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SUMMARY

Apolipoprotein E (ApoE), a ligand for low-density lipoprotein receptors, is strongly induced during
osteogenesis and has a physiologic role in regulating osteoblast function, but the mechanisms of
its action are still unclear. The study aims to elucidate the influence and molecular mechanisms of
ApoE on bone formation. An ovariectomy-induced osteoporotic model were conducted in ApoE
knockout (ApoE"") mice to study the effect of ApoE on the bone system. Bone quality were assessed
through bone mineral density and histomorphometric analysis. To investigate the underlying role and
mechanisms of 4ApoE during osteogenesis, primary osteoblasts from the calvariums of newborn ApoE
" or wild-type (WT) mice were cultured in the osteoblastic differentiation medium in vitro for further
research. Our animal experiment data showed that ApoE” mice exhibited bone loss, exacerbated by
estrogen deprivation after ovariectomy. ApoE deficiency attenuated osteoblast activity and inhibited
osteoblast osteogenesis, accompanied by decreased osterix expression. ApoE deficiency did not affect
primary osteoblast viability and collagen-1 expression. Moreover, osteoprotegerin expression in ApoE”
osteoblasts was reduced compared to WT controls. Our study demonstrated that ApoE gene deficiency

contributed to bone loss and attenuated osteogenesis by down-regulating osterix expression.

Keywords

1. Introduction

Osteoporosis and atherosclerosis are both prevalent
diseases in postmenopausal women with bone and
lipid metabolism disorders due to estrogen deficiency
(7). Osteoporosis, characterized by decreased bone
mass and density, could increase fracture risk, while
atherosclerosis, characterized by dyslipidemia, is a
syndrome affecting arterial blood vessels. Evidence
notes that lipid metabolism is closely associated with
bone metabolism. Recently, a study that included 1,116
Chinese female participants found that total cholesterol,
low-density lipoprotein (LDL), and high-density
lipoprotein (HDL) had a remarkable negative correlation
with bone mass density at the lumbar spine (2). Another
case-control study conducted with 150 individuals with
metabolic syndrome has shown that vertebral fracture
was a risk factor for coronary events (3). These studies
imply that osteoporosis might share the same underlying
pathogenesis as atherosclerosis.

apolipoprotein E, osteoblast, osteogenesis, osterix

Emerging evidence also shows that hyperlipemia
might be a potent and important risk factor for
osteoporosis (4). As we know, bone and fat originate
from the same progenitor cell, multipotent mesenchymal
stem cells (MSCs), which can differentiate into myoblasts
or adipocytes under certain conditions (5). The products
from LDL oxidation inhibit osteogenic differentiation
and facilitate adipogenic differentiation of progenitor
marrow stromal cells (6,7), resulting in osteoporotic
bone loss. Oxidized lipids could regulate hyperlipidemia-
induced parathyroid hormone resistance in bone
anabolism in mice (8). Further on, in addition to their
cholesterol-lowering effect, statins have been shown the
bone anabolic action, indicating their protection against
diseases such as osteoporosis (9). The pathogenesis
of osteoporosis mainly results from the imbalance
between osteoblasts and osteoclasts (/0,11). Osteoblasts
participate in bone formation while osteoclasts induce
born absorption; bone formation could be hindered if
disorders occur during osteoblasts' proliferation and
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differentiation. Crosstalk between osteoblasts and
osteoclasts is indispensable for maintaining the balance
of bone metabolism (//-13). Osteoclastogenesis can be
regulated by osteoblasts mainly through the receptor
activator of the nuclear factor-kB (RANK) ligand
(RANKL)/RANK/osteoprotegerin (OPG) axis (/4).

Apolipoprotein E (ApoE), a significant plasma
lipoprotein and a ligand for low-density lipoprotein
receptors, is present in various tissues and expressed
in different cells, including osteoblast, regulating
the transportation and metabolism of lipids (/5).
Hyperlipidemia usually results from the gene mutations
such as ApoE, which can be strongly induced during the
mineralization of the primary osteoblasts ex vivo (16).
Mice lacking ApoFE, with a significant plasma cholesterol
level, have displayed a high bone mass phenotype. In
contrast, bone resorption was not affected due to an
accelerated rate of bone formation (/6,77). However,
Hirasawa H et al. observed that ApoE knockout (ApoE
") mice had reduced bone formation with a high-fat diet
(18). Estrogen is a critical factor that could regulate
both bone and lipid metabolisms. Estrogen decline
during menopause causes lipid profile changes (/9). Our
previous study showed that estrogen could up-regulate
the gene expression of ApoE receptors during osteoblast
differentiation in vitro (20). The above observations
indicated that ApoE might play a physiologic role in
regulating osteoblast function, yet molecular mechanisms
remained unclear.

In this work, ApoE” mice, which underwent
ovariectomy or not, were conducted to probe the
effect and underlying mechanisms of 4poE deficiency
on the bone system. Bone mineral density (BMD)
and histomorphometric parameters were analyzed to
assess bone quality. To further investigate the relative
mechanisms of bone metabolism regulated by ApoE
deficiency, primary osteoblasts from newborn 4poE”
and wild-type (WT) mice were cultured in vitro. Further
experiments were carried out to explore mechanisms
that ApoE deficiency regulates osteoblast-mediated
osteoclastogenesis through RANKL/RANK/OPG axis.

2. Materials and Methods
2.1. Materials

The assay kits for total cholesterol (TC), LDL
cholesterol, and HDL cholesterol were purchased from
Nanjing Jiancheng Bioengineering Institute (Jiangsu,
China). 4% paraformaldehyde (PFA) was purchased
from Shanghai USEN Biological Technology Co., Ltd.
(Shanghai, China). The tartrate-resistant acid phosphatase
(TRAP) staining kit, calcein, B-glycerophosphate,
ascorbate, dexamethasone, collagenase, 10,25-(OH),
vitamin D5 [1,25(OH),D,], prostaglandin E2 (PGE2),
and DMEM were obtained from Sigma-Aldrich, Inc.
(St. Louis, MO, USA). Toluidine blue staining solution

was commercially obtained from Leagene Biotech Inc.
(Beijing, China). Alpha minimum essential medium
(a-MEM) medium, fetal bovine serum (FBS), and
lipofectamine 2000 were obtained from Thermo Fisher
Scientific Inc. (CA, USA). Dispase was purchased from
F. Hoffmann-La Roche, Ltd. (Basel, Schweiz). Oricell™
MSC osteogenic differentiation medium was bought
from Cyagen Biosciences Inc. (Santa Clara, CA, USA).
Penicillin, streptomycin, 5-bromo-4-chloro-3-indolyl-
phosphate (BCIP)/nitroblue tetrazolium chloride (NBT),
and MTT were obtained from Beyotime Biotech Inc.
(Shanghai, China). The alkaline phosphatase (ALP)
activity assay kit and Alizarin red S were purchased
from GenMed Scientific Inc. (Shanghai, China). SYBR
Premix Ex Taq II kits, RNAiso Plus, and PrimeScript RT
Master Mix were commercially obtained from Takara
Bio Inc. (Dalian, China). Si-4poE and negative control
(NC) were purchased from GenePharma Co., Ltd.
(Shanghai, China). OPG was purchased from USCN
Life Sciences Inc. (Wuhan, China). Primary antibodies
against runt-related transcription factor 2 (Runx2),
osterix, B-actin, and collagen-1 were purchased from
Abcam Plc. (Cambridge, UK).

2.2. Animals

ApoE” and WT mice with C57BL/6 genetic background,
aged 10-12 weeks, were commercially acquired from
the Shanghai laboratory animal center of the Chinese
Academy of Sciences (Shanghai, China). The mice
were housed in a humidity-controlled (43 + 8%) and
temperature-controlled (23 = 0.5°C) environment with a
12 h light and 12 h dark cycle. The Ethics Committee of
Fudan University permitted the experimental protocols
(approval number JS-020), which were carried out
following the guidelines of Fudan University and the
National Institutes of Health Guide for the Care and Use
of Laboratory Animals.

Mice were mated with the same genotype, and
newborn mice (2 days old) were used to isolate primary
osteoblasts. ApoE” and WT mice (8 weeks old) were
divided into four groups: ovariectomized (OVX) WT
group, OVX ApoE” group, sham WT group, and sham
ApoE” group (n = 6 for each group). Mice in the two
OVX groups underwent ovariectomy through bilateral
incisions, while mice in the two sham groups underwent
the same surgical procedure without ovariectomy. After
12 weeks, murine blood, femur, and tibia sample were
collected and analyzed.

2.3. Assessment of serum lipid profiles

Peripheral blood samples were collected from isoflurane-
anesthetized mice by cardiac puncture to prepare the
serum. Serum TC, LDL cholesterol, and HDL cholesterol
were evaluated with a HITACHI-7080 automatic
biochemical analyzer (Hitachi High-Tech Corporation,
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Tokyo, Japan).
2.4. BMD and histomorphometric analysis

Dual-energy X-ray absorptiometry (DXA) was conducted
to determine BMD with an animal PIXImus densitometer
(Lunar; GE Corp., Fairfield, CT, USA), which the same
technician performed. Uniformity was conducted by
selecting consistent regions of interest from each sample
for analysis. Bone structural parameters were detected
with micro-computed tomography (micro-CT, Skyscan
1176, Bruker Corporation, Massachusetts, USA).

2.5. Immunohistochemistry

As previously described (217), after being fixed in 4%
PFA, the murine tibiac were proceeded for decalcification
with ethylenediaminetetraacetic acid, staining with
TRAP for osteoclasts identification; the fixed murine
tibiae were then stained with toluidine blue for analysis.
Histological changes were observed using a microscope
(Olympus, Tokyo, Japan).

2.6. Calcein labeling analysis

The bone formation sites were labeled with calcein
referred to previous methods. Briefly, mice were
administrated with calcein through intraperitoneal
injection 7 and 2 days before the end of the experiment
(21). Two nonconsecutive sections were collected from
the tibia to measure bone formation rate (BFR) and
mineral apposition rate (MAR) with a fluorescence
microscopy (Olympus BX-60, Tokyo, Japan). The
parameters, including BFR and MAR were analyzed
referring to the previous protocols (22).

2.7. Primary osteoblasts isolation and differentiation

According to the genotype, primary osteoblasts were
isolated from the calvaria of the newborn A4poE” and WT
mice (23). Skull bones were digested five times (10 min
each time) in o-MEM medium supplemented with 0.5%
dispase and 0.1% collagenase. The first digestion was
discarded; cells were collected from the remainder of the
digestion and cultured in complete a-MEM for further
study. The cell density in 24-well or 6-well culture plates
is 5 x 10 per well or 1 x 10° per well, respectively. When
cells reached 80% confluence, osteoblasts differentiation
was induced in Oricell™ MSC osteogenic differentiation
medium with ingredients from the kit as follows: MSC
osteogenic differentiation basal medium supplemented
with 10% MSC-qualified FBS, 1 M B-glycerophosphate,
20 mM ascorbate, and 1 mM dexamethasone.

2.8. ALP staining and activity analyses

Cells in 24-well plates were used for ALP staining, and

cells in 6-well plates were used for ALP activity analyses
after treating osteogenic differentiation medium for seven
days. BCIP/NBT is the preferred staining substrate for
ALP detection, and we performed ALP staining referring
to the manufacturer's instructions. According to the
protocol, an alkaline phosphatase activity assay kit was
used to detect ALP activity in cell lysate. The pictures
were obtained with a microscope (Nikon Corporation,
Tokyo, Japan).

2.9. Alizarin red S staining

The calcium deposits of differentiated primary
osteoblasts in 24-well culture plates were stained using
Alizarin red S according to the provided protocol after
osteogenic induction medium treatment for 21 days (23).
Then the number of bone nodules was observed with a
microscope (Nikon Corporation) and counted.

2.10. Proliferation analysis

1 x 10° per well primary osteoblasts were seeded into
96-well plates to perform MTT assay to monitor cell
viability. The medium was exchanged with the MSC
osteogenic differentiation medium when cells were
fully adherent. 0.5 mg/mL MTT reagent was added
separately after 12, 24, 48, and 96 h and incubated at
37°C for 4 h. The precipitation was dissolved in dimethyl
sulfoxide after the supernatant was gently removed.
Absorbance at 490 nm was determined with an enzyme-
linked immunometric meter (Bio-Tek 800, Agilent
Technologies, Inc., CA, USA).

2.11. RNA isolation and reverse transcription-quantitative
PCR (qRT-PCR)

Primary osteoblasts were cultured in 6-well culture plates
for 0, 3, 7, and 21 days, and then cells were collected
to detect the gene expression. Primary osteoblasts
were cultured for seven days and sequentially treated
with or without 10° M 1,25(0H),D; and 10* M PGE2
for 0, 1, and 2 days; the cells were used to detect
the gene expression. Total RNA was extracted with
an RNAiso Plus, referring to the provided protocol.
Reverse transcription of total RNA was handled with
a PrimeScript RT reagent kit. Quantitative PCR was
conducted on Applied Biosystems 7900 HT (Thermo
Fisher Scientific Inc.). Gene expression was analyzed
with the 2**“" method. The used primers are listed in
Table 1.

2.12. Cell line MC3T3-E1 culture and transfection

MC3T3-El, a mouse osteoblastic cell line, was
commercially acquired from American Type Culture
Collection (ATCC; Rockville, MD, USA) and cultured in
DMEM with 10% FBS. For further research, MC3T3-E1

www.ddtjournal.com



273 Drug Discoveries & Therapeutics. 2023; 17(4):270-278.

Table 1. The used primers are listed

Gene Forward Primer Reverse Primer

Runx2 GACAGTCCCAACTTCCTGTG GCGGAGTAGTTCTCATCATTC
Osterix GCTCGTAGATTTCTATCCTC CTTAGTGACTGCCTAACAGA
Collagen-1 TGACTGGAAGAGCGGAGAGTA GACGGCTGAGTAGGGAACAC
Opg CCTTGCCCTGACCACTCTTAT CGCCCTTCCTCACACTCAC
Rankl CAAGATGGCTTCTATTACCTGT TTGATGCTGGTTTTAACGAC
B-actin CCTCTATGCCAACACAGT AGCCACCAATCCACACAG

Opg: Osteoprotegerin; Rankl: Receptor activator of the nuclear factor-kB ligand; Runx2: Runt-related transcription factor 2.

was cultured in MSC osteogenic differentiation medium
and transfected with si-ApoE or NC using Lipofectamine
2000. Cells were lysed to extract protein for western blot.

2.13. Western blot analysis

Cell protein samples were isolated, quantified, and
denatured in sequence. The insoluble debris was
removed by centrifugation, and the supernatant was
retained for western blot analysis. Proteins were
separated by electrophoresis on 10% sodium dodecyl
sulfate polyacrylamide gels and transferred to a Hybond
membrane. The membranes were blocked with non-fat
milk, followed by incubation with primary antibodies
against Runx2, osterix, collagen-1, and B-actin overnight
at 4°C. They are rinsed in a washing buffer three times
and subsequently incubated with secondary antibodies.
Signals were detected using a chemiluminescence
system and displayed on an Amersham Imager 600 (GE
Healthcare Life Sciences, MA, USA).

2.14. Enzyme-linked immunosorbent assay (ELISA)

Primary osteoblasts were cultured in the MSC osteogenic
differentiation medium for seven days and then incubated
with or without 1,25(OH),D,/PGE2 for 1 and 2 days.
The culture supernatants were collected and used to
detect the concentrations of OPG in accordance with the
manufacturer's protocol.

2.15. Statistical analysis

Data were presented as the mean + SEM. One-way
ANOVA was performed followed by Bonferroni-Holm-
adjusted post-hoc comparisons among three or more
groups. The student's #-test was applied between two
groups. p < 0.05 represented a significant difference.

3. Results

3.1. Bone loss was exacerbated in ApoE-deficient mice
Since deficiency of the ApoE gene is critical in
cholesterol transport in mice, we first assessed serum

lipid profiles. ApoE” mice showed a significantly
increased serum TC and LDL cholesterol but reduced

HDL cholesterol levels (Figure 1A), in accordance with
a previous study (/8). Ovariectomy did not affect serum
levels of TC, LDL, and HDL (Figure 1A). To further
explore femoral bone histomorphometric changes in
ApoE-deficient mice, micro-CT analysis was performed
to analyze bone properties. In the two sham groups,
decreased BMD was observed in the bone trabecula of
ApoE” mice but not WT mice (Figure 1B-1C left); in
the two OVX groups, ApoE deprivation exacerbated
the decrease in trabecular BMD compared to the WT
mice (Figure 1B-1C left); OVX ApoE” mice had a
lowest trabecular BMD in the four groups (Figure 1B,
1C left). Cortical BMD remained indistinguishable
among the four groups, indicating ovariectomy or ApoE
deficiency didn't affect cortical BMD (Figure 1B-1C
right). Ovariectomy resulted in a decreased trabecular
BMD, bone volume/tissue volume (BV/TV) ratio
(Figure 1D), trabecular thickness (Tb.Th, Figure 1E),
trabecular number (Tb.N, Figure 1G), and a remarkable
increase in trabecular separation (Tb.Sp, Figure 1F),
indicating a bone loss after estrogen deprivation through
ovariectomy. Interestingly, ApoE deficiency aggravated
the reduction of the BV/TV ratio, Tb.Th, and Tb.N and
improved the Tb.Sp value (Figure 1C-G). OVX ApoE
" mice had the lowest values of the BV/TV ratio, Tb.Th,
and Tb.N and the highest Tb,Sp value in the four groups
(Figure 1C-1G), showing ApoFE deficiency aggravated
bone loss.

To further explore the effects of ApoE deficiency on
bone tissue homeostasis, we detected the static and bone
dynamic histomorphometric parameters. The number
of osteoblasts and osteoclasts were both increased
in OVX mice, along with elevated BFR (Figure 1J,
IM) and MAR (Figure 1J, 1N), compared to the sham
control mice; however, ApoE deficiency significantly
reduced the number of osteoblasts (Figure 1H, 1K),
BFR values (Figure 1J, 1M), and MAR values (Figure
1J, IN). In contrast, the number of osteoclasts remained
indistinguishable between WT and 4poE” mice (Figure
11, 1L). These results indicated that ApoE deficiency
resulted in osteopenia, possibly due to reduced
osteoblastogenesis.

3.2. ApoE deficiency attenuated osteoblast activity
and inhibited mineralization of differentiated primary
osteoblasts
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Figure 1. ApoE deficiency enhanced ovariectomy-induced bone loss. Eight-week-old mice underwent ovariectomy in OVX ApoE” and OVX
WT groups; mice in sham ApoE” and sham WT groups underwent the same surgical procedure without ovariectomy. n = 6 for each group. After
12 weeks, all mice were sacrificed; serum and bone tissues were harvested for further investigation. (A) Serum levels of TC, LDL, and HDL.
DXA was performed to measure trabecular and cortical BMD in each group. Micro-CT was used to determine the femoral phenotype in each
group. (B) Micro-CT images. (C) Trabecular BMD and cortical BMD of femora. (D) BV/TV ratio, (E) Tb.Th, (F) Tb.Sp, and (G) Tb.N were
measured. Histological analysis of the proximal tibiae in each group: (H) Toluidine blue staining, (I) TRAP staining, and (J) double calcein
labeling. (K) Osteoblast surface/BS (%), (L) osteoclast surface/BS (%), (M) BFR, and (N) MAR were measured using the Osteo-Measure
Histomorphometry System. (H-I) Scale bar represents 50 um. (J) Scale bar represents 2 pm. Values are presented as the mean + SEM. *p < 0.05,
**p <0.01, **¥*p <0.001.
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Figure 2. ApoE deficiency attenuated osteoblast activity and inhibited the mineralization of differentiated osteoblasts. Primary osteoblasts
from ApoE” and WT mice were treated with an MSC osteogenic differentiation medium. After osteogenic induction for seven days, (A) ALP
staining was used to evaluate osteoblast activity; (B) the quantitative analysis of ALP activity in cell lysate was determined using an ALP activity
analysis kit. (C) Alizarin Red S staining was performed after osteogenic induction for 21 days, and (D) the number of mineralized nodules per
well was calculated. (E) MTT assay was conducted to detect the cell viability of primary osteoblasts after being cultured with an osteogenic
differentiation medium for 12, 24, 48, and 96 h. Values are presented as the mean + SEM of at least three experiments. **p < 0.01.
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Figure 3. ApoE deficiency impaired the expression of osterix. Primary osteoblasts were cultured in an osteogenic induction medium for 0, 3,
7, and 21 days. Cells were harvested for total RNA extraction, and qRT-PCR was performed to analyze the gene expression. (A) Runx2 mRNA
expression. (B) Osterix mRNA expression. (C) Collagen-1 mRNA expression. Values are presented as the mean + SEM. (D) Western blot was
performed to analyze protein levels of Runx2, osterix, and collagen-1 in mouse osteoblastic cell line MC3T3 after transfection with NC or si-

ApoE. *p <0.05, **p < 0.01, ***p <0.001.

To explore mechanisms of ApoE deficiency affecting
bone metabolism, primary osteoblasts from ApoE”
~and WT mice were cultured in MSC osteogenic
differentiation medium. ALP staining was conducted
to evaluate the ALP activity of osteoblasts. Fewer blue
spots showed that the ALP activity of 4poE™ osteoblasts
decreased compared to the osteoblasts from WT mice
(Figure 2A). Meanwhile, ALP activity in the cell lysate
from ApoE” osteoblasts was also significantly reduced
(Figure 2B). As shown in Figure 2C-2D, the number of
osteoblastic calcium nodules in ApoE” osteoblasts was
less than that in osteoblasts from WT controls, indicating
that ApoE deficiency suppressed bone formation in
vitro. In addition, to explore whether ApoE deficiency
can affect the proliferation activity of the osteoblasts, an
MTT assay was conducted to detect cell activity on the
primary osteoblasts from WT and ApoE” mice in vitro.
Data showed that ApoE deficiency had no noticeable
impact on the cell viability of osteoblasts (Figure 2E).

3.3. ApoE deficiency inhibited the expression of osterix
during the late stage of osteoblast differentiation in vitro

Osterix and Runx2 are key transcriptional factors during
osteoblast differentiation; Runx2 is an early molecular
regulator, whereas osterix is expressed in the late
stage of osteoblast differentiation (24,25). Osteoblast
differentiation was induced in vitro to assess the relative
gene levels. Results demonstrated that the mRNA
expression levels of Runx2 in osteoblasts from ApoE”
mice were higher on days 0, 3, and 21 compared to WT
controls (Figure 3A). The osterix mRNA expression in
osteoblasts from ApoE” mice was down-regulated on
day 21, but there was no significant change on day 7
(Figure 3B). Meanwhile, the osterix protein expression
in the si-ApoE group was reduced (Figure 3D), agreeing
with the tendency of the reduced mRNA level. As
shown in Figure 3C-3D, we didn't observe a noticeable
difference in collagen-1 expression between ApoE” and
WT osteoblasts.

3.4. ApoE deficiency down-regulated OPG expression
and Opg/Rankl ratio
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Figure 4. ApoE deficiency down-regulated OPG expression and
Opg/Rankl ratio without affecting Rankl expression of osteoblasts
in vitro. Primary osteoblasts cultured in the osteogenic differentiation
medium were treated with or without 1,25(OH),D,/PGE2. After 0, 1,
and 2 days, cells were harvested for total RNA extraction, and qRT-
PCR was conducted to analyze the expression of (A) Opg and (B)
Rankl. (C) The Opg/Rankl ratio. (D) Cell supernatant was used to test
the protein level of OPG by ELISA analysis. Values are presented as
the mean = SEM of at least three experiments. **p < 0.01, ***p <
0.001.

Osteoblasts can regulate osteoclast differentiation by
expressing OPG and RANKL through the RANKL/
RANK/OPG system, a vital signaling pathway involved
in osteoclastogenesis. Primary osteoblasts from ApoE”
~ and WT mice were treated with 1,25(0OH),D,/PGE2.
A notable reduction in the Opg mRNA level was
observed in osteoblasts from ApoE” mice (Figure 4A),
whereas ApoFE deficiency did not affect the Rankl mRNA
level (Figure 4B). However, the ratio of Opg/Rankl
significantly decreased in ApoE" osteoblasts compared
to WT controls (Figure 4C). Moreover, the OPG protein
level in the supernatant of 4poE” osteoblasts was
remarkably reduced, indicating ApoE deficiency might
affect the function of osteoblasts (Figure 4D).
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4. Discussion

Our study focused on the role and related mechanisms
of ApoE deficiency on bone metabolism at both animal
and cellular levels. Results indicated that ApoE” mice
showed a bone loss, which might be due to reduced
osteogenesis. To investigate the underlying mechanisms,
we used an osteoblastic differentiation culture system in
vitro to explore the effect of ApoE deficiency. The result
showed that ApoFE deficiency attenuated osteogenesis via
down-regulating osterix.

The ApoE component is a ligand for the LDL
receptor, and ApoE deficiency increases the serum
level of TC and LDL because of the failure of LDL
receptor-mediated clearance (26). A further study
proved that increased dietary lipids interfered with
bone metabolism (27). We demonstrated osteopenia in
ApoE” mice and further focused on the impact of ApoE
deficiency on osteoblasts. Osteoblasts were derived from
pluripotent MSCs that were the progenitors of multiple
types of cells (28,29). The osteoblastic differentiation
process includes cell proliferation, extracellular
matrix formation and maturation, and mineralization
(30). Osteoblasts secrete specific extracellular matrix
proteins, including osteocalcin, ALP, and collagen-1,
to form bone calcium nodules (3/,32). Our results
demonstrated an indistinguishable difference between
ApoE”" and WT primary osteoblasts in the proliferative
activity and collagen-1 expression. Since ApoE did not
impact osteoblast proliferation and extracellular matrix
formation, we speculated that ApoE deficiency might
hinder osteoblast differentiation or mineralization.
Results showed decreased ALP activity and reduced bone
calcium nodules in ApoE™ osteoblasts, suggesting that
ApoE deficiency attenuated cell activity and inhibited
mineralization of differentiated primary osteoblasts.

Osteoblasts differentiation from MSCs depends on
the transcription factors Runx2 and osterix (24). Runx2
is essential for the differentiation of osteoblasts and can
stimulate the transcription of osteocalcin, collagen-1,
osteopontin, and collagenase-3 during the differentiation
process of MSCs into osteoblasts (33). Osterix, a bone
morphogenetic protein-induced gene, is essential for
transcriptional processes in osteoblasts (25,34). Although
Runx2 and osterix are both crucial in osteoblast
differentiation, the expression of the osterix gene could
not be detected in Runx2” mice, indicating that osterix
is downstream of Runx2 regulation and plays a vital role
during the osteoblast differentiation (24,25). Although
the mRNA level of Runx2 in primary osteoblasts
was enhanced, the mRNA expression of osterix was
suppressed at the late stage of differentiation. The osterix
protein level also decreased in ApoE™ osteoblasts,
indicating that the down-regulated expression of osterix
might contribute to the impaired osteogenesis in ApoE-
deficient osteoblasts. Given that osteoblasts lacking
ApoE appeared to have less osteoblastic differentiation

activity than WT osteoblasts due to reduced expression
of osterix, ApoE may affect osterix gene expression
through a Runx2 independent pathway. Further research
is needed to explore the relationship between Runx2
and osterix when ApoFE is absent and the potential
mechanisms of ApoFE regulating the osterix expression.

The interactions of osteoblasts and osteoclasts
regulate bone formation and resorption (35,36).
Communications between those two key players of bone
metabolism are achieved through paracrine, direct cell-
cell contact, or cell-bone matrix contact, especially the
RANKL/RANK/OPG system (35,37,38). Osteoblasts
can express OPG, a decoy RANKL receptor negatively
regulating osteoclasts development (39). Moreover,
RANKL secreted by osteoblasts can bind to RANK
on the osteoclasts and stimulates osteoclastogenesis.
ApoE deficiency did not affect Rankl gene expression;
however, the OPG expression was down-regulated
in ApoE” osteoblasts. In addition, a study indicated
that reconstitution of ApoE”OPG” mice with ApoE"
"OPG"" bone marrow could rescue atherosclerotic
lesion progression and vascular calcification (40). As
a vascular protective factor, reduced OPG expression
may result in osteopenia and hyperlipemia in ApoE”
mice. However, we cannot rule out the function of OPG
on the two diseases in the ApoE-deficient mice now,
and future experiments are required to analyze these
mechanisms.

In the current study, bone loss was enhanced in
ApoE-deficient mice after estrogen deprivation by
ovariectomy, which might be due to the hindered
osteogenesis via down-regulating osterix. The precise
role of ApoFE in the common pathomechanisms among
estrogen, lipid metabolism, and bone metabolism would
be an interesting question to be explored.
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