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Amputation as a result of impaired wound healing is a serious complication of diabetes. Inadequate angiogen-
esis contributes to poor wound healing in diabetic patients. Endothelial progenitor cells (EPCs) normally aug-
ment angiogenesis and wound repair but are functionally impaired in diabetics. Here we report that decreased
expression of manganese superoxide dismutase (MnSOD) in EPCs contributes to impaired would healing in
a mouse model of type 2 diabetes. A decreased frequency of circulating EPCs was detected in type 2 diabetic
(db/db) mice, and when isolated, these cells exhibited decreased expression and activity of MnSOD. Wound
healing and angiogenesis were markedly delayed in diabetic mice compared with normal controls. For cell
therapy, topical transplantation of EPCs onto excisional wounds in diabetic mice demonstrated that diabetic
EPCs were less effective than normal EPCs at accelerating wound closure. Transplantation of diabetic EPCs
after MnSOD gene therapy restored their ability to mediate angiogenesis and wound repair. Conversely, siRNA-
mediated knockdown of MnSOD in normal EPCs reduced their activity in diabetic wound healing assays.
Increasing the number of transplanted diabetic EPCs also improved the rate of wound closure. Our findings
demonstrate that cell therapy using diabetic EPCs after ex vivo MnSOD gene transfer accelerates their ability

to heal wounds in a mouse model of type 2 diabetes.

Introduction

According to the Center for Disease Control and Prevention,
refractory wounds lead to over 72,000 amputations each year in
diabetic patients despite of advances in wound care (1). Vascular
complications in diabetic patients, such as impaired angiogen-
esis, contribute to poor blood flow at the wound site, impeding
the optimal endogenous regenerative response (2). Efficacious
treatments are being explored to overcome poor angiogenesis in
diabetic wound. Endothelial progenitor cells (EPCs), a key cell
type involved in angiogenesis, can migrate to the injury/isch-
emia site and play an important role in vascular maintenance
and angiogenesis, which raises interest in their implications in
wound healing (3, 4). However, ample studies indicate that EPCs
are dysfunctional in diabetic patients. These studies show that
the number of circulating EPCs is significantly reduced in type 1
and type 2 diabetic patients (5, 6). Ex vivo functions of EPCs,
including migration, adhesion, and tube formation, are also
impaired in diabetes (7-9). Compelling evidence indicates that
EPC dysfunction represents a mechanism for impaired angio-
genesis and subsequent poor wound healing in diabetes (5-11).
However, the mechanisms underlying EPC dysfunction in diabe-
tes are still poorly understood.

Ex vivo evidence and in vivo evidence indicate that hyperglyce-
mia and advanced glycoxidation products contribute to impaired
wound healing in diabetes (12). Hyperglycemia is a hallmark of
diabetes and leads to increased ROS and cellular damage (13, 14).
We have demonstrated that hyperglycemia augments the super-
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oxide anion generation in skin tissue by activating NADPH oxi-
dase and protein kinase C, resulting in delayed wound healing
in diabetic mice (15). Accumulation of ROS leads to widespread
cellular damage and poor wound neovascularization (16). Normal
EPCs have been shown to express intrinsically high levels of the
antioxidant enzyme manganese superoxide dismutase (MnSOD),
which plays a key role in EPC resistance to oxidative stress via
scavenging mitochondrial ROS (mtROS) (17-19). Recent stud-
ies have shown that high glucose elevates oxidative stress and
decreases EPC survival by inhibiting cell proliferation, NO pro-
duction, MMP-9 activity, and migration (20, 21). These observa-
tions indicate that a loss of tolerance to hyperglycemia-induced
excessive oxidative stress in EPCs may lead to their dysfunction in
diabetes. Further characterization and better understanding of
the mechanisms underlying impaired ROS resistance in diabetic
EPCs could provide a basis for therapeutic application of EPCs in
diabetic wound healing.

Based on the aforementioned studies, we tested the hypothesis
that decreased MnSOD in EPCs may be a critical contributor to
impaired EPC angiogenesis in type 2 diabetic wound repair. We
isolated EPCs from the type 2 db/db diabetic mice and studied their
functions both ex vivo and in vivo. Our results demonstrate that
diabetic EPCs exhibit decreased MnSOD expression and enzymatic
activity and develop elevated levels of oxidative stress. Ex vivo gene
therapy of MnSOD for diabetic EPCs prior to their transplantation
onto diabetic wound restored their angiogenic functions in vivo,
resulting in accelerated wound repair. Finally, we provide evidence
that both the number and functions of transplanted EPCs play
significant roles in their regenerative capacity during wound heal-
ing, which should be taken into considerations when developing
EPC-based cell therapies clinically.
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Results
Circulating EPCs are reduced with increased intracellular superoxide in
diabetic mice. Peripheral blood mononuclear cells were isolated
from normal (db/+) and type 2 diabetic (db/db) mice, and the level
of circulating EPCs was determined by Sca-1/Flk-1 staining. Flow
analysis revealed a 59% decrease in circulating EPCs in diabetic
mice (Figure 1, A and B). Previous studies have demonstrated that
resistance of oxidative stress is important for normal EPC func-
tion (17, 18). To investigate whether circulating EPCs in type 2
diabetic mice exhibit elevated oxidative stress, blood mononuclear
cells were isolated and stained with dihydroethidine/Sca-1/Flk-1
(DHE/Sca-1/Flk-1), followed by flow cytometry. The fluorescent
intensity of DHE indicated the O, level in Sca-1*/Flk-1* cells.
The results showed that O, in circulating EPCs was increased
by approximately 3 fold in diabetic mice (Figure 1C). These data
suggest that type 2 diabetic mice have decreased circulating EPCs,
characterized with elevated intracellular O, levels.
Characterization of bone marrow—derived EPCs. To characterize
bone marrow-derived EPCs, the stem cell markers (CD34, Sca-1),
endothelial cell markers (Flk-1, VE-cadherin), and monocyte cell
marker (CD11b) were examined using flow cytometry, based on
the latest methods (22, 23). The cell population profiles of freshly
isolated mononuclear cells (MNCs, day 0) and cultured cells
(EPCs, day 7) are shown in Table 1. Compared with those of freshly
isolated mononuclear cells, the percentages of CD34" cells and
Sca-1* cells in cultured cells were increased approximately 2.5 fold
and 3.4 fold, respectively. The Flk-1* cells and VE-cadherin® cells
were increased approximately S fold and 2.3 fold, respectively. The
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Figure 1

Flow cytometry analysis of mouse circulating EPCs. (A) Typical histo-
grams of Sca-1/Flk-1 analysis for EPCs from normal (db/+) and type 2
diabetic (db/db) mice. (B) Type 2 diabetic db/db mice possess fewer
circulating EPCs compared with normal db/+ mice (*P < 0.05 vs. db/+,
n = 4-5). (C) Type 2 diabetic mice exhibit elevated DHE fluorescent
intensity in Sca-1/Flk-1—positive cells (*P < 0.05 vs. db/+, n = 5).

Sca-1/Flk-1 double-positive cells were increased 2.7 fold (Table 1).
There was no significant difference in the percentage of CD11b*
cells between freshly isolated mononuclear cells and cultured cells.
These data suggest that while the 7-day cultured EPCs are hetero-
geneous in nature, they contain significantly higher percentages of
stem cells and endothelial cells compared with those of freshly iso-
lated mononuclear cells. The 7-day cultured EPCs were also identi-
fied by 1,1'dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine per-
chlorate-labeled acetylated LDL/lectin (Dil-acLDL/lectin) double
staining (Figure 2A). Additionally, the expressions of endothelial
markers, comparing HUVECs and 7-day cultured EPCs, were deter-
mined using Western blot analysis. Similar to HUVECs, cultured
EPCs expressed endothelial markers, including Flk-1, VE-cadherin,
and eNOS (Figure 2, B and C), implying their potential in differen-
tiating into endothelial lineage.

MnSOD expression is diminished in bone marrow—-derived EPCs of dia-
betic mice and normal EPCs treated with high glucose. Major antioxidant
enzymes, including MnSOD and catalase, are expressed in normal
EPCs that protect their functions against oxidative stress (17, 18).
Adult male db/db mice (10-14 weeks) exhibited hyperglycemia
(389.24 + 45.57 mg/dl; n = 25) compared with normal db/+ mice
(168.36 + 25.89 mg/dl; n = 25). To determine whether antioxidant
enzymes were decreased in EPCs of type 2 diabetic mice, mRNAs of
MnSOD, copper-zinc superoxide dismutase (CuZnSOD), and cata-
lase (Cat) were examined using real-time PCR. The data showed
that MnSOD mRNA was significantly decreased in EPCs of db/db
mice (db/db EPCs), compared with that of normal EPCs from nor-
mal db/+ mice (db/+ EPCs) (Figure 3A). There were no significant
differences in mRNA levels of C«ZnSOD and Cat, between db/+
EPCs and db/db EPCs (Figure 3A). Consistent with real-time PCR
results, both the protein level and enzymatic activity of MnSOD

Table 1
Characterizations of freshly isolated mononuclear cells and
cultured EPCs

Markers Day 0 (MNCs) Day 7 (EPCs)
CD34 21.84 +3.02 50.96 + 7.38A
Sca-1 17.42 +5.85 58.50 + 10.20A
Flk-1 5.32+0.30 24.06 + 4.22A
Sca-1/Flk-1 4.98 +1.80 13.55 +1.27A
CD144 3.77 £0.46 8.76 +1.43
CD11b 65.40 + 3.08 28.10+1.13A

Characterizations of freshly isolated mononuclear cells (MNCs) and cul-
tured EPCs. To characterize bone marrow—derived EPCs, the stem cell
markers (CD34, Sca-1), endothelial cell markers (Flk-1, CD144), and
monocyte marker (CD11b) were examined using flow cytometry. The
day 0 (mononuclear cells) column shows characteristics of freshly iso-
lated mononuclear cells, and the day 7 (cultured EPCs) column shows
characteristics of 7-day cultured EPCs in EGM-2. n = 5 each group.

AP < 0.05 vs. day 0 (mononuclear cells).
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were significantly decreased in db/db EPCs compared with those of
db/+ EPCs (Figure 3, B-D). To examine the effect of high glucose
on MnSOD expression, MnSOD protein was measured in normal
EPCs treated with high glucose (25 mM, 400 mg/dl). The results
showed that high-glucose treatment led to decreased MnSOD
expression in normal EPCs (Figure 3, E and F). Taken together,
these observations suggest that MnSOD is deficient in EPCs of
type 2 diabetic mice, at least in part, due to hyperglycemia.
Mitochondrial oxidative stress is increased in EPCs from diabetic mice.
Since MnSOD is an essential antioxidant enzyme in the mitochon-
drion (19), the level of mitochondrial oxidative stress (mtROS) in
EPCs, indicated by MitoSOX fluorescence, was examined using
flow cytometry (24). As shown in Figure 3, G and H, the levels of
mtROS were significantly elevated in db/db EPCs (vs. db/+ EPCs)
as well as in normal EPCs treated with 25 mM high glucose (vs.
db/+ EPCs treated with 25 mM mannitol). To determine whether
reduced MnSOD plays a role in increased mtROS, adenoviral vec-
tors were used for gene transfer of MnSOD (Ad-MnSOD) or control
GFP (Ad-GFP) into db/db EPCs. The results showed that MnSOD
gene transfer blunted the elevation of mtROS in db/db EPCs (Figure
3H). Collectively, these data suggest that MnSOD deficiency is a
critical factor for mtROS accumulation in diabetic EPCs.
Restoration of diabetic EPCs with ex vivo MnSOD gene therapy. To
investigate EPC functions, EPC tube formation on Matrigel was
examined to study its ex vivo angiogenic capacity. Bone marrow-
derived EPCs were plated on Matrigel for 24 hours, and the num-
ber of tubes was counted. Diabetic EPCs formed significantly fewer
networks than normal EPCs (Figure 4, A and B). Ex vivo gene ther-
apy of MnSOD significantly improved the ability of db/db EPCs to
form tube networks on Matrigel compared with unmodified db/db
EPCs or the db/db-AdGFP EPC control (Figure 4, B-E). In con-
trast, when MnSOD expression was knocked down by its siRNA
(downregulated by 60%-70% vs. normal EPCs, P < 0.05; n = 3),
Matrigel tube formation was decreased by 52% compared with that
of normal EPCs (Figure 4F). These data suggest that decreased
MnSOD in db/db EPCs led to their diminished angiogenesis. In
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Figure 2

Characterization of mouse bone marrow—derived EPCs. (A) Staining
of EPCs with acLDL (red) and lectin (green). The nuclei were counter-
stained with Hoechst (blue). Scale bar: 50 um. (B and C) Expression of
endothelial cell-specific markers in cultured EPCs. HUVECs were used
as positive controls. (B) For Flk-1 and VE-cadherin, the loaded protein
amount was 80 ug/lane. (C) For eNOS, the loaded protein amount
was 30 ug/lane.

the process of repairing injured tissue, circulating EPCs adhere
to connective tissue at the site of injury. EPCs isolated from db/db
mice have previously been found to possess less ability to adhere
to vitronectin. Consistent with a previous report (7), the adhe-
sion of diabetic EPCs to vitronectin was significantly lower than
that of normal EPCs (Figure 4G). Together, these findings dem-
onstrate that gene therapy of MnSOD improved the angiogenic
functions of diabetic EPCs.

Cell therapy of diabetic wounds with EPCs accelerates wound healing
in diabetic mice. Diminished mobilization of EPCs from the bone
marrow to the site of injury is one of the functional impairments
of diabetic EPCs (8). Transplantation of EPCs to the local site
could increase the number of EPCs at the site of injury and thus
compensate for the diminished mobilization response in diabetic
wound. The baselines of wound healing in both db/db mice and
db/+ mice were firstly determined. Each mouse underwent a sin-
gle dorsal caudal 6-mm punch biopsy to create a full-thickness
excisional wound. The rate of wound closure was then measured
every other day until day 16. The data demonstrated that the
wound closure in db/db mice was significantly delayed compared
with that of db/+ mice (Figure 5, A and D). To determine whether
topical transplantation of EPCs onto the wounds of diabetic mice
improves wound healing, either 1 x 10° normal EPCs (db/+ EPCs)
or 1 x 106 diabetic EPCs (db/db EPCs) were transplanted onto dia-
betic wounds immediately after wounding. Wound healing was
significantly improved in the diabetic mice that received trans-
plantation of either db/+ EPCs or db/db EPCs (Figure 5, A and D).
Wounds in db/db mice transplanted with db/+ EPCs showed
improved healing compared with untreated diabetic mice start-
ing on day 4, whereas wounds in db/db mice receiving db/db EPC
transplantation did not show a significant improvement until day
10 (both vs. db/db mice). The overall rate of wound healing was
significantly greater in mice that received db/+ EPCs when com-
pared with mice that received db/db EPC transplantation. These
data suggest that, while transplantation of EPCs from diabetic
mice improved the rate of wound healing, diabetic EPCs were less
effective in accelerating wound healing than normal EPCs.

MnSOD gene therapy of diabetic EPCs augments in vivo function of
transplanted EPCs in diabetic wound healing. The data described
above showed that EPCs isolated from db/db mice had decreased
MnSOD and elevated mtROS levels. MnSOD gene therapy of dia-
betic EPCs improved their ex vivo tube formation and ameliorated
elevated mtROS. To determine whether MnSOD could improve in
vivo angiogenic function of diabetic EPCs and accelerate wound
healing, MnSOD gene therapy of diabetic EPCs (db/db-AdMnSOD
EPCs) was performed prior to transplantation, and GFP gene
transfer to diabetic EPCs (db/db-AdGFP EPCs) served as controls.
EPCs from db/db mice transfected with Ad-MnSOD augmented
wound healing, starting on day 6 (vs. db/db mice only and db/db
mice treated with db/db-AdGFP EPCs) (Figure 5, B and D). The
Volume 120 4209
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Figure 3

Expression of antioxidant enzymes in bone marrow EPCs. (A) mRNA levels for MnSOD, CuZnSOD, and Cat, quantified by real-time PCR. Only
the MnSOD mRNA level was significantly decreased in EPCs of type 2 diabetic (db/db) mice (*P < 0.05 vs. db/+ EPCs, n = 5). (B and C) West-
ern blot analysis demonstrating, diminished the MnSOD protein levels in db/db EPCs (*P < 0.05 vs. db/+ EPCs, n = 4). (D) Reduced MnSOD
enzymatic activity in db/db EPCs (*P < 0.05 vs. db/+ EPCs, n = 4-7). (E-G) High-glucose treatment reduced MnSOD expression and increased
mtROS in normal EPCs (db/+ EPCs [control]) (P < 0.05 vs. control or 25 nM mannitol-treated group, n = 5). (H) mtROS was elevated in EPCs
of type 2 diabetic (db/db) mice (*P < 0.05 vs. db/+ EPCs, n = 5). Gene transfer of MnSOD (db/db-MnSOD), but not GFP (db/db-GFP), blunted

the mtROS level in EPCs of db/db mice (*P < 0.05 vs. db/db EPCs, n

overall rate of wound healing was significantly accelerated in db/db
mice that received db/db-AdMnSOD EPCs when compared with
that of db/db mice without cell transplantation or db/db mice that
received db/db-AdGFP EPC transplantation (Figure 5, B and D).
These data suggest that diabetic EPCs after MnSOD gene therapy
are more effective in accelerating wound repair than the same
number of diabetic EPCs without MnSOD gene therapy. To further
investigate the role of MnSOD on angiogenesis in vivo, MnSOD
was knocked down by its siRNA in normal EPCs (db/+-siMnSOD
EPCs). MnSOD expression in normal EPCs was decreased by
60%-70% after treatment with MnSOD siRNA, which was con-
firmed using Western blot analysis (P < 0.05; » = 3). Transplan-
tation of db/+-MnSOD-siRNA EPCs failed to improve wound
healing in db/db mice compared with that of db/+ EPCs or db/db-
AdMnSOD EPCs (Figure 6, A and B). Mice receiving db/+-MnSOD-
siRNA EPC therapy showed similar pace compared with diabetic
EPC-induced wound closure (Figure 6, A and B). Together, these
data suggest that MnSOD is a key component for normal EPC-
induced angiogenesis in diabetic wound healing.

Increasing the number of transplanted diabetic EPCs, together with ex
vivo MnSOD gene therapy, further accelerates diabetic wound healing.
Compared with 1 x 10¢ normal EPCs, the same number of dia-
betic EPCs transfected with Ad-MnSOD was less effective in accel-
erating diabetic wound closure. To investigate whether twice the
number of transplanted EPCs would compensate for the existing
EPC dysfunction and further accelerate wound healing, 2 x 10°
EPCs (either db/db-AdGFP EPCs or db/db-AdMnSOD EPCs)
were topically transplanted on 6-mm punch wounds in db/db
4210
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mice. The results showed that transplantation of 2 x 106 db/db-
AdGFP EPCs significantly improved the rate of wound healing
compared with that of 1 x 106 db/db-AdGFP EPCs or 1 x 10° dia-
betic EPCs. Interestingly, for improving wound healing in db/db
mice, transplantation of 1 x 10° db/db-AdMnSOD EPCs had an
equivalent effect to that of 2 x 10° db/db-AdGFP EPCs. Impor-
tantly, transplantation of 2 x 10° db/db-AdMnSOD EPCs resulted
in significantly accelerated wound healing compared with that
of 2 x 10° db/db-AdGFP EPCs in db/db mice (Figure S, C and D).
Comparing multiple groups, we found that transplantation of
2 x 106 db/db-AdMnSOD EPCs significantly improved the closure
of diabetic wounds compared with that of 1 x 10° db/db-AdMn-
SOD EPCs, 2 x 10°¢ db/db-AdGFP EPCs, and 2 x 10° db/db EPCs
as well as the untreated db/db control mice. The rate of wound
closure compared among groups with transplantation of 2 x 10°
db/db-AdMnSOD EPCs and 1 x 10¢ db/+ EPCs or the control db/+
mice was equivalent. Collectively, these data provide the evidence
that although angiogenic function in diabetic EPCs is impaired,
supplementation of exogenous MnSOD and increasing EPC num-
ber together can fully rescue MnSOD-mediated EPC dysfunction
in diabetic angiogenesis and wound healing.

EPC therapy of diabetic wounds augments in vivo angiogenesis with early
accelerated wound healing. Wounds and surrounding skin tissues
were recovered, and the capillaries were stained for CD31. On day
3 of wound healing, capillary formation was significantly greater
in normal mice compared with all other groups (Figure 7A). On
day 6 of wound healing, normal mice continued to show signifi-
cantly more capillary formation compared with db/db mice with-
Volume 120
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Figure 4

EPC functional assays. Typical photographs of tube
formation on Matrigel for (A) normal EPCs (db/+
EPCs), (B) type 2 diabetic EPCs (db/db EPCs), (C)
type 2 diabetic db/db EPCs upon MnSOD gene ther-
apy, and (D) type 2 diabetic db/db EPCs transfected
with GFP control. (B—-D) Representative photographs
were of EPCs isolated from the same db/db mouse.
Scale bar: 650 um. (E) MnSOD gene therapy, but
not that of the GFP control, improved the ability of
db/db EPCs to form tubes on Matrigel (*P < 0.05
vs. db/+ EPCs, #P < 0.05 vs. db/db-MnSOD, n = 5).
Scale bar: 650 um. (F) MnSOD knockdown by
MnSOD siRNA significantly inhibited EPC-induced
Matrigel tube formation (*P < 0.05 vs. control, n = 3).
(G) Adhesion to vitronectin was impaired in db/db
EPCs. MnSOD gene therapy of db/db EPCs had no
effect on EPC adhesion (*P < 0.05 vs. db/+ EPCs,
n = 5). hpf, high-power field.

EPCs to enhance capillary formation. These data
demonstrate that restoration of EPC function with
MnSOD prior to transplant or increasing the num-

ber of transplanted diabetic EPCs is an effective
means to enhance angiogenesis in diabetic wound
healing. The structures of skin capillaries were
further confirmed by CD34 (Figure 8, Q and R)
and vWF staining (Figure 8, S and T).
Transplanted EPCs integrate into cutaneous vascu-
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out EPC therapy or db/db mice with db/db EPC or db/db-AdGFP
EPC therapy (Figure 7B and Figure 8). However, db/db mice treated
with 1 x 106 db/+ EPCs, 1 x 106 db/db-AdMnSOD EPCs, 2 x 106
db/db-AdMnSOD EPCs, or 2 x 10° db/db-AdGFP EPCs demon-
strated significantly more capillary formation compared with
nontreated db/db controls on day 6 (Figure 7B). On day 16 of
wound healing, diabetic mice continued to show significantly less
capillary formation than all other groups (Figure 7C). Conversely,
treatment groups that demonstrated accelerated wound healing
compared with nontreated db/db mice showed significantly more
capillary formation on day 6 (Figure 7B and Figure 8). Genetically
modifying diabetic EPCs with MnSOD (db/db-AdMnSOD EPCs)
and/or increasing the number of db/db EPCs from 1 x 106 to 2 x 10°
(db/db-AdGFP EPCs) improved the ability of transplanted diabetic
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lature and surrounding tissue. To determine where
transplanted EPCs were integrating, EPCs iso-
lated from db/+ mice were incubated with BrdU,
starting on day 5 of cell culture. After 7 days of
culture, 2 x 106 EPCs were transplanted onto a
6-mm punch biopsy wound of a db/db mouse at
the time of wounding. On day 6 of wound heal-
ing, the wound and surrounding skin tissues were
recovered and stained for BrdU-positive cells. The
data showed that BrdU-labeled EPCs integrated
into vascular-like structures and the dermis (Fig-
ure 9, A-D). To verify that BrdU-labeled EPCs were
incorporated into the capillary wall, the wound
tissue slides were stained with EC-specific marker
CD31, followed by BrdU staining. As shown in
Figure 9, E-H, some BrdU-positive cells (red
fluorescence) were integrated into CD31-positive
vessels (green fluorescence). The remaining Brd U-
positive cells were found surrounding the vessels. Previous studies
have shown that bone marrow-derived progenitor cells integrate
into multiple structures in skin (25, 26). Our present findings sug-
gest that topically delivered EPCs participate in wound angiogen-
esis, by either directly forming capillary with existing endothelial
cells or acting in a paracrine fashion to induce angiogenesis via
surrounding endothelium.

EPC-conditioned culture media on diabetic wound bealing. To study the
paracrine effect of EPCs on wound healing, the conditioned cul-
ture media of normal (db/+ EPCs) and diabetic EPCs (db/db EPCs)
were collected and applied to diabetic wounds. The results showed
that both normal and diabetic culture media accelerated diabetic
wound healing from day 10 to day 16 without significant differ-
ence, compared with control media alone (Figure 10, A and B).

MnSOD
SIRNA
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Figure 5

EPC therapy of diabetic wounds improved the rate of wound closure in type 2 diabetic mice. The closure rate of 6-mm punch biopsies was mea-
sured every other day until day 16. Wound healing of normal db/+ mice and type 2 diabetic db/db mice represent the baseline, are the same for
A-C, and represent the control groups. (A) For db/+ and db/db mice that were transplanted with 1 x 108 db/+ EPCs, EPCs significantly improved
the rate of wound closure in db/+ mice compared with that of db/db mice transplanted with 1 x 106 db/db EPCs (*P 0.01 and #P < 0.01 vs. 1 x 108
db/db EPCs, n = 10 each group). Wounds of db/+ and db/db mice transplanted with 1 x 106 db/+ EPCs healed at equivalent rates (P = 0.185 vs.
1 x 108 db/+ EPCs, n = 10 each group). (B) MnSOD gene therapy of EPCs prior to transplantation (1 x 10® db/db-AdMnSOD EPCs) significantly
improved db/db EPC ability to ameliorate wound closure versus transplantation of 1 x 106 control GFP db/db EPCs (db/db-AdGFP EPCs)
(fP < 0.01 vs. 1 x 108 db/db-AdGFP EPCs, n = 10 each group). (C) Transplantation of 2 x 10¢ db/db-AdMnSOD EPCs significantly improved the
rate of wound closure versus that of 2 x 108 db/db-AdGFP EPCs (*P < 0.05 vs. 2 x 108 db/db-AdGFP EPCs, n = 10 each group). No difference
was found in the rate of wound closure among 2 x 108 db/db-AdMnSOD EPCs and 1 x 108 db/+ EPCs or in db/+ mice. Transplantation of 2 x 10¢
db/db-AdMnSOD EPCs significantly improved the rate of wound closure in db/db mice versus that of other cell therapy groups (i.e., 1 x 10¢
db/db EPCs, 1 x 108 db/db-AdMnSOD EPCs, and 1 x 106 db/db-AdGFP EPCs). (D) Typical photographs of wound healing for above groups.
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However, the overall rates of wound healing in db/db mice receiving
the conditioned media could not reach the healing rate of the nor-
mal EPC-transplanted group in db/db mice. These data suggest that
both normal and diabetic EPCs exert paracrine effects on diabetic
wound healing, in additional to their direct angiogenic effects.

Day 4

Day 8

Day 12

Day 16

Discussion

The major findings in this study are that (a) the expression and
activity of MnSOD are diminished in diabetic EPCs, paralleled
with increased mitochondrial superoxide and decreased angio-
genic functions; (b) topical delivery of diabetic EPCs has less effi-
ciency than that of normal EPCs in accelerating wound healing in
diabetic mice; (c) ex vivo gene therapy of diabetic EPCs impedes
increased mitochondrial superoxide and rescues impaired angio-
genic functions in vitro and in vivo, resulting in accelerated wound
healing in type 2 diabetic mice.

Wound healing is an integrative and well-coordinated regenera-
tive response to tissue injury that involves a complex interaction
and cross-talk of various cell types, extracellular matrix molecules,
soluble mediators, and cytokines (2). Despite the evidence shown
by recent studies that local or systematic administration of cells
and/or proangiogenic molecules could significantly improve
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Figure 6

MnSOD deficiency impedes EPC-mediated wound healing in nor-
mal mice. (A) MnSOD knockdown by its siRNA in normal EPCs
(1 x 10% db/+-MnSOD-siRNA EPCs) significantly decreased their
ability to ameliorate wound closure versus that of 1 x 108 db/+-con-
trol-siRNA EPCs (*P < 0.01 vs. 1 x 108 db/+-control-siRNA EPCs,
n = 6). (B) Typical photographs of wound healing.

angiogenesis and wound closure, refractory diabetic wounds
remain a significant clinical problem, leading to limb ampu-
tation (2). EPCs, as important precursors of endothelial cells,
have been demonstrated to be involved in angiogenesis and
wound repair. Treatments with sonic hedgehog or stromal
cell-derived factor-1a accelerate wound healing in diabetes
by enhancing NO (27) and EPC-mediated angiogenesis (7, 8).
These studies have shed new light on autologous EPC therapy
for diabetic wounds and ischemia heart disease. However, recent
clinical trials of EPC therapy for ischemic/injured tissues have
revealed that autologous progenitor cell therapy for diabetic
patients is not as effective in repairing ischemic/injured tissue
as autologous cell therapy for nondiabetic patients (11, 28). The
outcomes from these clinical studies indicate that EPC func-
tion and recruitment are fundamentally impaired in diabetic
and other ischemic diseases, which impedes the efficiency of
EPC-based cell therapy (9, 11). Hence, EPCs from patients with
chronic diseases are dysfunctional and contribute to inefficient
therapeutic outcomes in the clinic setting. This stipulation is
verified by the present study, showing that (a) the number of
circulating EPCs was significantly reduced in diabetic mice,
suggesting inadequate EPC mobilization from their bone mar-
row; (b) EPCs isolated from diabetic mice had reduced Matrigel
tube formation and adhesion ability, indicating attenuated ex
vivo angiogenesis; (c) topical application of diabetic EPCs onto
the diabetic wounds exhibited less efficiency on capillary for-
mation and wound repair than that of the same number of nor-
mal EPCs, implicating diminished in vivo vasculogenesis. This
evidence suggests that diabetic EPCs are defective in mobiliza-
tion and angiogenesis, contributing to impaired wound healing
in diabetes. In the present study, we focused on the mechanisms
of EPC dysfunction and its role on wound repair in type 2 diabetic
mice, which may provide another consideration for the use of pro-
genitor cells therapeutically.

It is well known that ROS production is an important mediator
of hyperglycemia-mediated endothelial cell damage. We have pre-
viously demonstrated that cutaneous MnSOD protein and enzy-
matic activity were significantly decreased in both STZ-induced
type 1 diabetic mice and Ins24%® type 1 diabetic mice. Topical
gene therapy of MnSOD onto the diabetic wounds significantly
increased cutaneous MnSOD activity throughout the wound heal-
ing process in STZ mice, accelerating wound closure (15). Normal
EPCs possess high intrinsic levels of antioxidant enzymes such as
MnSOD, which confer protection against oxidative stress (18). The
present study demonstrated that there was increased mtROS accu-
mulation with diminished in vitro angiogenesis in diabetic EPCs,
implicating that excessive mtROS may damage EPC angiogene-
sis functions. The expression and enzymatic activity of MnSOD
were significantly decreased in diabetic EPCs, suggesting that
such deficiencies render diabetic EPCs ineffective in scavenging
elevated mtROS. Although we found that intracellular antioxidant
enzymes, including catalase and CuZnSOD, were not decreased in
Volume 120 4213
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diabetic EPCs, they apparently failed to compensate for the dam-
age by excessive ROS and protected EPCs against angiogenic dys-
functions in this model. Recent studies have shown that MnSOD
gene transfer could significantly reduce irradiation esophagitis by
enhancing the self-renewal of bone marrow-derived progenitor
cells (29), raising the possibility that local delivery of gene-modi-
fied EPCs onto the diabetic wounds may accelerate wound healing.
In agreement with this notion, our results showed that restora-
tion of MnSOD retarded mtROS accumulation and rescued the
impaired ex vivo tube formation of diabetic EPCs. Furthermore,
gene therapy of MnSOD significantly improved diabetic EPC-medi-
ated angiogenesis, with subsequent acceleration of diabetic wound
closure. Conversely, downregulation of MnSOD by its siRNA in
normal EPCs decreased Matrigel tube formation in vitro and
impeded their ability on diabetic wound repair in vivo, when com-
4214
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Figure 7

Wound angiogenesis after 6-mm punch biopsy. (A) There were sig-
nificantly more wound capillaries in db/+ mice compared with those of
all db/db groups on day 3 (P < 0.05). (B) On day 6 of wound healing,
wound angiogenesis was increased in db/+ and db/db mice treated
with 1 x 108 EPCs isolated from db/+ mice (db/+ EPCs) and db/db
mice after MnSOD gene therapy (1 x 108 db/db-AdMnSOD EPCs)
or treatment with 2 x 106 EPCs from db/db mice after MnSOD gene
therapy (2 x 106 db/db-AdMnSOD EPCs) or GFP control (2 x 106
db/db-AdGFP EPCs) compared with that of db/db mice (*P < 0.05 vs.
db/db mice). db/db mice without cell therapy and db/db mice treated
with 1 x 108 EPCs from db/db mice (db/db EPCs) and GFP control
(1 x 108 db/db-AdGFP EPCs) demonstrated significant less wound
angiogenesis compared with that of db/+ mice (*P < 0.05 vs. db/+
mice). (C) db/db mice demonstrated significantly less wound angio-
genesis compared with that of normal db/+ mice (*P < 0.05 vs. db/+
mice) on day 16. n = 4-5 in each group.

pared with normal EPC controls. These observations strongly sug-
gest that MnSOD deficiency is an important mechanism under-
lying the susceptibility of diabetic EPCs to high glucose-induced
superoxide, resulting in diabetic EPC dysfunctions.

Another interesting finding in our study is that when the num-
ber of transplanted, MnSOD-modified diabetic EPCs (db/db-
AdMnSOD EPCs) was increased from 1 x 10° to 2 x 10¢, wound
closure rate and capillary density reached the same levels as those
of 1 x 10 normal EPCs. Furthermore, 2 x 106 db/db-AdGFP EPCs
significantly improved wound healing and angiogenesis compared
with db/db mice with or without db/db EPC therapy. In the pres-
ent study, we chose 1 x 10 cells as the initial dose for topical cell
therapy on a 6-mm biopsy wound, based on previous studies dem-
onstrating that transplantation of 1 x 105 EPCs to normal mice
significantly accelerated dermal wound healing compared with
mature endothelial cells (26). Considering the established evi-
dence that wound healing is delayed in diabetic patients and ani-
mal models, we increased our initial cell therapy regimen to 1 x 106
EPCs in order to ascertain their effects on diabetic wound repair.
Although only 2 cell therapy regimens were compared, our stud-
ies suggest that topical delivery of MnSOD gene-modified EPCs
or an increased number of autologously transplanted EPCs is an
efficacious means to accelerate wound healing in diabetes. Future
studies are warranted to determine the optimal cell regimens by
considering cell density and the size of the wound area.

Angiogenesis is a vital component of wound repair. EPCs are
involved in multiple aspects of angiogenesis to affect the wound
healing process. EPCs can differentiate into endothelial lineage
and incorporate into the existing vascular structure to participate
in neovascularization (30, 31). They can also secret cytokines and
growth factors, including VEGF, FGF, and IGF-1, in a paracrine
fashion to induce sprouting angiogenesis by the surrounding
endothelium (30-32). Indeed, our immunohistochemical assay
indicated that while some EPCs were integrated into the vascu-
lar wall, the remaining EPCs were found surrounding the vessels.
Local treatment with EPC-conditioned media also resulted in
improved wound healing in diabetic mice. Combining the mor-
phological and in vivo angiogenesis evidence, our findings sug-
gest that topically delivered EPCs participate in angiogenesis and
wound healing by either direct incorporation into the preexisting
vascular structures or acting in a paracrine pattern to improve
neovascularization by the surrounding endothelium. Of note,
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there is no difference in wound closure between diabetic EPC-
conditioned media and normal EPC-conditioned media, which
may be due to the complex interaction between the host tissue
microenvironments and growth factors secreted by transplanted
EPCs. However, diabetic EPCs induced less capillary formation
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Figure 8

Typical photographs of CD31 staining on day 6 of wound healing. (A
and B) db/+ mice, (C and D) db/db mice, and (E and F) db/db mice,
with EPC therapy of 1 x 108 db/+ EPCs, (G and H) db/db EPCs, (I and
J) db/db-AdMnSOD EPCs, (K and L) db/db-AdGFP EPCs, (M and N)
2 x 106 db/db-AdMnSOD EPCs, and (O and P) 2 x 10° db/db-AdGFP
EPCs. Green arrows point to CD31-positive capillaries. (Q and R) Typ-
ical photographs of CD34 staining on day 6 of wound healing in db/+
mice. Green arrows point to CD34-positive capillaries. (S and T) Typi-
cal photographs of VWF staining on day 6 of wound healing in db/+
mice. Green arrows point to vVWF-positive capillaries. Boxed regions
are shown at higher magnification to the right. Statistic analyses are
shown in Figure 7B. W, wound; Dm, dermis; E, epidermis. Scale bar:
500 um (A,C,E,G,I,K,M, O,Q, and S); 100um (B, D, F, H, J,L, N,
P, R, and T). Original magnification, x40 (A, C, E, G, I, K, M, O, Q, and
S); x200 (B, D, F,H,J,L,N,P, R, and T).

in diabetic wounds compared with that of normal EPCs. Gene
therapy of MnSOD or doubling the transplanted EPC number also
significantly enhanced capillary formation. Although it is unclear
whether the improvement upon EPC therapy is exclusively medi-
ated by EPC integration or paracrine effects, these results imply
that the significant differences between normal and diabetic EPC
therapies are mainly due to EPC dysfunction, since MnSOD gene
therapy rescued EPC dysfunction and improved their angiogenesis
function on wound healing.

In the present study, db/db mice, which possess an inactivating
mutation of the gene encoding leptin receptors and subsequently
develop obesity, insulin resistance, and diabetes with hyperglyce-
mia resembling adult-onset diabetes mellitus (33), were used as a
type 2 diabetic model. Although leptin has been shown to promote
vascular remodeling in db/db mice (34) and different concentra-
tions of leptin affect EPC function in vitro (35), db/db mice are
a well-established model for studying the effect of hyperglyce-
mia on EPC function and wound healing (36, 37). In the present
study, EPCs isolated from diabetic mice exhibited impaired func-
tions, including decreased MnSOD, tube formation, adhesion,
and regenerative capacity in wound closure. Our ex vivo results
provided further supporting evidence that normal EPCs treated
with high glucose had decreased MnSOD and increased mtROS in
culture. These observations support the concept that hyperglyce-
mia is a key factor for EPC dysfunction in diabetes. Our study also
demonstrated that EPCs isolated from animal models of diabetes
maintained persistent dysfunction despite being cultured in eug-
lycemic cell media, a process we termed “cytomneosis” (Greek for
cell memory of disease). Our findings are consistent with previous
studies showing such dysfunction persists in daughter cells of dia-
betic EPCs after 7 days of cell culture in euglycemic media in which
cell proliferation took place (38, 39). The mechanism for cytom-
neosis and/or heritable dysfunction from parent to daughter cells
is currently under study and remains to be fully elucidated.

In summary, the present study demonstrates that EPCs of type 2
diabetic mice possess impaired angiogenesis functions, paralleled
by increased mtROS and diminished expression and activity of
MnSOD, which can be partially rescued via MnSOD gene therapy.
Restoration of diabetic EPC functions with MnSOD gene therapy
prior to their transplantation or increasing the number of trans-
planted diabetic EPCs results in enhanced wound angiogenesis
and accelerated wound closure. For the development of novel cell
therapies for diabetic patients, improvement in progenitor cell
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function through gene therapy prior to transplantation and/or
increasing the number of transplanted cells may be necessary to
compensate for their dysfunction.

Methods
Mouse model of diabetes. The db/db mouse is an established model to study
angiogenesis and vascular dysfunction in type 2 diabetes (33-36). Mice used
in this study were adult male diabetic (db/db, BKS.Cg-m~/~ Lepr®/Bom Tac)
and nondiabetic healthy heterozygotes (db/+, BKS.Cg-m~/~ Lepr®/- lean)
(9) purchased from The Jackson Laboratory (10-14 weeks old). Criteria for
inclusion were a blood glucose level of less than 200 mg/dl (normal, db/+)
and a blood glucose level of more thsan 300 mg/dl (type 2 diabetic, db/db).
All animal procedures were performed with approval of the University of
Pittsburgh Institutional Animal Care and Use Committee.

Isolation and characterization of mouse EPCs from blood and bone marrow. EPCs
were isolated from blood and bone marrow of both normal db/+ and type 2
diabetic db/db mice, according to established methods with minor modifica-
tions (22, 23). Mice were anesthetized with gas anesthesia (O, 11/min; N,O,
0.4 1/min; isoflurane, 0.5-11/min). Peripheral blood (0.5-1 ml) was collected
from a cardiac puncture into a 1-ml syringe containing 100:1 heparin (1,000
units/ml; Sigma-Aldrich). Mononuclear cells were isolated from blood with
Histopaque 1083 (Sigma-Aldrich) density gradient centrifugation (800 g,
4216
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Figure 9

In vivo integration of transplanted EPCs on day 6 of wound healing.
At the time of wounding, 2 x 106 BrdU-labeled db/+ EPCs were trans-
planted onto 6-mm punch biopsy wounds of db/db mice. On day 6
of wound healing, wounds were isolated, fixed, and stained for BrdU
(brown stained cells). (A—D) Typical photographs demonstrate EPC
integration into the dermis and vascular structure. Boxed regions are
shown at higher magnification to the right. The green arrow points to
BrdU-positive capillaries. Scale bar: 500 um (A); 100 um (B and C);
50 um (D). (E-H) To ascertain that BrdU-labeled EPCs were incor-
porated into the capillary wall, wound tissues were stained for CD31,
followed by BrdU staining. Typical photographs indicate that some
BrdU-positive cells (red fluorescence) (E) were incorporated into
CD831-positive vessels (green fluorescence) (F). White arrows point
to CD31-positive cells. Remaining BrdU-positive cells surrounded the
vessels. (G) The nucleus was counterstained with DAPI (blue fluo-
rescence). The merged image is shown in H. The white boxed region
indicates CD31/BrdU double-positive cells. Scale bar: 100 um. Original
magnification, x40 (A); x200 (E—H); x200 (B and C); x400 (D).

4°C) for 30 minutes. The mononuclear fraction was removed, centrifuged
(400 g, 4°C), and red blood cells were lysed with ammonium chloride solu-
tion (Stemcell Technologies), washed 3 times (400 g, 4°C) in PBS with 1%
albumin, and then used for testing by flow cytometry.

Bone marrow was flushed out of the tibias and femurs with EGM-2 using
a 25-gauge needle, separated with vigorous pipetting, and then centrifuged
for 5 minutes (400 g, 4°C). Red blood cells were lysed with ammonium chlo-
ride solution (Stem Cell Technologies) and washed 3 times in EGM-2 (400 g,
4°C). Cells were plated in a vitronectin-coated (Sigma-Aldrich) 6-well plate
at 8.5 x 10° cell/cm? in EGM-2 (VEGF, hydrocortisone, hFGF, IGF, ascorbic
acid, hEGF, heparin, and 5% FBS) (Lonza) at 37°C, 5% CO,. After 4 days
in culture, nonadherent cells were removed, and new EGM-2 was changed
daily. All cells used in molecular assays were performed after day 7.

Freshly isolated mononuclear cell and cultured bone marrow-derived
EPCs were characterized using flow cytometry, based on established meth-
ods (22, 23). Briefly, 1 x 106 cells were resuspended in 100 ul 1% BSA/PBS,
incubated with PE-conjugated CD34, FITC-conjugated CD144, PE-conju-
gated CD11b, FITC-conjugated Sca-1, and PE-conjugated Flk-1 in the dark
for 1 hour on ice. Quantifications of Sca-17/Flk-1*, CD34*, CD144*, and
CD11b* cells were performed with a BD Vantage Flow Cytometer. To con-
firm the EPC phenotypes, after 7-day culture attached cells were labeled with
Dil-acLDL (10 ug/ml; Invitrogen) and FITC-labeled Ulex europaeus aggluti-
nin (lectin, 10 ug/ml; Sigma-Aldrich) for 1 hour. After nuclei staining by
Hoestch (5 ug/ml; Sigma-Aldrich), cells were viewed under an inverted fluo-
rescent microscope (Nikon). Pictures were taken under high-power fields
(magnification, x200). Cells demonstrating double-positive fluorescence of
Dil-acLDL and lectin were identified as differentiating EPCs. In addition,
the expression of Sca-1, Flk-1, CD34, VE-cadherin (CD144), and CD11b were
analyzed using flow cytometry and compared with freshly isolated mono-
nuclear cells (Table 1). EPCs were gently detached using S mmol/l EDTA/
PBS at 37°C, washed, and incubated for 45 minutes at 4°C in PBS/0.5%
(w/v) BSA, together with FITC-labeled mouse antibodies against sca-1 and
PE-labeled mouse antibodies against Flk-1 (BD Bioscience), or FITC-labeled
mouse antibodies against CD34 (BD Bioscience), or PE-labeled mouse anti-
bodies against CD11b (BD Bioscience). FACScan flow cytometry was per-
formed and analyzed with Cell Quest software (BD Bioscience). To detect
VE-cadherin, cells were incubated on ice with goat anti-mouse VE-cadherin
(R&D Systems) for 20 minutes and then labeled with rabbit anti-goat Alexa
Fluor 488 (R&D Systems) for 20 minutes. As staining control for both mark-
ers, 0.5% goat serum was used together with the identical secondary antibod-
ies. Each analysis included at least 10,000 events.
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Quantification of circulating EPCs. Mouse blood mononuclear cells were
placed in polypropylene tubes in 100 ul PBS with 1% albumin. They were
then stained with FITC-conjugated Sca-1 and PE-conjugated Flk-1 for
1 hour at 4°C and washed 3 times in PBS with 1% albumin (10). Quan-
tification of Sca-1/Flk-1 double-positive cells was performed with a BD
Vantage Flow cytometer.

Detection of ROS in EPCs. Blood mononuclear cells were placed in polypro-
pylene tubes containing 5 wmol/l DHE (Invitrogen) in 100 ul PBS. Cells were
incubated at 37°C for 10 minutes in a dark humidified chamber, washed 3
times in PBS, stained with Flk-1 and Sca-1 (BD Bioscience) for 1 hour at4°C,
and washed 3 times in PBS with 1% albumin. Quantification of DHE/Sca-1/
Flk-1-positive cells was performed with a BD Vantage Flow cytometer. For
mitochondrial superoxide detection, bone marrow-derived EPCs cultured
with high glucose (25 mM) in EGM-2 were incubated with 5 uM MitoSOX
(Invitrogen) for 20 minutes at 37°C, 5% CO,. Cells were collected by trypsin-
ization and washed 3 times with 1% albumin HBSS (with Ca/Mg), and mean
fluorescent intensity was measured using flow cytometry (BD LSRII).

Western blot analysis of MnSOD. MnSOD protein was determined as we
previously described (15). Briefly, EPCs were lysed in Cell Lytic MT lysis
buffer (Sigma-Aldrich) with Protease Inhibitor Cocktail (100 ul Protease
Inhibitor/10 ml lysis buffer; Sigma-Aldrich). Fifty ug of protein was sepa-
rated on a 10% SDS-polyacrylamide gel, electrotransferred to nitrocellu-
lose membranes (Bio-Rad), and incubated with a primary antibody against
MnSOD (1:1,000; BD Transduction Laboratories) and the loading control
anti-actin (1:1,000; Santa Cruz Biotechnology Inc.). The secondary anti-
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Figure 10

EPC-conditioned media on diabetic wound heal-
ing. Conditioned media collected from EPCs of
db/+ and db/db mice were applied to the wounds
of db/db mice every other day until day 16. EBM-2
was used as the control. The closure rate of
6-mm punch biopsies was measured every other
day until day 16. (A) Conditioned media of db/+
EPCs and db/db EPCs similarly improved the
rate of wound closure in diabetic mice, starting
from day 10 (*P < 0.05 vs. db/db mice treated
with EBM-2; #P<0.05 vs. db/db mice only; n = 4).
However, the overall rates of wound closure were
significantly slower in db/db mice receiving con-
ditioned media than those receiving normal EPC
therapy (tP < 0.05 vs. db/db mice treated with
db/+ EPCs, n = 4). (B) Typical photographs of
wound healing.

bodies were IRDye800-conjugated anti-mouse antibodies (1:4,000; Rock-
land). The blot was read with an Odyssey imager (Li-Cor), and molecular
band intensity was determined with Odyssey 2.1 software (Li-Cor).

Real-time PCR for MnSOD, CuZnSOD, and catalase. EPCs were lysed and
RNA was isolated with TRIzoL (Invitrogen). For each sample, 2 ug RNA
(measured with a NanoDrop ND-100) was reverse transcribed using Super-
Script II RT, Oligo(dT) (Invitrogen) and dNTP Mix (Promega), with a Gene-
Amp PCR System 9700 (PE Applied Biosystems). Real-time PCR was carried
out using SYBR Green PCR Master Mix on a 7500 Real-Time PCR System
(Applied Biosystems). The primer sequences are as follows: MnSOD, for-
ward 5'-CACATTAACGCGCAGATCATG-3/, reverse 5'-CCAGAGCCTC-
GTGGTACTTCTC-3'; CuZnSOD, forward 5'-ACCAGTGCAGGACCT-
CATTTTAA-3', reverse S'"-TCTCCAACATGCCTCTCTTCATC-3'; catalase,
forward S'-ATGGCTTTTGACCCAAGCAA-3', reverse 5'-CGGCCCT-
GAAGCTTTTTGT-3"; and 18S forward 5'-CGGGTCGGGAGTGGGT-3/,
reverse 5'-GAAACGGCTACCACATCCAAG-3'. Variation in transcription
levels was calculated using 24¢T (7).

MnSOD gene transfer of EPCs. Ex vivo gene transfer studies were conducted
as described previously (40), with minor modifications. Briefly, replication-
incompetent adenoviral vectors, driven by a cytomegalovirus promorter,
were used to deliver MnSOD (Ad-MnSOD) or GFP marker gene (Ad-
GFP) to the expanded EPCs in culture (500 multiplicity of infection) for
24 hours. EPCs were used 72 hours after the initial transfection.

MnSOD knockdown by siRNA in EPCs. After 7-day culture, EPCs were
reseeded into 6-well plates at 2.5 x 10° cells/well. After 24 hours, the
Number 12 4217
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MnSOD-siRNA SMARTpool (si-MnSOD, Dharmacon) was diluted to a
2 uM working solution and delivered to cells at 100 nM final concentra-
tion for 72 hours through a lipid-mediated DharmaFECT Transfection
Reagent (Dharmacon). A non-related scramble siRNA (Dharmacon) was
used as a transfection control.

EPC tube formation and adhbesion assays. For tube formation assay, 24-well
plates were coated with growth factor-reduced Matrigel (250 ul, Becton
Dickinson). After 7 days in culture, bone marrow-derived EPCs (7.5 x 10%)
were plated in 500 ul EGM-2 medium and incubated at 37°C with 5% CO,
for 24 hours. Tube formation was counted in 15 random fields, under x100
magnification, with a Nikon Eclipse TE2000-U (23). For adhesion assay,
96-well plates were coated with 2.5 ug/ml rat vitronectin (Sigma-Aldrich)
for 2 hours at 37°C. EPCs were plated at 1 x 10* cells/well in triplicate.
After 2 hours of incubation at 37°C with 5% CO, in EGM-2, nonadher-
ent cells were removed by washing 3 times with PBS. Cells were fixed with
2% paraformaldehyde and stained with Hoechst (Sigma-Aldrich). Five ran-
dom fields were counted in each well under x200 magnification.

Full-thickness excisional wounds. Punch biopsy wounds were created as pre-
viously described (7, 15). Briefly, mouse dorsum was clipped and depilatory
cream (Nair) was used to remove hair. Skin was prepared with Betadine and
allowed to dry. A full-thickness 6-mm skin punch biopsy (Acuderm) was
created in each mouse. Wounds were dressed and changed every other day
with a Bioclusive transparent oxygen permeable wound dressing (Johnson
& Johnson). Wound closure rates were measured by tracing the wound area
every other day onto an acetate paper. The tracings were digitized, and the
areas were calculated by a computerized algorithm and converted to per-
cent wound closure (Sigma-Aldrich Scan Pro 5, Jandel Scientific).

EPC therapy of diabetic wounds. For cell therapy of wounds, bone marrow-
derived EPCs from db/+ mice and AAMnSOD-transfected EPCs from db/+
ot db/db mice were trypsinized after 7 days in culture and resuspended in
PBS. Then, 1 x 10° cells or 2 x 10° cells in 25 ul PBS were placed into the
wound beds. A Bioclusive dressing was placed over the wound and mice
remained under anesthesia for 15 minutes. Control mice were treated with
PBS in the same fashion. Wound closure rates were compared between con-
trol and treatment groups, as we previously described (15).
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was quantified by histological analysis. Wound samples were fixed with
zinc chloride fixative (BD) for 24 hours, then embedded in paraffin, and
sectioned at 4-um intervals. Slides were deparaffinized and hydrated, then
placed in Tris-Buffered Saline (pH 7.5) for 5 minutes for pH adjustment.
Endogenous peroxidase was blocked by 3% Hydrogen Peroxide/Methanol
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