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Abstract

This study was to test the hypothesis that oxidized low-density lipoprotein (ox-LDL) modified the behavior of
bone marrow stem cells, including proliferation, Oct-4 expression, and their endothelial differentiation
through reactive oxygen species (ROS) formation in vitro. Rat bone marrow multipotent adult progenitor cells
(MAPCs) were treated with ox-LDL with or without the antioxidant N-acetylcysteine (NAC). Ox-LDL gen-
erated a significant amount of ROS in the culture system as measured with electron paramagnetic resonance
spectroscopy, and substantially inhibited the proliferation, Oct-4 expression, and endothelial differentiation
of MAPCs. ROS production from ox-LDL in the culture system was completely prevented by NAC (1 mM).
NAC treatment completely restored endothelial differentiation potential of MAPCs that was diminished by
low-dose ox-LDL. NAC also significantly, but not completely, reversed the inhibitory effect of ox-LDL on
proliferation and Oct-4 expression in MAPCs. NAC treatment only slightly restored Akt phosphorylation
impaired by ox-LDL in the cells. ROS formation was important in the action of ox-LDL on MAPCs, including
Oct-4 expression, proliferation, and endothelial differentiation. However, other mechanism(s) like Akt
signaling and apoptosis might also play a critical role in mediating the effect of ox-LDL on these cells. Antioxid.
Redox Signal. 13, 1845–1856.

Introduction

Endothelial dysfunction or injury is one of the major
factors that contribute to the development of atheroscle-

rosis and coronary heart disease (12, 21). Bone-marrow-
derived circulating endothelial progenitor cells (EPCs) play a
key role in angiogenesis, vascular re-endothelialization, and
prevention of neointima formation after vascular injury (38,
44, 47, 56). It is well known that the number and function of
EPCs are significantly reduced in patients with atherosclerosis
and coronary artery disease, as well as hyperlipidemia (6, 49).
However, the exact mechanism(s) for the deficiency of EPCs
remains largely unknown in hyperlipidemic patients.

Oxidized low-density lipoprotein (ox-LDL), a key compo-
nent in hyperlipidemic state, has been implicated in the for-
mation of atherosclerotic plaques. Ox-LDL has been shown to
inhibit proliferation and endothelial differentiation of EPCs,
and suppress their function, including inhibition of cell mi-
gration, adhesion, and in vitro vasculogenesis, as well as

ischemia-induced neovascularization in vivo (23, 24, 30, 53,
59). Since EPCs originate from bone marrow stem cells, the
number and function of EPCs could be intimately associated
with the status of bone marrow stem cells and their differ-
entiation potential into EPCs. Indeed, we recently observed
that ox-LDL dramatically suppressed the proliferation of bone
marrow stem cells, significantly inhibited expression of stem
cell marker Oct-4, and blocked endothelial differentiation of
these cells (8).

Ox-LDL interferes with the function of EPCs through
multiple mechanisms, including inhibition of endothelial ni-
tric oxide synthase, downregulation of E-selectin and integrin
a(v)b(5) expression, inactivation of telomerase, and accelera-
tion of cell senescence (24, 30, 39). Recently, we showed
that ox-LDL promoted apoptosis, and inhibited Oct-4 ex-
pression and proliferation of bone marrow stem cells, and
impaired their endothelial differentiation via suppression of
Akt signaling (8). It is believed that oxidative stress is also an
important mechanism responsible for the actions of ox-LDL
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on a variety of biological system (29, 39). Reactive oxygen
species (ROS)=reactive nitrogen species regulate tissue redox
status that is directly related to tissue oxidative stress, and the
development and progression of cardiovascular diseases (17).
It is reported that the rate of ROS generation in the peripheral
blood monocytes is increased in hyperlipidemic patients
along with elevated plasma ox-LDL level (50), and ox-LDL
increases the intracellular formation of ROS in cultured en-
dothelial cells (11).

In the present study, experiments were designed to test the
hypothesis that ox-LDL modified the behavior of bone mar-
row stem cells, including proliferation and Oct-4 expression
as well as their endothelial differentiation through the pro-
duction of ROS in vitro. Rat bone marrow multipotent adult
progenitor cells (MAPCs), a well-characterized bone marrow
mesenchymal stem cells (MSCs) with high level of Oct-4 ex-
pression, were used as the source of bone marrow stem cells,
and treated with ox-LDL with or without the antioxidant N-
acetylcysteine (NAC). We found that ox-LDL produced a
significant amount of ROS in the culture system, and sub-
stantially inhibited the proliferation and Oct-4 expression as
well as endothelial differentiation of MAPCs. NAC effectively
prevented the release of ROS from ox-LDL, and significantly
reversed the effects of ox-LDL on MAPCs, including prolif-
eration, Oct-4 expression, and endothelial differentiation.
These data supported our hypothesis that ox-LDL negatively
regulated the behavior of bone marrow stem cells via ROS
formation in vitro.

Materials and Methods

Preparation of LDL and ox-LDL

Plasma was obtained from healthy human subjects. Native
LDL was prepared from the plasma by sodium bromide
stepwise density gradient centrifugation as described (1, 10).
Ox-LDL was prepared by exposure of native LDL to CuSO4

(5 mM) at 378C for 3 h. The reaction was stopped by adding
EDTA (final concentration, 0.25 mM). The degree of LDL
oxidation was monitored by measuring the production of
thiobarbituric acid reactive substances (TBARS) as described
(10). The value for TBARS in ox-LDL was determined to be
44� 6 nmol malondialdehyde=mg protein. No TBARS were
detectable in native LDL as expected.

Cell culture and endothelial differentiation

Rat MAPCs were produced and characterized in Dr. Ver-
faillie’s laboratory in the Stem Cell Institute at the University
of Minnesota, Minneapolis, MN, as described (4, 46). Pheno-
typically, these cell were positive for Oct-4, Rex-1, c-Kit, and
Pdgfr-a, and negative for Sca-1, CD34, CD45, Sox-2, and
Nanog (46). The cells were cultured at a density of 100–200
cells=cm2 in expansion medium at 378C with 5% O2, 5% CO2,
and 90% N2 with the method as described (8). To investigate
the effect of ox-LDL on MAPCs, the cells were cultured at a
density of 500 cells=cm2 in the presence of ox-LDL (from 0 to
20 mg=ml) for 24, 48, and 72 h. Native LDL was used as control.
The cells were counted in each group, and collected for real-
time polymerase chain reaction (RT-PCR) and Western blot
analysis. To evaluate the effect of ox-LDL on endothelial dif-
ferentiation, the cells were induced to differentiate into en-
dothelial cells with or without ox-LDL as described (4, 8, 46).

To determine the involvement of ROS in the actions of ox-LDL
on MAPCs and their endothelial differentiation, experiments
were repeated with the cells that were pretreated with the
antioxidant NAC (1 mM, final concentration). Cells were
collected at days 1, 7, and 14 of differentiation for RT-PCR,
Western blot analysis, immunofluorescence staining, and
flow cytometry analysis to determine expression of endothe-
lial markers vWF, Flk-1, and CD31, as well as stem cell marker
Oct-4.

Measurement of ROS formation

Production of ROS from ox-LDL in the culture system was
quantitatively determined using electron paramagnetic reso-
nance (EPR) spectroscopy as described (60). A total of 2 mil-
lion cells were mixed with different concentrations of ox-LDL
(from 0 to 20mg=ml) in a total volume of 100 ml detection so-
lution with or without NAC (final concentration of 1 mM).
Media alone and media with NAC were used as background.
Native LDL was used as control. For NAC groups, NAC was
added into the mixture 5 min before adding ox-LDL or native
LDL.

Quantitative RT-PCR analysis

Total RNA was extracted from undifferentiated and dif-
ferentiating MAPCs at different time points with or without
ox-LDL and NAC using the RNeasy RNA isolation kit (Qia-
gen, Inc.) as per manufacturer’s instruction, and quantified by
spectrophotometry at 260 nm. The mRNA was reversely
transcribed using a TaqMan Reverse Transcription Reagents
Kit (Applied Biosystems) as described (4, 46). The primers
used for amplification were as follows: for vWF, CCCA
CCGGATGGCTAGGTATT (forward) and GAGGCGGATC
TGTTTGAGGTT (reverse); for Flk-1, CCAAGCTCAGCACA
CAAAAA (forward) and CCAACCACTCTGGGAACTGT
(reverse); for CD31, GGACTGGCCCTGTCACGTT (forward)
and TTGTTCATGGTGCCAAAACACT (reverse); for GAPDH,
CAGTGCCAGCCTCGTCTCAT (forward) and AGGGGCC
ATCCACAGTCTTC (reverse). The mRNA levels were nor-
malized using GAPDH as housekeeping gene. Each experi-
ment was repeated for at least three times.

Western blot analysis

Cell lysates were prepared from the undifferentiated and
differentiating MAPCs at different time points with or with-
out ox-LDL and NAC for Western immunoblot analysis to
determine the expression levels of endothelial markers vWF,
Flk-1, and CD31, as well as stem cell marker Oct-4, and Akt
(both total and phosphorylated). The supernatant was col-
lected for analysis after centrifugation at 14,000 g for 15 min at
48C. Protein concentration was determined by the bicincho-
ninic acid protein assay (Piece). A total of 20mg protein was
loaded on 10% sodium dodecyl sulfate–polyacrylamide gel,
and immunoblotting was conducted as described (8, 9). The
dilution factor for the primary antibodies against vWF, Flk-1,
and Oct-4 (Santa Cruz), as well as CD31, Akt, and b-actin
(Abecam), was 1:500, 1:500, 1:1000, 1:1000, and 1:1000, respec-
tively, as recommended by the manufacturers. The protein
levels were determined using horseradish peroxidase-linked
secondary antibodies (1:2000 dilution) and ECL System
(Amersham Biosciences), and quantified using ImageJ software
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(National Institutes of Health). All Western blot experiments
were repeated for at least three times.

Immunofluorescence staining

Undifferentiated or differentiating MAPCs were plated in
FN-coated chamber slides. The cells were collected at different
time points of differentiation (from day 1 to 14), and fixed
with 4% paraformaldehyde (Sigma) for 30 min at room tem-
perature. The cells were further prepared for immunofluo-
rescence staining as described (8, 46). To avoid possible
experimental artifacts, the nonspecific binding was blocked
with 1.5% species-specific serum in phosphate-buffered saline
for 1 h at room temperature. The dilution factor for the pri-
mary antibodies against vWF, Flk-1, and CD31 was 1:200, and
for the secondary antibodies (species-specific fluorescein iso-
thiocyanate-conjugated IgG; Sigma) was 1:200. Cells exposed
to the secondary antibodies only were used as negative con-
trols in addition to the nuclear stain DAPI (Molecluar Probe)
at a dilution factor of 1:1000. The cells were then examined
with confocal fluorescence microscopy (Zeiss Axiovert; Carl
Zeiss, Inc.).

Vascular tube formation assay

In vitro vascular tube formation from MAPC-derived cells
was evaluated in growth factor-reduced Matrigel (10 mg=ml;
Sigma) as described (8, 9). Briefly, the extracellular matrix gel
(Sigma) was thawed at 48C overnight, and placed on a six-
well culture plate at 378C for 1 h to allow solidification. The
cells were harvested, and replated (10,000 cells=well) on the
top of the solidified extracellular matrix gel in EBM-2 en-
dothelial basal medium supplemented with 0.5% bovine
serum albumin and vascular endothelial growth factor
(100 ng=ml). The cultures were maintained at 378C for 12 h.

Tube formation was defined as a structure exhibiting a length
four times its width. The networks of tubes were photo-
graphed from six randomly chosen fields with a microscope.

Flow cytometry assay

Expression of endothelial-specific marker vWF was also
evaluated after differentiation with or without ox-LDL and
NAC treatment using flow cytometry following the manu-
facturer’s protocol. Undifferentiated MAPCs and the cells at
week 2 of differentiation were harvested, washed, and sus-
pended in ice-cold phosphate-buffered saline with a cell
density of *1–5�106 cells=ml. The preparations were then
incubated with the primary antibody against vWF at 48C for
30 min, followed by exposure to the fluorescein isothiocyanate-
conjugated secondary antibody for 20 min. The cells were
readily to be fixed with 4% paraformaldehyde for flow cy-
tometry analysis using FACS Calibur (Becton-Dickinson).

Statistical analysis

The data were expressed as mean� standard deviation for
all experiments, and statistically analyzed by independent
sample t-test or one-way analysis of variance when appro-
priate. Differences were considered statistically significant
when p< 0.05.

Results

Ox-LDL inhibited proliferation of MAPCs
and downregulated Oct-4 expression

To test the hypothesis, we first determined the effect of
ox-LDL on proliferation of MAPCs and Oct-4 expression.
Under normal condition, the doubling time for MAPCs was
estimated to be 12.5 h that was similar to our previous

FIG. 1. Effect of ox-LDL on the proliferation of MAPCs with and without NAC. When MAPCs were exposed to ox-LDL
(from 0 to 20mg=ml) for up to 48 h, the cell number was significantly decreased in a dose- and time-dependent manner.
Pretreatment of the cells with the antioxidant NAC reversed the inhibitory effect of ox-LDL on the proliferation when ox-LDL
concentration was low (5mg=ml or less). No protective effect of NAC was observed when ox-LDL concentration was above
5mg=ml. *p< 0.05 versus control (n¼ 3) and #,**p< 0.01 versus control (n¼ 3). (A) Ox-LDL time and dose dependently (from
0 to 10 mg=ml) inhibited cell proliferation of MAPCs. The antioxidant NAC itself (1 mM) had no effect on the proliferation of
the cells (data not shown for clarity of the figure). (B) Cell proliferation of MAPCs was dramatically decreased dose
dependently by ox-LDL (from 5 to 20 mg=ml) after 24 h of culture. Treatment with NAC only rescued the cell growth in
the group when ox-LDL concentration was 5 mg=ml. MAPCs, bone marrow multipotent adult progenitor cells; NAC,
N-acetylcysteine; ox-LDL, oxidized low-density lipoprotein.
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observation (8). When incubated with ox-LDL, the popula-
tion of MAPCs in culture was dramatically decreased in
a concentration- and time-dependent manner (Fig. 1A, B).
When ox-LDL concentration was increased to 20mg=ml, the
cell number was reduced to <20% of control ( p< 0.01; n¼ 3).

A significant level of Oct-4 expression was observed in
MAPCs under normal condition as expected (Fig. 2). When
MAPCs were exposed to ox-LDL for 48 h, transcriptional ex-
pression of Oct-4 was significantly decreased with a dramatic
reduction of mRNA level by 88% as compared to control (data
not shown). Western blot analysis showed that Oct-4 protein
content in MAPCs was also substantially decreased in the
cells treated with ox-LDL by 82% as compared to control.
These data were consistent with our previous observation (8).
Immunofluorescence staining showed that both Oct-4 ex-
pression level in the individual cells and Oct-4-positive cell
population were decreased in ox-LDL-treated group (data not
shown).

Ox-LDL suppressed endothelial
differentiation of MAPCs

To investigate the effect of ox-LDL on endothelial differ-
entiation of MAPCs, the cells were induced to differentiate
into endothelial cells in the presence of ox-LDL. As expected,
the differentiating MAPCs started to express endothelial
markers vWF, CD31, and Flk-1 by day 7 of differentiation

under normal condition as determined using real-time-PCR,
Western blotting, immunofluorescence staining, and flow
cytometry (Figs. 3–7). The differentiated cells also stained
positive for vWF, CD31, and FlK-1, and formed capillary
structures on growth factor-reduced Matrigel by day 14 of
differentiation (Figs. 5 and 7), suggesting that the MAPC-
derived cells were indeed functional endothelial cells. When
treated with ox-LDL, expression of vWF, CD31, and Flk-1
was all significantly decreased in the cells with dramatic re-
duction in their mRNAs and proteins (Fig. 3), indicating that
ox-LDL significantly impaired the endothelial differentiation
of MAPCs. There was no vascular structure formation by
ox-LDL-treated cells after 2 weeks of differentiation on the
Matrigel (Fig. 7), further suggesting that the cells were not
endothelial cells.

Spontaneous production of ROS from ox-LDL

To evaluate the role of ROS in mediating the effect of ox-
LDL on MAPCs, we determined if ROS were produced from
ox-LDL in vitro using EPR. A significant amount of ROS was
generated from ox-LDL in the culture system within a few
seconds after addition of ox-LDL into the mixture in a dose-
and time-dependent manner (Fig. 8). ROS generation in-
creased over time, and reached the maximum by 80 s, and
stayed at high level during the measuring period for up to
30 min. No difference in the peak level of ROS formation was
observed in the presence or absence of MAPCs, indicating that
ROS production from ox-LDL was spontaneous and inde-
pendent from the cells. ROS formation from ox-LDL in the
culture system was completely prevented by the antioxidant
NAC. Of note, there was a small detectable amount of ROS
generated from native LDL in the media (Fig. 8C).

NAC reversed the inhibitory effect of ox-LDL
on proliferation and Oct-4 expression of MAPCs

To further test the hypothesis, we then evaluated the effect
of ox-LDL on MAPCs in the presence of the antioxidant NAC.
Treatment of the cells with NAC (1 mM) significantly reversed
the inhibitory effect of ox-LDL on Oct-4 expression in MAPCs
as shown in Figure 2. The Oct-4 protein content in ox-LDL-
treated MAPCs was dramatically decreased to 14% of control,
and was substantially recovered to 79% of the control level
when the cells were pretreated with NAC, suggesting that ox-
LDL downregulated Oct-4 expression in MAPCs mainly due
to ROS formation.

The population of MAPCs in culture was dramatically
decreased in the presence of ox-LDL in a concentration- and
time-dependent manner (Fig. 1A, B). There was minimal in-
crease in cell population after 48 h of culture with ox-LDL in
the media at the concentration of 5 mg=ml. The cell number in
ox-LDL-treated group was only 22% of that in control group
after 48 h of culture ( p< 0.01, n¼ 3), and was significantly
increased to 78% of the control when NAC was added in the
media, indicating that ox-LDL at 5mg=ml inhibited the pro-
liferation of MAPCs largely due to ROS formation. There was
no change in the cell number after 48 h of culture in the NAC-
treated group when ox-LDL concentration was increased to
10 mg=ml or above although ROS generation was completely
blocked by NAC in these conditions as determined using EPR
(Fig. 8). Of note, NAC itself did not affect the proliferation of
MAPCs or Oct-4 expression in culture (data not shown). These

FIG. 2. Treatment of MAPCs with NAC significantly
prevented the inhibitory effect of ox-LDL on expression of
Oct-4 protein. A significant amount of the stem cell marker
Oct-4 was expressed in MAPCs cultured in normal condition
as determined using Western blotting analysis. When
MAPCs were incubated with ox-LDL (5mg=ml) for 24 h, ex-
pression of Oct-4 was significantly decreased in the cells.
Pretreatment of the cells with NAC (1 mM) effectively pre-
vented the downregulation of Oct-4 expression by ox-LDL in
MAPCs. **p< 0.01 versus control (n¼ 3). Control, cells cul-
tured in normal condition; NACþox-LDL, cells were pre-
treated with NAC before exposure to ox-LDL; ox-LDL, cells
exposed to ox-LDL.
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data suggested that NAC provided protection against the
inhibitory effect of ox-LDL on MAPCs only when low con-
centration of ox-LDL was present in the media.

NAC effectively prevented the inhibition of endothelial
differentiation by ox-LDL

When MAPCs were induced to differentiate into endothe-
lial cells under normal conditions, the cells started to exhibit
endothelial-like phenotype both structurally and functionally
with expression of endothelial markers such as vWF, CD31,
and Flk-1 by day 7 of differentiation as evaluated with real-
time-PCR, Western blotting, immunofluorescence staining,
and flow cytometry, as well as vascular tube formation (Figs.
3–7). When MAPCs treated with ox-LDL, expression of vWF,
CD31, and Flk-1 was significantly decreased in the cells with a
dramatic reduction in their mRNAs and proteins (Fig. 3), in-
dicating that ox-LDL significantly impaired the endothelial
differentiation of MAPCs. There was no vascular structure
formation by ox-LDL-treated cells after 2 weeks of differen-
tiation on the Matrigel (Fig. 7), further suggesting that the cells
were not endothelial cells. Treatment of the cells with NAC

completely restored the potential of MAPCs to differentiate
into functioning endothelial cells impaired by ox-LDL as re-
flected by normalization of diminished expression of endo-
thelial markers, including vWF, CD31, and Flk-1, as well as in
vitro vascular structure formation (Figs. 3–5 and 7). Flow cy-
tometry analysis demonstrated that 46% of cells were positive
for endothelial-specific marker vWF by 2 weeks of differen-
tiation under normal condition, whereas only 19% of cells
treated with ox-LDL were positive for vWF that was signifi-
cantly increased to 45% for the cells exposed to ox-LDL in the
presence of NAC (Fig. 6). These data suggested that ox-LDL
attenuated endothelial differentiation of MAPCs mediated
through production of ROS.

NAC minimally restored Akt phosphorylation
suppressed by ox-LDL in MAPCs

Interruption of serine=threonin protein kinase Akt (Akt)
signaling was recently shown to be involved in the actions of
ox-LDL on MAPCs and their endothelial differentiation (13).
In the present study, a detectable level of Akt phosphoryla-
tion was observed in MAPCs cultured in normal condition.

FIG. 3. Treatment with NAC completely restored the diminished endothelial differentiation of MAPCs by ox-LDL.
When MAPCs were induced to differentiate into endothelial cells, the transcriptional expression of endothelial markers,
including vWF, Flk-1, and CD31, were increased significantly by 2 weeks of differentiation as reflected by increased mRNA
levels as analyzed by real-time–polymerase chain reaction. Endothelial differentiation of MAPCs was substantially inhibited
in the presence of ox-LDL (5 mg=ml) with dramatically decreased transcriptional expression of endothelial markers, including
vWF, Flk-1, and CD31. Treatment of the cells with the antioxidant NAC (1 mM) completely restored the suppressed endo-
thelial differentiation potential of MAPCs by ox-LDL with recovery of mRNA levels for the endothelial markers. *p< 0.05
versus control (n¼ 3). Control, cells cultured in normal condition; ox-LDL, cells exposed to ox-LDL; NACþox-LDL, cells were
pretreated with NAC before exposure to ox-LDL. (A) Transcriptional expression of vWF (mRNA) in MAPCs during their
endothelial differentiation was dramatically inhibited by ox-LDL, and was normalized when treated with NAC. Cells before
the induction of differentiation were used as the baseline. (B) Ox-LDL substantially suppressed Flk-1 expression in the
differentiating cells as analyzed by real-time–polymerase chain reaction that was reversed by treatment of the cells with NAC
by 2 weeks of differentiation. (C) CD31 expression in the differentiating cells was dramatically reduced by ox-LDL, and
returned to normal when treated with NAC at week 2 of differentiation.
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However, the level of Akt phosphorylation was dramatically
decreased to undetectable level in MAPCs when incubated with
ox-LDL for 24 h (Fig. 9). Ox-LDL-impaired Akt phosphoryla-
tion was only slightly restored in the cells when pretreated
with NAC with the Akt phosphorylation level close to 20% of
the control. These data indicated that ox-LDL impaired the
population and function of MAPCs via multiple mechanisms,
including ROS generation and inhibition of Akt signaling.

Discussion

In the present study, we demonstrated that ox-LDL sig-
nificantly downregulated Oct-4 expression in MAPCs, in-
hibited the proliferation, and suppressed the endothelial
differentiation of MAPCs. A significant amount of ROS was
generated spontaneously from ox-LDL in the culture media.
The antioxidant NAC completely blocked ROS formation
from ox-LDL, and effectively prevented the effects of ox-LDL
on MAPCs. These data were consistent with our hypothesis
that ox-LDL modified the behavior of bone marrow stem cells,
including proliferation and Oct-4 expression, as well as their
endothelial differentiation via the production of ROS in vitro.

The outcomes of ox-LDL on its target cells are variable and
complex depending on individual cell type. Ox-LDL pro-
motes proliferation of macrophages and vascular smooth
muscle cells, and inhibits apoptosis of macrophages and
monocytes (16, 20, 22, 31, 32, 41, 58). On the other hand, ox-
LDL inhibits proliferation and promotes apoptosis of vascular
endothelial cells and EPCs (5, 7, 55). Recently, we demon-
strated that ox-LDL inhibited cell proliferation, induced
apoptosis of MAPCs, and attenuated their endothelial dif-
ferentiation (8). Ox-LDL interacts with a variety of cells
through multiple mechanisms, including (but not limited to)
mitogen-activated protein kinase activation, downregulation
of E-selectin, and integrin a(v)b(5) expression, activation of
E-cadherin=b-catenin=Tcf signaling pathway, and inhibition
of PI3K=Akt signaling (2, 8, 14, 15).

Another important mechanism for the actions of ox-LDL is
ROS formation and oxidative stress. Ox-LDL is a rich source
of ROS that are directly related to tissue oxidative stress, and
the development and progression of cardiovascular diseases
like hypertension and atherosclerosis (18, 43, 45, 51). ROS
and oxidative stress also play an important role in regulation
of stem cells, including bone marrow stem cells. Mouse

FIG. 4. NAC treatment ef-
fectively prevented ox-LDL-
induced suppression of
endothelial differentiation of
MAPCs. By week 2 of differ-
entiation, a significant amount
of proteins for endothelial
markers vWF, Flk-1, and
CD31 was expressed in the
cells in normal condition as
determined using Western
blot analysis. Endothelial dif-
ferentiation of MAPCs was
markedly inhibited by ox-LDL
with dramatically decreased
protein content of the endo-
thelial markers vWF, Flk-1,
and CD31. Pretreatment of
the cells with NAC suffi-
ciently restored the endothe-
lial differentiation potential of
MAPCs attenuated by ox-LDL
with recovery of the endothe-
lial protein expression after
2 weeks of differentiation.
*p< 0.05 versus control (n¼ 3).
Control, cells cultured in nor-
mal condition; ox-LDL, cells
exposed to ox-LDL; NACþox-
LDL, cells were pretreated
with NAC before exposure to
ox-LDL. (A) vWF protein
content in the differentiating
MAPCs was significantly de-
creased by ox-LDL that was
normalized when treated with
NAC at week 2 of differentia-
tion. (B) Ox-LDL substantially

suppressed Flk-1 expression in the differentiating cells that was prevented when NAC was present in the media at week 2 of
differentiation. (C) CD31 expression in the differentiating cells was dramatically reduced by ox-LDL, and was recovered
when the cells were treated with NAC at week 2 of differentiation.
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embryonic stem cells (ESCs) are sensitive to H2O2-induced
apoptosis. The cells enter a transient cell cycle arrest when
exposed to sublethal concentration of H2O2 for a short period
(19). Similarly, exposure of rat MSCs to hydrogen peroxide
resulted in a concentration-dependent decrease in cell viabil-

ity (52). Overexpression of Hsp20 protects MSCs against cell
death triggered by oxidative stress in vitro in association
with enhanced Akt activation and increased secretion of
growth factors (vascular endothelial growth factor, fibroblast
growth factor-2, and insulin-like growth factor-1) (54). In vivo

FIG. 5. Immunofluorescence staining of endothelial proteins. Immunofluorescence staining demonstrated that a signifi-
cant level of endothelial proteins vWF, Flk-1, and CD31 was present in the cells in the control group by 2 weeks of
differentiation (A–C). Only minimal immunofluorescence staining for these proteins was observed in the cells treated with
ox-LDL after 2 weeks of differentiation. When the cells were pretreated with the antioxidant NAC before exposure to ox-LDL,
the cells exhibited a similar level of immunofluorescence staining for vWF, Flk-1, and CD31 after 2 weeks of differentiation.
The green fluorescence presented proteins for vWF, Flk-1, or CD31. The nuclei stained blue with DAPI. Scale bar: 20mm.
Undifferentiated, undifferentiated MAPCs; Control, cells cultured in normal condition; Ox-LDL, cells exposed to ox-LDL;
NACþOx-LDL, cells were pretreated with NAC before exposure to ox-LDL.

FIG. 6. Flow cytometry analysis of endothelial-specific marker vWF expression after 2 weeks of differentiation of
MAPCs. The expression profile for vWF was analyzed using flow cytometry in the cells after 2 weeks of differentiation. There
was a clear shift of cell populations that expressed vWF in the control group (A). The vWF-positive cell population di-
minished when incubated with ox-LDL (B). The vWF expression profile was similar to the control in the cells that were
pretreated with NAC before exposure to ox-LDL (C), indicating that NAC reversed the inhibitory effect of ox-LDL on
endothelial differentiation of MAPCs. Pink curves: flow cytometry profile for the cells before differentiation; light blue curves:
flow cytometry profile for the cells after 2 weeks of differentiation.
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experiment shows that exposure of mice to a sublethal dose of
total body irradiation induces a persistent increase in ROS
production, leading to the induction of hematopoietic stem
cell senescence (54). In the present study, we observed for the
first time that ROS formation from ox-LDL mediated the ac-
tions of ox-LDL on MAPCs, including Oct-4 expression,
proliferation, and endothelial differentiation.

Oct-4 is a transcription factor, and is expressed at high level
in ESCs. It is critical to the pluripotency, self-renewal, and
differentiation of stem cells (3, 27, 34). Like ESCs, MAPCs
exhibit remarkable self-renewal capability and express Oct-4
abundantly (4, 8, 46). Recently, we demonstrated that nitric
oxide enhanced Oct-4 expression and promoted endothelial
differentiation of mouse MAPCs in vitro (9). In the present

FIG. 7. Vascular structure formation by MAPC-derived cells in different groups. Vascular structure formation by MAPC-
derived cells at week 2 of differentiation was observed on Matrigel under normal condition (left panel). When MAPCs were
treated with ox-LDL, no vascular structures were generated at week 2 of differentiation (middle panel). When MAPCs were
pretreated with the antioxidant NAC, the diminished capability of the MAPC-derived cells to form vascular structures on
Matrigel by ox-LDL was completely recovered (right panel). The experiment was repeated for three times (�200 with inverted
phase-contrast microscopy).

FIG. 8. ROS formation
from ox-LDL with and
without NAC. A signifi-
cant amount of ROS was
generated from ox-LDL in a
dose- and time-dependent
manner when mixed with
MAPCs as determined
quantitatively with EPR.
ROS formation from ox-LDL
was completely suppressed
in the mixture when the an-
tioxidant NAC was present.
(A) Representative EPR sig-
nals from ox-LDL mixed
with MAPCs. The top curve
in A showed no EPR signals
(only baseline noise) in the
control group (MAPCs with
detection media). The mid-
dle curve in A demonstrated
the large EPR signals for
ROS in the culture system
of MAPCs with 5mg=ml ox-
LDL. The bottom curve in A
showed no EPR signals for
ROS in the culture system
of MAPCs with 5mg=ml ox-
LDL when NAC (1 mM) was
present. (B) Time-depend
formation of ROS from ox-
LDL. EPR signals occurred
rapidly when ox-LDL was
mixed with MAPCs. The
signal amplitudes reached a
plateau after 60 s, and stayed

stable afterward. (C) The EPR signal amplitude was dependent on ox-LDL doses. Cells, MAPCs in culture media with negligible
EPR signals; CellsþOX 5, MAPCs with 5mg=ml ox-LDL; CellsþOX 10, MAPCs with 10mg=ml ox-LDL; CellsþOXþNAC, MAPCs
with 10mg=ml ox-LDL plus 1 mM NAC. *p< 0.05 as compared with control ‘‘cells’’ group (n¼ 4); ##p< 0.01 as compared with
10mg=ml ox-LDL group (n¼ 4). ROS, reactive oxygen species.

1852 LU ET AL.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3156&iName=master.img-006.jpg&w=363&h=97
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3156&iName=master.img-007.jpg&w=362&h=345


study, we showed that ROS generated from ox-LDL signifi-
cantly suppressed Oct-4 expression, and attenuated endo-
thelial differentiation of MAPCs that was reversed by treating
the cells with the antioxidant NAC. This was the first time to
report that oxidative stress was involved in the regulation of
Oct-4 expression. Oxidative stress also regulates the selectiv-
ity of Oct-4 protein for specific DNA sequences (28), provid-
ing another mechanism for the actions of oxidative stress on
Oct-4 and cell differentiation. Increased ROS beyond their
basal level promotes hematopoietic progenitors to differenti-
ate into mature blood cells in Drosophila (36). Clearly, the
regulatory roles of oxidative stress in stem cell function, in-
cluding differentiation, are complex and require further in-
vestigation (35, 37).

One of the interesting findings in the present study was
that the antioxidant NAC completely blocked ROS forma-
tion from ox-LDL at a concentration of up to 20 mg=ml, and
restored the endothelial differentiation potential of MAPCs.
However, NAC only reversed the inhibitory effect of ox-LDL
at a low concentration (5 mg=ml) on the proliferation of
MAPCs, suggesting that other mechanisms were also im-
portant in mediating the effects of ox-LDL on these cells.
Apoptosis is involved in the toxic effects of ox-LDL on
various types of cells, including endothelial cells and the

development of atherosclerosis (33, 40, 42). In fact, we re-
cently observed that impaired Akt signaling and apoptosis
were involved in the actions of ox-LDL on MAPCs (8). Ox-
LDL-induced apoptosis of MAPCs was effectively prevented
by overexpression of active Akt, suggesting that the apo-
ptotic event was due to impaired Akt signaling. In the
present study, we confirmed that ox-LDL dramatically
suppressed Akt phosphorylation in MAPCs. However, ox-
LDL-impaired Akt phosphorylation was only slightly re-
stored in the cells when treated with NAC. These data
strongly supported the concept that ox-LDL impaired the
population and function of MAPCs via multiple mecha-
nisms, including oxidative stress, inhibition of Akt signaling,
and apoptosis. Very likely, these mechanisms played a dif-
ferent role in the actions of ox-LDL at different concentra-
tions on MAPCs. It appeared that both oxidative stress and
impaired Akt signaling were important when ox-LDL con-
centration was low (5mg=ml or less), whereas Akt signaling
was the dominant mechanism when ox-LDL concentration
was above 5 mg=ml. Further investigation is needed to define
the relationship between these mechanisms in mediating the
effects of ox-LDL on MAPCs.

Although the present study was conducted in cell culture
system, the data had close clinical relevance. On the basis of
recently published human data, the blood serum ox-LDL
concentration was 0.7 mg=dl (7mg=ml) in healthy individu-
als. The serum ox-LDL level was 1.72 mg=dl (17.2 mg=ml),
and 2.36 mg=dl (23.6 mg=ml) for the patients with stable
coronary artery disease (with average LDL 125.8 mg=dl) and
acute coronary syndrome (with average LDL 143.0 mg=dl),
respectively (25, 26, 57). The ox-LDL concentrations used in
the present study was 1–20 mg=ml that were within the range
of serum ox-LDL levels in both healthy persons and in pa-
tients with coronary artery disease. However, future studies
are warranted to investigate the effect of ox-LDL and
hyperlipidemia on bone marrow stem cells and their endo-
thelial differentiation as well as the underlying mecha-
nism(s) in vivo. However, it is important to point out that
ox-LDL injected intravenously is cleared extremely rapidly
(within a few minutes) by the reticular endothelial system
(13, 48) that may create a very challenging situation for
in vivo studies.

In conclusion, the data from the present study demon-
strated that ROS formation was important in the action of ox-
LDL on bone marrow stem cells, including Oct-4 expression,
proliferation, and endothelial differentiation. However, other
mechanisms like Akt signaling and apoptosis might also play
a critical role in mediating the effect of ox-LDL on these cells.
These data may have important clinical impact on the treat-
ment of hyperlipidemic patients, and on patient selection for
cell therapy with bone marrow stem cells especially for those
with poorly controlled hyperlipidemia (for both recipients
and donors) in view of the critical role of bone-marrow-
derived EPCs in maintaining the integrity of endothelial
structure and function.
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endothelium and endothelial progenitor cell function by
low-density lipoproteins: implication for vascular repair,
angiogenesis and vasculogenesis. Pathobiology 76: 11–22, 2009.

41. Sakai M, Miyazaki A, Hakamata H, Sasaki T, Yui S, Yama-
zaki M, Shichiri M, and Horiuchi S. Lysophosphatidylcho-
line plays an essential role in the mitogenic effect of oxidized
low density lipoprotein on murine macrophages. J Biol Chem
269: 31430–31435, 1994.

42. Salvayre R, Auge N, Benoist H, and Negre-Salvayre A.
Oxidized low-density lipoprotein-induced apoptosis. Bio-
chim Biophys Acta 1585: 213–221, 2002.

43. Stocker R and Keaney JF Jr. Role of oxidative modifications
in atherosclerosis. Physiol Rev 84: 1381–1478, 2004.

44. Strehlow K, Werner N, Berweiler J, Link A, Dirnagl U, Priller
J, Laufs K, Ghaeni L, Milosevic M, Böhm M, and Nickenig G.
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