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Abstract: Purpose: Mesenchymal stem cells (MSCs) can selectively home to bone defects and play an essential role
in promoting bone regeneration. As an adverse effect factor for bone metabolism, hyperlipidemia significantly im-
pairs bone regeneration. In this study, bone marrow stromal cells (BMSCs) were systemically transplanted into a hy-
perlipidemic mouse model to explore the effect of hyperlipidemia on stem cell recruitment and bone regeneration.
Methods: Hyperlipidemia was established in ApoE7- mice (on C57BL/6J background) fed with a high fat diet (HFD)
for five weeks. C57BL/6 mice fed with the same diet served as controls. BMSCs labeled with the green fluorescent
protein (GFP) were then injected via the tail vein and bone defects were created in the mandibles. The animals
were sacrificed at weeks 1, 2 and 4 after surgery, and the fate of the transplanted BMSCs was monitored with a
fluorescence microscope and immunohistochemical analysis. After hematoxylin and eosin (HE) staining and Mas-
son’s Trichrome (MT) staining, histomorphometric analysis was performed to evaluate bone regeneration. Results:
In both groups transplanted with BMSCs, the number of GFP-positive BMSCs detected in the bone defects reached
its peak at 1 week after surgery and was decreased thereafter. However, at all time points, less GFP* cells were
detected in the ApoE”- mice than in the corresponding control mice. BMSCs transplantation significantly enhanced
new bone formation, but to a lesser degree in the ApoE7- mice when compared with the control mice. Conclusions:
Hyperlipidemia compromises homing efficiency of systemically transplanted BMSCs and inhibits bone regeneration.
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Introduction

Bone defects in the oral and maxillofacial
region usually interfere with normal masticato-
ry function and often have devastating esthet-
ic, emotional and social impact on patients.
Physiological and functional reconstruction of
the damaged tissues is highly expected, which
requires not only the differentiation of local
reparative cells but also the recruitment of
mesenchymal stem cells (MSCs) from bone
marrow and peripheral circulation [1-3]. In
response to the injury stimuli, a series of cellu-
lar and molecular events are activated, various
cytokines and growth factors are released by
platelets and inflammatory cells, and eventual-
ly the MSCs are induced to migrate into the

wound site. Recruited MSCs then proliferate
and differentiate into osteoblasts, which active-
ly participate in bone regeneration [1, 4].

Bone marrow stromal cells (BMSCs) are a type
of pluripotent mesenchymal stem cells with the
capacity for multipotent differentiation into tis-
sues of mesodermal origin such as fat, bone,
cartilage, ligament and more [5]. As the progen-
itor cells for osteoblasts, BMSCs have always
played a substantial role in reconstitution of
bone tissue [6, 7]. After systemic transplanta-
tion into irradiated mice with mandibular bone
defects, BMSCs can be detected in the wound
sites, undergo osteogenic differentiation and
significantly promote local bone regeneration
[8]. Although the mechanisms responsible for
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the recruitment of BMSCs have not yet been
fully revealed, accumulating lines of evidence
suggest that cytokines and chemokines proba-
bly play critical roles in the mobilization of
BMSCs and their subsequent homing to the
injured tissues [9, 10]. However, currently it is
still unclear whether systemic health condi-
tions directly affect the homing efficiency of
BMSCs.

An association between hyperlipidemia and
osteoporosis has been suggested by a variety
of studies. Epidemiologic evidence indicates
the elevated serum lipid level as a risk factor of
osteoporosis [11-13]. Furthermore, diet-indu-
ced hyperlipidemia leads to significantly reduc-
tion in bone mineral density (BMD) and bone
mineral content (BMC) in animal models [14,
15], and lipid-lowering treatments increase
BMD and lower fracture risk in humans [16,
17]. When treated with the oxidation products
of low density lipoprotein (LDL) in vitro, BMSCs
isolated from hyperlipidemic individuals under-
went an adipogenic differentiation instead of
osteogenic differentiation [18]. A recent study
demonstrated hyperlipidemia impaired bone
regeneration through actions of oxidized lipids
[19]. Unfortunately, little is known whether
hyperlipidemia disturbs the recruitment of
BMSCs to the bone defect sites from peripheral
circulation and further inhibits bone regenera-
tion. In this study, hyperlipidemia was estab-
lished using an ApoE deficient (ApoE”)) mouse
model. Mandibular bone defects were then cre-
ated in these mice and BMSCs labeled with the
green fluorescent protein (GFP) were trans-
planted via the tail vein. The homing efficiency
of transplanted BMSCs was evaluated and the
new bone formation was determined using his-
tomorphometric analysis.

Materials and methods
Animals and diet

Eight-week-old male ApoE”- mice on C57BL/6)
background and C57BL/6J mice (Peking Univ-
ersity Health Science Center, Beijing, China)
were fed on a high-fat/high-cholesterol/cholate
diet (15%/1.25%/0.5%, respectively). Body wei-
ght of these animals was recorded every week.
Fasting blood samples were taken from the
angular vein of 8-wk-old and 12-wk-old animals
to determine serum lipid levels including LDL,
high density lipoprotein (HDL), triglyceride (TG)
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and total cholesterol (TC) using an autoanalyzer
(Hitachi, Japan). This study was conducted in
conformity with the Animal Care and Use Com-
mittee of Shandong University (Jinan, Shandong
Province, China).

Isolation, culture and characterization of
BMSCs

BMSCs were isolated from C57BL/6J mice (6-8
weeks old) and cultured as described previous-
ly [20]. BMSCs (1x10°) at passage 4 were incu-
bated with antibodies against mouse CD34,
CD44, CD45 (BioLegend, USA) and CD29 (eBio-
science, USA) for flow cytometry analysis with
the use of CXP Analysis 2.1 software (Beckman
Coulter, USA). To directly track the migration
and differentiation of BMSCs in vivo, the BMSCs
were labeled with a lentiviral vector encoding
enhanced GFP (Cyagen, China). Briefly, the
fourth-passage BMSCs (5x102 cells/cm?) were
incubated in 6-well plates for 24 h. Then the
culture medium was removed and concentrat-
ed viral supernatant diluted in ser-
um-free a-MEM was added. Eight hours later,
the viral supernatant was replaced with com-
plete culture medium. G418 (100 pg/ml) was
used to purify the GFP-positive cells.

Animal surgery and BMSC transplantation

A 1.5-mm diameter bone defects, in the right
mandibular body below the mesial root of the
lower first molar, were created in 13-week-old
ApoE7 and control mice as previously described
[10]. ApoE” mice were then randomly assigned
into group A and B and C57BL/6J mice into
group C and D, with 18 mice in each group.
GFP-positive BMSCs, re-suspended in a-MEM
at a density of 1x10*cells/ul, were transplant-
ed into group A and C via the tail vein in a total
volume of 100 ul. Group B and D were injected
with 100 pl a-MEM via the tail vein. Mice were
sacrificed at 1, 2 and 4 weeks after surgery.

Tissue preparation and histomorphometric
analysis

Following perfusion fixation with 4% parafor-
maldehyde the right mandibular bone was iso-
lated. The samples were decalcified in 10%
EDTA for 3 to 4 weeks and embedded in paraf-
fin. Tissue sections, 3 ym in thickness, were
cut disto-mesially. Sections selected from the
most central area of the bone defects were
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Table 1. Comparison of plasma lipid levels (mean + SD, mmol/L) between ApoE-/- mice and
C57BL/6J mice after O week and 4 weeks on a HFD

ApoE” mice (n=10)

C57BL/6J mice (n=10)

Plasma analytes 0 week 4 weeks 0 week 4 weeks
TG 1.13+0.35 1.15+0.43" 0.69 £ 0.17 0.69 +0.19
TC 7.08 £2.43 29.6 + 4.36" 2.25+0.18 3.64 £0.44™
HDL 2.36+0.65 4.88 £+ 0.9 1.53+0.13 2.14 £ 0.44™
LDL 1.84 +0.62 9.24 + 3.03"? 0.32 + 0.04 0.64 £ 0.24™

“p < 0.05 vs. C57BL/6J mice (4 weeks); 2p < 0.05 vs. ApoE” mice (O week); ““p < 0.05 vs. C57BL/6J mice (0 week).
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Figure 1. Comparison of body weight gain (mean + SD, g) between C57BL/6J (n=18,
diamond symbol) and ApoE”- mice (n=18, square symbol) over a 6 wk period.

subjected to hematoxylin & eosin (HE) staining
and Masson’s Trichrome (MT) staining. Ima-
ges were taken under a light microscope at
x100 magnification (Olympus, Japan) using the
ProgRes CapturePro software (Jenoptik Opti-
cal Systems, Germany). For each sample, 3
HE-stained sections were selected for histo-
morphometric analysis using a software pack-
age (Image-Pro Plus 6.0, USA) [21]. The per-
centage of the newly formed bone area was
defined as the ratio of new bone area to the
total bone defect area.

Detection of GFP positive BMSCs

To detect cells present in the bone defect under
a fluorescent microscope (Leica, Germany) the
sections were stained with DAPI. GFP* cells
counterstained with DAPI were counted under
x400 magnification using Image J2x Software
(National Institutes of Health, USA). Three ran-
domly selected fields of view were analyzed
from each representative sections/animal. The
homing efficiency of transplanted BMSCs was
expressed by the percentage of GFP* cells
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week 5 week 6 ing and hydration, tis-
sue sections were treat-
ed with 3% H,0,for 10
min to quench endoge-
nous peroxidase. After
overnight incubation wi-
th the primary antibody at 4°C, the slides were
incubated with anti-rabbit secondary antibody
(ZSGB-BIO, Beijing, China). Mayer’'s hematoxy-
lin was used for counter stain. Control staining
was performed with normal rabbit serum with-
out the primary antibody.

Statistical analysis

All data were expressed as mean + SD. Sta-
tistical analysis was performed using a statisti-
cal package (SPSS 19.0, SPSS Inc, USA).
Histomorphometric data were analyzed using
two-way ANOVA with LSD corrections. Data of
serum lipid levels and homing efficiency were
analyzed using Independent-Samples T Test.
Values of p lower than 0.05 were considered
statistically significant.

Results

Serum lipid levels in AboE”- mice were sig-
nificantly elevated after fed with HFD for four
weeks

After fed with the HFD for 4 weeks, serum lipid
levels were dramatically higher in ApoE” mice
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the cell passage increased (Figure
2).

New bone formation was sig-
nificantly inhibited in mice with
hyperlipidemia

At one week post-operation, bone
defects in all of the four groups
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97. 98%

T CD45 FITC were filled with abundant connec-
} tive tissue containing large num-
" bers of fibroblasts and a small
L?L amount of inflammatory cells. At

two weeks after surgery, collagen
fiber build-up was evident and
some small islands of osteoid were
also detected in the center of the
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bone defects. Newly formed woven
bone were observed on the mar-

CD34 PE
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gins and extended towards the
center of the defect. By the fourth
week, all groups showed advanced
bone formation and calcification.
Observation of the MT-stained sec-
tions showed large area of dark
blue color in all groups and reddish
matured bone was identified in
102 10° group C (Figure 3A, 3B).

Figure 2. Characterization of BMSCs. A. In vitro culture of BMSCs. B. Ex- Considering the fact that none of
pression of GFP in BMSCs cultured in vitro. C. Flow cytometry analysis the four groups demonstrated obvi-
showed that the 4th generation BMSCs expressed CD44 and CD29 but ous new bone formation at one

not CD45 or CD34. Scale bars, 20 ym.

than in C57BL/6J mice. Briefly, ApoE” mice
showed an 8.1-fold increase in TC levels and a
14.4-fold increase in LDL levels when com-
pared with the control mice. In contrast, only a
2.3-fold increase in serum HDL levels and a
1.7-fold increase in serum TG levels were
detected in ApoE” mice when compared with
the control (Table 1). These results indicated
that a diet-induced hyperlipidemic model was
successfully established in ApoE”- mice. Body
weight of both ApoE” and C57BL/6J mice
increased continuously. No significant differ-
ence in body weight was detected between the
two mouse strains all through the experimental
period (Figure 1).

Characterization of BMSCs

BMSCs expressed CD44* (96.48%), CD29*
(97.98%), CD31 and CD45-, which are markers
for BMSCs, indicating the cultured BMSCs were
of high purity. GFP could be detected 48 h post-
transfection in BMSCs and expressed stably as

1583

week after surgery, the newly

formed bone area was only deter-
mined in bone samples isolated at 2 weeks and
4 weeks after surgery. Our results showed that
at 2 weeks after surgery, the newly formed
bone area in group A, B, C and D was 8.6%,
4.4%, 10.8% and 5.8% respectively.
Furthermore, the differences between group A
and B, group A and C, group C and D, and group
B and D were all statistically significant.
Similarly, at 4 weeks after surgery, the newly
formed bone area was 18.6%, 13.6%, 23% and
15.7% in group A, B, C and D respectively. The
differences were statistically significant (Figure
30C).

Homing efficiency of systemically transplanted
BMSCs was compromised in mice with hyper-
lipidemia

The DAPI-stained slices were observed using
fluorescence microscopy and GFP* cells coun-
terstained with DAPI were examined. The
results demonstrated that a large number of
GFP* fibroblast-like cells were observed in the
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mandibular defect 1 week and 2 weeks after
transplantation. Four weeks post transplanta-
tion, the number of GFP* cells decreased and
some GFP* osteoblasts were detected in the
newly formed bone area (Figure 4A). Cell count-
ing showed at the same time point, the number
of GFP* cells in C57BL/6J mice was significant-
ly more than that in ApoE” mice (p< 0.05)
(Figure 4C). Similar results were observed in
immunohistochemical analysis. Strong expres-
sion of GFP was detected within the bone
defect. In the 2nd and 4th week, GFP* osteo-
blasts were seen in the surface and inside of
newly formed bone which further indicated
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Figure 3. Histological observation
and histomorphometric analysis

u Group A within the bone defects. A. Obser-

vation under x400 magnification
= Group B by HE staining. B. Low power view
n Group C of the bone defects by MT stain-
w Group D ing. C. Histomorphometric analysis

of new bone formation percentage
(mean * SD, %). nb, new bone.
Scale bars, 50 ym. *p < 0.05.

transplanted BMSCs can home to the mandibu-
lar defect and participate in the bone regenera-
tion (Figure 4B).

Discussion

Serving as a high-affinity ligand for several lipo-
protein receptors including the LDL receptor,
LDL receptor-related protein, and the very low
density lipoprotein receptor, the 34-kDa argi-
nine-rich apolipoprotein E (ApoE) plays a crucial
role in the regulation of lipid metabolism [22].
Since the development of ApoE7” mice were
reported by two independent laboratories in
the 1990s [23, 24]. ApoE” mice have been a
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widespread model of severe hyperlipidemia
and spontaneous atherogenesis. Feeding ApoE
/- mice with a HFD leads severe shift in serum
cholesterol levels [25]. In the current study,
hyperlipidemia was established using ApoE”
mice fed with a HFD. Our results showed that
after fed with a HFD for 4 weeks, ApoE”" mice
demonstrated dramatic increases in serum
total cholesterol levels (8.1-fold) and serum
LDL levels (14.4-fold) when compared with the
control mice. This successfully established
hyperlipidemic mouse model was then used in
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Figure 4. Detection of GFP* BMSCs within
the bone defect at 1, 2 and 4 weeks post-
surgery. A. Observation under fluorescence
microscopy. Expression of GFP is shown in
green and DAPI-stained nuclei in blue (as
yellow arrowheads indicated). B. Detection
of GFP expression via immunohistological
staining (as red arrowheads indicated). C.
Comparison of homing efficiency between
group A and group C at 1, 2 and 4 weeks
post transplantation (mean + SD, %). Scale
bars, 20 um. *p < 0.05 vs. group C.

the following experiments to explore the effect
of hyperlipidemia on homing potential of the
systemically transplanted BMSCs and bone
regeneration.

Bones are known for their regenerative capaci-
ty. The process of bone healing can be dis-
turbed by many factors, such as inflammation,
hormonal changes and elevated serum lipid
levels. In this study, we found that the newly
formed bone area in C57BL/6J mice (Group D)
was significantly higher than that in ApoE” mice

Int J Clin Exp Pathol 2014;7(4):1580-1587
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(Group B) at 2 and 4 weeks after surgery, which
is consistent with previous demonstrations that
diet-induced hyperlipidemia is associated with
a reduction in BMD and BMC [14, 15]. After
BMSCs transplantation, significant increase in
new bone formation was observed in both
mouse strains (Group A and C), indicating the
survival, recruitment and osteogenic potential
of the systemically transplanted BMSCs.
However, we found that the increase in newly
formed bone area was lower in ApoE” mice
(Group A) than that in the control mice (Group
C), which further confirmed that bone regenera-
tion was impaired and the therapeutic effects
of systemically transplanted BMSCs were com-
promised in the presence of hyperlipidemia.

MSCs recruitment is known to be essential for
successful bone injury repair [8, 20]. The mech-
anisms responsible for the recruitment of
BMSCs to the site of bone injury have not yet
been fully revealed. In the present study, the
fact that the number of GFP* cells in C57BL/6J
mice was significantly higher than that in ApoE
/~mice strongly supported our hypothesis that
hyperlipidemia inhibits bone regeneration by
significantly disturbing the homing efficiency of
the circulating BMSCs. To our knowledge, this is
the first experiment to verify the inhibition of
MSC homing efficiency by hyperlipidemia.

Bone defects in the oral and maxillofacial area
has a huge influence on the patient’s life.
Hyperlipidemia is currently growing at a rapid
rate throughout the world, which increases the
risk of bone diseases. As we know, stem-cell
based therapeutic approach has been a prom-
ising alternative for regenerative medicine. The
ability of differentiating into various tissues
makes BMSCs an attractive candidate for cell-
based therapy to promote bone regeneration
[24]. In our study, all animals survived and
abundant donor BMSCs were detected within
bone defects after BMSC transplantation. As
early as 1 week after surgery, fluorescence
microscopy and immunohistochemical analysis
showed that the number of GFP positive fibro-
blast-like cells reached its peak and GFP posi-
tive osteoblasts were detected in the newly
formed bone area at 2 and 4 weeks after sur-
gery. More importantly, intravenous transplan-
tation of BMSCs significantly increased new
bone formation in both mouse strains, which
were consistent with previous findings showing
that systemically delivered BMSCs can home to
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the injury sites, differentiate into osteoblasts
and enhance bone regeneration [8].

The enhancement of homing capacity of endog-
enous and transplanted stem cells is scientifi-
cally meritorious approaches for tissue regen-
eration and has been widely studied in
regenerative medicine. Our findings showing
that hyperlipidemia disturbs the homing effi-
ciency of circulating BMSCs and inhibits new
bone formation may encourage novel therapeu-
tic approaches for hyperlipidemic patients with
bone defects. Future studies should put more
effort on clarifying the cellular and molecular
mechanisms underlying the impaired homing
capacity of BMSCs induced by hyperlipidemia.
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