observed a tendency to decrease in corti-
cal BV/TV in group LHwhen compared to groupsWH and LC (p=0.05,
Table 2, Fig. 2E). Two-factor ANOVA analysis showed significant main
effects of genotypes, diets and genotype-by-diet interactions on trabec-
ular bone mass of femora (Table 2). Our results also showed significant
main effects of diets on cortical bone mass of femora (Table 2).
3.3. mRNA expression of bone and adipose genes

Runx2 is a key transcription factor for the commitment of pluripo-
tent mesenchymal cells into the osteoblastic lineage [35]. For the same
genotype comparison, we found a significantly lower expression of
Runx2 in group WH compared to groupWC; for the same diet compar-
ison, LDLR−/− mice showed lower Runx2 expression on each diet (Fig.3
A). For the same diet comparison, mice in group LH showed lower
Col1a1 expression compared with group WH (Fig.3 B). Two-way
ANOVA analysis showed significant main effects of genotypes on ex-
pression levels of Runx2 and Col1a1, significant main effects of diets on
expression levels of Runx2. No significant genotype-by-diet interactions
were noted (Table 2).

M-CSF an RANKL are two key factors involved in osteoclast differen-
tiation [36,37]. The binding of RANKL to its receptor RANK on osteoclast
precursorswill lead to the expression of various osteoclast genes includ-
ing TRAP, CTSK and MMP9 [36,37]. Thus, the expression levels of TRAP,
CTSK and MMP9 reflect osteoclast numbers and activities to a certain



Fig. 2. Decreased bone mass in diet-induced and genetic hyperlipidemia mice. A. Trabecular bone volume (Tb. BV/TV). B. Trabecular bone thickness (Tb·Th). C. Trabecular bone number
(Tb. N). D. Trabecular separation (Tb·Sp). E. Cortical bone volume (Cort. BV/TV). (*P b 0.05, **P b 0.01, compared to the same genotype, #P b 0.05, ##P b 0.01, compared to the same diet, n=
8).

Fig. 3. Relative mRNA expression levels of bone- and adipose-related genes. A. Runx2 expression was decreased in groups WH, LC and LH. B. Mice in group LH showed lower Col1a1
expression compared with group WH. C. The expression levels of TRAP in group WH were higher compared to group WC; mice in group LC also had higher TRAP expression compared
to group WC. D and E. LDLR−/− mice showed higher CTSK and MMP9 expression compared to WT mice on the same diet. F. Higher leptin expression levels in groups WH, LC and LH.
(*P b 0.05, **P b 0.01, compared to the same genotype, #P b 0.05, ##P b 0.01, compared to the same diet, n = 8).
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extent. The expression levels of TRAP in group WH were higher com-
pared to group WC; mice in group LC also had higher TRAP expression
compared to group WC (Fig. 3C). For the same diet comparison,
LDLR−/− mice showed higher CTSK and MMP9 expression on each diet
when compared to WT mice (Fig.3D, E). Two-way ANOVA analysis
showed significant main effects of genotypes on expression levels of
TRAP, CTSK and MMP9. No significant genotype-by-diet interactions
were noted (Table 2). The above data suggested that hyperlipidemia
mice showed inhibited bone formation and enhanced osteoclast forma-
tion, these phenotypes more pronounced in LDLR−/− mice.

The relative expression levels of leptin in visceral fat in group WH
were higher than those in groupWC; LDLR−/−mice showed higher lep-
tin expression levels compared to WT mice on the same diet (Fig. 3F).
Factorial ANOVA showed significant main effects due to genotypes on
expression level of leptin (Table 2).

3.4. Comparison of osteoblast and osteoclast differentiation in vitro be-
tween WT and LDLR−/− mice

BMSCs cultures showed reduced osteogenic differentiation and en-
hanced adipogenic differentiation in LDLR−/− mice compared to that
in WT mice (Fig. 4). BMSCs differentiation is under the regulation of
PPARγ and Runx2. Real time PCR showed higher PPARγ expression levels
in BMSCs of LDLR−/− mice (Fig. 5). Osteoblast-related gene analysis
showed lower Runx2, Col1a1 and OCN expression levels in LDLR−/−

mice (Fig.5). The above data suggested reduced osteoblastogenesis in
LDLR−/− mice.

Osteoclast cultures in vitro showed increased osteoclast numbers
and more average nuclear numbers/ osteoclast in LDLR−/− mice
(Fig.4). NFATc1 is the key regulator of osteoclast differentiation. Our
data showed increased NFATc1 expression in LDLR−/− mice (Fig. 5).
Other osteoclast-related gene analysis showed higher c-Fos, TRAP,
CTSK andMMP9 expression in LDLR−/−mice (Fig. 5). These data indicat-
ed enhanced osteoclast formation and functions in LDLR−/− mice.
Fig. 4.Different ability of osteoblastogenesis, adipocyteogenesis and osteoclastogenesis between
LDLR−/−mice. C andD.Oil RedO stainingdemonstrated enhanced adipocyte differentiation in LD
mice. G and H. Both of osteoclast numbers per well and average nuclear numbers per osteocla
4. Discussion

The present study demonstrated different lipid profiles in diet-in-
duced and genetic-induced hyperlipidemia animal models. LDLR−/−

mice showed moderate hypertriglycemia and severe hypercholesterol-
emia, and the hypercholesterolemia was further aggravated upon high-
fat feeding. While in wild-type mice, only moderate hypercholesterol-
emia was induced by high-fat feeding. Accordingly, the trabecular
bone mass was reduced in mice with hyperlipidemia, including WT
mice on high-fat diet and LDLR−/− mice on either diet. Notably, the
combination of diet-induced and genetic hyperlipidemia caused more
pronounced bone loss than either condition alone, since genotype-by-
diet interactions on trabecular bone mass were found in factorial
ANOVA analysis (p=0.01, Table 2) and both the trabecular and cortical
bonemass were reduced in LHmice. In general, trabecular bone is more
responsive to diet, drug treatments, or aging than cortical bone does be-
cause trabecular bone is more actively remodeled [17].

Bone remodeling is a dynamic process for the whole lifetime, regu-
lated by the elaborate equilibrium between bone formation and bone
resorption. In physiological state, bone formation and bone resorption
are subtle and well coupled processes. Most but not all previous studies
found reduced bone mass in HFD feeding mice, especially cancellous
bone. However, regarding the mechanism, related researches reported
different effects of HFD feeding on osteoblastic or osteoclastic functions.
Cao et al. found reduced cancellous bonemass in HFD feedingmice, and
those obese mice showed increased osteoblastic function (possibly due
to higher body weight) and enhanced osteoclastic resorption [17]. Shu
et al. also found elevated osteoblast and osteoclast numbers in bone
marrow cells from HFD-feeding juvenile mice with less bone mass
[19]. However, in another study, Cao et al. found decreased femoral tra-
becular bone mass in obese mice, possibly due to impaired osteoblastic
function (reflected by reduced osteocalcin levels in serum) and en-
hanced osteoclastic function [18]. Patsch et al. found short-term and ex-
tended high-fat diet feeding significantly increased serum CTx levels
WTand LDLR−/−mice. A and B. ALP staining showed reduced osteoblast differentiation in
LR−/−mice. E and F. TRAP staining showed increased osteoclast differentiation in LDLR−/−

st were increased in LDLR−/− mice. OC, osteoclast. (*P b 0.05, compared to WT, n = 6).



Fig. 5. Relative mRNA expression levels by qRT-PCR. Osteoblast-related genes, including Runx2, Col1a1 and osteocalcin, were lower in LDLR−/− mice. Osteoclast-related genes, including
NFATc1, c-Fos, TRAP, CTSK and MMP9 were higher in LDLR−/− mice. Expression levels of PPARγ of bone marrow cells from LDLR−/− mice were also higher. (*P b 0.05, **P b 0.01,
compared to WT, n = 8).
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and caused similar bone loss with no obvious effects on serum
osteocalcin levels, indicating high-fat diet–induced bone loss mainly
originates from resorptive changes in trabecular architecture. Different
results may be related to different animal models, different interven-
tions, in particular the use of different methods to evaluate the function
of osteoblasts and osteoclasts.

In this study, WH mice showed inhibited Runx2 and elevated TRAP
expression in femur distal metaphyses, as well as increased plasma
Fig. 6. PPARγ and S1P are possibly involved in the bone loss induced by hyperlipidemia. Diet-in
mobilizesmore osteoclast precursors into bonemarrow cavities, resulting in enhanced bone res
with hyperlipidemia, which stimulates adipogenesis and osteoclastogenesis while inhibits oste
CTx levels compared with WC mice, indicating decreased osteoblastic
functions and enhanced osteoclastic functions induced by HFD feeding.
On the other hand, compared with WT mice, LDLR−/− mice presented
with lower Runx2 and higher TRAP, CTSK and MMP9 expression in
femur distal metaphyses; in vitro cell cultures also demonstrated
inhibited osteoblast differentiation and enhanced osteoclast differentia-
tion of bone marrow cells from LDLR−/− mice. These data suggest that
HFD-induced and LDLR knockout –induced hyperlipidemia may
duced and genetic-induced hyperlipidemia and obesity increase plasma S1P levels, which
orption. On the other hand, PPARγ expression is increased in bonemarrow cells frommice
ogenesis.
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decrease bone formation and enhance bone resorption. Consistent with
the study by Pirih et al., we found that these phenotypes weremore ob-
vious in LDLR−/− mice [22]. Another study also showed greater osteo-
clastic potential of bone marrow cells ex vivo from LDLR−/− mice
versus wild type mice [38].

The mechanism underlying hyperlipidemia induced abnormal bone
metabolism is very complex. In our study, inhibited osteoblastic func-
tions in hyperlipidemia mice may be related to the changes in Runx2
and PPARγ. BMSCs are pleiotropic cells, capable of differentiating into
osteoblasts, adipocytes and chondrocytes. The differentiation of BMSCs
into osteoblasts and adipocytes are negatively related, under the regula-
tion of Runx2 and PPARγ [39–41]. PPARγ is predominately expressed in
adipose tissue, acting as a master switch in controlling adipocyte prolif-
eration and differentiation [42]. PPARγ also stimulates adipogenesis and
inhibits osteogenesis, and vice versa of Runx2 [39,40]. Our study found
significantly increased PPARγ expression while decreased Runx2 in
LDLR−/− mice, which may impair osteoblast differentiation and result
in decreased bone formation.

Except for its role in BMSCs differentiation, PPARγ also plays a role in
regulating osteoclastogenesis [43]. Wan et al. demonstrated that
Tie2Cre/flox mouse, in which PPARγ is conditionally deleted in osteo-
clasts but not in osteoblasts, developed osteopetrosis as a result of re-
duced osteoclast differentiation [44]. Mechanically, PPARγ directly
regulates c-Fos expression, which is an essential mediator of osteoclas-
togenesis [44]. Our study also showed increased PPARγ and c-Fos ex-
pression in bone marrow cells from LDLR−/− mice. Furthermore,
another study suggested that mouse bone marrow microenvironment
was altered by HFD feeding with increased osteoclast precursor as
well as increased expression of osteoclastogenic regulators including
RANKL and PPARγ [19], further indicating PPARγ may play a key role in
regulating the differentiation of osteoclasts in bonemarrow cells. There-
fore, PPARγ agonists are not recommended in diabetic patients with os-
teoporosis [45].

In the present study, we also investigatedwhether S1P is involved in
the abnormal bone metabolism caused by hyperlipidemia. Abnormal
sphingolipid metabolism is closely associated with obesity and HFD
feeding. HFD enhances de novo sphingolipid synthesis and elevates
S1P levels in several tissues, such as liver, skeletal muscle, adipose tis-
sue, and cardiovascular tissues [46]. Accordingly, serum S1P levels
were elevated in ob/obmice and obese humans [26,27]. In cultured ad-
ipocytes, S1P stimulated gene expression of plasminogen activator inhib-
itor-1, tumor necrosis factor (TNF)-α,monocyte chemoattractant protein-1
and interleukin-6 (IL-6) [27]. Proinflammatory cytokines TNF-α and IL-6
directly or indirectly regulate osteoclastogenesis [47]. More important-
ly, S1P could mobilize osteoclast precursors into bone marrow cavities,
resulting in enhanced bone resorption [29]. Accordingly, plasma S1P
levels were inversely correlated with bone mineral density, whereas
positively correlated with bone resorption markers in postmenopausal
women [48]. Our study showed higher plasma S1P levels in hyperlipid-
emia mice, including WT on HFD and LDLR−/− mice on either diet. A
positive correlation was also observed between plasma CTx and S1P
levels, indicating S1P may be involved in the enhanced bone resorption
induced by hyperlipidemia (Fig. 6). Themechanism deserves further in-
vestigation. To the best of our knowledge, this is the first study which
has investigated the effects of LDLR knockout on the abilities of bone
marrow cells differentiating into osteoblasts, osteoclasts and adipo-
cytes. We are also the first to report S1P may be involved in the hyper-
lipidemia induced abnormal bone metabolism.

Previous studies suggest that adipose tissue and bone are mutually
regulated [49–51]. Adipocytes and osteoblastogenitors coexist in bone
marrow cavity. Adipocyte-derived adipokines, such as leptin and
adiponectin, show ability to regulate osteoblast and osteoclast functions
[49,52]. Our study showed higher leptin expression in visceral adipose
tissue in mice with hyperlipidemia, consistent with a previous study
[18]. It was suggested that elevated serum leptin may inhibit bone for-
mation [18,53].
5. Conclusions

In conclusion, we demonstrated that hyperlipidemia reduced bone
formation and enhanced bone resorption, resulting in lower femoral
bone mass inmice. We also found higher plasma S1P levels in hyperlip-
idemia mice and a positive correlation between plasma CTx and S1P
levels, indicating S1P may be involved in hyperlipidemia induced ab-
normal bone metabolism.
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