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Bone marrow-derived mesenchymal stem cells (bmMSCs) are the most important cell source for stem cell transplant therapy. The
migration capacity of MSCs is one of the determinants of the efficiency of MSC-based transplant therapy. Our recent study has
shown that low concentrations of oxidized low-density lipoprotein (ox-LDL) can stimulate proliferation of bmMSCs. In this study,
we investigated the effects of ox-LDL on bmMSC migration and adhesion, as well as the related mechanisms. Our results show that
transmigration rates of bmMSCs and cell-cell adhesion between bmMSCs and monocytes are significantly increased by treatments
with ox-LDL in a dose- and time-dependent manner. Expressions of ICAM-1, PECAM-1, and VCAM-1 as well as the levels of
intracellular Ca2+ are also markedly increased by ox-LDL in a dose-dependent manner. Cytoskeleton analysis shows that ox-LDL
treatment benefits to spreading of bmMSCs and organization of F-actin fibers after being plated for 6 hours. More interestingly,
treatments with ox-LDL also markedly increase expressions of LOX-1, MCP-1, and TGF-𝛽; however, LOX-1 antibody and MCP1 shRNA markedly inhibit ox-LDL-induced migration and adhesion of bmMSCs, which suggests that ox-LDL-induced bmMSC
migration and adhesion are dependent on LOX-1 activation and MCP-1 expression.

1. Introduction
Mesenchymal stem cells (MSCs) are multipotent progenitor
cells that can differentiate into several types of cells, including osteocytes, adipocytes, chondrocytes, endothelial cells,
cardiomyocytes, and neurons when exposed to appropriate
conditions [1, 2]. Bone-marrow derived MSCs (bmMSCs) are
the most widely used MSCs in tissue regenerative medicine.
It has been reported that bmMSC transplantation has therapeutic benefits to many kinds of diseases such as Alzheimer’s
disease, heart infarction, stroke, and rheumatoid arthritis [3–
6]. The migration capacity of bmMSCs is the most important
determinant of the efficiency of bmMSC transplant therapy.
It has been shown that less than 1.5% bmMSCs can reach
the injured tissues after intracoronary injection [7]. The low
homing rate of bmMSCs after transplantation severely limits

their clinical uses. Another limitation of bmMSC transplant
therapy is the poor viability of bmMSCs after transplantation
[8]. Cell adhesion is a prerequisite for the survival of the
transplanted bmMSCs and is also responsible for bmMSC
migration [8–10].
Intracellular Ca2+ is an important regulator of cell
adhesion and migration. The increase of intracellular Ca2+
is required for integrin-mediated cell adhesion [11, 12].
Intracellular Ca2+ also participates in regulating organization of cytoskeleton [13]. The dynamic rearrangement of
cytoskeleton is required for cell adhesion and migration. OxLDL is an important stimulator for inflammation and cell
adhesion. Previous studies have shown that ox-LDL induces
migration of monocytes and smooth muscle cells [14]. A
recent study from our group showed that LOX-1, a receptor of
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ox-LDL, is highly expressed in bmMSCs, and its activation
by ox-LDL stimulates proliferation of bmMSCs [1]. Actually,
LOX-1 itself also serves as an inflammatory and adhesive
molecule, and it is involved in migration of leukocytes
[15].
Monocyte chemoattractant protein-1 (MCP-1) is an
important regulator of the genesis of acute and chronic
inflammation. It plays a key role in monocyte activation
and recruitment to the injured sites. Previous studies have
shown that MCP-1 mediates transmigration of monocytes
and THP-1 cells [16]. It has been reported that ox-LDL
through activating LOX-1 enhances MCP-1 expression in
the cultured chondrocytes, vascular smooth muscle cells,
endothelial cells, and macrophages [17–21]. The ox-LDLmediated MCP-1 upregulation has been involved in expression of adhesion molecules in endothelial cells [19, 20].
Whether ox-LDL affects bmMSC migration and adhesion
and MCP-1 expression in bmMSCs has not been examined.
In the present study, we investigated the effects of ox-LDL
on bmMSC migration and adhesion, as well as their possible
mechanisms.

2. Materials and Methods
2.1. Materials. Ox-LDL and Dil-ox-LDL were purchased
from Biomedical Technologies, Inc. (Stoughton, MA, USA).
Fluo-3/AM, Rhodamine phalloidin, Lipofectamine LTX kit,
RNeasy Mini-Kit, SuperScript II 1st-strand DNA synthesis
kit and cell tracker were obtained from Invitrogen (Carlsbad,
CA, USA). LOX-1 and MCP-1 antibodies were purchased
from Abcam (Cambridge, MA, USA); TGF-𝛽, ICAM-1,
PECAM-1, VCAM-1, and 𝛽-actin antibodies were purchased
from Santa Cruz Biotechnology, (Santa Cruz, CA, USA).
MCP-1 shRNA kit was purchased from OriGene Technologies (Rockville, MD, USA). ECL Western-blotting substrate
was purchased from Thermo Scientific (Rockford, IL, USA).
The PVDF membrane was purchased from GE Healthcare
(Pittsburgh, PA, USA).
2.2. Isolation and Culture of bmMSCs. BmMSCs were isolated and cultured as previously described [1]. Mice (C57BL/
6J, 8-week old) were killed by cervical dislocation. The
animals were rinsed in 70% ethanol for 20 seconds to make
the bodies sterile, and then the limbs were collected by
surgery and put in DMEM medium on ice. After cleaning the
muscles, the tibia and femur were cut just below both ends of
the marrow cavities. The bone marrow was flushed out using
DMEM medium in a 10 mL syringe with a 25-gauge needle
and collected in a 15 mL tube on ice. After centrifugation,
bone marrow was suspended in DMEM by pipetting several
times and filtered through a 70 mm filter mesh to remove the
bone spicules and cell clumps. The cell density was calculated
by cell counting under a microscope. Then, the cells were
plated into 100 mm Petri dishes at the densities of 10 ×
106 /mL in complete DMEM medium with 15% FBS, 2 mM
L-glutamine, 100 𝜇g penicillin, and 100 𝜇g streptomycin, and
they cultured for 3 h. After 3 h, the nonadherent cells were
removed, and the fresh medium was replaced. Thereafter,
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the medium was replaced every 2 days. A purified population of bmMSCs can be obtained after 3-week cultureing
period.
2.3. Dil-ox-LDL Uptake Measurement. The primary and the
3rd-passage bmMSCs were plated in 24-well plates and
incubated with 5 𝜇g/mL Dil-ox-LDL in the dark at 37∘ C for
30 min. Then, the cells were gently washed with PBS for 3
times, and they were imaged with a fluorescent microscope.
2.4. Transwell Migration Assay. In this study, migration of
bmMSCs was measured using Transwell plates (Corning
Costar, USA) with 8 𝜇m pore filters. In brief, human umbilical
vein endothelial cells (HUVECs) were seeded into the upper
inserts of Transwell chamber (4 × 104 cells/well), and they
cultured for 24 h. BmMSCs were treated with 0, 5, 10, and
20 𝜇g/mL ox-LDL for 6 h or treated with 10 𝜇g/mL ox-LDL
for 0, 3, 6, and 12 h, and then they were washed with PBS.
The washed cells (1 × 105 ) were plated onto HUVECs in the
upper inserts of Transwell plates. After 6 h of coculture, the
numbers of migrated bmMSCs on the lower side of the filters
were counted.
2.5. Cell Adhesion Assay. BmMSCs were plated in 12-well
plates. Monocytes were darkly preincubated with cell tracker
at 37∘ C for 30 min and washed with PBS for 3 times. When
bmMSCs were nearly 80% confluent, they were incubated
with 0, 5, 10, and 20 𝜇g/mL ox-LDL for 6 h. Then, the predyed
monocytes (2 × 104 ) were seeded onto bmMSCs (washed with
PBS) and coincubated for 30 min in the dark. And then, the
cells were gently washed with PBS for 3 times and randomly
imaged with a fluorescence microscope.
2.6. RT-PCR Assay. In this study, LOX-1 expression in
bmMSCs was measured by RT-PCR assay. In brief, total
RNA was isolated from bmMSCs using RNeasy Mini-Kits
according to the kit’s instructions; 1 𝜇g RNA was applied
to synthesize cDNA with SuperScript II 1st-strand DNA
synthesis kits. PCR assay was performed using a 20 𝜇L
reaction volume containing 100 ng cDNA, 10 𝜇L 2× PCR
reaction mixture, and 0.5 𝜇M primers. The products
were separated by 1.5% agarose gel electrophoresis and
visualized by ethidium bromide on a UV transilluminator. The primers for LOX-1 were the following: forward:
5 -GAGCTGCAAACTTTTCAGG-3 , reverse: 5 -CTCTTTCATGCGGCAACAG-3 ; the primers for 𝛽-actin were
the following: forward: 5 -TTCTTTGCAGCCCTTCGTTGCCG-3 , reverse: 5 -TGGATGGCTACGTACATGGCTGGG-3 .
2.7. Western-Blotting Assay. Proteins were extracted from
bmMSCs and separated by 12% SDS-PAGE. After electrophoresis, proteins were transferred to the PVDF membranes. The membranes were blocked with 5% BSA or
5% no-fat milk (according to the manufacturer’s instructions) in TBS-T, and they were then incubated with LOX-1,
MCP-1, TGF-𝛽, ICAM-1, VCAM-1, PECAM-1, and 𝛽-actin
(1 : 2000) primary antibodies at 4∘ C overnight. Then, the blots
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were incubated with HRP-conjugated secondary antibodies
(1 : 10000) for 1 h at room temperature. The immunoreactive
bands were visualized by enhanced chemiluminescence.
2.8. Immunofluorescence Staining. Immunostaining was performed using standard protocols. In brief, the bmMSCs
grown on 10 mm round coverslips were treated with 0, 5,
10, and 20 𝜇g/mL ox-LDL for 6 h. Then, the cells were fixed
with 4% buffered paraformaldehyde for 15 min and treated
with 0.1% Triton X-100 for 10 min at room temperature.
And then, the cells were blocked with 1% BSA for 1 h and
incubated with rabbit anti-mouse ICAM-1, VCAM-1, and
PECAM-1 antibodies (1 : 200) for 1 h at room temperature.
After washing with PBS, the cells were incubated with TRor FITC-conjugated duck anti-rabbit secondary antibody
(1 : 1000) in the dark. After washing, the cells were mounted
on slides using ProlongH Gold antifade reagent with DAPI
and imaged with a fluorescence microscope. Fluorescent
density of ICAM-1, VCAM-1, and PECAM-1 was measured
using Image J 1.34 software in several random fields. The
average fluorescent density was calculated from 100 cells of
each sample.
2+

2.9. Flowcytometry Assay. In this study, intracellular Ca
of bmMSCs was measured by flowcytometry assay. Briefly,
bmMSCs were plated in 6-well plates and treated with 0, 5,
10, and 20 𝜇g/mL ox-LDL for 6 h. Then, the cells were loaded
with 5 𝜇M Fluo-3/AM and darkly incubated for 30 min at
37∘ C. The cells were collected and washed with PBS for 3
times. The washed cells were resuspended in 500 𝜇L PBS and
analyzed with a flowcytometer.
2.10. Cytoskeleton Analysis. BmMSCs were plated in 24-well
plates and immediately exposed to ox-LDL. After 6 h exposure, the cells were fixed using with 4% buffered formaldehyde, treated with 0.1% Triton-X-100, and then labeled with
2U Rhodamine phalloidin for 30 min in the dark. After
washing for 3 times, fluorescence was imaged with laserinverted confocal microscope.
2.11. MCP-1 shRNA. BmMSCs were plated in 6-well or 12well plates. When the cells reached 80% confluence, shRNA
was performed using Lipofectamine 2000 in Opti-MEM
medium and a CCL2 (MCP-1) shRNA kit including CCL2
shRNA duplexes and noneffective 29-mer scrambled shRNA
according to the kit’s instruction.
2.12. Statistical Analysis. Statistical analysis was performed
with SPSS 11.5 software. Data were presented as the mean ±
standard deviation (SD). Univariate comparisons of means
were evaluated using appropriate Student’s 𝑡-tests and/or
one-way ANOVA with Tukey’s post hoc adjustment for
multiple comparisons; 𝑃 < 0.05 was considered a statistically
significant difference.

identified the characteristics of bmMSCs and found that the
primary bmMSCs have a potential to take up ox-LDL and
highly express LOX-1 receptors [1]. In the present study, we
observed that the passaged (the 3rd passage) bmMSCs have
the same potential to take up ox-LDL and express LOX-1
receptors with the primary bmMSCs (Figure 1).
3.2. Ox-LDL Stimulates Transmigration of bmMSCs in a
Dose- and Time-Dependent Manner. The migration ability of
bmMSCs was measured using a Transwell system. As shown
in Figure 2(a), ox-LDL at doses of 5∼20 𝜇g/mL significantly
increases transmigration rates of bmMSCs (𝑃 < 0.01) in a
dose-dependent manner. From the preliminary data of transmigration of bmMSCs after being exposed to 5∼20 𝜇g/mL
ox-LDL, we saw that 10 𝜇g/mL ox-LDL exposure caused
the medium levels of increase of cell transmigration. So,
10 𝜇g/mL ox-LDL was selected to study the time-dependent
transmigration of bmMSCs. When exposed to 10 𝜇g/mL oxLDL, bmMSCs also exhibit an increased transmigration in a
time-dependent manner (Figure 2(b)).
3.3. Ox-LDL Enhances bmMSC Adhesive Ability and Expression of Adhesive Molecules. It is known that cell adhesion
is a critical factor for cell transmigration, and the capacity
of cell migration is dependent on expression of adhesive
molecules [22]. In this study, adhesive ability of bmMSCs was
measured by evaluating cell-cell adhesion between bmMSCs
and monocytes. As shown in Figures 2(c)–2(f), the numbers of monocytes adhered to bmMSCs (pretreated with 5 ∼
20 𝜇g/mL ox-LDL) were significantly (𝑃 < 0.01) increased by
treatments with ox-LDL in a dose-dependent manner. When
bmMSCs were exposed to 10 𝜇g/mL ox-LDL, the numbers
of adhered monocytes were also significantly increased (𝑃 <
0.01) in a time-dependent manner.
Cell-cell adhesion is dependent on expression of adhesive
molecules. Our results showed that expression of the adhesive
molecules ICAM-1, PECAM-1, and VCAM-1 in bmMSCs was
significantly increased (𝑃 < 0.01) by induction with ox-LDL
in a dose-dependent manner (Figure 3).
3.4. Ox-LDL Increases Intracellular Ca2+ . Intracellular Ca2+ is
an important regulator of cell migration. It has been reported
that ox-LDL causes an increase of intracellular Ca2+ in other
cell lineages such as endothelial cells and smooth muscle
cells [23, 24]. In the present study, we also found that oxLDL (5∼20 𝜇g/mL) causes an increase of intracellular Ca2+ in
bmMSCs in a dose-dependent manner (Figure 4).

3. Results

3.5. Ox-LDL Mediates Reorganization of Cytoskeleton in bmMSCs. Cytoskeleton has been known to regulate cell migration
and adhesion [25]. In this study, cytoskeleton organization
was studied by staining F-actin using Rhodamine phalloidin.
Compared with the control, bmMSCs treated with ox-LDL
had better spreading and more integrated networks of F-actin
filaments (Figure 5).

3.1. Dil-ox-LDL Uptake and LOX-1 Expression in the Primary
and the 3rd-Passage bmMSCs. In a recent study, we had

3.6. Ox-LDL Induces Expression of LOX-1, MCP-1, and TGF-𝛽.
Our previous study has shown that ox-LDL stimulates LOX-1
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Figure 1: Uptake of Dil-ox-LDL and LOX-1 expression in bmMSCs. (a) Morphology of primary bmMSCs; (b) Dil-ox-LDL uptake in primary
bmMSCs; (c) Morphology of the 3rd-passage bmMSCs; (d) Dil-ox-LDL uptake in the 3rd passage bmMSCs; (e) RT-PCR and Western-blotting
assays show LOX-1 expression in the primary and the 3rd-passage bmMSCs.

expression in bmMSCs [1]. In accordance with the previous
study, we observed in this study that ox-LDL (5∼20 𝜇g/mL)
induces LOX-1 expression in a dose-dependent manner
(Figure 6(a)). Furthermore, ox-LDL also increases MCP1 and TGF-𝛽 expression in bmMSCs in a dose-dependent
manner (Figures 6(b) and 6(c)).
More importantly, pretreatment with LOX-1 antibody
inhibits ox-LDL-induced MCP-1 expression (Figure 6(d)),
cell migration (Figure 6(e)), adhesion (Figure 6(f)), and
expression of ICAM-1 (Figure 6(g)), PECAM-1, and VCAM1 (data not shown). These data suggest that ox-LDL-induced
adhesion and migration of bmMSCs are at least partially via
activation of LOX-1 receptors.
3.7. MCP-1 Knockdown Inhibits Ox-LDL-Induced Cell Migration and Adhesion. To further investigate the role of MCP1 in ox-LDL-induced bmMSC migration and adhesion,
we performed MCP-1 shRNA in bmMSCs. As shown in

Figure 6(h), compared with transfection of noneffective
scrambled shRNA, MCP-1 shRNA significantly downregulates MCP-1 expression in bmMSCs (𝑃 < 0.01). More
interestingly, MCP-1 knockdown also significantly decreases
ox-LDL-induced bmMSC transmigration and adhesion, as
well as expression of adhesive molecules (Figures 6(i)–6(k);
𝑃 < 0.01).

4. Discussion
In this study, we for the first time investigated the effects
of ox-LDL on migration and adhesion of bmMSCs. We
found that treatment with ox-LDL enhances migration
and adhesion capacity of bmMSCs. We also observed that
treatment with ox-LDL increases intracellular Ca2+ and
expression of LOX-1, MCP-1, and TGF-𝛽, and it facilitates
cytoskeleton reorganization. More importantly, use of LOX-1
antibody and knockdown of MCP-1 both significantly inhibit
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Figure 2: Ox-LDL promotes transmigration of bmMSCs and enhances cell adhesion between bmMSCs (grey color) and monocytes (red
color). (a) Transmigration rates of bmMSCs after exposure to 0, 5, 10, and 20 𝜇g/mL ox-LDL for 6 hours; (b) transmigration rates of bmMSCs
after exposure to 10 𝜇g/mL for 0, 3, 6, and 12 hours; (c) the merged phase contrast and fluorescence images show adhesion between bmMSCs
and monocytes after treatment with 0, 5, 10, and 20 𝜇g/mL ox-LDL for 6 hours; (d) the merged phase contrast and fluorescence images show
adhesion between bmMSCs and monocytes after treatment with 10 𝜇g/mL for 0, 3, 6, and 12 hours; (e) the relative adhesive rate of monocytes
onto bmMSCs after treatment with 0, 5, 10 and 20 𝜇g/mL ox-LDL for 6 hours; (f) the relative adhesive rate of monocytes onto bmMSCs after
treatment with 10 𝜇g/mL ox-LDL for 0, 3, 6, and 12 hours. Bar graphs represent mean ± SD (𝑛 = 4 per group). ∗ 𝑃 < 0.01 versus control.

Ox-LDL exposure (6 hours)
5

10

ICAM-TR

DAPI

20 (𝜇g/mL)

1.2

0
0

5
10
(𝜇g/mL)

20

∗
6
4
2
0
0

Merged

5

10

20

(𝜇g/mL)

Ox-LDL exposure (6 hours)

Ox-LDL exposure (6 hours)
(c)

(b)

Merged VCAM-FITC

DAPI

Relative fluorescence density

ICAM-1

∗

6

𝛽-Actin

4
2
0
0

5

10

20

ICAM-1/𝛽-actin (%)

0

∗

2.4

Relative fluorescence density

Mediators of Inflammation
Relative fluorescence density

6

∗

80
40
0
0

5

10

20

(𝜇g/mL)

(𝜇g/mL)

Ox-LDL exposure (6 hours)
(e)

Ox-LDL exposure (6 hours)
(d)

VCAM-1

𝛽-Actin

Merged PECAM-1-TR

PECAM/𝛽-actin (%)

𝛽-Actin

(a)

∗

70
35
0
0

10

5

20

VCAM-1/𝛽-actin (%)

DAPI

PECAM-1

∗

70
35
0

(𝜇g/mL)

0

5
10
(𝜇g/mL)

20

Ox-LDL exposure (6 hours)

Ox-LDL exposure (6 hours)

(f)

(g)

Figure 3: Ox-LDL increases expression of ICAM-1, PECAM-1, and VCAM-1 in a dose-dependent manner in bmMSCs. (a) Immunofluorescence assay shows expression of ICAM-1, PECAM-1 and VACM-1 in bmMSCs exposed to 0, 5, 10 and 20 𝜇g/mL ox-LDL for 6 hour; (b)–(d)
Relative fluorescence density of ICAM-1, PECAM-1, and VCAM-1; (e)–(g) Western-blotting assay shows expression of ICAM-1, PECAM-1,
and VCAM-1 in bmMSCs exposed to 0, 5, 10, and 20 𝜇g/mL ox-LDL for 6 hours. Bar graphs represent mean ± SD (𝑛 = 4 per group). ∗ 𝑃 < 0.01
versus Control.

ox-LDL-induced bmMSC migration and adhesion, as well
as expression of adhesive molecules. These findings indicate
that ox-LDL can promote migration of bmMSCs, which is
dependent on LOX-1 activation and MCP-1 expression.
The migration capacity of bmMSCs is one of the most
important determinants of the efficiency of bmMSC-based
transplant therapy. It has been reported that the intravenously
injected bmMSCs have a steady capacity to migrate back
to the bone marrow and home to the injured organs by
migrating across the endothelium [26]. But, the homing rates
of the injected bmMSCs to the injured tissues are very low
(<1.5%) [7]. The low homing rate of bmMSCs would severely
affect their therapeutic efficiency in transplant therapy. So,

it is necessary to find more effective methods to stimulate
migration of bmMSCs. It has been reported that ox-LDL
can induce production of inflammatory molecules (MCP1, IL-6, and adhesive molecules), and subsequently promote
migration of macrophages and endothelial cells [27–29].
Cell adhesion is a prerequisite for transmigration of
the circulating cells. The first step of the intravenously
injected bmMSCs to the injured organs is adhering to the
endothelium and overcoming the endothelial barrier. The
stable cell adhesion affects cytoskeleton reorganization and
actin polymerization, facilitates cell protrusion, and leads to
directional cell movement [30]. So, expression of adhesion
molecules is critically important for cell migration. It has
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Figure 4: Flowcytometry assay shows the levels of intracellular Ca2+ of bmMSCs exposed to 0, 5, 10, and 20 𝜇g/mL ox-LDL for 6 hours. Bar
graphs represent mean ± SD (𝑛 = 4 per group). ∗ 𝑃 < 0.01 versus control.

been reported that PECAM-1 is required for TNF-𝛼-induced
transmigration of leukocytes [31]. Use of PECAM-1 antibody
can inhibit migration of leukocytes [31]. Moreover, cell-cell
adhesion is also required for survival of the transplanted
bmMSCs in the target organs or tissues. In the present study,
we found that low concentrations (5∼20 𝜇g/mL) of ox-LDL
have potential to stimulate bmMSC migration and adhesion
and mediate expression of adhesion molecules (ICAM-1,
PECAM-1, and VCAM-1).
Calcium ion (Ca2+ ) is a very important cellular secondary
messenger, which plays a prominent role in signal transduction and cell physiology. A number of studies have shown that
intracellular Ca2+ regulates cell adhesion and migration. The

increase of intracellular Ca2+ is in parallel with an increase
of adhesion of lymphocytes, erythrocytes, macrophages, and
cancer cells [32–35]. And, increase of intracellular Ca2+ can
also cause upregulation of adhesive molecules such as ICAM1, PECAM-1, VCAM-1, and E-selectin [36–39]. Moreover, the
expression of adhesion molecules is also required for transmission of calcium [37, 39]. In this study, we also observed
that expression of ICAM-1, VCAM-1, and PECAM-1 is in
parallel with an increase of intracellular Ca2+ in bmMSCs.
A study by Cook-Mills et al. showed that the response of
intracellular Ca2+ to VCAM-1 stimulation is dependent on
the activation of NADPH oxidase in endothelial cells [39].
Not surprisingly, as a strong stimulator of NADPH oxidase,
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Figure 5: Cytoskeleton (F-actin fibers) organization in bmMSCs after exposure to 0, 5, 10, and 20 𝜇g/mL ox-LDL for 6 hours.

ox-LDL can increase expression of adhesive molecules and
intracellular Ca2+ in bmMSCs. Treatment with Ca2+ or Ca2+
ionophore A23187 was also observed to stimulate migration
of smooth muscle cells; and use of Ca2+ entry blocker
nicardipine inhibited cell migration of these cells [40]. The
calcium-mediated cell migration is dependent on its role in
regulating cytoskeletal rearrangement [36]. It is known that
the dynamic organization of cytoskeleton is a prerequisite
of cell migration. In the present study, treatment with oxLDL facilitates bmMSC spreading and organization of Factin fibers. Previous studies reported that the regulation
of ox-LDL in actin organization is involved in activation
of Rho GTPases and PI3K/Akt pathway [41]. However,
some other studies reported that high concentrations of oxLDL (100 𝜇g/mL) cause disorganization of cytoskeleton and
death of smooth muscle cells [42]. In our other ongoing
studies, we also observed that high concentrations of ox-LDL
(>40 𝜇g/mL) have toxicity to bmMSCs and cause apoptosis
of bmMSCs.
It has been reported that ox-LDL stimulates cell migration
via activation of its receptor LOX-1. Our recent study has
shown that LOX-1 is highly expressed in primary bmMSCs. In the present study, we also found that LOX-1 is
highly expressed in the passaged bmMSCs. More interestingly, blockade of LOX-1 using LOX-1 antibody significantly inhibits ox-LDL-induced MCP-1 expression, cell
adhesion, and migration of bmMSCs. This suggests that
ox-LDL-induced bmMSC migration is at least partially via
activation of LOX-1.

MCP-1 is an important regulator of inflammatory events.
Previous studies have shown that ox-LDL via activation of
LOX-1 enhances MCP-1 expression in many cell lineages
such as human articular chondrocytes, vascular smooth
muscle cells, endothelial cells, and macrophages [17–21].
Treatment with exogenous recombinant MCP-1 or increase of
endogenous MCP-1 expression can induce transendothelial
migration of T cells, monocytes, smooth muscle cells, and
adult neural stem cells [43–45]. TGF-𝛽 is another important
factor for cell migration. TGF-𝛽 stimulates cell migration via
regulation of MCP-1 expression [44, 46]. In the present study,
we also found that ox-LDL stimulates MCP-1 and TGF-𝛽
expression in bmMSCs in a dose-dependent manner. More
importantly, knockdown of MCP-1 expression significantly
inhibits ox-LDL-induced bmMSC transmigration, cell-cell
adhesion, and expression of adhesion molecules. These data
show that the inflammatory factor MCP-1 plays an important
role in ox-LDL-induced bmMSC migration and adhesion.

5. Conclusion
In this study, we investigated the effects of ox-LDL on
bmMSC migration and adhesion. Our results show that oxLDL enhances transmigration and adhesion capacities of
bmMSCs, which is mediated by LOX-1 activation and MPC1 expression. Blockade of LOX-1 receptor using antibody
significantly decreases ox-LDL-induced MCP-1 expression
and inhibits bmMSC transmigration and adhesion. More
importantly, MCP-1 knockdown also significantly inhibits
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Figure 6: Role of LOX-1 and MCP-1 in ox-LDL-mediated migration and adhesion of bmMSCs. (a)–(c) Western-blotting assay shows LOX-1,
MCP-1 and TGF-𝛽 expression in bmMSCs after exposure to 0, 5, 10, and 20 𝜇g/mL ox-LDL for 6 hours. (d) Western-blotting assay shows
that LOX-1 antibody inhibits ox-LDL-induced MCP-1 expression. (e) Transwell assay shows that LOX-1 antibody inhibits ox-LDL-induced
transmigration of bmMSCs. (f) LOX-1 antibody inhibits ox-LDL-induced cell adhesion between bmMSCs and monocytes. (g) Westernblotting assay shows that LOX-1 antibody decreases ICAM-1 expression. (h) Western-blotting assay shows MCP-1 expression after transfection
of noneffective shRNA and MCP-1 shRNA. (i) MCP-1 knockdown inhibits ox-LDL-induced migration of bmMSCs. (j) MCP-1 knockdown
inhibits ox-LDL-induced cell-cell adhesion between monocytes and bmMSCs. (k) MCP-1 knockdown decreases ox-LDL-induced ICAM-1
expression. Bar graphs represent mean ± SD (𝑛 = 4 per group). ∗ 𝑃 < 0.01 versus control, ox-LDL treatment, or negative control transfection.

ox-LDL-induced bmMSC transmigration and cell adhesion.
These findings indicate that MCP-1 plays an important role in
ox-LDL-mediated migration and adhesion of bmMSCs.

Authors’ Contribution
F. Zhang and C. Wang contributed equally to this work.

Acknowledgments
Conflict of Interests
The authors declare that they have no conflict of interests.

This work was supported by a grant from the National Natural
Science Foundation of China (no. 31000475) and a grant from

10

Mediators of Inflammation

the Science and Technique Foundation of Henan Province
(no. 122101310100).

[14] A. N. N. Mertens and P. Holvoet, “Oxidized LDL and HDL:
antagonists in atherothrombosis,” FASEB Journal, vol. 15, no. 12,
pp. 2073–2084, 2001.

References

[15] M. Honjo, K. Nakamura, K. Yamashiro et al., “Lectin-like
oxidized LDL receptor-1 is a cell-adhesion molecule involved in
endotoxin-induced inflammation,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 100, no.
3, pp. 1274–1279, 2003.

[1] F. Zhang, C. Wang, S. Jing et al., “Lectin-like oxidized LDL
receptor-1 expresses in mouse bone marrow-derived mesenchymal stem cells and stimulates their proliferation,” Experimental
Cell Research, vol. 319, no. 7, pp. 1054–1059, 2013.
[2] J. Feng, A. Mantesso, C. De Bari, A. Nishiyama, and P. T. Sharp,
“Dual origin of mesenchymal stem cells contributing to organ
growth and repair,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 108, no. 16, pp. 6503–
6508, 2011.
[3] J. K. Lee, H. K. Jin, S. Endo, E. H. Schuchman, J. E. Carter, and J.S. Bae, “Intracerebral transplantation of bone marrow-derived
mesenchymal stem cells reduces amyloid-beta deposition and
rescues memory deficits in Alzheimer’s disease mice by modulation of immune responses,” Stem Cells, vol. 28, no. 2, pp. 329–
343, 2010.
[4] F. S. Loffredo, M. L. Steinhauser, J. Gannon, and R. T. Lee,
“Bone marrow-derived cell therapy stimulates endogenous
cardiomyocyte progenitors and promotes cardiac repair,” Cell
Stem Cell, vol. 8, no. 4, pp. 389–398, 2011.
[5] W. Huang, X. Mo, C. Qin, J. Zheng, Z. Liang, and C. Zhang,
“Transplantation of differentiated bone marrow stromal cells
promotes motor functional recovery in rats with stroke,” Neurological Research, vol. 35, no. 3, pp. 320–328, 2013.
[6] A. Papadopoulou, M. Yiangou, E. Athanasiou et al., “Mesenchymal stem cells are conditionally therapeutic in preclinical models of rheumatoid arhritis,” Annals of the Rheumatic Diseases,
vol. 71, no. 10, pp. 1733–1740, 2012.
[7] X. Hu, L. Wei, T. M. Taylor et al., “Hypoxic preconditioning
enhances bone marrow mesenchymal stem cell migration
via Kv2.1 channel and FAK activation,” American Journal of
Physiology, vol. 301, no. 2, pp. C362–C372, 2011.
[8] S.-W. Song, W. Chang, B.-W. Song et al., “Integrin-linked
kinase is required in hypoxic mesenchymal stem cells for
strengthening cell adhesion to ischemic myocardium,” Stem
Cells, vol. 27, no. 6, pp. 1358–1365, 2009.
[9] S. Bhakta, P. Hong, and O. Koc, “The surface adhesion molecule
CXCR4 stimulates mesenchymal stem cell migration to stromal
cell-derived factor-1 in vitro but does not decrease apoptosis
under serum deprivation,” Cardiovascular Revascularization
Medicine, vol. 7, no. 1, pp. 19–24, 2006.
[10] K. Kollar, M. M. Cook, K. Atkinson, and G. Brooke, “Molecular
mechanisms involved in mesenchymal stem cell migration to
the site of acute myocardial infarction,” International Journal of
Cell Biology, vol. 2009, Article ID 904682, 8 pages, 2009.
[11] M. D. Sjaastad and W. J. Nelson, “Integrin-mediated calcium
signaling and regulation of cell adhesion by intracellular calcium,” BioEssays, vol. 19, no. 1, pp. 47–55, 1997.
[12] P. S. Mathieu and E. G. Loboa, “Cytoskeletal and focal adhesion
influences on mesenchymal stem shape, mechanical properties,
and differentiation down osteogenic, adipogenic, and chondrogenic pathways,” Tissue Engineering Part B, vol. 18, no. 6, pp.
436–444, 2012.
[13] D. Bosco, C. Gonelle-Gispert, C. B. Wollheim, P. A. Halban, and
D. G. Rouiller, “Increased intracellular calcium is required for
spreading of rat islet 𝛽-cells on extracellular matrix,” Diabetes,
vol. 50, no. 5, pp. 1039–1046, 2001.

[16] N. Ashida, H. Arai, M. Yamasaki, and T. Kita, “Differential
signaling for MCP-1-dependent integrin activation and chemotaxis,” Annals of the New York Academy of Sciences, vol. 947, pp.
387–389, 2001.
[17] M. Akagi, A. Ueda, T. Teramura, S. Kanata, T. Sawamura, and
C. Hamanishi, “Oxidized LDL binding to LOX-1 enhances
MCP-1 expression in cultured human articular chondrocytes,”
Osteoarthritis and Cartilage, vol. 17, no. 2, pp. 271–275, 2009.
[18] Y. Zhong, T. Liu, and Z. Guo, “Curcumin inhibits ox-LDLinduced MCP-1 expression by suppressing the p38MAPK and
NF-𝜅B pathways in rat vascular smooth muscle cells,” Inflammation Research, vol. 61, no. 1, pp. 61–67, 2012.
[19] D. Li and J. L. Mehta, “Antisense to LOX-1 inhibits oxidized LDL-mediated upregulation of monocyte chemoattractant protein-1 and monocyte adhesion to human coronary
artery endothelial cells,” Circulation, vol. 101, no. 25, pp. 2889–
2895, 2000.
[20] H. P. Zhang, F. L. Zheng, J. H. Zhao, D. X. Guo, and X. L.
Chen, “Genistein inhibits ox-LDL-induced VCAM-1, ICAP-1
and MCP-1 expression of HUVECs through heme oxygenase1,” Archives of Medical Research, vol. 41, no. 1, pp. 13–20, 2013.
[21] K. Taketa, T. Matsumura, M. Yano et al., “Oxidized low density lipoprotein activates peroxisome proliferator- activated
receptor-𝛼(PPAR𝛼) and PPAR𝛾 through MAPK-dependent
COX-2 expression in macrophages,” Journal of Biological Chemistry, vol. 283, no. 15, pp. 9852–9862, 2008.
[22] A. Woodfin, M.-B. Voisin, B. A. Imhof, E. Dejana, B. Engelhardt, and S. Nourshargh, “Endothelial cell activation leads to
neutrophil transmigration as supported by the sequential roles
of ICAM-2, JAM-A, and PECAM-1,” Blood, vol. 113, no. 24, pp.
6246–6257, 2009.
[23] A. Negre-Salvayre, G. Fitoussi, V. Reaud, M.-T. Pieraggi, J.-C.
Thiers, and R. Salvayre, “A delayed and sustained rise of cytosolic calcium is elicited by oxidized LDL in cultured bovine
aortic endothelial cells,” FEBS Letters, vol. 299, no. 1, pp. 60–65,
1992.
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