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ABSTRACT

Adipose-derived stem cells (ASCs) have the ability to release multiple growth factors
in response to hypoxia. In this study, we investigated the potential of ASCs to prevent
tissue ischemia. We found conditioned media from hypoxic ASCs had increased
levels of vascular endothelial growth factor (VEGF) and enhanced endothelial cell
tubule formation. To investigate the effect of injecting rat ASCs into ischemic flaps,
21 Lewis rats were divided into three groups: control, normal oxygen ASCs (106

cells), and hypoxic preconditioned ASCs (106 cells). At the time of flap elevation, the
distal third of the flap was injected with the treatment group. At 7 days post flap
elevation, flap viability was significantly improved with injection of hypoxic precon-
ditioned ASCs. Cluster of differentiation-31-positive cells were more abundant along
the margins of flaps injected with ASCs. Fluorescent labeled ASCs localized aside
blood vessels or throughout the tissue, dependent on oxygen preconditioning status.
Next, we evaluated the effect of hypoxic preconditioning on ASC migration and
chemotaxis. Hypoxia did not affect ASC migration on scratch assay or chemotaxis to
collagen and laminin. Thus, hypoxic preconditioning of injected ASCs improves flap
viability likely through the effects of VEGF release. These effects are modest and
represent the limitations of cellular and growth factor-induced angiogenesis in the
acute setting of ischemia.

Interface healing between the flap and recipient wound bed is
critical to successful reconstructive surgery. Unfortunately,
interface healing must occur at all areas of the flap including
points most distal from the flaps primary blood supply. Proper
flap healing may be additionally hindered by a nonfavorable
recipient wound bed.1 Thus, approaches which would
improve interface microcirculation might improve healing
and overall flap success. Historically, other researchers have
sought to address flap ischemia using delivery of soluble
growth factors and gene transfer.2–7 These results have been
somewhat promising in experimental models, yet clinical
utility has been limited. Challenges to this approach include
the short half-life of exogenous growth factors, unknown
effects of viral gene carriers and the unknown optimal timing
of growth factor delivery. Based on these hurdles, we wished
to take a cell-based approach to address this problem using
readily available adipose-derived stem cells (ASCs), consid-
ering the concept that autologous cells might produce sus-
tained levels of growth factors and enhance flap angiogenesis.

Mesenchymal stem cells, including ASCs, provide a favor-
able option for treating ischemic tissue. Specifically, ASCs
may migrate in response to basic fibroblast growth factor,8,9

secrete vascular endothelial growth factor (VEGF)10,11 and
hepatocyte growth factor,12 and differentiate into endothelial
cells.13 Moreover, enhancing these effects may not be depen-
dent on genetic modification, but rather environmental condi-
tioning. ASCs are known to react to hypoxic conditions
through hypoxia-inducible factor (HIF) signal transduction.14

The result of HIF signaling is to promote cell survival in low
oxygen conditions and includes metabolic changes and

growth factor production. Furthermore, ASCs can be har-
vested easily, making their clinical utility feasible. Several
groups have developed experimental approaches to treat
newly infarcted heart tissue with ASCs. In these approaches,
the fat-based stem cells have been utilized to enhance vascu-
larization of ischemic tissue through angiogenesis12,15 and to
differentiate into cardiomyocytes to regain lost pump func-
tion.16 Based on these observations, we formed the hypothesis
that interface wound healing and flap viability may be
improved by enhancing neovascularization through local
engraftment of hypoxic preconditioned ASCs.

MATERIALS AND METHODS

HUVEC tubule formation

Conditioned media were obtained from human ASCs (Zen
Bio; Research Triangle Park, Durham, NC) preconditioned
for 72 hours in either normal oxygen (21%) or hypoxic (0.5%)
conditions (PROOX Model 110 oxygen controller; Reming
Bioinstruments Company, Redfield, NY). Matrigel was
placed (50 mL) into 96 well plates. A total of 25,000 human
umbilical vein endothelial cells ([HUVECs], Clonetics;
purchased through Duke Cell Culture Facility) were placed
into each well for analysis. After 2-hour incubation, media
were removed and replaced with 150 mL of control
(Dulbecco’s modified Eagle medium [DMEM]) or condi-
tioned media. HUVECs were assessed for tubule formation
after 72 hours of incubation. Digital images were captured of
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each well and ImageJ software (National Institutes of Health,
Bethesda, MD) was used to calculate tubule length in five
high-power fields (100¥).

Rat ASC harvest and evaluation

All animal studies were performed in conjunction with Duke
University Institutional Animal Care and Use Committee.
Adult rat (300–350 g) ASCs were isolated from the inguinal
fat pad of syngeneic male Lewis rats (Charles River Labora-
tories, Wilmington, MA) as described previously.17 Harvested
cells were frozen to allow the same isolation to provide cells
for all experiments. The differentiation potential of both fresh
isolates and frozen cells was confirmed to ensure that the cells
retained their multipotent potential after freezing, data pre-
sented elsewhere.17

Conditioned media were obtained from rat ASCs following
48 hours of incubation in either normal oxygen (21%) or
hypoxic (0.5%) conditions. At the start of the 48-hour time
period, ASCs were placed into minimal media (DMEM with
0.5% fetal bovine serum). VEGF enzyme-linked immunosor-
bent assay (ELISA) was performed on conditioned media
using the Quantikine assay and protocol (R&D Systems, Min-
neapolis, MN) and expressed as means of three separate
preparations.

Scratch assays were performed on a confluent monolayer
of rat ASCs following 48 hours of incubation in either normal
oxygen (21%) or hypoxic (0.5%) conditions. Following pre-
conditioning; the media was exchanged for fresh minimal
media. The cell layer was scratched with a 200 mL pipette tip
and images were captured at 6, 12, and 24 hours following
scratch. The results were expressed as percent of wound
repaired with cells migrating from the wound edge.

For chemotaxis assays, rat ASCs were preconditioned in
full media for 48 hours in either normal oxygen (21%) or
hypoxic (0.5%) conditions. For the final 24 hours of precon-
ditioning, ASCs were made quiescent by incubation in
minimal media. Cells were harvested using 0.05% trypsin-
ethylenediaminetetraacetic acid (EDTA) and resuspended in
minimal. Assays were performed at 37 °C using a 24-well
transwell containing a polycarbonate filter with 8-mm pores
(Poretics, Livermore, CA). Cells were seeded in the upper
well at a density of 50,000 cells per well. DMEM alone,
VEGF (10 ng/mL, 564-RV; R&D Systems), or VEGF (10 ng/
mL) plus VEGF-blocking antibody (0.5 mg/mL; AF564;
R&D Systems) was added to the lower well. For chemotaxis
assays to extracellular matrix (ECM) proteins, type I collagen
(CN) (20 mg/mL) (C5483; Sigma Aldrich, St. Louis, MO) and
laminin (LN) (20 mg/mL) (L4544; Sigma Aldrich) were
diluted in minimal media and added to the lower well. After
8-hour incubation, membranes were removed, fixed in 70%
ethanol at -20 °C for 30 minutes, and stained with hematoxy-
lin at room temperature for 30 minutes. The upper side of the
membrane was scraped using a cotton swab to remove cells
that had attached but not migrated. The membrane was then
mounted onto a microscope slide. Chemotaxis was assessed
by counting the number of cells that migrated in five inde-
pendent high-power fields (200¥).

Surgical protocol

A well-established model of flap ischemia13 was used on 21
Lewis rats. A cranially based 1 ¥ 3-cm flap was elevated. At

the time of elevation with the flap separated from the sur-
rounding wound edges, injection of the distal third of the flap
was performed with various experimental groups. A 0.13-mm
latex sheet was placed under the flap to prevent wound bed
neovasculaization. The flap was sutured in place with 5-0
nylon sutures. The rats were divided into three groups (n = 7
per group) based on the experimental injection protocol.
Control group: 300 ml of DMEM media was injected into the
distal 1 cm of the flap using a 1-mL syringe with a 25-gauge
needle. Normal oxygen preconditioned ASC group: 300 ml of
DMEM containing 1 ¥ 106 PKH-67 (Sigma-Aldrich)-labeled
ASCs preconditioned in normal oxygen (21%) for 48 hours
was injected into the distal 1 cm of the flap using a 1-mL
syringe with a 25-gauge needle. Hypoxic preconditioned ASC
group: 300 ml of DMEM containing 1 ¥ 106 PKH-67-labeled
ASCs preconditioned in low oxygen (0.5%) for 48 hours was
injected into the distal 1 cm of the flap with a 25-gauge
needle.

Flap evaluation

Each rat that underwent skin flap surgery had gross examina-
tion performed on postoperative day 7 with digital photogra-
phy. Digital photographs were evaluated and analyzed by an
observer blinded to the assigned treatment group. Adobe Pho-
toshop (Adobe, San Jose, CA) was used to set the pixel value
for viable and necrotic tissues. The viability area was deter-
mined by subtracting the necrotic area from the total flap
surface area. Flap viability was calculated as a percentage of
viable surfaces of the total surface area.

Histology

Following gross evaluation on postoperative day 7, animals
were sacrificed and the skin flap with a surrounding 1-cm cuff
of normal tissue was harvested and frozen. Cryosections were
cut at 5-mm thickness and mounted. Tissue sections were
pretreated with 3% hydrogen peroxide to block endogenous
peroxidase activity and normal serum to block nonspecific
reactions. Sections were incubated at 4 °C for 12 hours with
the primary antibody (mouse-anti rat cluster of differentiation
[CD]-31 monoclonal antibody, BD Biosciences Pharmingen,
San Diego, CA [1 : 100]) and then incubated for 20 minutes at
room temperature with secondary antibodies and 3,3'-
diaminobenzidine reagents from the DAKO Envision Kit
(DAKO). Processed slides were viewed in the Duke Micros-
copy Core facility where digital images were obtained. CD31-
positive vessels were viewed and staining was subjectively
graded as extensive or sparse.

Statistical analysis

All in vitro assays were performed in triplicate and represent
the mean � standard deviation. All pairwise differences
between two groups were examined using a Student’s t-test
(Microsoft Excel; Microsoft Corp., Redmond, WA) (Fig-
ures 2 and 6). The one-way analysis of variance test was used
to compare means for the three groups simultaneously
(Figures 1 and 3). Post hoc tests were performed to examine
the difference between any two groups using the Tukey’s
honestly significant difference test. A p < 0.05 was considered
significant.
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RESULTS

Effect of ASC conditioned media on HUVEC

tubule formation

Some researchers believe that ASCs play a role in supporting
existing and developing blood vessels. To better understand
how hypoxic preconditioning of ASCs might affect the vas-
culature, we examined the influence of ASC-derived soluble
factors on endothelial cell behavior. When cultured in matri-
gel, HUVEC tubule formation was significantly greater when
exposed to conditioned media from both normal oxygen pre-
conditioned ASCs (218 � 54%) and hypoxic preconditioned
ASCs (382 � 90%) vs. controls (100 � 38%; p < 0.05)
(Figure 1). Moreover, conditioned media from hypoxic ASCs
resulted in significantly greater HUVEC tubule formation
than conditioned media from normal oxygen preconditioned
ASCs (382 � 90% vs. 218 � 54%; p < 0.05). This indicates
that soluble factors (found in conditioned media) from nor-
moxia and hypoxic preconditioned ASCs promote HUVEC
tubule formation.

Effect of hypoxic preconditioning on

ASC VEGF production

Based on the observation that hypoxic human ASCs enhance
endothelial cell tubule formation through soluble mediators,
we wished to determine if this could be applied to a surgical

model to improve flap survival. Anticipating a rat model
for tissue ischemia, we next wished to verify that rat ASCs
produced proangiogenic adipokines, specifically VEGF, in
response to hypoxia. Using ELISA, conditioned media from
hypoxic ASCs (0.5% O2 for 48 hours) were found to have
significantly greater concentrations of VEGF than condi-
tioned media from normal oxygen (21% O2 for 48 hours)
controls (3215 � 173.1 pg/mL vs. 2476 � 108 pg/mL;
p < 0.05) (Figure 2A).

Effect of VEGF on ASC chemotaxis

Since ASCs produced VEGF, we wanted to determine
whether VEGF could induce ASC chemotaxis in an autocrine
manner and influence ASC dispersion following flap delivery.
To test this, we performed transwell migration assays on
ASCs exposed to minimal media control and VEGF, with and
without a blocking antibody to VEGF. ASC migration was
significantly increased in response to VEGF (10 ng/mL)

Figure 1. Quantification and representative images of human
umbilical vein endothelial cell (HUVEC) tubule formation in
response to conditioned media from ASCs. HUVECs cultured
in matrigel were exposed to three types of media for 72 hours:
DMEM control media, conditioned media from human ASCs
cultured in normal oxygen (21%) for 72 hours, and conditioned
media from human ASCs cultured in hypoxic conditions (0.5%
O2) for 72 hours. HUVEC tubule formation in conditioned
media from both normal oxygen cultured ASCs and hypoxic
preconditioned ASCs was significantly greater than DMEM
controls (100¥). Moreover, HUVEC tubule formation was
greatest in conditioned media from hypoxic ASCs. Single
asterisks denote statistically significant (n = 3, p < 0.05) differ-
ence from controls. Double asterisks denote statistically sig-
nificant (n = 3, p < 0.05) difference between ASC groups.

Figure 2. Quantification of ASC VEGF production and chemo-
taxis. (A) The mean ELISA results for soluble VEGF found in
conditioned media are shown. Media from hypoxic precondi-
tioned ASCs (ASC 0.5% O2) contains significantly higher levels
of VEGF than media from normal oxygen preconditioned
ASC (ASC NL O2). Asterisks denote statistically significant
(p < 0.05) difference (n = 3). (B) The mean number of ASCs
migrated in response to VEGF is shown relative to controls.
VEGF (10 ng/mL) stimulated ASC chemotaxis significantly
greater than control (DMEM) and this effect was reversed
with blocking antibodies to VEGF. Asterisks denote statisti-
cally significant (p < 0.05) difference from controls (n = 3).
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containing minimal media (2.2 � 0.7 times over control,
p < 0.05) (Figure 2B). Following the addition of VEGF-
blocking antibody (0.5 mg/mL), ASC chemotaxis to VEGF
was decreased to basal levels (1.2 � 0.5 times over control;
p > 0.05). Taken together, these results suggest that ASCs
produce VEGF which may act in an autocrine manner to
stimulate chemotaxis.

Effect of engrafted ASCs on flap viability

Based on our initial observations, we wished to determine
whether hypoxic preconditioned ASCs could be engrafted

into soft tissue flaps to enhance angiogenesis and viability. To
test this idea, we used a well-described rat model for flap
ischemia. On gross examination at 7 days post flap elevation,
the DMEM control groups appeared to have the most distal tip
necrosis and proximal flap ischemia (Figure 3). The normal
oxygen preconditioned ASC engrafted flaps appeared to have
less distal tip necrosis and less proximal flap ischemia.
Finally, the hypoxic preconditioned ASC engrafted flaps
appeared to have the least distal tip necrosis and proximal flap
ischemia. Image analysis confirmed that flaps engrafted
with hypoxic preconditioned ASCs had significantly better
overall viability (control: 11.2 � 7, normal ASCs: 29.8 � 18,
hypoxic ASCs: 37.4 � 18; p < 0.05) (Figure 3).

To investigate how ASCs might improve flap viability, we
performed immunohistochemistry to assess blood vessel for-
mation at the margins of the flap in the distal third where the
ASCs had been injected. CD31 staining showed extensive
neovascularization at the distal margins of the ASC injected
flaps (Figure 4). In contrast, there was sparse neovasculariza-
tion seen at the margins of control flaps.

Localization of engrafted ASCs

As ASC injected flaps had improved margin neovasculariza-
tion and overall viability, we wanted to determine where
within the tissue the ASCs had localized, too, to better under-
stand how this effect may have occurred. While all the
samples were injected into the subcutaneous tissue diffusely,
we found a unique distribution between the normal oxygen
preconditioned ASCs and the hypoxic preconditioned ASCs
(Figure 5). Using fluorescence to detect the PKH-67 label, we
found the normal oxygen ASCs localized primarily around
existing large-caliber blood vessels. In contrast, hypoxic pre-
conditioned ASCs were found diffusely throughout the sub-
cutaneous tissue and even across the flap native skin interface.
This indicated that both groups of cells had migrated from the
original site of injection in a unique pattern.

Effect of hypoxia on ASC migration and chemotaxis

Since we had observed a unique migration pattern between the
normal oxygen preconditioned ASCs and the hypoxic precon-
ditioned ASCs within our flaps, we wished to determine if
hypoxic preconditioning significantly altered ASC migration
and chemotaxis. To test this, we performed a scratch assay with
normal oxygen and hypoxic preconditioned ASCs. Wound
repair rate and extent was similar in both groups (Figure 6A).

Figure 3. Comparison of flap survival areas. (A) Representa-
tive photographs of flaps at postoperative day 7. The base and
cranial portion of the flap are at the upper aspect of the image.
(B) The mean flap viability was significantly greater for hypoxic
preconditioned ASC engrafted flaps than DMEM controls.
Asterisks denote statistically significant (p < 0.05) difference
from control (n = 21, 3 groups of 7).

Figure 4. Photomicrographs of CD31
immunohistochemistry (20¥). The
images depict the lateral portion of the
distal 1/3rd of the flap—native skin
interface. At the margin of the flap
wound interface, CD31 expression was
sparse in DMEM control injected flaps.
In contrast; at the margin of the flap
wound interface, CD31 expression was
extensive in both normal oxygen and
hypoxic preconditioned ASC injected
flaps.
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Next, we explored the chemotactic response of the ECM
proteins type I CN and LN. Both proteins are known to be
important structural components of dermis and subcutaneous
tissue as well as chemotactic stimuli to migrating cells. Fol-
lowing preconditioning in normal oxygen and hypoxic condi-
tions, ASC migration in response to CN (20 mg/mL) was
significantly greater than in response to control media (4 � 1.1
and 6 � 0.5 times, respectively; p < 0.05) or LN (Figure 6B).
While not statistically significant, hypoxic preconditioned
ASCs showed a stronger migratory response to CN than
normal oxygen preconditioned ASCs. ASC migration to
laminin (20 mg/mL) was not significantly different than con-
trols and was not significantly affected by hypoxic precondi-
tioning. These data suggest that hypoxic preconditioning does
not adversely alter ASC migration or chemotaxis to ECM
proteins found within the dermis and subcutaneous tissues.
Thus, distinct patterns of ASC distribution seen within the flap
do not appear to solely relate to the preconditioning process.

DISCUSSION
Traditionally, efforts to improve distal flap margin blood flow
have involved surgical delay, a process involving division of a
portion of the flaps blood flow. Following surgical delay, the
flap becomes dependent on the remaining vasculature which
must undergo changes to accommodate the altered blood flow.
After a period of 2 to 3 weeks, the altered blood flow within
the delayed flap will support the tissue during transfer. It is
believed that surgical delay creates an environment of relative
hypoxia which stimulates angiogenesis and vessel dilation.18

Prior studies have shown that during surgical delay, local
tissue at the edge of the primary angiosome is under ischemic
conditions and this results in a generalized production of
growth factors within the tissue, including VEGF.19 As a
result, there is increased angiogenesis at these sites combined
with dilation of choke vessels, leading to more blood flow to

the edge of the flap. Through ex vivo cellular preconditioning,
we have tried to achieve a “cellular delay” which theoretically
drives the production of proangiogenic factors from mesen-
chymal stem cells prior to any tissue ischemia.

The effect of hypoxia as a stimulator of angiogenesis is
well described. It is known that both endothelial cells and
vascular smooth muscle cells possess O2 sensitive enzymes
which allow for cellular changes to occur in the setting of
hypoxic conditions.20,21 Hu and colleagues demonstrated that
hypoxic preconditioned bone marrow-derived mesenchymal
stem cells (BM-MSCs) transplanted into infarcted heart
tissue could significantly enhance angiogenesis15 within the
damaged region. Hu noted that these hypoxic preconditioned
stem cells had enhanced expression of hypoxia-inducible
factor (HIF1-alpha) and multiple angiogenic factors including
VEGF. This activity is in line with the role of BM-MSCs, that
of support for the stroma and hematopoietic stem cells within
the marrow. What has been unclear is the potential angiogenic
capacity of tissue-based mesenchymal stem cells—including
ASCs. Yet, there is evidence that ASCs are involved in the
hypoxia response within tissues. For example, Rehman and
others demonstrated that ASCs cultured in hypoxic conditions
will up-regulate VEGF secretion fivefold.11 While there is a
significant amount of evidence that BM-MSCs play a role in
tissue repair through angiogenic responses to hypoxia, we
have shown in this study that peripheral-based mesenchymal
stem cells appear to share a similar capacity.

It is interesting to note that our findings are similar to prior
studies in which flaps were supplemented with exogenous
VEGF. Overall, we found a 26% increase in flap viability with
hypoxic ASC flap injection. Seify and colleagues, using a rat
transverse rectus abdominus myocutaneous flap model, found
a 37% increase in flap viability following injection of intra-
arterial VEGF.3 This compared favorably with surgical delay
alone. In another study investigating random skin flaps, Padu-
bidri et al. demonstrated an 18% increase in flap viability

Figure 5. Photomicrographs of PKH-
67-labeled ASCS under green fluores-
cence (200¥). Within the central and
distal portion of the flap, normal oxygen
preconditioned ASCs (ASC NL O2) are
sparsely distributed in the general sub-
cutaneous tissue and densely organized
around large blood vessels. Hypoxic
preconditioned ASCs (ASC 0.5% O2)
are seen distributed in a more diffuse
pattern. Across the flap interface within
non-flap native tissue, only hypoxic pre-
conditioned ASCs are identified. DMEM
injected flaps are shown for compari-
son. All sections are oriented with epi-
dermis up.
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following intra-arterial VEGF injection. In both instances,
the improvement in flap viability was presumed to be related
to increased angiogenesis secondary to increased flap VEGF
concentrations. This is consistent with our findings; still,
this effect remains insufficient to produce complete flap
survival.

Cell migration within the ECM is fundamental to cellular
homeostasis and tissue integrity. Likewise, effective use of
cellular therapeutics such as those employed in this study will
be dictated by an understanding of cell migratory stimuli. The
subcutaneous tissue is rich in ECM proteins, including type 1
CN and LN.22,23 Thus, we wanted to determine how ASCs
would respond to ECMs in both normal and hypoxic condi-
tions. Interestingly, migration to type 1 CN and LN was not
adversely affected by hypoxic preconditioning. The next ques-
tion is whether the engrafted cells will remain at the injection
site, or will they migrate to other areas within the tissue.
Engraftment of ASCs into the proximal portion of flaps has
been shown to be beneficial to flap perfusion.13 In those studies,
transplanted cells seemed to remain localized at the engraft-
ment site. Ceradini and colleagues demonstrated that local
tissue hypoxia up-regulates stromal cell-derived factor-1

(SDF-1) through HIF-1 alpha signaling.24 Furthermore, SDF-1
may act as a chemokine for circulating progenitor cells leading
to precise localization at the site of hypoxia. This suggests a
mechanism for enhanced trafficking of BM-MSCs to ischemic
peripheral tissue, thus suggesting a role in tissue repair. As we
have demonstrated a strong migratory capacity of ASCs in
normal and hypoxic conditions, one may derive that a similar
signal might be in place for localizing peripherally basedASCs
to hypoxic tissue in preparation for angiogenesis.

Migration of cells through tissue is a well-described
process. In this report, we demonstrate a novel finding of ASC
migration from the engraftment point within the flap across a
wound interface into the surrounding native tissue. This was
an unexpected finding in the sense that these cells are migrat-
ing from a hypoxic region to a relatively nonhypoxic region.
Interestingly, this was observed only in the hypoxic precon-
ditioned ASC group. The normal oxygen preconditioned
ASCs appeared to all remain within the flap. This raises the
possibility that hypoxic preconditioned stem cells engrafted
into hypoxic tissue are responding to a signal from an existing
blood vessel lying within nonhypoxic tissue. We might con-
clude that this localization is consistent with the role of ASCs
as vascular pericytes involved in assisting endothelial cells in
the angiogenesis process. In this regard, the hypoxic precon-
ditioned ASCs may support endothelial cells, perhaps through
VEGF production, as they advance toward the wound edges
and the ischemic tissues of the flap. Again, in this regard, we
tend to agree with the findings of Amos and colleagues that
show that ASCs injected into tissues take on a perivascular
morphology and are associated with increased blood vessel
density.25

Another potential role for ASCs in tissue repair would be
that of differentiation into specific cell types needed for
regeneration and/or wound healing. Wu et al. has demon-
strated that BM-MSCs injected into wounds can both stimu-
late angiogenesis through VEGF and differentiate into dermal
elements including skin appendages.26 Still, others have sug-
gested that injected ASCs may become endothelial cells of
developing blood vessels. In contrast to findings by Lu et al.
we did not see engrafted-labeled ASCs within new blood
vessels or skin appendages.13 However, as mentioned previ-
ously, we did repeatedly see PKH-labeled ASCs associated
with existing large-caliber blood vessels, particularly the
normal oxygen preconditioned ASCs. Taken together, these
findings suggest that the role of ASCs in ischemic tissue may
be supportive in nature rather than regenerative, consistent
with pericyte lineage.

Overall; this study showed an improvement in flap viability
when the flap was injected with preconditioned ASCs.
However, this effect was moderate and not sufficient to
prevent some degree of flap necrosis and ischemia. This is
consistent with multiple other studies in which growth factors
are added to a surgical flap to induce angiogenesis.5–8 This
approach appears to be limited due to the amount of time
necessary for new blood vessel formation.27 The ischemic
tissue undergoes necrosis prior to therapeutic angiogenesis,
even in the presence of additional growth factors. As we look
at ways to improve interventions on acute ischemia, we feel
that it is important to focus on principles described in surgical
delay—that of larger vessels dilation and remodeling.28 The
manipulation of existing vessels is likely to result in a more
rapid increase in perfusion to ischemic areas than therapeutic
angiogenesis. For this reason, we are currently looking at the

Figure 6. Quantification of ASC migration and ECM chemot-
axis. (A) Mean results for scratch assay wound repair with
normal and hypoxic ASCs. No significant difference was
observed (n = 3). (B) Cellular migration through transwell
chambers in response to soluble CN (20 mg/mL) and LN
(20 mg/mL). Normal oxygen and hypoxic preconditioned ASCs
migrated significantly greater to CN than to DMEM controls or
LN. Asterisks denote statistically significant (p < 0.05) differ-
ences from control and LN (n = 3).
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role of ASCs within periadventitial fat and the potential to
enhance vasodilation.

In summary, hypoxic preconditioned ASCs appear to
enhance proangiogenic features of endothelial cells through
both soluble mediators and direct cell-to-cell interactions.
When injected into the distal portion of flaps, hypoxic pre-
conditioned ASCs migrate throughout the flap and across flap
margins to the native tissue. This corresponds to improved
flap viability and oxygenation. These results suggest that
ASCs may act in a supporting role for hypoxia-induced angio-
genesis within tissue. Moreover, it may be possible utilize
these properties to enhance vascularization of autologous and
engineered constructs.
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