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Background. Adipose tissue is a readily available
source of multipotent adult stem cells for use in tissue
engineering/regenerative medicine. Various growth
factors have been used to stimulate acquisition of en-
dothelial characteristics by adipose-derived stem cells
(ASC). Herein we study the effects of endothelial cell
growth supplement (ECGS) and physiological shear
force on the differentiation of ASC into endothelial
cells.

Materials and methods. Human ASC (CD13�29�90�

31�45�) were isolated from periumbilical fat, cultured in
ECGS media (for up to 3 wk), and exposed to physiolog-
ical shear force (12 dynes for up to 8 d) in vitro. Endo-
thelial phenotype was defined by cord formation on
Matrigel, acetylated-low density lipoprotein (acLDL) up-
take, and expression of nitric oxide synthase (eNOS),
von Willebrand factor (vWF), and CD31 (platelet endo-
thelial cell adhesion molecule, PECAM). Additionally,
cell thrombogenicity was evaluated by seeding canine
autologous ASC onto vascular grafts implanted within
the canine arterial circulation for 2 wk.

Results. We found that undifferentiated ASC did not
display any of the noted endothelial characteristics.
After culture in ECGS, ASC formed cords in Matrigel
but failed to take up acLDL or express the molecular
markers. Subsequent exposure to shear resulted in
stem cell realignment, acLDL uptake, and expression
of CD31; eNOS and vWF expression was still not ob-
served. Grafts seeded with cells grown in ECGS (�
shear) remained patent (six of seven) at 2 wk but had
a thin coat of fibrin along the luminal surfaces.

Conclusions. This study suggests that (1) ECGS and
shear promote the expression of several endothelial
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characteristics in human adipose-derived stem cells,
but not eNOS or vWF; (2) their combined effects ap-
pear synergistic; and (3) stem cells differentiated in
ECGS appear mildly thrombogenic in vitro, possibly
related, in part, to insufficient eNOS expression. Thus,
while the acquisition of several endothelial chara-
cteristics by adult stem cells derived from adipose
tissue suggests these cells are a viable source of autol-
ogous cells for cardiovascular regeneration, further
stimulation/modifications are necessary prior to using
them as a true endothelial cell replacement. © 2009

Elsevier Inc. All rights reserved.
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INTRODUCTION

Adult stem cells represent a source of autologous
cells for cardiovascular therapy. These cells have been
evaluated for the treatment of myocardial infarction [1,
2] and peripheral vascular disease [3, 4] and used to
create tissue-engineered vascular grafts [5, 6]. Adult
stem cells are typically isolated from bone marrow or
circulating blood; however, availability of cells from
these sources is limited by advanced patient age and
comorbidity [7], highlighting the need for alternate
tissue sources. Adipose tissue is an easily obtainable
tissue from which stem cells are isolated in abundance.
Our recent evaluation of adipose-derived stem cells
(ASC) in patients with vascular disease demonstrated
that advanced age, gender, obesity, renal failure, and
vascular disease do not alter isolation efficacy [8], sug-
gesting autologous ASC would be obtainable in the
patient population most like to benefit from cardiovas-

cular stem cell therapies.

0022-4804/09 $36.00
© 2009 Elsevier Inc. All rights reserved.

mailto:paul.dimuzio@jefferson.edu


158 JOURNAL OF SURGICAL RESEARCH: VOL. 152, NO. 1, MARCH 2009
This study examines the ability of human ASC to
differentiate into endothelial cells, i.e., cells whose phe-
notypes would be useful for regenerative medicine pur-
poses. Given the possible future translational value to
this technology, particular attention is paid to the iso-
lation process of these adult stem cells. First, cells
isolated from the adipose tissue of patients undergoing
vascular surgical procedures are examined. This dif-
fers from much of the current literature on ASC, which
are typically isolated from young, healthy patients un-
dergoing plastic surgical procedures. Second, isol-
ated ASC that have undergone an additional purifica-
tion step (negative selection for CD31� and CD45�
cells to remove cocultured microvascular endothelial
and monocytes cells) are studied. This step allows the
changes noted in the stem cells to be ascribed to dif-
ferentiation rather than a selection bias.

We specifically evaluate the effects of endothelial cell
growth supplement (ECGS) and shear force. ECGS has
a long-recognized and important role in maintaining
the viability and proliferation of differentiated endo-
thelial cells in culture [9, 10]. Similarly, as the natural
environment of differentiated endothelial cells, shear
has well-known effects on endothelial cell function [11–
13] and has been used to stimulate differentiation in
other stem cells toward endothelium [14–16].

This study tests the hypothesis that ECGS and shear
stimulate the acquisition of endothelial characteristics
in stem cells derived from adipose tissue. Human ASC
isolated from patients undergoing vascular surgical
procedures were grown in culture medium containing
ECGS and exposed to physiological shear. Phenotypic
characteristics examined included both functional and
molecular markers. Furthermore, we evaluated the
thrombogenicity of stem cells isolated from adipose
tissue in vivo using a canine model. The results of this
study aid in defining a potential role for adipose-
derived stem cells in regenerative cardiovascular med-
icine.

MATERIALS AND METHODS

Thomas Jefferson University’s IRB and IACU approved each of
these human and animal studies. Each human subject gave informed
consent, and all animal care complied with the Guide for the Care
and Use of Laboratory Animals [17].

ASC Isolation and Culture

Stem cells were isolated from human and canine adipose tissue.
Periumbilical fat was donated by six patients undergoing elective
vascular surgery (four bypass procedures, two amputations; three
males, age 53 � 7 y; body mass index � 27 � 6; four diabetics); after
instillation of tumescence solution, 14 � 7 g of fat was removed by
liposuction. Canine tissue was collected from the falciform ligament
of 1-y-old female mongrel dogs (Marshall Farms USA, Inc., North
Rose, NY) weighing 20–25 kg (n � 8); following general anesthesia
induced by Propofol (10 mg/kg IV) and maintained with isoflurane
(2–4% via endotracheal intubation), 10 cm of ligament was removed

through an abdominal incision and minced. Following collection,
human and canine specimens were similarly digested in crude col-
lagenase (Worthington Biochemical, Lakewood, NJ; 4 mg/g of fat) �
1 h at 37°C and centrifuged at 300g � 5 min. After discarding the
supernatant, the stromal-vascular pellet (168,000 � 131,000 cells/g
of fat) was suspended in nondifferentiating media consisting of
Media-199 (Mediatech, Herndon, VA) supplemented with fetal bo-
vine serum (13%; Gemini Bio-Products, West Sacramento, CA), an-
tibiotics (12 mL/L; Mediatech), and heparin (7.5 U/mL; American
Pharmaceutical Partners, Schaumberg, IL) and plated on gelatin-
coated culture flasks (Corning, Corning, NY). After 8 � 3 d in culture
at 37°C, 5% CO2, the adherent cells (passage 0) underwent negative
selection using magnetic beads (MACS, Miltenyi Biotec, Auburn,
CA) to remove contaminating endothelial (CD31�) and mononuclear
(CD45�) cells. Briefly, cells were released by trypsin and centrifuged
at 300g. The pellet was suspended in 2 mM EDTA and 0.5% bovine
serum albumin (BSA) (MACS buffer), mixed with CD45-tagged mi-
crobeads, and incubated at 4°C � 15 min. The cells were centrifuged,
suspended in MACS buffer, and passed through an LS Separation
Column mounted in the QuadroMACS separator magnetic unit. The
effluent underwent repeat procedure using CD31-tagged mi-
crobeads. The resultant CD31�45� cell population defined the
adipose-derived stem cells.

To assess stem cell markers and the effectiveness of the negative
selection, isolates underwent FACS analysis for CD13, 29, 31, 45,
and 90. CD13, 29, and 90 are known markers associated with
adipose-derived stem cells [18]. Cultured cells were released with
0.25% trypsin/EDTA (Mediatech), washed, and suspended in 0.1%
BSA. Individually, primary antibody (APC-anti-human CD13, PE-
Cy5-anti-human CD29, PE-anti-human CD31, FITC-anti-human
CD45, FITC-anti-human CD90 [BD PharMingen, San Jose, CA]) was
added at 1:100 dilution and incubated � 20 min at 37°C, 5% CO2.
Samples were analyzed using a Dako MoFlo Cell Sorter equipped
with a 488-nm Argon laser, using Summit v.4 software (Dako, Fort
Collins, CO). Analysis revealed the ASC cells were positive for CD13,
29, and 90; importantly, the cultures were devoid of CD31 and CD45
cells (�0.6%) (Fig. 1).

To demonstrate that the cells isolated in this study are indeed
multipotent, we elected to demonstrate differentiation into a second
cell type, namely mature adipocytes. Human ASC (n � 3 lines,
passage 3) were grown in Adipogenic Differentiation Medium (Cam-
brex Bioscience, Walkersville, MD) per the manufacturer’s instruc-
tions, unmodified by the authors. After 3.5 wk, cultures were stained
with Oil Red O, counterstained with Modified Mayer’s hematoxylin,
and observed with light microscopy (Fig. 2). At this time point,
approximately one-half of the ASC accumulated lipid droplets, indi-
cating differentiation into adipocytes.

Stimulation of Differentiation with ECGS
Following ASC isolation (including negative selection), ECGS

(Upstate Biotechnology, Lake Placid, NY; 50 �g/mL) derived from
bovine hypothalamus was added to the culture medium. Cultures
were fed fresh media twice weekly and split 1:3 when 80% confluent.
Passages one (1 wk in medium) through five (3 wk in medium) were
used for experimentation and analysis.

Stimulation of Differentiation with Shear Force
Shear force was applied to cell cultures using an orbital shaker as

described by Dardik [19]. Cells were plated onto gelatin-coated six-
well plates at 5 � 104 cells/cm2. After 1 d in static culture, plates
seated on an orbital shaker (Bellco Biotechnology, Vineland, NJ)
maintained at 37°C, 5% CO2, were rotated at 210 cycles/min produc-
ing 12 dynes at the periphery of the wells, representing the average
shear noted within human common femoral artery [20, 21].

Evaluation of Endothelial Characteristics

Differentiation was determined by response to extracellular ma-

trix, acetylated-low density lipoprotein (acLDL) uptake, expression
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of endothelial cell molecules (expression of nitric oxide synthase
(eNOS), von Willebrand factor (vWF), CD31), and inspection of vas-
cular grafts seeded with ASC. Human dermal microvessel endothe-
lial cells (Cell Applications, San Diego, CA) and aortic smooth muscle
cells were used as positive and negative controls, respectively.

Response to Extracellular Matrix

Twenty four-well plates chilled at 4°C were loaded with 100 �L
Matrigel (BD Biosciences, San Jose, CA) in each well. The plate was
incubated at 37°C � 30 min to set the Matrigel. Cells (undifferenti-
ated ASC or differentiated ASC or endothelial cell controls; 100,000
cells/well; n � 3 each group) were seeded onto the surface of the
Matrigel in each well. After 24 h of culture, three randomly selected
fields (�100 magnification) were photographed with a phase-
contrast microscopy; subsequently, three blinded reviewers counted
all of the branch points and branches within each photograph. The
scores of each reviewer for each photograph were averaged for each
specimen (n � 3 for each cell line).

acLDL Uptake

Cultured cells were plated on gelatin-coated six-well plates at 5 �
105cells/cm2. After 1 day in culture, cells were washed with PBS and
incubated with 1,1=-dioctadecyl-3,3,3=,3=-tetramethylindocarbocyanine-
labeled acetylated LDL (Biomedical Technologies, Stoughton, MA; 2
�g/mL) � 4 h at 37°C, 5% CO2. Cells were washed with phenol red free
M199 and uptake was assessed qualitatively with an inverted fluores-
cent microscope.

Expression of Endothelial Molecules
The presence of molecular markers was detected by reverse

transcription-polymerase chain reaction (RT-PCR), immunoblot, and

FIG. 1. FACS analysis of human adipose-derived stem cells. Ph
negative selection for CD31 and 45 (phase-contrast, �40) demonstr
analysis of an isolate used in this study illustrates expression of the
successfully removed co-isolated CD31 (endothelial) and CD45 (mon
of endothelial characteristics were due to stem cell differentiation a
immunohistochemistry.
RT-PCR. Total RNA was isolated from cultured cells using the
RNeasy Mini Kit (Qiagen, Valencia, CA) and quantified using spectro-
photometry. RT reaction was performed using the Promega Reverse
Transcription System (Madison, WI) using 1 mg total RNA. RT-PCR
was performed with primer pairs for CD31 (forward 5=-ACTGGA
CAAGAAAGAGGCCATCCA-3=, reverse 5=-TCCTTCTGGATGGTG
AAGTTGGCT-3=), vWF (forward 5=-ACTCAG TGCATTGGTGAGGA
TGGA-3=, reverse 5=-TCGGACACACTCATTGATGAGGCA-3=), and
eNOS (forward 5=-AGATGTTCCAGGCTACAATCCGCT-3=, reverse
5=-TGTATGCCAGCACAGCTACAGTGA-3=). Electrophoresis was
performed on 1% agarose gel treated with ethidium bromide and
visualized using ultraviolet light.

Immunoblot. Total protein was extracted from cultured cells us-
ing an sodium dodecyl sulfate derived buffer and quantified using the
BCA Protein Assay (Pierce Biotechnology Inc., Rockford, IL). Pro-
teins were separated on an 8% Tris-glycine gel (Invitrogen, Carlsbad,
CA) and transferred to a nitrocellulose membrane. Membranes were
blocked with 5% nonfat milk/0.1% Tween 20 and incubated with
primary antibody � 1 h in 5% nonfat milk/0.1% Tween 20. Bound
primary antibody was labeled with bovine anti-goat HRP (Santa
Cruz Biotechnology, Santa Cruz, CA) � 45 min in 5% nonfat milk/
0.1% Tween 20. Signals were detected with enhanced chemilumines-
cence (Amersham Biosciences, Piscataway, NJ).

Immunohistochemistry. Cultured cells were incubated with 1%
BSA � 30 min at 37°C to prevent nonspecific binding of antibody.
Cells were washed with 0.1% BSA and incubated with 5 �L PE
anti-human CD31 (BD PharMingen) per 1 mL 0.1% BSA � 20 min at
37°C. Cells were washed of unbound antibody with 0.1% BSA and
assessed qualitatively with an inverted fluorescent microscope.

In Vivo Evaluation of Stem Cell Thrombogenicity

Vascular grafts seeded with differentiated autologous canine ASC

micrograph of stem cells immediately after isolation, culture, and
g homogeneous, spindle-shaped morphology. Representative FACS
senchymal stem cells markers CD13, 29, and 90. Negative selection
clear) cells, allowing for the conclusion that subsequent expression
not culture selection.
oto
atin
me
onu
were implanted into the carotid circulation of canine recipient ani-
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mals for a period of 2 wk. Subsequent evaluation included duplex
ultrasound and histological examination.

A total of eight 1-y-old female mongrel dogs (Marshall Farms
USA, Inc.) weighing 20–25 kg were used to create and implant
tissue-engineered grafts composed of ASC. Autologous canine ASC
were isolated as above and cultured in media containing ECGS for
2 wk. Differentiated canine ASC formed cords on Matrigel and re-
aligned with flow similar to human cells (See Appendix. Supplemen-
tary Data). Within a vascular graft bioreactor chamber (Tissue
Growth Technologies, Minnetonka, MN), ASC (2 � 105 cells/cm2)
were seeded onto the luminal surface of canine venous allografts (5
mm average diameter, 5 cm length) that had been decellularized
with 0.075% sodium dodecyl sulfate as previously described [22] and
precoated with fibronectin (BD Biosciences). The grafts were rotated
90° every 15 min � 1 h after which luminal flow of media was begun
at 3 mL/h � 24 h (�0.1 dyne). These statically seeded grafts (n � 4)
were then implanted as below. Three additional grafts, created in the
same fashion, underwent flow conditioning wherein the luminal flow
of media was increased incrementally by a roller pump from 0 to 12
dyne over 4 d. The measured pressures within the graft throughout
this period did not exceed 30 mmHg. Unseeded control grafts (n � 7)
for both groups underwent “sham” seeding under static conditions
and remained in the identical culture media for the same period of
time as the experiment grafts; they did not, however, undergo flow
conditioning. Two grafts (one control, one experimental) were lost to
infection in the flow conditioned group.

Tissue-engineered grafts were implanted into the carotid circula-
tion of recipient animals such that each animal received an unseeded
control graft and one seeded with autologous, differentiated ASC.
Under general anesthesia the carotid arteries were dissected bilat-
erally through a midline cervical incision. The animals were system-
ically heparinized (100 U/kg IV) and the carotid arteries clamped

FIG. 2. Differentiation of human adipose-derived stem cells into
adipocytes. Photomicrograph of stem cells grown for 3.5 wk (passage
3) in media promoting adipogenic differentiation (Oil Red O with
Modified Mayer’s hematoxylin counter stain, �200) reveals uptake of
lipid within the cells. This finding demonstrates that cells used in
this study are capable of differentiating into a cell line different than
endothelial cells. (Color version of figure is available online.)
proximally and distally. Four centimeters of intervening carotid
artery was excised; the grafts were spatulated and sutured as inter-
position grafts using running 6-O polypropylene suture. The heparin
was reversed with Protamine (1 mg/kg IV); the incision was closed,
and the animal recovered. Aspirin (81 mg p.o. daily) was begun 1 d
preoperatively and maintained throughout the study. After 2 wk,
under general anesthesia, duplex ultrasound was used to determine
graft patency. The cervical incision was opened and the carotid
arteries proximal and distal to the grafts were isolated and cannu-
lated. The grafts were perfusion fixed in 4% formaldehyde (30 min at
150 mmHg), excised, and further fixed overnight at 4°C. The grafts
were opened longitudinally for gross examination; mid-graft speci-
mens were cut transversely and submitted for histological analysis.

RESULTS

ECGS Stimulates Cord Formation, but not Molecular Markers

Prior to culture in differentiating medium, the stem
cells did not form cords on Matrigel, uptake acLDL, or
express molecular markers (eNOS, vWF, CD31). After
7 d in medium containing ECGS, ASC formed cord
networks when plated onto Matrigel for 24 h, but not
as robustly when compared to mature endothelial cell
controls (Fig. 3). ASC cultured for up to 3 wk in ECGS
did not uptake acLDL significantly nor express the
molecular markers by RT-PCR (data not shown).

Shear Force Enhances CD31 Expression and acLDL Uptake
in Cells Differentiated in ECGS

Prior to culture in ECGS, ASC exposed to 12 dyne of
shear up to 8 d did not realign in the direction of shear,
significantly take up acLDL, or express molecular
markers by RT-PCR (data not shown). However, after
culture in ECGS for 2 wk, ASC exposed to shear re-
aligned as early as 2 d, a pattern that was complete by
4 d (Fig. 4). Additionally, shear up-regulated CD31
expression and acLDL uptake (Fig. 5). After 2 d, RT-
PCR detected the presence of CD31 message; after 4 d,
both immunoblot and immunohistochemistry demon-
strated CD31 protein. Finally, after 8 d of shear, a
significant number of the ASC took up acLDL. Signif-
icant expression of eNOS or vWF was not observed
under these conditions (data not shown).

Differentiated ASC Appear Mildly Thrombogenic After
Implantation in the Arterial Circulation

All animals survived the procedures through to har-
vest without neurological deficit to suggest emboliza-
tion of thrombus. Duplex ultrasound examination of
the implanted grafts at 2 wk demonstrated similar
graft patency between seeded and unseeded grafts
(Fig. 6). Gross examination of the seeded grafts (both
sheared and statically seeded) revealed a homogeneous
lining of the luminal surface; histological analysis dem-

onstrated that this layer was composed of fibrin.
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DISCUSSION

This study demonstrates acquisition of endothelial
cell characteristics by human ASC. The main stimulus—
ECGS—enabled the stem cells to respond to extracel-
lular matrix and shear in fashions similar to endothe-

FIG. 3. Effect of ECGS on the differentiation of human adipose-d
(left panels) and subsequently cultured for 24 h (right panels; phase
and ball up in response to Matrigel, similar to smooth muscle cell (SM
of 7 d (B) form cord-like structures similar to the endothelial cell (E
lial cells; ECGS alone, however, did not promote
expression of molecular markers. A second additional
stimulus—shear force—elicited CD31 (PECAM) ex-
pression and acLDL uptake. ASC did not express sig-
nificant amounts of eNOS in response to either stimu-
lus. Finally, in vivo study suggested that the stem cells
are mildly thrombogenic, although grafts seeded with

ved stem cells (ASC). Photomicrographs of cells plated onto Matrigel
trast, �100). Undifferentiated stem cells (A), naïve to ECGS, recoil

) controls (D). In contrast, stem cells grown in ECGS for a minimum
controls (C). (Color version of figure is available online.)
eri
-con

C

ECGS/shear differentiated ASC remained patent at 2
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wk. These studies illustrate the capability of ASC to
differentiate into cells potentially useful for cardiovas-
cular regenerative medicine under simple and inexpen-
sive culture conditions.

Adipose-derived stem cells have been shown to have
adipogenic, osteogenic, myogenic, and neurogenic po-
tentials [23–25]. Recently, endothelial cell differentia-
tion by ASC has been evaluated. In separate studies,
both Miranville and Planat-Bernard demonstrated ex-
pression of CD31 and vWF, along with participation in
postnatal neovascularization, by ASC stimulated with
vascular endothelial growth factor (VEGF) and insulin-
like growth factor [26, 27]. Cao and coworkers con-
firmed these findings and noted differentiation was
blocked by a PI3 kinase inhibitor [28]. Wosnitza found
that CD31� cells in the stromal-vascular fraction
maintain their ability to commit to adipocytes, suggest-
ing that endothelial cells and adipocytes may have a

FIG. 4. Morphological effects of shear force on the differentiation
exposed to 12 dynes of shear in vitro for 4 d (phase-contrast, �
Undifferentiated stem cells (A), naïve to ECGS, remain random
contrast, stem cells grown in ECGS for 2 wk and subsequently
endothelial cell (EC) controls (C).
common progenitor [29].
The present study confirms the ability of human
ASC to acquire endothelial cell traits and is the first to
describe effects of ECGS. The rationale for this choice
is based on ECGS (50 �g/mL) use as a growth factor for
endothelial cell culture as described by Maciag and
colleagues [10, 30]. ECGS is derived from bovine hypo-
thalamus, mainly contains acidic fibroblast growth fac-
tor, and is mitogenic for endothelial and smooth muscle
cells, keratinocytes, melanocytes, and hybridomas.
Our findings suggest that ECGS directly stimulated
the differentiation of ASC. Although it is possible these
results arose secondary to selection of microvessel endo-
thelial cells still present within the stromal-vascular pel-
let, two lines of evidence point to true differentiation.
First, the primary cultures underwent negative selection
for CD31 and CD45 cells to remove lineages related to
endothelium and monocytes. Subsequent to this process,
both flow cytometry and RT-PCR demonstrated a popu-

human adipose-derived stem cells (ASC). Photomicrographs of cells
). The arrow indicates the direction of shear in all four panels.
oriented, similar to smooth muscle cell (SMC) controls (D). In

posed to shear (B) orient in the direction of flow similar to the
of
100
ly
ex
lation of cells that were devoid of each of the endothelial
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molecular markers examined. Second, the morphological
studies (cord formation, realignment) demonstrated ho-
mogeneity within the observed cultures, without evi-
dence of the presence of two different cell lines.

Ultimately, the effect of ECGS alone on stem cell
differentiation appeared limited. After culture, the
cells did uniformly form cords in response to seeding
onto extracellular matrix components, but this re-
sponse was not as robust as the differentiated endothe-
lial cells. Additionally, ECGS alone did not induce ex-
pression of the molecular markers; rather, it appeared
to “prime” the cells for subsequent changes induced by
shear. Endothelial growth supplement, as a medium
component, traditionally has been used for culture and
expansion of differentiated endothelial cells. Given the
positive effect of VEGF on stem cell differentiation
[26–28], it is likely that VEGF-containing media such
as Endothelial Growth Media-2 will have more impact
than media containing ECGS as its main stimulant.
These studies are now ongoing in our laboratory.

This study is the first to describe the differentiating

FIG. 5. Molecular effects of shear force on the differentiation of h
experiments, endothelial (EC), differentiated stem (ASC), and smoot
of the ASC results reveals the expression of CD31 message beginni
Immunoblot results (CD31). In experiments parallel to those in (A),
of the ASC results reveals the expression of CD31 protein beginnin
Immunohistochemical results (CD31). Fluorescent photomicrograph
of shear, demonstrating significant expression of this protein in resp
of differentiated ASC stained for acLDL before (left) and after 8 d (
(�100). (Color version of figure is available online.)
effect of shear on ASC. The rationale for using shear as
a stimulus is based on its well-known effects on endo-
thelial morphology and function. In response to shear,
endothelial cells elongate and decrease their profile in
proportion to the magnitude of shear [31, 32]. Addition-
ally, shear modulates cell proliferation, cell-cycle ar-
rest, and nitric oxide (NO) production, thereby affect-
ing vascular tone [12, 13, 33, 34]. This stimulus has
also been used to promote endothelial differentiation of
embryonic stem [15, 16] and endothelial progenitor
cells [35]. In this study, we observed that shear up-
regulated the expression of CD31 (PECAM) and pro-
moted acLDL uptake in cells cultured in ECGS. CD31
is a transmembrane glycoprotein localized at the cell
junction with neighboring endothelial cells [36]. Its
location at the cell–cell junction may explain its acti-
vation in response to shear force on the cell, as it has
been implicated as a mechanotransductive protein
[37]. Uptake of acLDL by endothelial cells largely oc-
curs by endocytosis; this process has been shown to be
modulated by shear force [38].

In examining the acquisition of endothelial pheno-

an adipose-derived stem cells. (A) RT-PCR results (CD31). In these
uscle (SMC) cells were exposed to shear for up to 8 d. Examination

2 d after shear was introduced, and continuing throughout 8 d. (B)
ch of the cell lines was exposed to shear for up to 8 d. Examination

d after shear was introduced, and continuing throughout 8 d. (C)
ifferentiated ASC stained for CD31 before (left) and after 4 d (right)
e to shear (�100). (D) acLDL uptake. Fluorescent photomicrograph

ht) of shear, demonstrating significant uptake in response to shear
um
h m
ng
ea
g 4
of d
ons
rig
typic characteristics by ASC, we tested for thromboge-
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nicity. Endothelial cells play a significantly role in
promoting the nonthrombogenic luminal surface of a
blood vessel. We chose to examine this property in vivo
by placing the differentiated ASC directly in the milieu
of an endothelial cell. We observed that ASC cultured
in ECGS for 2 wk, with and without subsequent expo-
sure to gradually increased shear force, formed a thin
fibrin layer along the luminal surface, suggesting that
the cells are thrombogenic at this stage. The thrombo-
genic properties of undifferentiated stem cells has not
been studied extensively. Hashi and colleagues have
demonstrated that platelet adhesion to bone marrow
mesenchymal stem cells in vitro is similar to that on
endothelial cells [39]. They note that “as endothelial
cells” the seeded stem cells improve the patency of
nanofibrous grafts.

Although the cells appeared thrombogenic in this

FIG. 6. In vivo evaluation of the thrombogenicity of human
adipose-derived stem cells were cultured in ECGS and seeded onto
conditioning. Unseeded grafts were used as controls. The grafts wer
the stem cells were harvested. The table reveals that patency of the
of seven) groups. After explant, gross examination (A and B) of the se
seen on the unseeded grafts. The proximal anastomotic suture lines
trichrome stain, respectively; �100) confirms that this layer contain
controls. The decellularized vein allografts (marked by double arro
staining in (D)). (Color version of figure is available online.)
model, it should be noted that we cannot present direct
evidence as to stem cell fate after 2 wk of implantation.
A stem cell-specific marker for the canine cells is not
currently available, and our attempts to examine the
canine stem cells in vitro or in vivo using anti-human
CD31 or vWF monoclonal antibodies proved unsuccess-
ful. We are presently developing an adenovirus to
transfect the stem cells with green fluorescent protein
that will be useful in tracking the stem cells.

The finding of fibrin on ASC cultured in ECGS is
possibly due, in part, to lack of eNOS expression within
the differentiated ASC. In addition to its vasoactive
and atheroprotective effects, NO produced by eNOS is
an important mechanism by which endothelium in-
hibit thrombus formation within a blood vessel. NO
limits platelet activation, adhesion, and aggregation by
activating guanylyl cyclase, inhibiting phosphoinosi-
tide 3 kinase, impairing capacitative calcium influx,

pose-derived stem cells. In these experiments, autologous canine
ine decellularized vein grafts with (static) and without (shear) flow
en implanted into the carotid circulation of the animal from which

fts were similar amongst the seeded (six of seven) and unseeded (six
d grafts revealed a thin layer of thrombus throughout the graft, not
marked with an arrow. Microscopic evaluation (C and D, H&E and
rin (red staining marked by * in (D)) and is absent on the unseeded
in (C ) and (D)) are noted to be largely composed of collagen (blue
adi
can
e th
gra
ede
are
s fib
ws
and inhibiting cyclooxygenase-I [40]. Suppression of
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intracellular calcium flux further suppresses activa-
tion of glycoprotein IIb/IIIa required for binding fibrin-
ogen. Inhibition of cyclooxygenase-I decreases the con-
version of arachidonic acid to prostaglandins G2 and
H2, thus reducing thromboxane A2 synthesis [41]. The
acquisition of eNOS by a stem cell naturally or by
genetic manipulation would be advantageous for its
use in the creation of a vascular graft. Kanki-Horimoto
and Zhang have both demonstrated the effectiveness of
improving graft patency with stem cells that overex-
press NO [42, 43]. As noted, we did not observe eNOS
message within ASC cultured in ECGS and/or exposed
to shear. In each of the other investigations evaluating
endothelial differentiation from adipose-derived stem
cells, only Cao demonstrated eNOS by RT-PCR [28].
This later study did not report protein expression or
NO production. It is therefore possible that these stem
cells are limited in their ability to express eNOS.

Fibrin formation within the stem cell-seeded grafts
may be the result of other stem cell characteristics
suggestive of a partially differentiated state, but unre-
lated to lack of eNOS expression. We have recently
begun to evaluate thrombogenicity in vitro and have
observed that human stem cells up-regulate tissue
plasminogen activator and down-regulate Plasmino-
gen Activator Inhbitor-1 in response to shear force, but
not to the levels seen within mature endothelial cell
controls (unpublished results). An additional possibil-
ity includes dedifferentiation of the cells in vivo. Upon
implantation, these cells are theoretically no longer
stimulated by growth factor supplied by our culture
conditions; however, so long as they remain in contact
with luminal blood flow, theoretically physiological
shear force continues to stimulate them in vivo.

Although the primary purpose of the canine model
was to test the thrombogenic properties of the stem
cells in vivo, this study suggests proof of concept for
using autologous ASC to create a vascular graft. A
potential advantage of this strategy, largely based on
the availability of this particular stem cell, is the lim-
ited amount of time necessary for graft creation (here,
less than 2 wk). Many tissue-engineered vascular
grafts, including that of L’Hereaux which has reached
human implantation [44], require months of ex vivo cell
and graft culture to create, resulting in significant
expense and narrowed clinical application.

In summary, human adult stem cells derived from
adipose tissue acquire several endothelial-like charac-
teristics when cultured in endothelial cell growth sup-
plement and exposed to physiological shear force.
These include cord formation in response to extracel-
lular matrix, uptake of acLDL, expression of CD31
(PECAM), and realignment in the direction of flow.
Despite the acquisition of these traits, in vivo evalua-
tion of these cells suggests that the stem cells differ-

entiated in medium containing endothelial growth sup-
plement are mildly thrombogenic, possibly related to
the lack of eNOS expression. Further work, perhaps
evaluating other soluble growth factors and shear
force, is necessary to determine if adipose-derived stem
cells are capable of more fully expressing endothelial
cell characteristics.
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