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Abstract
The major event initiating atherosclerosis is hypercholesterolemia-induced disruption of vascular
endothelium integrity. In settings of endothelial damage, endothelial progenitor cells (EPCs) are
mobilized from bone marrow into circulation and home to sites of vascular injury where they aid
endothelial regeneration. Given the beneficial effects of EPCs in vascular repair, we hypothesized
that these cells play a pivotal role in atherosclerosis regression. We tested our hypothesis in the
atherosclerosis-prone mouse model in which hypercholesterolemia, one of the main factors
affecting EPC homeostasis, is reversible (Reversa mice). In these mice normalization of plasma
lipids decreased atherosclerotic burden; however, plaque regression was incomplete. To explore
whether endothelial progenitors contribute to atherosclerosis regression, bone marrow EPCs from
a transgenic strain expressing green fluorescent protein under the control of endothelial cell-
specific Tie2 promoter (Tie2-GFP+) were isolated. These cells were then adoptively transferred
into atheroregressing Reversa recipients where they augmented plaque regression induced by
reversal of hypercholesterolemia. Advanced plaque regression correlated with engraftment of
Tie2-GFP+ EPCs into endothelium and resulted in an increase in atheroprotective nitric oxide and
improved vascular relaxation. Similarly augmented plaque regression was also detected in
regressing Reversa mice treated with the stem cell mobilizer AMD3100 which also mobilizes
EPCs to peripheral blood. We conclude that correction of hypercholesterolemia in Reversa mice
leads to partial plaque regression that can be augmented by AMD3100 treatment or by adoptive
transfer of EPCs. This suggests that direct cell therapy or indirect progenitor cell mobilization
therapy may be used in combination with statins to treat atherosclerosis.
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INTRODUCTION
Atherosclerosis and its complications remain a major cause of mortality worldwide.
Deposition of low density lipoprotein (LDL) in the vascular subendothelium and the pro-
inflammatory reactions of resident cells, which trigger influx of inflammatory leukocytes
into the vascular wall, both lead to development of atherosclerotic plaques that can rupture,
causing myocardial infarction and stroke [1]. Statins (HMG-CoA reductase inhibitors) are
the primary intervention against atherosclerosis. In patients at risk or suffering from
cardiovascular disease, statins effectively lower plasma cholesterol, impede atherosclerosis
progression, stabilize plaques and moderately reduce adverse cardiovascular events [2].
However, recent clinical trials show that long-term administration of statins causes
incomplete plaque regression, leaving patients prone to adverse cardiovascular events [3].
Thus, understanding of mechanisms that promote complete plaque resolution is important
for the development of novel or improved anti-atherosclerotic therapies.

Mechanisms of atherosclerosis regression remain poorly understood. This is in part due to
poor availability of animal models in which atherosclerosis risk factors such as
hypercholesterolemia can be reversed. Atherosclerotic plaque regression is observed in the
Reversa model (Ldlr−/−ApoB100/100Mttpfl/flMx1-Cre) [4]. Reversa mice lack low density
lipoprotein receptor (Ldlr−/−) and express atherogenic apolipoprotein B 100 (ApoB100).
Diet-induced hyperlipidemia causes aortic atherosclerosis reminiscent of that in
apolipoprotein E-deficient (ApoE−/−) and Ldlr−/− strains. However, hypercholesterolemia is
dramatically reversed upon Cre-dependent inactivation of the hepatic microsomal
triglyceride transfer protein (Mttp) which assembles atherogenic LDL [5]. The Reversa
model is ideal for studying regression of atherosclerosis because genetic inactivation of Mttp
results in moderate lowering of plasma lipids [5] that mimics statin-induced correction of
high cholesterol levels in patients. We have used the Reversa model to identify mechanisms
that augment plaque regression induced by normalization of plasma lipids, with special
interest paid to the contributions of endothelial progenitor cells (EPCs) to this process.

EPCs can have hematopoietic or non-hematopoietic origin. Hematopoietic EPCs, which are
derived from bone marrow, comprise a heterogeneous cell population represented by colony
forming EPCs, non-colony forming differentiating EPCs, myeloid EPCs and angiogenic
cells. These EPCs are mainly found in circulation and are pro-vasculogenic [6–8]. Non-
hematopoietic EPCs can be isolated from blood or tissue samples [9]. The origin of non-
hematopoietic EPCs is unclear [10].

Bone marrow EPCs are thought to have an important role in tissue regeneration, especially
in vascular repair. These cells support postnatal neovascularization by homing to and
differentiating into mature CD31+ endothelial cells in damaged endothelium, promoting
vasculogenesis, thereby directly contributing to endothelial regeneration [11;12]. EPCs may
also produce angiogenic cytokines and growth factors that promote proliferation of existing
resident endothelial cells, activate angiogenesis, and thereby indirectly contribute to the re-
establishment of endothelial homeostasis [12–15].

In this report we show that treatment with either EPCs or stem cell mobilizer AMD3100
augments the partial plaque regression induced by reversal of hypercholesterolemia,
demonstrating that EPCs play a pivotal role in regression of atherosclerosis.
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MATERIALS AND METHODS
Experimental designs

Reversa mice (C57BL/6 background) were obtained from Jackson Laboratory (Bar Harbor,
ME). Mice of both sexes were used for all experiments. Mice were separated into 3 groups
immediately after weaning. All groups were fed a Western diet (21% anhydrous milkfat/
butterfat, 34% sucrose, 0.2% cholesterol; Harlan Teklad) for 84 days. The atherosclerosis-
resistant group was given four intraperitoneal injections of polyinosinic-polycytidylic acid
(pI-pC; 500 μg/mouse; Sigma, St Louis, MO) at two-day intervals to inactivate Mttp after
weaning. The atherosclerosis-prone group received no pI-pC treatment. The
atheroregressing group was treated four times with pI-pC after 84 days on the Western diet.
Animals were sacrificed 16, 42 or 70 days after Mttp inactivation in the atheroregressing
group (Suppl. Fig. 1).

For adoptive transfer of EPCs, bone marrow Lin− cells were obtained under sterile
conditions from long bones of Tie2-GFP+ donor mice (C57BL/6 background, Jackson
Laboratory). Regressing Reversa recipients were not splenectomized prior to adoptive
transfer because we monitored long-term effects of bone marrow EPCs on plaque
regression. Recipients were injected intravenously three times (10, 20 and 30 days after
reversal of hypercholesterolemia) with 1×106 donor cells and mice were sacrificed 70 days
after normalization of plasma lipids.

To determine how mobilization of bone marrow progenitors affects plaque regression,
Reversa mice were fed the Western Diet for 84 days, injected with pI-pC to reverse
hypercholesterolemia and separated into two groups. The first group received 2.5 mg/kg of
AMD3100 (Sigma) daily for a total of 70 days through an osmotic minipump implanted
subcutaneously on the back, slightly posterior to the scapulae. Control mice comprising the
second group received vehicle (saline) alone. Mice were sacrificed after 70 days of
AMD3100 or saline treatment.

All animal care and experimental protocols were approved by the Institutional Animal Care
and Use Committee of the Oklahoma Medical Research Foundation.

Atherosclerosis evaluation
Atherosclerotic plaques were evaluated by en face analysis of pinned-open aortas and by
cross-sectional analysis of the proximal aorta. Aortas were excised, opened longitudinally,
branching vessels were removed and aortas were pinned out flat, and stained in Oil red O
solution (Newcomer Supply, Middleton, WI). Aortic images were captured with a Canon
EOS-1 Mark II digital camera and analyzed using Adobe Photoshop CS. Lesional surface
was measured using NIH Image J software. The size of lesions was calculated using the
following formula: Oil Red+ area / aortic arch area × 100 and was expressed as percent of
the total aortic arch area. Number of lesions was determined by counting atherosclerotic
lesions in the whole aorta.

For cross-sectional analysis, aortas were excised and fixed, serially cryosectioned, stained
with Oil Red O and counterstained with hematoxylin. Eight sections per site, collected at 40-
μm intervals, were examined under the light microscope. Images were obtained with a Zeiss
AxioCam MRC 12-bit color digital camera (Carl Zeiss Microimaging, Thornwood, NY).
The lesional surface was measured using NIH Image J software and is expressed in μm2.
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Immunofluorescence
Lesional foamy macrophages were detected with rat anti-mouse Moma 2 antibody (Ab)
(clone MCA519G, Serotec, Raleigh, NC) or isotype rat anti-mouse IgG2a Ab (Abcam,
Cambridge, MA) followed by staining with donkey anti-rat Alexa Fluor 488 Ab (Life
Technologies, Grand Island, NY). Foamy macrophage-positive areas were determined by
measuring Moma 2+ areas using the NIH Image J software and are expressed as percent of
the total lesional area.

To examine incorporation of Tie2-GFP+ bone marrow EPCs into endothelium, aortic cross-
sections obtained from regressing Reversa mice treated with EPCs were stained with
primary rat anti-mouse CD31 (BD Biosciences, San Jose, CA) or control rat IgG2a Ab
(Abcam) and secondary goat anti-rat IgG Alexa Fluor 568 Ab (Life Technologies).

To determine whether Tie2-GFP+ EPCs incorporate into vascular endothelium randomly or
predominantly into areas of regressing plaques, aortic cross-sections were stained with a
lipophilic stain Nile Red (Sigma). Nile Red was diluted in ethanol, which shifted its
excitation and emission from 485 nm and 525 nm to 559 nm and 629 nm [16;17].

Abs and respective isotype controls to detect CXCL1, ICAM-1 and VCAM-1 in plaques of
atherosclerosis-prone and atheroregressing mice treated with saline or EPCs were obtained
from BD Biosciences. Aortic cross-sections were following incubation with primary Abs
stained with the secondary donkey anti-rat Alexa Fluor 488 or secondary goat anti-rat IgG
Alexa Fluor 568 Abs.

EPC isolation and culture
Bone marrow was flushed from long bones of Tie2-GFP+ mice with sterile Hanks’ balanced
salt solution, low density cells were collected by centrifugation over Histopaque 1083.
Mononuclear lineage-negative (Lin−) cells were enriched by lineage-depletion coktail
containing monoclonal Abs to mouse CD3, CD11b, CD45/B220, Ly-6G and Ly-6C and
TER-119 (BD Biosciences, San Jose, CA), and the Lin−GFP+ population was isolated by
fluorescein-activated cell sorting (FACS) using a FACSAria cell sorter (BD Biosciences).
Lin−GFP+ cells were plated on fibronectin-coated 24-well plates at a density of 5×105cells/
well. They were then cultured for 4 days in endothelial cell growth medium (Lonza,
Allendale, NJ) supplemented with fetal bovine serum, Gentamycin/Amphotericin, vascular
endothelial growth factor (VEGF) and fibroblast growth factor. All growth factors were
from Sigma. Ex vivo-expanded EPCs were subjected to flow cytometry analysis and
microscopic evaluation prior to injection into recipient Reversa mice.

Flow cytometry
To determine circulating EPC number, blood was collected by retro-orbital bleeding with
heparin-coated capillary tubes from hypercholesterolemic controls and regressing Reversa
mice treated with AMD3100 or saline. Heparinized blood was emptied into glass centrifuge
tubes containing a 2% Dextran solution, mixed and the mixture was incubated to allow
sedimentation of red blood cells. The upper white blood cell-enriched phase was removed.
Cells were washed, resuspended in hypotonic NH4Cl solution to remove erythrocytes and
stained for c-Kit (eBiosciences, San Diego, CA), Flk1 (VEGF receptor 2, VEGFR2; BD
Biosciences) and CD11b (BD Biosciences) Abs. Gate was set on CD11b− cells and c-
Kit+Flk1+ cell count was determined by flow cytometry. Dead cells were excluded by
propidium iodide staining (Life Technologies, Eugene, OR).

Alternative analysis to determine circulating EPCs was also performed by staining cells with
monoclonal anti-CD34 (BD Biosciences), anti-Flk1 and anti-CD133 (BioLegend, San
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Diego, CA) Abs. Gate was set on Flk1+ cells and the number of viable CD34+CD133+ cells
was determined by flow cytometry. The contaminant mature TER-119+ and B220+ white
blood cells were excluded from analysis.

To determine the phenotype of ex-vivo expanded Lin−Tie2-GFP+ EPCs prior to adoptive
transfer, cells were confirmed to express EPC markers by staining with anti–CD133
(BioLegend), anti–Flk1 or anti–Sca-1 (BD Biosciences) Abs. EPC identity was also
confirmed by testing cells for the uptake of TRITC-Lectin (Sigma) and 1,1′-
dioctadecyl-3,3,3′,3′-tetramethylin-docarbocyanine-labelled acetylated LDL (Dil-Ac-LDL;
Life Technologies).

Flow cytometry was performed on a BD LSRII (BD Biosciences), correcting for nonspecific
staining with isotype Ab controls. FlowJo software (Tree Star, San Carlos, CA) was used for
data analysis.

Plasma analysis
Plasma samples were collected after an overnight fast. Total cholesterol, LDL, HDL and
triglycerides were determined by colormetric assays (BioVision Research Products,
Mountain View, CA). Plasma nitrite, a reservoir of atheroprotective NO [18;19], and plasma
nitrate, a measure of NO production [20;21], were determined using a colorimetric NO
metabolite detection kit (Cayman Chemical, Ann Arbor, MI).

Vascular relaxation
Aortas were removed from hypercholesterolemic and regressing Reversa mice that received
Tie2-GFP+ EPCs, cut into 3 mm-wide rings and pre-contracted with 30 nmol/L U45519 in
organ chambers (PowerLab ADInstruments, Colorado Springs, CO). Endothelium-
dependent and -independent vasodilation responses were monitored in the presence of
acetylcholine (ACh) and sodium nitroprusside (SNP) respectively [22].

Statistical analysis
Experiments were repeated at least three times using 4–6 mice per each group. Dataare
presented as median ± SEM. The statistical significance of differences between two groups
was tested by the non-parametric Mann-Whitney U test using the GraphPad Prism 5.04
program (GraphPad Software, La Jolla, CA). Values of p<0.05 were considered statistically
significant. In the Figure 3B the alternative flow cytometry evaluation of circulating EPCs
was performed once with a minimal number of n=2 mice per group.

RESULTS
Normalization of plasma lipids reduces atherosclerosis burden in Reversa mice

Feig and colleagues described use of Reversa mice to study regression of advanced
atherosclerotic plaques [4]. However, the existence, cellular composition, and features of
advanced plaques in atherosclerosis-prone mouse models remain controversial [23]. To
overcome this problem, we developed a new experimental protocol to monitor plaque
regression in these mice. Our experimental approach involved feeding Reversa mice with
the atherosclerosis-inducing Western diet (21% anhydrous milkfat/butterfat, 34% sucrose,
0.2% cholesterol) for 84 days. With this feeding protocol, mice developed plaques that
contain predominantly foamy macrophages (Suppl. Fig. 2). These plaques are, in content
and features, similar to lesions in well-characterized atherosclerosis-prone ApoE−/− and
Ldlr−/− strains [5].
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Mice of both genders were grouped into atherosclerosis-resistant, atherosclerosis-prone and
atheroregressing groups as illustrated in Suppl. Fig. 1. Immediately after weaning, the
atherosclerosis-resistant group was given four intraperitoneal injections of pI-pC to
inactivate Mttp. The atherosclerosis-prone group was not injected with pI-pC. After 84 days
on the Western diet, Mttp was inactivated in the atheroregressing group. We assessed
plasma lipids and atherosclerosis burden in all three groups at 16, 42 and 70 days after Mttp
inactivation in the atheroregressing group.

Consistent with previous findings [5], we observed that pI-pC injections beginning just after
weaning rendered mice resistant to Western diet-induced hypercholeresterolemia. Failure to
inactivate the Mttp gene in this way resulted in hypercholesterolemic animals. We found
that hypercholesterolemia in the atheroregressing group was reversed within 16 days of pI-
pC treatment (Fig. 1). All subsequent experiments involved comparison of disease-prone
and reversed groups of mice.

Atherosclerosis-prone mice developed aortic plaques within 84 days that further progressed
if animals were maintained on the Western diet (Fig. 2) for an additional 70 days. In
contrast, the atheroregressing group displayed a substantial regression of atherosclerosis
(Fig. 2A). Regressing animals had 49%, 60% and 65% smaller lesions at the aortic valve
level than did the hypercholesterolemic mice at 16, 42 and 70 days after Mttp inactivation,
respectively (Figs. 2B and 2C and Suppl. Fig. 3). Furthermore, we were able to quantify
reversal of hypercholesterolemia-induced regression in terms of area and number of plaques
(Figs. 2C and 2D). Numbers of Moma 2+ foamy macrophages in regressing lesions also
declined (Fig. 2E), a change reaching the greatest significance 70 days after Mttp
inactivation (Fig. 2F). We conclude that reversal of hypercholesterolemia results in
significant but incomplete plaque regression. However, the Reversa mouse model is
appropriate for observations of atherosclerosis regression involving our experimental
protocol, which monitors time-dependent changes in atherosclerosis burden up to 70 days
post Mttp inactivation.

Mobilization of endothelial progenitors with the stem cell mobilizer AMD3100 augments
plaque regression

Hypercholesterolemia and vascular inflammation negatively affect both EPC number and
function and may deplete the EPC bone marrow pool [24–27]. In contrast,
nonpharmacologic and statin-induced correction of hyperlipidemia in cardiovascular
patients correlate with increased EPCs in peripheral blood [28;29] and their homing to sites
of vascular injury [30]. Furthermore, increased EPC availability promoted by the endothelial
progenitor cell-based therapy was demonstrated to stimulate endothelial repair in animal
models of atherosclerosis and ischemic limb [31;32]. Since EPCs are thought to stimulate
vascular repair, we tested whether endothelial progenitor availability is rate limiting in
atherosclerotic plaque regression.

Although there are no surface markers specific for EPCs, the minimal antigenic profile for
mouse circulating EPCs includes at least one marker of immaturity such as CD34, CD133,
c-kit or Sca-1 plus one marker of endothelial commitment such as VEGFR2 (Flk1) [33;34].

We tested whether reversal of hypercholesterolemia increases circulating EPCs in
atheroregressing Reversa mice. We found that regardless of which antigenic profile was
used to identify circulating EPCs, the absolute number of c-kit+Flk1+CD11b− and
CD34+CD133+Flk1+ cells in peripheral blood remained low after normalization of plasma
lipids (Fig. 3 and Suppl. Fig. 5A).
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To increase EPCs availability, we mobilized progenitors from bone marrow stores. A potent
agent for inducing rapid deployment of bone marrow EPCs into peripheral blood in mice is
AMD3100 (plerixafor, FDA-approved Mozobil) [35–38], a highly selective antagonist of
the chemokine receptor CXCR4. AMD3100 mobilizes EPCs by disrupting the CXCL12-
CXCR4 axis which is central to the retention of stem cells and progenitors within the bone
marrow [39]. Reversa mice in which plasma lipids were normalized after 84 days on the
Western diet were treated with AMD3100 or vehicle for 70 days and atherosclerosis burden
was monitored.

As expected for this compound [39], AMD3100 triggered mild neutrophilia and
leukocytosis in atheroregressing mice (Suppl. Fig. 4A). However, AMD3100 did not alter
plasma cholesterol or triglyceride levels (Suppl. Fig. 4B). A marked increase in circulating
c-kit+Flk1+CD11b− and CD34+CD133+Flk1+ cells was observed in AMD3100-treated
group after 16 days of treatment (Fig. 3). Interestingly, a 70-day treatment with AMD3100
significantly reduced plaque burden (Fig. 4A). We recorded a 51% decrease in the lesion
surface in the aortic arch (Fig. 4B) and a 83% decrease in the thoracoabdominal aorta (Fig.
4C). Moreover, AMD3100 decreased lesion number 2.3-fold (Fig. 4D). These data suggest
that the availability of circulating EPCs may be rate limiting in regression of atherosclerotic
lesions.

Adoptive transfer of bone marrow-derived EPCs accelerates atherosclerosis regression
AMD3100-induced inhibition of the CXCL12-CXCR4 axis in the bone marrow
indiscriminately mobilizes EPCs, hematopoietic stem cells and hematopoietic progenitors to
the periphery [40]. Consequently, AMD3100 is used for autologous hematopoietic stem cell
mobilization and transplantation in patients with non-Hodgkin lymphoma or multiple
myeloma [41]. Although AMD3100 treatment of regressing Reversa mice increased
circulating c-kit+Flk1+CD11b− and CD34+CD133+Flk1+ cells (Fig. 3) that correlated with
advanced plaque regression (Fig. 4), these data do not provide evidence for a direct role of
EPCs in plaque regression. Thus, to determine whether EPCs directly augment
atherosclerosis regression, a pure population of bone marrow EPCs from Tie2-GFP+ donor
mice expanded ex vivo was adoptively transferred into reversing recipients and plaque
regression was monitored.

Tie2 is a receptor for angiopoietins that is expressed specifically in endothelial cells
throughout development and in adults [42]. In transgenic Tie2-GFP+ mice, the Tie2
promoter drives GFP expression specifically in vascular endothelial cells [43]. Tie2-GFP+

mice were used as bone marrow EPC donors so that the fate of injected cells could be
followed.

The purity of EPC populations adoptively transferred into reversing recipients after 4 days in
culture was high since at least 95% of Tie2-GFP+ bone marrow EPCs expressed CD133,
Sca-1or Flk1 (Suppl. Fig. 5B). Furthermore, Tie2-GFP+ cells also bound TRITC-lectin and
internalized Dil-AcLDL (Suppl. Fig. 5C), confirming that Tie2-GFP+ bone marrow cells
grown ex vivo have the EPC phenotype.

Atheroregressing Reversa mice received intravenous adoptive transfer of Tie2-GFP+ EPCs
at 10, 20 and 30 days after Mttp inactivation. When assessed 70 days later, plaque surface
was reduced up to 43% (Figs. 5A–5D and Suppl. Fig. 6) while the lesion number was
reduced up to 2.9-fold relative to saline-treated controls receiving no adoptive transfer (Fig.
5E). Moreover, atherosclerosis burden in the EPC-treated group was reduced to a magnitude
comparable to that achieved with AMD3100 (Fig. 5). Enhanced plaque regression also
correlated with successful engraftment and differentiation of Tie2-GFP+ EPCs into CD31+

endothelial cells in the vascular wall (Fig. 6A). Importantly, Tie2-GFP+ EPCs mostly
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incorporated into endothelium covering Nile red+ areas of lipid deposits in the vessel wall
(Fig. 6B), suggesting that these cells engraft the vascular wall predominantly in the areas of
regressing plaques.

To gain the initial perspective on mechanisms supporting homing of Tie2-GFP+ EPCs into
regressing plaques, we evaluated lesions of atherosclerosis-prone and atheroregressing
Reversa mice that received saline or EPC treatment for expression of chemokines including
CXCL12 and CXCL1 and adhesion molecules ICAM-1 and VCAM-1. All these molecules
have critical roles in homing of EPCs to sites of vascular repair [44–46]. Correction of
hypercholesterolemia or EPC treatment of regressing mice upregulated CXCL1 (Suppl. Fig.
7). Only very low expression of CXCL12 was detected in plaques and normalization of
plasma lipids did not upregulate this chemokine (data not shown). Reversal of
hypercholesterolemia also had no effect on expression of VCAM-1 or on ICAM-1.
However, expression of both adhesion molecules was significant at all times (Suppl. Fig. 7).
This observation suggests that CXCL1 may promote bone marrow Tie2-GFP+ EPC
recruitment to regressing plaques whereas expression of VCAM-1 and ICAM-1 may support
adhesion of these cells to endothelium and/or in the vascular wall.

Targeting of EPCs to the vascular wall represents a challenge because these cells translocate
into non-target organs through vessels, especially if EPCs are injected intravenously. Thus,
we examined whether donor Tie2-GFP+ EPCs in addition to the vessel wall also populate
non-target organs such as spleen, lungs and liver. We detected GFP+ cells in spleen but not
in lungs and liver (Suppl. Fig. 8).

Since adoptive transfer of highly pure bone marrow EPCs advanced atherosclerosis
regression induced by reversal of hypercholesterolemia, we conclude that EPCs directly
contribute to regression of plaques in the Reversa model.

EPC treatment increases atheroprotective nitric oxide and improves vascular relaxation
Vascular endothelial cells are major producers of nitric oxide (NO) detected in blood.
Endothelial NO, which is synthesized by the endothelial nitric oxide synthase (eNOS),
modulates vascular tone by controlling a cascade of events that ultimately trigger relaxation
of vascular smooth muscle in response to vasoactive substances. Thus, endothelial NO acts
as a major vasodilator regulating vessel wall relaxation. Endothelial NO is also
atheroprotective, maintaining anti-inflammatory and anti-thrombogenic phenotypes in
vascular endothelium. Disturbances in either production or availability of NO can cause
endothelial dysfunction and contribute to atherosclerosis [47]. Lipid lowering with statins
upregulates and activates eNOS, increasing NO production and thereby improving vascular
relaxation [48;49].

Rapid metabolism and short half-life of NO represent a considerable obstacle in measuring
its concentrations in blood. The major pathway for NO metabolism is a stepwise oxidation
to nitrate (NO2

−) and nitrite (NO3
−), which are both stable end-metabolites and can be used

as an index of NO production. Thus, the sum of NO2
− and NO3

− plasma levels, NOx, can be
used as a measure of NO in blood and in plasma [18–21].

We hypothesized that atheroregressing conditions increase plasma NO and improve
vasorelaxation. Thus, we determined plasma NOx levels before and immediately after
reversal of hypercholesterolemia. We have also evaluated long-term (70 days) effects of
AMD3100 or EPC treatment of regressing Reversa mice on plasma NOx and vascular
relaxation. We found that reversal of hypercholesterolemia increases plasma NOx in
Reversa mice as early as 16 days after normalization of plasma lipids (Fig 7A). We also
observed that either AMD3100 or EPC treatment markedly elevated plasma NOx (Fig. 7B).
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Furthermore, plasma NOx in these mice were above even those of aged-matched C57BL/6
controls fed the regular chow diet and displaying no hypercholesterolemia or atherosclerosis
(Fig. 7B). Importantly, EPC treatment of atheroregressing mice improved endothelium-
dependent ACh-induced vascular relaxation (Fig. 7C) but had no effect on endothelium-
independent SNP-induced vasorelaxation (Fig. 7D).

We conclude that treatment with bone marrow EPCs in regressing conditions increases
available NO and increases endothelium-dependent vessel relaxation. This observation also
suggests that the restoration of endothelial function may be necessary for efficient regression
of plaques.

DISCUSSION
Statin treatment reduces atherogenic plasma lipoproteins and vascular inflammation, thereby
limiting atherosclerosis progression. However, these lipid-lowering drugs facilitate
incomplete plaque regression that leaves patients at risk for adverse cardiovascular events
[3]. Thus, it is significant that we have identified the mechanism and found a means to
augment lesion regression. We used a mouse model in which reversal of
hypercholesterolemia reduces atherosclerosis burden. Plaque regression in Reversa mice in
which hypercholesterolemia was reversed was markedly improved by treatment with EPC
mobilizing agent AMD3100 or by adoptive transfer of EPCs that in turn were incorporated
into damaged arteries, possibly supporting endothelial repair. Indeed, increased plasma
NOx, indicating improved production and availability of atheroprotective NO, suggest that
endothelial repair was achieved by both manipulations.

Atherosclerosis decreases contractility of smooth muscle cells in vascular subendothelium
[50]. Thus, an additional important line of evidence exposed by our investigation is that EPC
treatment of regressing Reversa mice significantly improved vascular relaxation. These data
further support the idea that endothelial regeneration is necessary for atherosclerosis
regression, a process that was thus far defined by shrinkage of plaques and may from now
on also be associated with improved vascular tone.

EPCs normally reside in bone marrow niches that are characterized by low oxygen tension
and high levels of CXCL12. They may exit that environment in response to EPC-activation
factors produced in peripheral tissues [51]. Circulating EPC numbers are a surrogate marker
for cumulative cardiovascular risk. In fact, low circulating EPC numbers that accompany
hyperlipidemia and vascular inflammation are an independent predictor of endothelial
dysfunction and atherosclerosis [52;53]. Reciprocally, correction of hyperlipidemia in
cardiovascular patients correlates with an increase in circulating EPCs [28;29] and improved
cardiovascular risk profiles [54]. However, the exact role of EPCs in atherosclerosis remains
controversial.

Treatment with EPC mobilizing agents such as granulocyte colony stimulating factor (G-
CSF) prevents progression of atherosclerosis and improves symptoms of intractable
atherosclerotic peripheral artery disease in patients [55]. However, accelerated plaque
development was observed following administration of EPC mobilizer VEGF into
hypercholesterolemic ApoE−/− mice [56].

Investigations measuring impact of cell-based therapy on plaque development, especially
infusion of a pure EPC population, have also generated inconsistent results. Chronic
treatment with bone marrow EPCs from nonatherosclerotic young ApoE−/− mice prevented
atherosclerosis progression in adult ApoE−/− recipients despite persistent
hypercholesterolemia [57]. In contrast, administration of spleen-derived EPCs resulted in an
increase in atherosclerosis burden in ApoE−/− mice [58]. Thus, EPCs seem to exert a variety
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of effects in an atherosclerotic milieu. A plausible explanation for these ambiguous results
could be that cardiovascular risk factors change during progression of atherosclerosis and
therefore differentially affect EPC function and survival. While it is possible that EPCs
could prevent development of early stage lesions or ameliorate endothelial dysfunction, their
beneficial effects are not favored in the local pro-thrombotic environment of advanced
atherosclerotic disease. Furthermore, it is also possible that EPCs isolated from spleen and
bone marrow differentially contribute to plaque development because they derive from
different sources and thus have different functional properties. Because of complications
limiting investigations into the roles of EPCs in plaque development, the understanding of
mechanisms by which EPCs may regenerate damaged vascular endothelium remains very
limited.

Compared to atherosclerosis-prone models in which studying effects of EPCs
atherosclerosis progression is difficult, the Reversa model has an advantage because
cardiovascular risk factors affecting homeostasis of EPCs, especially hypercholesterolemia,
are reversible. We confirmed that lowering of plasma lipids reduces atherosclerosis burden
in these mice. Importantly, as adoptively transferred EPCs advanced plaque resolution,
incorporated into the endothelium and survived in regressing Reversa recipients for up to 70
days, this model can be manipulated to study short- and long-term effects of EPCs on plaque
regression and repair of vascular endothelium. Furthermore, AMD3100 treatment and
adoptive transfer of EPCs similarly improved plaque regression indicating that consistent
results are obtained by two different approaches, both supporting the conclusion that EPCs
play a pivotal role in atherosclerosis resolution. Overall, our study indicates that Reversa
mice present a novel and a reliable model for studying mechanisms by which EPCs and
possibly other cell types in the vascular wall contribute to atherosclerosis regression and/or
vascular remodeling supporting reductions in atherosclerosis burden.

Recruitment of EPCs to sites of neovascularization shares common features with the homing
of leukocytes to sites of inflammation [51] in which chemokines and adhesion molecules
play pivotal roles. We have observed that the most potent chemokine ligand for the
chemokine receptor CXCR2, CXCL1, is upregulated in the vascular wall in regressing
versus hypercholesterolemic conditions. Furthermore, previous studies have reported that
mouse and human EPCs express CXCR2 [44]. This chemokine receptor was shown to
recruit human circulating EPCs to sites of acute arterial injury in the athymic nude mice
[59]. Furthermore, CXCR2 is also the main receptor mediating homing of mouse bone
marrow EPCs to the peribronchial blood vessel endothelium during chronic allergic
inflammation in lungs [44]. The in vivo homing of bone marrow EPCs to ischemic tissues
also depends upon interactions of β2 integrins expressed on EPCs and endothelial
ICAM-1[46] as well as on EPC α4β1 integrin (VLA-4) interaction with VCAM-1 in the
vessel wall [45]. Interestingly, regressing plaques express ICAM-1 and VCAM-1. Thus, the
recruitment of bone marrow EPCs into regressing plaques in our model may therefore
require cooperative action of chemotactic and adhesive mechanisms mediated by the
CXCL1-CXCR2 axis and ICAM-1 and VCAM-1. However, detailed evaluation of all
homing cues produced in the vascular wall following reversal of hypercholesterolemia is
mandatory for a clear understanding of how EPCs migrate to sites of vascular damage to
augment plaque resolution.

Postnatal neovascularization is supported by angiogenesis and by vasculogenesis [11–15].
Our work suggests that adoptively transferred Tie2-GFP+CD133+Sca-1+Flk1+ EPCs
augment plaque resolution by facilitating vasculogenesis, since bone marrow progenitors
were observed to incorporate into regenerating vasculature in vivo and differentiate into
mature endothelial cells. However, EPCs may also promote new vessel formation via
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production and secretion of paracrine or justacrine factors that trigger in situ proliferation
and migration of pre-existing endothelial cells.

Direct endothelial progenitor cell therapy and indirect EPC mobilization therapy have been
proposed for the prevention or treatment chronic ischemic heart disease and myocardial
infarction [31]. However, stem cells and progenitors including EPCs have not been
evaluated for their potential to support regression of atherosclerosis. The main obstacle in
using circulating EPCs to facilitate atheroregression would be the exceedingly low number
of these cells in peripheral blood. Accordingly, an intervention to increase circulating EPCs
may be to reduce chronic vascular inflammation by dietary supplements [60], exercise [61]
or statin therapy [29]. Since reducing inflammation may not profoundly increase their
numbers, administration of autologous EPCs harvested from peripheral blood by
leukapheresis [62] may be tested. Instead of administering EPC, another therapeutic
intervention could be to mobilize EPCs from bone marrow. G-CSF has been used clinically
for mobilization of hematopoietic stem cells (HSC) for more than a decade. It was found
that in addition to mobilizing HSC, G-CSF also mobilizes EPC [63]. G-CSF has been
approved for long-term use in patients with severe chronic neutropenia. Toxic and adverse
events have been catalogued but are not clinically troublesome and, aside from occasional
adjustment of scheduling and dosing, seldom necessitate stopping therapy [64;65]. Reports
indicate that AMD3100 (Mozobil) is a more potent stem cell mobilizer than G-CSF [62].
However, Mozobil is clinically approved only for acute and not chronic use [41]. Since the
benefits far outweigh the risks in long-term administration of G-CSF [65], the use of G-CSF
rather than Mozobil may be necessary for this intervention to reach fruition.

In conclusion, our investigation based on the use of EPC mobilizer AMD3100 and
administration of pure endothelial progenitors suggests application of EPCs in combination
with statins in treatment of atherosclerosis, making regression of atherosclerotic plaques
more efficient than lipid-lowering treatment alone.

CONCLUSION
Current therapies for atherosclerosis do not completely reverse the pathology of this disease.
New approaches facilitating complete plaque resolution may offer novel avenues to reduce
the disease burden. We demonstrate that both EPC mobilization with AMD3100 and
adoptive transfer of bone marrow EPCs significantly improve regression of plaques in an
atherosclerosis-prone mouse model with reversible hypercholesterolemia. Our data indicate
that bone marrow EPCs play a pivotal role in atherosclerosis regression. Although further
investigations are needed to determine how EPCs recruit to regressing plaques and how they
augment resolution of atherosclerosis, results from this study provide the basis to explore the
use of EPC-based regenerative therapy in treatment of atherosclerosis.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hyperlipidemia is reversed following Mttp inactivation
Reversa mice were treated with pI-pC as shown in Suppl. Fig. 1. and sacrificed immediately
after Mttp inactivation (day 0) or 16, 42 or 70 days after cessation of hepatic lipoprotein
production in the atheroregressing group (+pI-pC). Fasting total plasma cholesterol (A) and
fasting plasma levels of LDL (B), HDL (C) and triglycerides (D) were measured in
atherosclerosis-prone (−pI-pC), atheroregressing and atherosclerosis-resistant (negative
control) mice using a colorimetric Cholesterol quantification kit. d, days.
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Figure 2. Reversal of hypercholesterolemia triggers regression of plaques and reduces Moma 2+

macrophages in lesions
Reversa mice fed the Western diet were sacrificed immediately after the last pI-pC injection
(day 0, base level) or 16, 42 and 70 days after Mttp inactivation. Aortas were removed and
stained en face or fixed and embedded into OCT compound for cross-sectional analysis to
determine location, size and number of plaques. Aortic roots were fixed and cryosections
were stained with Moma 2-directed monoclonal Ab (green). A, Representative en face
staining of the aorta from atherosclerosis-prone (−pI-pC) or atheroregressing (+pI-pC) mice.
B, Representative images of Oil Red O staining of aortic root cross-sections. C,
Quantification of lesion size at the aortic root cross-sections. Numerical values indicate the
average lesion surface in each group, expressed in μm2. D, Quantification of lesion number
in the whole aorta. Numerical values indicate the average number of aortic lesions in each
group. E, Representative images of Moma 2+ atherosclerotic lesions in aortic roots of +pI-
pC and −pI-pC mice. F, Quantification of Moma 2+ areas in plaques. Numerical values
indicate foamy macrophage-positive areas in each group and are expressed as percent of the
total lesion area. #, number; L, vessel lumen; d, days.
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Figure 3. AMD3100 markedly increases circulating EPC availability
Reversa mice fed the Western diet for 84 days were left hypercholesterolemic (−pI-pC) or
were injected with pI-pC and sacrificed 16 days post Mttp inactivation. Atheroregressing
mice (+pI-pC) were treated with saline or AMD3100. Peripheral blood was collected by the
retro-orbital bleed. Circulating mononuclear cells were separated, immunostained and
absolute numbers of (A) c-kit+Flk1+ in the CD11b− population or the absolute number of
(B) CD34+CD133+ in the Flk1+ population were determined. Numerical values in B indicate
the average absolute number of CD34+CD133+ Flk1+ cells in each group.
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Figure 4. AMD3100 accelerates atherosclerosis regression
Hypercholesterolemia was reversed after 84 days on the Western diet and atheroregressing
Reversa mice were treated with AMD3100 or saline for a total of 70 days. Location, size
and number of atherosclerotic lesions on excised aortas were determined. A, Representative
aortas. B, Quantification of lesion size in the aortic arch. Numerical values indicate the
average lesional surface in each group, expressed as percent of the total aortic arch area. C,
Quantification of lesion size in thoracoabdominal aorta. Numerical values indicate the
average lesional surface in each group, expressed as percent of the total thoracoabdominal
aorta. D, Quantification of lesion number. Numerical values indicate the average number of
aortic lesions in each group. Representative experiment is shown in B, C and D. d, days; #,
number.
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Figure 5. Adoptive transfer of bone marrow EPCs augments plaque resolution
Reversa mice fed the Western diet for 84 days in which hypercholesterolemia was reversed
were either treated with AMD3100 or saline, or received adoptive transfer of Tie2-GFP+

bone marrow EPCs (GFP+EPCs) three times, 10, 20 and 30 days after Mttp inactivation.
Mice in all three groups were sacrificed 70 days after the last pI-pC injection and
atherosclerosis burden was assessed. A, Representative en face staining of aortas. B,
Representative Oil Red O staining of aortic root cross-sections. C, Quantification of lesion
size in the aortic arch. Numerical values indicate the average lesional surface in each group
expressed as percent of the total aortic arch area. D, Quantification of lesion size. Numerical
values indicate the average lesional surface in each group, expressed in μm2. E,
Quantification of lesion number in aorta. Numerical values indicate the average number of
aortic lesions in each group. Representative experiments are shown in C, D and E. #,
number.

Yao et al. Page 21

Stem Cells. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 6. Adoptively transferred Tie2-GFP+ bone marrow EPCs incorporate into vascular
endothelium and differentiate into CD31+ endothelial cells
Atheroregressing Reversa mice treated with either saline or AMD3100, or with Tie2-GFP+

bone marrow EPCs were sacrificed 70 days after Mttp inactivation and the location and
efficiency of GFP+ cell incorporation into endothelium were evaluated. A, Aortic roots
cryosections were stained with primary rat anti-mouse CD31 and secondary goat anti-rat
IgG Alexa Fluor 568 antibody to identify differentiated endothelial cells and mounted in 4’,
6-diamidino-2-phenylindole (DAPI)-containing medium. Representative images. DAPI
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(blue), GFP (green), CD31 (red), red + green emission overlap = yellow. B, Cryosections of
aortic roots in A were stained with Nile Red and mounted in DAPI-containing medium.
Representative images. DAPI (blue), GFP (green), Nile red (red), red + green emission
overlap = yellow.
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Figure 7. Reversal of hypercholesterolemia and EPC treatment correlate with an increase in
plasma nitric oxide and improved vascular relaxation
A, Peripheral blood was collected from Reversa mice 12 and 8 days before Mttp inactivation
as well as 16 days after reversal of hypercholesterolemia, and assayed for NOx as described
in Materials and Methods. B, NOx levels were also determined in plasma from
atheroregressing Reversa mice sacrificed 70 days after Mttp inactivation that were treated
with either saline or AMD3100, or received Tie2-GFP+ bone marrow EPCs. C and D, 3-mm
wide rings were prepared from aortas removed from atherosclerosis-prone (−pI-pC) and
atheroregressing mice that received EPC treatment (+pI-pC, EPC+). Acetylcholine (ACh)-
or sodium nitroprusside (SNP)-specific vascular relaxation was determined.
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