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Tissue ischemia promotes vasculogenesis through chemo-
kine-induced recruitment of bone marrow-derived endothelial
progenitor cells (EPCs). Diabetes significantly impairs this proc-
ess. Because hyperglycemia increases reactive oxygen species in
a number of cell types, and because many of the defects respon-
sible for impaired vasculogenesis involve HIF1-regulated genes,
we hypothesized that HIF1 function is impaired in diabetes
because of reactive oxygen species-induced modification of
HIFla by the glyoxalase 1 (GLO1) substrate methylglyoxal.
Decreasing superoxide in diabetic mice by either transgenic
expression of manganese superoxide dismutase or by adminis-
tration of an superoxide dismutase mimetic corrected post-is-
chemic defects in neovascularization, oxygen delivery, and che-
mokine expression, and normalized tissue survival. In hypoxic
fibroblasts cultured in high glucose, overexpression of GLO1
prevented reduced expression of both the EPC mobilizing che-
mokine stromal cell-derived factor-1 (SDF-1) and of vascular
epidermal growth factor, which modulates growth and differen-
tiation of recruited EPCs. In hypoxic EPCs cultured in high glu-
cose, overexpression of GLO1 prevented reduced expression of
both the SDF-1 receptor CXCR4, and endothelial nitric-oxide
synthase, an enzyme essential for EPC mobilization. HIF1a
modification by methylglyoxal reduced heterodimer formation
and HIF1a binding to all relevant promoters. These results pro-
vide a basis for the rational design of new therapeutics to nor-
malize impaired ischemia-induced vasculogenesis in patients
with diabetes.

Studies in both experimental animals and humans have
shown that diabetes impairs ischemia-driven neovasculariza-
tion (1, 2). Diabetic animals have a decreased vascular density
following hind limb ischemia (3, 4) and impaired wound healing
(5). Human angiograms demonstrate fewer collateral vessels in
diabetic patients compared with non-diabetic controls (1).
Clinically, this contributes to increased rates of lower limb
amputation, heart failure, and increased mortality after ische-
mic events.
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Ischemic tissue selectively recruits endothelial progenitor
cells (EPCs)? from the bone marrow compartment by up-regu-
lating the chemokine stromal cell-derived factor-1 (SDF-1).
SDEF-1 expression acts as a signal indicating the presence of
tissue ischemia, and its expression is directly regulated by
hypoxia-inducible factor-1 (5, 6). Ischemic tissue also up-regu-
lates expression of VEGF, which modulates growth and differ-
entiation of recruited EPCs (7). Endothelial cell mobilization
from the bone marrow compartment is mediated by the SDF-1
receptor CXCR4, and endothelial nitric-oxide synthase plays an
essential role in this mobilization (8). In diabetic mice, expres-
sion of SDF-1 in peripheral wound tissue is decreased, and in
diabetic mice and humans, there is a significant decrease in
circulating EPCs (5, 9), which exhibit impaired proliferation,
adhesion, and incorporation into vascular structures (9). The
mechanisms underlying defective ischemia-induced vasculo-
genesis in diabetes remain unclear.

One common element in the different environments where
vasculogenesis is believed to occur in the presence of a hypoxic
stimulus (10). Hypoxia-inducible gene transcription is nor-
mally regulated by hypoxia-inducible factor 1 (HIF-1), a het-
erodimeric master regulator of hypoxia-inducible gene tran-
scription (11) composed of an « subunit, HIF-1e, which is labile
in the presence of oxygen, and a constitutively expressed stable
B subunit, aryl hydrocarbon receptor nuclear translocator
(ARNT). In the presence of normal oxygen concentrations,
HIF-1a is hydroxylated at two conserved proline residues,
ubiquinated, and then degraded by the proteosome. This proc-
ess is mediated by the von Hippel-Lindau tumor suppressor
protein, which binds to hydroxylated HIF-1a. When oxygen
concentration is low, hydroxylation does not occur, allowing
HIF-1a protein levels to rise. The HIF-1a/ARNT heterodimer
then binds to a consensus hypoxia response element (HRE),
where it recruits the coactivator p300/CREB-binding protein
and activates transcription. Because HIF1a regulates transcrip-
tion of SDE-1, VEGF, CXCR4, and endothelial nitric-oxide syn-
thase (eNOS) in response to hypoxia, and because the bone

3 The abbreviations used are: EPCs, endothelial progenitor cells; ARNT, aryl
hydrocarbon receptor nuclear translocator; ChIP, chromatin immunopre-
cipitation; eNOS, endothelial nitric-oxide synthase; GLO1, glyoxalase 1;
HIF1e, hypoxia-inducible factor-1a; MG, methylglyoxal; Mn-SOD, manga-
nese superoxide dismutase; ROS, reactive oxygen species; SDF1, stromal
cell-derived factor-1; VEGF, vascular endothelial growth factor; qPCR,
quantitative PCR; HRE, hypoxia response element; CREB, CAMP-response
element-binding protein; Mn-TBAP, manganese(lll) meso-tetrakis(4-car-
boxyphenyl)porphyrin; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase; WT, wild type; bHLH, basic helix loop helix.
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marrow niche is normally hypoxic, we hypothesized that a dia-
betes-induced defect in HIF1a could cause both defective cell
signaling in response to ischemia, and defective EPC response
to those signals.

Hyperglycemia increases reactive oxygen species (ROS) in
cell types affected by diabetic complications, and these ROS
initiate several complex series of molecular events that result in
diabetic tissue damage (12). In non-diabetic glutathione perox-
idase 1-deficient mice, increased ROS causes impaired revascu-
larization in the ischemic hindlimb model, accompanied by
impaired EPC mobilization and function (13). One conse-
quence of increased intracellular ROS is accumulation of the
highly reactive dicarbonyl methylglyoxal, a degradation prod-
uct formed from triose phosphates during glycolysis, which
forms stable adducts primarily with arginine residues of intra-
cellular proteins. Because high glucose and diabetes increase
angiopoietin-2 transcription in endothelial cells through meth-
ylglyoxal modification of the corepressor mSin3A (14), we fur-
ther postulated that this consequence of increased ROS affects
the HIF1-dependent expression of genes involved in ischemia-
induced vasculogenesis.

EXPERIMENTAL PROCEDURES

Murine Diabetes and Ischemia Model—Diabetes was
induced in 2—4-month old C57Bl/6 mice with streptozoto-
cin, and stable hyperglycemia was confirmed 14 days after
treatment with monitoring at regular intervals thereafter.
Age-matched non-diabetic littermates served as controls.
Three weeks after induction of diabetes, animals began daily
treatment with manganese(IIl) meso-tetrakis(4-carboxy-
phenyl)porphyrin (Mn-TBAP, 10 mg/kg per day, dissolved in
0.005 M NaOH solution) or carrier (control), which was con-
tinued for the duration of the experiments. In parallel, trans-
genic mice that overexpress Mn-SOD (Mn-SOD+/—) under-
went identical diabetes induction with similar age-matched
controls. This formed six experimental groups: non-diabetic
wild type, non-diabetic Mn-TBAP-treated, non-diabetic
Mn-SOD transgenic, diabetic wild type, diabetic Mn-TBAP-
treated, and diabetic Mn-SOD transgenics. After 4 weeks of
diabetes, all animals were used in the mouse ischemia model
as previously described in full accordance with the New York
University Institutional Animal Care and Use Committee.
Briefly, a peninsular shaped incision was made on the dor-
sum of mice, generating a reproducible gradient of soft tissue
ischemia (6, 9). Over the course of 14 days, gene expression,
blood flow, tissue oxygenation, mobilization, and recruit-
ment of endothelial progenitors, tissue viability, and neovas-
cularization were assessed. Mouse blood glucose was deter-
mined by testing 5 ul of tail vein blood using a One Touch
Blood Glucose monitoring system (Life Scan, Johnson and
Johnson).

Tissue Perfusion, Oxygen Tension Measurements, and
Viability—Blood flow and tissue oxygenation was determined
as described previously on postoperative days 7 and 14 (9). An
optical fiber probe (100-um radius, Oxford Optronix) matched
with a thermocoupler was directly inserted into tissue, allowing
for continuous temperature-compensated oxygen tension
measurements (10 values/s). The probe was positioned at each
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of four reference points (points 1-4) for 60 s, generating an
average of 600 values per trial. Perfusion was measured with
color laser Doppler (Moor Instruments). Relative blood flow
was calculated as previously described (9). Gross tissue viability
was determined by digital imaging techniques, and the percent-
age of clinically viable tissue was calculated using the Sigma-
Scan software package.

Immunohistochemistry—Samples from each ischemic tissue
area (A—C) as well as a non-ischemic control (D) were har-
vested at regular intervals as indicated, and either snap-frozen
in liquid nitrogen or embedded in paraffin. Capillary density in
each area was determined from five nonconsecutive 10-um
sections using phosphatidylethanolamine-conjugated CD31
immunostaining (Pharmingen) as previously described (9).

Mobilization of Endothelial Progenitor Cells—On postoper-
ative day 7, the number of circulating endothelial progenitor
cells was determined by flow cytometry. Following red blood
cell lysis with ammonium chloride, whole blood was stained
with antibodies for flk-1-PE and CD11b-fluorescein isothiocya-
nate to identify endothelial progenitor cells as flk-1+/CD11b—,
as described previously (15). The mean percentage of circulat-
ing EPCs in each experimental group was calculated using four
independent experiments.

Bone Marrow Transplant Model—Following sublethal radi-
ation (gray), a group of wild type FVB mice were transplanted
with bone marrow harvested from FVB Tie2/LacZ transgenic
mice, which feature the LacZ gene driven by the endothelial-
specific Tie2 promoter. In this transplanted group, all newly
formed endothelial cells derived from the bone marrow specif-
ically express B-galactosidase, and can be used to readily iden-
tify neovascularization that proceeds via endothelial progenitor
cells during postnatal vasculogenesis (15). Following reconsti-
tution over 4 weeks, diabetes induction, treatment with Mn-
TBAP, and ischemic surgery proceeded as above. Intact tissue was
harvested and stained with the [B-galactosidase staining kit
(Roche), followed by sectioning for histologic analysis. The num-
ber of B-galactosidase positive endothelial cells in each tissue area
was enumerated in five nonconsecutive sections at X200.

Serum Enzyme-linked Immunosorbent Assay—Enzyme-
linked immunosorbent assay was performed using the human/
mouse SDF-1 and VEGF Quantikine kit according to the man-
ufacturer’s protocol (R&D). Cell culture supernatants were
used following standardization of each sample by total protein
content using the BCA Protein Assay Kit (Pierce). Results are
representative of four independent experiments.

Migration Assays—Migration was studied using a modified
transwell assay. Lin—/Sca-1+/c-kit+ (5 X 10*) were seeded
onto Chemotx filters (5.7-mm, 8-um pore, Neuro Probe) in
endothelial basal medium, 0.5% fetal bovine serum. Recombi-
nant human SDF-1B/pre-B cell growth-stimulating factor
(Sigma) was then added to the lower chamber. Following the
6-h migration period, nonmigrating cells were completely
wiped from the top surface of the membrane. Migrating cells
were quantified using Kodak One-dimensional software.
Results are indicative of four independent experiments.

In Vitro Materials—Antibodies for HIF-la (sc-10790),
VEGEF (sc-507), SDF-1 (sc-28876), Arntl (sc-17811), Gal4-DBD
(sc-577), CXCR4 (sc-9046), B-actin (sc-10731, sc-8432), Flt-1
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(sc-316), eNOS (sc-653), and Flk-1 (sc-504) were purchased
from Santa Cruz Biotechnology. A monoclonal antibody to the
major intracellular methylglyoxal-derived epitope, N-acetyl-N-
(5-hydro-5-methyl)-4-imidazolone (MG), was previously gen-
erated and characterized by our laboratory (by M. B.). Primary
fibroblasts were collected from dorsal skins of either diabetic or
wild type mice and maintained in Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum and antibiotics. Cells were
treated with LG (5 mMm glucose), HG (30 mm glucose), or HG for
3 days after a 24-h infection with adGLO1. 30 mM L-glucose was
used as a negative control. Hypoxia was induced for 18 h prior
to analysis in a hypoxic chamber in which O, was removed by
flushing with 95% CO,, plus 5% N, gas for 15 min. Primary bone
marrow cells were collected from the tibia from either diabetic
or wild type mice, and maintained in endothelial basal medium
with supplements of hydrocortisone, endothelial growth factor,
and 10% fetal calf serum on fibronectin/gelatin-coated dishes.
The media was refreshed every day for 3 days, and then the
cells were stimulated with human recombinant VEGF for 2
days as described previously (16). The adherent cells were
characterized by washing with medium and incubating with
2.4 ug/ml 1,1'-dioctadecyl-3,3,3",3’-tetramethylindocarbo-
cyanine-labeled acetylated low deinsity lipoprotein (Dil-Ac-
LDL; Biomedical Technologies Inc., MA) for 1 h. Cells were
fixed in 2% paraformaldehyde and counterstained with fluores-
cein isothiocyanate-labeled lectin from Ulex europaeus
(Sigma). Double positive staining cells were considered to be
EPCs (16). Animal protocols used for these experiments were
approved by the Albert Einstein College of Medicine Institu-
tional Animal Care and Use Committee.

Plasmids—For construction of luciferase reporters, murine
genomic DNA was purified from primary fibroblasts by DNeasy
Tissue Kit (Qiagen), and the Sdf-1, Vegf, and Cxcr4 promoters
were amplified by PCR. Restriction sites for Xhol and HindIII
were introduced, and the fragments were then subcloned into
pGL3 basic vector (Promega). For mapping of the HIF-1a-MG
modification sites, the murine HIF-1a full-length ¢cDNA or
indicated deletions were generated by PCR methods, and the
fragments were subcloned into pM vector (Clontech) by intro-
duction of EcoRI and BamHI restriction sites. The indicated
single point mutations were generated using the Site-directed
Mutagenesis Kit from Promega (Madison, WI). All constructs
were verified by sequencing. Detailed information regarding
each construct is available upon request. Plasmid DNA was
transfected with Lipofectamine™ Reagent (Invitrogen).
Luciferase activity assays were carried out using the Dual-
Luciferase™ Assay System (Promega) and transfection effi-
ciencies were normalized using a cotransfected Renilla plas-
mid. Nuclear extracts were prepared using the NE-PER Nuclear
and Cytoplasmic Extraction Reagents Kit (Pierce). Protein con-
centration was measured by the Coomassie Protein Assay Kit
(Pierce) using bovine serum albumin as a standard.

Immunoprecipitation (IP) and Western Blotting—Cell lysates
or nuclear extracts were cleared by preimmune IgG plus Pro-
tein A-agarose beads for 2 h, and the supernatants were immu-
noprecipitated by the indicated antibodies and a 50% slurry of
Protein A-agarose beads overnight at 4 °C. After washing with
buffer containing 50 mm Tris, pH 7.5, 150 mm NaCl, 1% Non-
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idet P-40, and 0.5% deoxycholate with protease inhibitors, pro-
teins were released and separated on 10% SDS-PAGE gels. After
transfer to membranes, the blots were simultaneously incu-
bated with the differentially labeled species-specific secondary
antibodies, anti-rabbit IRDye™ 800CW (green) and anti-
mouse Alexa 680 (red). Membranes were scanned and quanti-
tated by the ODYSSEY Infrared Imaging System (LI-COR, NE)
and normalized to B-actin.

Chromatin Immunoprecipitation (ChIP)—Treated cells were
cross-linked by 1% formaldehyde for 20 min, and terminated by
addition of 0.1 M glycine. Cell lysates were sonicated and cen-
trifuged. 500 g of protein were pre-cleared by bovine serum
albumin/salmon sperm DNA plus preimmune IgG and a slurry
of Protein A-agarose beads as previously described (17). Immu-
noprecipitations were performed with the indicated antibodies,
bovine serum albumin/salmon sperm DNA, and a 50% slurry of
Protein A-agarose beads. Input and immunoprecipitated DNA
were washed and eluted, then incubated 2 h at 42 °C in the
presence of Proteinase K followed by 6 h at 65 °C to reverse the
formaldehyde cross-linking. DNA fragments were recovered by
phenol/chloroform extraction and ethanol precipitation. A
150-bp fragment from the murine Sdf-1, Vegf, Cxcr4, and eNos
promoters were amplified by real-time PCR (qPCR).

Reverse Transcriptase Reaction and Real-time Quantitative
PCR—Total RNA from treated cells was extracted using the
RNeasy Mini Kit (Qiagen), and the mRNA from ischemic flaps
and normal skin was isolated using an RNeasy® Fibrous Tissue
Midi Kit (Qiagen, CA). Either the entire peninsular skin flap
(ischemic tissue) or a corresponding 1.25 X 2.5-cm segment of
skin and soft tissue was harvested and immersed in 2 ml of RLT
buffer with 3-mercaptoethanol and immediately homogenized
and disrupted with a Polytron PT 10-35 (Brinkmann). Total
RNA was then isolated per the manufacturer’s instructions.
The mRNA was reverse transcribed by the SuperScript™ III
First Strand Synthesis System (Invitrogen). Real-time quantita-
tive PCR (qPCR) was run on a LightCycler (Roche Molecular
Systems) with the LightCycler FastStart DNA Master SYBR
Green I kit (Roche). PCR was performed by denaturing at 95 °C
for 7 min, followed by 45 cycles of denaturation at 95 °C,
annealing at 60 °C, and extension at 72 °C for 10 s, respectively.
1 ul of each cDNA was used to measure target genes, and the
results were normalized to B-actin or GAPDH.

Measurement of Reactive Oxygen Species—The levels of
superoxide production in primitive bone marrow progenitor
cells was determined preoperatively and 14 days following sur-
gery. Bone marrow cells were flushed from the lower extremity
long bones with phosphate-buffered saline, 10% fetal calf
serum, and lineage depleted using MACS magnetic beads
according to the manufacturer’s protocol. Lineage-depleted
bone marrow was then stained with dihydroethidium (Molec-
ular Probes), c-kit, and Sca-1 antibodies and mean dihydro-
ethidium fluorescence in the Lin—ckit+Sca-1+ population
was determined by flow cytometry.

Statistical Analysis—Results are given as mean * S.D. All
experiments were performed at least in triplicate. Data distri-
bution was analyzed, and statistical differences for different
treatments were evaluated by analysis of variance and the
Tukey-Kramer test using SPSS 15 software.
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FIGURE 1. Impaired ischemia-induced vasculogenesis in diabetic mice is corrected both by transgenic expression of Mn-SOD and by superoxide
dismutase mimetic treatment. g, survival of ischemic tissue assessed at 14-21 days following surgery in wild type, wild type diabetic (572), diabetic
transgenic Mn-SOD (STZ.SOD), and wild type diabetic mice treated with an SOD mimetic (STZ.TBAP). b and ¢, capillary density (b, *, p < 0.001) and relative blood
flow quantified by color laser Doppler (c, *, p < 0.01) 14 days following ischemic surgery. d, tissue oxygen tension in normal non-ischemic tissue (N/) compared
with tissue 7 days following ischemic surgery in each experimental group (¥, p < 0.01). e, mobilization of flk—,+1/CD11b-endothelial progenitor cells 7 days
following surgery determined by flow cytometry. f, using bone marrow transplantation, the number of lacZ+ bone marrow-derived endothelial cells recruited
to new blood vessels after ischemic injury were compared between WT, STZ, and STZ-TBAP mice. *, p < 0.005; **, p < 0.01. Data are expressed as mean = S.E.,

n=3.

RESULTS

Decreasing Intracellular Superoxide Corrects Defective Isch-
emia-induced New Vessel Formation in Diabetic Mice—We
first determined that the most general mechanism underly-
ing our more specific hypothesis, diabetes-induced superox-
ide production, played a central role in the diabetes defect in
ischemia-induced neovascularization, using a previously
characterized murine model of soft tissue ischemia. Diabetic
mice exhibited a significant impairment in ischemia-in-
duced neovascularization compared with non-diabetic con-
trols, resulting in necrosis of the ischemic soft tissue (Fig. 14,
upper panels). We evaluated the possible role of diabetes-in-
duced intracellular superoxide formation in defective ischemi-
a-induced neovascularization by using two complementary
murine models: diabetic transgenic mice overexpressing man-
ganese superoxide dismutase, the mitochondrial isoform of this
enzyme, and diabetic WT mice treated with a cell-permeable
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superoxide dismutase/catalase mimetic, Mn-TBAP. There was
no effect of either the Mn-SOD transgene or Mn-TBAP treat-
ment on blood glucose levels in diabetic mice (WT diabetic =
474 + 23 mg/dl, Mn-SOD diabetic = 439 + 15 mg/dl, Mn-
TBAP diabetic = 508 + 15 mg/dl). In both of these diabetic
models, the ischemic soft tissue healed normally (Fig. 1a, lower
panels), and the 70% reduction in ischemic tissue capillary den-
sity induced by diabetes was prevented (Fig. 1). Similarly, the
50% reduction in perfusion of the ischemic tissue (Fig. 1c) and
the resultant decrease in oxygen delivery to the ischemic tissue
were also normalized (Fig. 1d). Thus, diabetes-induced over-
production of superoxide plays a central role in the pathogen-
esis of impaired ischemia-induced neovascularization in this
disease.

Because humans with diabetes have dramatically reduced
levels of circulating EPCs (6), we next determined the level of
circulating EPCs mobilized from the bone marrow following an
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FIGURE 2. Hypoxia-induced SDF-1 and VEGF expression in fibroblasts was reduced in hyperglycemia. a and b, mRNA levels of SDF1 (a) and VEGF (b) from
skin in wild type, wild type diabetic (ST7Z), and wild type diabetic mice treated with an SOD mimetic (Mn-TBAP). *, p < 0.05 versus WT normoxia group. ¢ and d,
protein levels in serum of SDF-1 (c) and VEGF (d). *, p < 0.05 versus WT group. e, primary fibroblasts isolated from dorsal skin of wild type mice were transfected
with SDF-1Luc or VEGFLuc, and incubated under hypoxic conditions in either low glucose (LG), high glucose (HG), or high glucose following infection with
adGLO1 (HG/GLOT). Cell lysates were prepared and luciferase activity determined. *, p < 0.01 versus LG group. f, cell lysates were prepared from primary mouse
dorsal skin fibroblasts treated as in e, and protein levels of SDF-1 and VEGF were determined by Western blotting and quantitated using the ODYSSEY infrared
imaging system. *, p < 0.01 versus LG group. Data are expressed as mean = S.E, n = 3.

ischemic injury in diabetic mice, diabetic Mn-SOD transgenic
mice, and diabetic mice treated with Mn-TBAP (Fig. le). Dia-
betes dramatically reduced the level of mobilized EPCs, to only
12% of levels observed in non-diabetic mice. Notably, this
decrease was not attributable to fewer progenitor cells in the
bone marrow compartment of diabetic mice, as the number of
Lin—/Sca-1+/c-Kit+ progenitor cells (18, 19) from both non-
diabetic and diabetic mice was not statistically different. Trans-
genic expression of Mn-SOD in diabetic mice increased the
level of mobilized EPCs to 63% of non-diabetic levels, whereas
treatment of diabetics with a SOD mimetic increased the num-
ber to 58% of non-diabetic levels. To confirm that the diabetes-
induced reduction in mobilized EPCs resulted from a failure to
recruit bone marrow-derived EPCs to the site of ischemia, we
utilized a transplant model in which bone marrow harvested
from Tie-2/LacZ mice was transplanted into wild type mice (15,
20). In this model, endothelial cells derived from bone marrow
progenitor cells during neovascularization stain (3-galactosid-
ase positive. Because the effect of Mn-SOD overexpression and
Mn-TBAP treatment were identical (Fig. 1, a—e), in this exper-
iment and mouse experiments that followed, only Mn-TBAP-
treated diabetic mice were used. Following reconstitution and
induction of diabetes, animals underwent ischemic surgery.
Prior to surgery, there was no difference in capillary density of
diabetics compared with non-diabetics, nor in transplanted
diabetics compared with transplanted non-diabetics. However,
after surgery, diabetic animals had a greater than 50% reduction
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in the number of lacZ positive cells recruited to the ischemic
tissue (Fig. 1f). In contrast, the number of lacZ positive cells
recruited in diabetic animals treated with Mn-TBAP was
increased 2.2-fold over untreated diabetics, to 77% that
observed in non-diabetic mice.

The observed failure of diabetic animals to mobilize and
recruit reparative progenitor cells in a peripheral wound model
reflects both a failure of the ischemic tissue to generate appro-
priate levels of at least one chemokine signal, SDF-1q, and a
failure of progenitor cells to respond to ischemia-specific sig-
nals due in part to a decrease in eNOS activation (5). In our
ischemic flap model, diabetic mice showed a significantly
blunted up-regulation of SDF-1 mRNA in the ischemic skin flap
compared with skin from non-diabetic mice (Fig. 2a). Treat-
ment of diabetic mice with the SOD mimetic Mn-TBAP
restored SDF-1 mRNA levels in the ischemic skin flap to nor-
mal (Fig. 2a). VEGF is also thought to mobilize EPCs, and to act
locally to modulate growth and differentiation of recruited
EPCs (15). In our ischemic flap model, diabetic mice also
showed a significantly blunted up-regulation of VEGF mRNA
in the ischemic skin flap compared with skin from non-diabetic
mice (Fig. 2b). Treatment of diabetic mice with the SOD
mimetic Mn-TBAP restored VEGF mRNA levels in the ische-
mic skin flap to normal (Fig. 2b). Serum levels of SDF1 and
VEGF were both significantly reduced 7 days after ischemic
surgery, when progenitor mobilization typically begins to peak
(15) (Fig. 2, c and d). As with skin mRNA levels, reduced serum
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legend to Fig. 2e. The extracts were immunoprecipitated (/P) with HIF-1a rabbit antibody and then immuno-
blotted (/B) with either HIF-1« antibody, or a monoclonal antibody to the major intracellular methylglyoxal-
derived epitope, Na-acetyl-N&-(5-hydro-5-methyl)-4-imidazolone (MG). b, quantitation of methylgloxal mod-
ification of HIF1-a in a. ¢, amino acid sequence of the murine HIF-1a bHLH domain (AA1-71). Potential
MG-reactive arginine and lysine residues are indicated in red and blue, respectively. d, primary mouse dermal
fibroblasts were transfected with either full-length GAL4 murine HIF-1« (LG and HG), GAL4 murine HIF-1a with
a R17Q point mutation, GAL4 murine HIF-1a with a R23Q point mutation, GAL4 murine HIF-1a with a R27Q
point mutation, or GAL4 murine HIF-1a with both R17Q and R23Q point mutations, and incubated under
hypoxic conditions. IP-Western blotting using a Gal4-binding domain rabbit antibody and a monoclonal anti-
body to the major methylglyoxal-derived epitope was performed as described above. e, quantitation of MG
modification of HIF1« in d. *, p < 0.01 versus LG group. Data are expressed as mean = S.E., n = 3.

levels of SDF-1 and VEGEF in diabetic mice were both restored
to normal by treatment of diabetic mice with Mn-TBAP (Fig. 2,
cand d).

Superoxide-induced Methylglyoxal Modification of HIF-1c
by High Glucose Causes Defective Fibroblast Signaling in
Response to Hypoxia—To understand the molecular mecha-
nisms by which diabetes-induced overproduction of superox-
ide reduced serum levels of SDF-1 and VEGF, we examined the
effect of hyperglycemia on both SDF-1 and VEGF mRNA
expression and on secreted protein levels in hypoxic mouse
fibroblasts. Fibroblasts were chosen because primary fibro-
blasts can be easily isolated from murine and human biopsies,
and have been the major cell type studied in published HIF-1
research.

Because one significant downstream consequence of hyper-
glycemia-induced superoxide production is an increase in the
intracellular concentration of the highly reactive dicarbonyl
methylglyoxal, which can covalently modify intracellular pro-
teins and alter their function (12, 21), we also examined the
effect of reducing intracellular methylglyoxal concentrations by
glyoxalase 1 overexpression (GLO1) on SDF-1 and VEGF
expression in hyperglycemic mouse fibroblasts exposed to
hypoxia (Fig. 2, ¢ and d). Hyperglycemia reduced luciferase
reporter expression of both SDF-1 (49%) and VEGF (by 37%) in
hypoxic fibroblasts (Fig. 2e). These reductions were completely
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tion factor HIF-1, we hypothesized
that hyperglycemia-induced methyl-
glyoxal modification was interfering
with some aspect of HIF-1 function.
Under hyperglycemic conditions at
hypoxic oxygen levels, we found a 1.9-
fold increase in modification of
HIF-1la protein by methylglyoxal,
which was prevented by GLO1 over-
expression (Fig. 3, 2 and b). ARNT1
was not modified by methylglyoxal
(data not shown).

HIF-1a is a member of the basic
helix-loop-helix Per/Arnt/Sim (PAS) family, and contains an
N-terminal bHLH domain, and a PAS domain, followed by an
N-terminal and a C-terminal transactivation domain. Gal4
HIF-1a constructs were made in which each of these domains
was deleted, and only the bHLH domain (residues 1-71)
showed increased hyperglycemia-induced modification by
methylglyoxal (data not shown). Although methylglyoxal reacts
primarily with Arg residues in vivo to form the major methylg-
lyoxal-derived epitope hydroimidazolone MG-H1 (Na-acetyl-
N6-(5-hydro-5-methyl)-4-imidazolone) (21), Lys residues in
proteins can also be modified (22, 23). We therefore evaluated
the possible role of each Arg and Lys residue in the bHLH
domain of HIF-1a (Fig. 3c¢) by making point mutants in the
bHLH domain that converted each of the 14 residues to gluta-
mine. Mutation of Arg-17 dramatically reduced hyperglyce-
mia-induced methylglyoxal modification of HIF-1a, mutation
of Arg-27 did not, whereas mutation of Arg-23 completely pre-
vented hyperglycemia-induced methylglyoxal modification of
HIFla (Fig. 3, d and e).

The bHLH domain of HIF-1« affects function in two ways: it
is critical for heterodimer formation with ARNT, and it is also
critical for heterodimer binding to the HRE (24). Hyperglyce-
mia reduced heterodimer formation of HIF-1a with ARNT to
37% of control (Fig. 4, a and b). This defect was prevented by
GLO1 overexpression. Similarly, hyperglycemia reduced

JOURNAL OF BIOLOGICAL CHEMISTRY 10935



Superoxide and Impaired Vasculogenesis

(2]

a IP: HIF1a
IB: HIF1a— e ——

IB: ARNT1—
INPUT: B-actin— |

180 ¢

0OLG mHG @ HGGLO1

100

50

qPCR for promoters after
HIF1a ChiP (Arbitrary Units)

N
(o}
@
o L0 0
VR R 0
b 150 d L LG m HG m HEGLMM
a " =]

OLG mHG @ HG/GLO1 _
5 5 £
ig I I 53

£ £ 100 | g2 100
85 gL
3 =
e E £
5§ * g2
S Sa

s S0 26 @
o
§ -
LT

0 0

HIF1a ARNT1 VEGF

FIGURE 4. Hyperglycemia-induced methylglyoxal modification of HIF-1« reduces HIF-1 heterodimer
formation and HIF-1« binding to the SDF-1 and VEGF promoters in hypoxic mouse dermal fibroblasts.
a, nuclear extracts from hypoxic fibroblasts treated as indicated were isolated, immunoprecipitated (/P) with
HIF-1« rabbit antibody, and immunoblotted (/B) with ARNT1 mouse antibody. 10% of nuclear extracts were
immunoblotted with B-actin antibody as input control. The membrane was scanned and quantitated by the
ODYSSEY Infrared Imaging System. b, quantitation of association of HIF1-a with ARNT1 in a. c and d, soluble
chromatin was prepared from hypoxic fibroblasts treated as indicated and chromosomal immunoprecipita-
tion was performed using antibody to HIF-1«. The DNA extracted from the respective immunoprecipitates was
amplified by real-time PCR (gPCR) using primers that cover the SDF-1 (c) and VEGF promoters (d), respectively.
*,p < 0.01 versus LG group. Data are expressed as mean £ S.E, n = 3.
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FIGURE 5. Hyperglycemia-induced methylglyoxal modification of HIF-1a reduces CXCR4 expression in
bone marrow-derived endothelial progenitor cells. g, SDF-1 induced migration of Lin—/Sca-1+/c-Kit+
bone marrow progenitor cells harvested from WT, wild type diabetic (572), and wild type diabetic mice treated
with an SOD mimetic (STZ.TBAP) (¥, p < 0.01 vs. WT group; 1, p < 0.05 vs. STZ group). b-d, bone marrow-derived
murine EPCs were incubated in LG, HG, or HG after infection with ad-GLO1 (HG/GLO1) under hypoxic condi-
tions. Treated cells were harvested and HIF-1« binding to the CXCR4 promoter was analyzed by ChIP (b), CXCR4
expression was analyzed using a CXCR4 Luc reporter (c) and by gPCR quantitation of CXCR4 mRNA (d). CXCR4
protein levels were measured by Western blotting using the ODYSSEY infrared imaging system (e). *, p < 0.01
versus LG group. Data are expressed as mean = S.E., n = 3.

HIF-1a binding to the HRE-containing regions of both the
SDE-1 (Fig. 4¢) and the VEGF promoters (Fig. 4d). Together,
these data show that hyperglycemia reduces the HIF-1-depend-
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ent transcription of SDF-1 and
VEGF in response to hypoxia by
methylgloxal modification of Arg'”
and Arg?® in the bHLH domain of
HIF-1c.

Superoxide-induced — Methylg-
lyoxal Modification of HIFla by
High Glucose in EPCs Causes Defec-
tive Transcription of the SDFI
Receptor and eNOS in Response to
Hypoxia—After determining that
hyperglycemia-induced methylg-
lyoxal accumulation reduced the
ability of ischemic tissue to generate
appropriate levels of chemokine and
growth factor signals, we next eval-
uated the effects of hyperglycemia
on the ability of endothelial progen-
itor cells to respond to the ischemia-
specific mobilizing signal SDEF-1.
Previous work has demonstrated
that circulating progenitor cells
from diabetic patients are function-
ally impaired (6). We first examined
primitive Lin—/Sca-1+/c-Kit+
bone marrow progenitor cells from
diabetic animals (19) and found a
40% increase in ROS compared with
wild type animals (data not shown).
In vitro, bone marrow progenitor
cells from diabetic mice showed a
marked impairment in their ability
to migrate toward an SDF-1 gradi-
ent compared with non-diabetic
controls (Fig. 5a), indicating that
even in the presence of saturating
amounts of this ischemia-specific
EPC mobilizing chemokine, dia-
betic progenitor cells are intrinsi-
cally impaired. Progenitor cells
from diabetic mice treated with Mn-
TBAP had almost twice the migratory
response of cells from untreated dia-
betic mice. Because expression of
CXCR4, the SDF-1 receptor on EPCs,
is also regulated by HIF-1, we then
evaluated the effect of hyperglycemia-
induced methylglyoxal modification
of HIF-la on CXCR4 expression.
ChIP at the HRE of the Cxcr4 pro-
moter using DNA isolated from
hypoxic EPCs showed that hypergly-
cemia decreased HIF-1a binding to
the Cxcr4 promoter by 50% (Fig. 5b).
This was associated with a 50%

decrease in CXCR4 reporter activity (Fig. 5¢), mRNA (Fig. 5d), and
protein level (Fig. 5e). Each of these effects of hyperglycemia was
prevented by GLO1 overexpression (Fig. 5, b—e).
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FIGURE 6. Hyperglycemia-induced methylglyoxal modification of HIF-1a reduces eNOS expression in
bone marrow-derived endothelial progenitor cells. Bone marrow-derived murine EPCs were incubated in
LG, HG, or HG after infection with ad GLO1 (HG/GLO1) under hypoxic conditions. a, nuclear extracts isolated
from the above treated EPCs were immunoprecipitated (/P) with HIF-1« rabbit antibody and then immuno-
blotted (/B) with either HIF-1a antibody or a monoclonal antibody to the major intracellular methylglyoxal-
derived epitope, Na-acetyl-N&-(5-hydro-5-methyl)-4-imidazolone (MG). 10% of nuclear extracts were immu-
noblotted with B-actin antibody as input control. b, quantitation of methylglyoxal modification of HIF-1« in
EPCs. ¢, HIF-1a binding to the eNOS promoter was analyzed by ChlP. d, treated cells were harvested and eNOS
mRNA level was analyzed by real time gPCR. e, eNOS protein levels were measured by Western blotting using
the ODYSSEY infrared imaging system. *, p < 0.05 versus LG group. Data are expressed as mean = S.E, n = 3.

b

eNOS plays an essential role in
EPC mobilization in a model of
hindlimb ischemia and diabetic
wound healing (5, 8). We previously
reported that in normal oxygen,
high glucose reduced eNOS activity
by post-translational modification
with O-linked N-acetylglucosamine
at the Akt phosphorylation site (25).
Gallagher et al. (5) found a similar
decrease in eNOS phosphorylation
at the Akt site in EPCs from diabetic
mouse bone marrow, but did not
investigate the effect of high glucose
on eNOS expression during
hypoxia. Because mouse eNOS, like
human eNOS (26), contains an HRE
element in the promoter (Ensembl
Transcript ID ENST00000297494),
we next evaluated the effect of
hyperglycemia-induced —methylg-
lyoxal modification of HIF-1a on
eNOS expression in response to
hypoxia. HIF-la modification by
methylglyoxal was increased by
hyperglycemia (Fig. 6, a and b).
Concomitant ChIP at the HRE of
the eNOS promoter using DNA iso-
lated from hypoxic EPCs showed
that  hyperglycemia  decreased
HIF-1a binding to the eNos pro-
moter by 68% (Fig. 6¢). This was
associated with a 41% decrease in
eNos mRNA (Fig. 6d), and a 47%
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FIGURE 7. Model of ischemia-induced neovascularization in normal and high glucose. g, in the presence of normal glucose concentrations, ischemia-
stabilized HIF 1« forms heterodimers with ARNT1. These bind to HRE and activate expression of genes required for neovascularization. b, high glucose-induced
MG modifies HIF 1, inhibiting heterodimer formation and binding to the HREs of genes required for neovascularization.
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decrease in protein level (Fig. 6¢). Each of these effects of hyper-
glycemia was prevented by GLO1 overexpression (Fig. 6, a—e).
Together, these data indicate that hyperglycemia reduces
hypoxic EPC CXCR4 and eNOS expression due to HIF-1o
modification by methylglyoxal.

DISCUSSION

In the present study, we describe a shared molecular mech-
anism by which diabetic levels of high glucose reduce expres-
sion of genes critical to both the efferent and afferent limbs of
ischemia-induced vasculogenesis: covalent modification of
HIF1a by the glycolysis-derived metabolite dicarbonyl metab-
olite methylglyoxal (shown schematically in Fig. 7). Methylg-
lyoxal levels increase in response to high levels of intracellular
glucose because hyperglycemia causes an overproduction of
superoxide by the mitochondrial electron transport system.
This leads to activation of the nuclear enzyme poly(ADP-ri-
bose) polymerase and subsequent inhibition of the glycolytic
enzyme GAPDH by poly(ADP-ribosyl)ation. With GAPDH
inhibited, the upstream triose phosphate glycolytic metabolites
accumulate, producing more methylglyoxal (12).

We demonstrate that in hypoxic mouse fibroblasts, hyper-
glycemia causes increased modification of HIF1a at Arg-17 and
Arg-23 of the bHLH domain, which reduces both heterodimer
formation with ARNT and HIF1 binding to the promoters of
Sdf1 and Vegf. In hypoxic mouse EPCs, the same HIF1o modi-
fication reduces binding to the Cxcr4 and eNos promoters. This
HIF1a defect causes decreased mRNA and protein levels of all
four gene products. Because eNOS activity in EPCs, which is
critical for EPC mobilization, is reduced by two downstream
consequences of hyperglycemia-induced ROS formation-in-
creased methylglyoxal formation and increased flux through
the hexosamine pathway (5, 12), we tested our hypothesis in vivo
using Mn-SOD transgenic diabetic mice, and Mn-TBAP-treated
mice, to prevent hyperglycemia-induced ROS. Both of these inter-
ventions prevented diabetes-induced post-ischemic defects in
neovascularization, oxygen delivery, and chemokine expression,
and normalized tissue survival. Because transgenic changes in
gene expression during development could, in theory, cause com-
pensatory changes that affect the adult phenotype, it is important
to note that treatment of adult diabetic mice with an SOD mimetic
had qualitatively identical effects on ischemia-induced vasculo-
genesis. Modification of transcription factor function by post-
transcriptional modification has been well described. Of particular
interest in the context of diabetes is modification by O-linked
N-acetylglucosamine (27, 28). Modification of coregulatory pro-
teins has also been described, including both coactivators (29, 30)
and the corepressor mSin3A (14). The latter is particularly ger-
mane to diabetes, because hyperglycemia-induced ROS cause
increased methylglyoxal modification of mSin3A, with resultant
alterations in function. Our finding that hyperglycemia-induced
superoxide decreases HIF-1 function by increasing HIF-1a modi-
fication by the glucose-derived a-oxoaldehyde methylglyoxal has
important clinical implications. Because decreased HIF-1 function
impairs both ischemic cell signaling and the bone marrow-derived
endothelial cell precursor response, impaired vasculogenesis in
people with diabetes contributes to increased mortality rates after
myocardial infarction, and increased rates of lower limb amputa-
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tion. Thus, the dramatic improvement of ischemic tissue revascu-
larization and survival in diabetic animal models by transgenically
expressed SOD and SOD mimetics has great relevance for drug
design and future clinical trials.
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