Lo L

P

2N

The molecular basis for impaired hypoxia-induced
VEGF expression in diabetic tissues

Hariharan Thangarajah?', Dachun Yao®, Edward I. Chang?, Yubin Shi?, Leila Jazayeri?, Ivan N. Vial®, Robert D. Galiano?,
Xue-Liang DuP, Raymon Grogan?, Michael G. Galvez?, Michael Januszyk?, Michael Brownlee®2,

and Geoffrey C. Gurtner?2:3

aDepartment of Surgery, Stanford University School of Medicine, 257 Campus Drive, GK-201, Stanford, CA 94305 and PDepartment of Medicine, Albert

Einstein College of Medicine, 1300 Morris Park Avenue, F-531, Bronx, NY 10461

Communicated by Paul Berg, Stanford University School of Medicine, Stanford, CA, June 15, 2009 (received for review March 22, 2009)

Diabetes is associated with poor outcomes following acute vascu-
lar occlusive events. This results in part from a failure to form
adequate compensatory microvasculature in response to ischemia.
Since vascular endothelial growth factor (VEGF) is an essential
mediator of neovascularization, we examined whether hypoxic
up-regulation of VEGF was impaired in diabetes. Both fibroblasts
isolated from type 2 diabetic patients, and normal fibroblasts
exposed chronically to high glucose, were defective in their capac-
ity to up-regulate VEGF in response to hypoxia. In vivo, diabetic
animals demonstrated an impaired ability to increase VEGF pro-
duction in response to soft tissue ischemia. This resulted from a
high glucose-induced decrease in transactivation by the transcrip-
tion factor hypoxia-inducible factor-1« (HIF-1a), which mediates
hypoxia-stimulated VEGF expression. Decreased HIF-1« functional
activity was specifically caused by impaired HIF-1a binding to the
coactivator p300. We identify covalent modification of p300 by the
dicarbonyl metabolite methylglyoxal as being responsible for this
decreased association. Administration of deferoxamine abrogated
methylglyoxal conjugation, normalizing both HIF-1a/p300 interac-
tion and transactivation by HIF-1a. In diabetic mice, deferoxamine
promoted neovascularization and enhanced wound healing. These
findings define molecular defects that underlie impaired VEGF
production in diabetic tissues and offer a promising direction for
therapeutic intervention.

deferoxamine | HIF-1 | hyperglycemia | ischemia

Vascular complications resulting from diabetes represent a
significant public health burden (1). Over 40% of patients
hospitalized with acute myocardial infarction have clinical dia-
betes, and another 35% exhibit impaired glucose tolerance (2).
In the coronary circulation, impaired collateral vessel formation
in diabetic hearts has been attributed to deficient ischemia-
induced neovascularization (3, 4). Similarly, diabetic foot ulcers
heal poorly as a result of impaired new vessel formation in
response to tissue ischemia. At the cellular level, hypoxia induces
expression of several angiogenic genes, most notably vascular
endothelial growth factor (VEGF) (5). Existing evidence sug-
gests that diabetes attenuates VEGF production, and diminished
levels of VEGF have been observed in the myocardial tissue of
diabetic patients (6, 7). VEGF levels are also reduced in diabetic
animal models of wound repair (8). Despite its importance in
blood vessel formation, the precise molecular mechanism re-
sponsible for VEGF insufficiency in diabetic tissue remains
unknown.

In the setting of hypoxia, VEGF expression is directly con-
trolled by the transcription factor hypoxia-inducible factor-1
(HIF-1), a master regulator of oxygen homeostasis that works to
restore blood flow to ischemic regions (illustrated in Fig. S1) (9).
Active HIF-1 is a heterodimer consisting of a hypoxia-stabilized
a-subunit (HIF-1«) and a constitutively expressed B-subunit
(HIF-1B). Under hypoxic conditions, stabilized HIF-1« trans-
locates to the nucleus, dimerizes with HIF-18, and binds to a
conserved and defined hypoxia response element (5'-RCGTG-
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3") present on a cascade of genes that work to enhance oxygen
delivery (10). Recruitment of the coactivator protein p300 to the
bound HIF-1 complex leads to transactivation of HIF-1-
responsive genes (10).

In the present study, we investigated the molecular basis for
impaired hypoxia-induced VEGF expression in diabetic tissues.
Existing evidence suggests that hyperglycemia-mediated over-
production of superoxide by the mitochondrial electron trans-
port system, with accumulation of glycolytic metabolites, is the
common mechanism underlying the major pathways that pro-
duce diabetic complications (11). One of these metabolites is
methylglyoxal, a degradation product of triose phosphates that
forms stable adducts with intracellular proteins. We demonstrate
that high glucose-induced methylglyoxal modifies the coactivator
p300, which attenuates association of p300 with HIF-1« and
prevents HIF-1-mediated gene transactivation. We also show
that increased free iron (which has been associated with hyper-
glycemia) catalyzes the formation of reactive oxygen species
(ROS) and methylglyoxal, with use of the iron chelator defer-
oxamine (DFO) attenuating ROS and methylglyoxal production
in cells exposed to high glucose (12, 13). This results in decreased
modification of p300 by methylglyoxal, correction of the high
glucose-induced impairment in HIF-1a/p300 association, and
normalization of the hypoxic response. In diabetic mice, topical
application of DFO normalized healing of humanized wounds
(14). Together, these data provide a molecular explanation for
poor new blood vessel formation in diabetes, and offer a
promising direction for the treatment of diabetic wounds.

Results

Cells from Diabetic Patients Do Not Up-Regulate VEGF During Hypoxia.
We evaluated the capacity of fibroblasts obtained from diabetic
patients to up-regulate VEGF production in response to hyp-
oxia. Dermal fibroblasts were isolated from type 2 diabetics and
age-matched nondiabetic patients with vascular disease under-
going upper and lower extremity amputations. Fibroblasts from
nondiabetic subjects up-regulated VEGF protein levels 2.2-fold
in response to hypoxia (Fig. 14). In contrast, fibroblasts isolated
from diabetic patients were unable to demonstrate a significant
increase in VEGF production (P = 0.09).

On the basis of the above observations, we proceeded to
evaluate whether cellular exposure to a high glucose environ-
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Fig. 1. Diabetes and prolonged exposure to high glucose impair hypoxic
induction of VEGF expression. Cells were placed in hypoxia (0.5% O,) or
normoxia (21% O3), and levels of VEGF secretion were measured by ELISA. (A)
Dermal fibroblasts isolated from diabetic patients produced less VEGF. (B)
Fibroblasts from normal human foreskins were cultured chronically (4 weeks)
in low glucose (LG) or high glucose (HG). VEGF protein expression was signif-
icantly attenuated in cells grown in HG and exposed to hypoxia. (C) Schematic
depicting murine ischemic model used. Tissue oxygen tensions are highest in
the most proximal (cranial) part of the tissue bed [A] and decrease in a
gradient to the most distal (caudal) part [C]. (D) VEGF levels in ischemic skin
segments of normal mice measured 24 and 72 h after ischemic induction. (E)
VEGF protein levels in ischemic skin tissue from db/db mice. All values repre-
sent mean + SEM. *, P < 0.05 vs. baseline. ¥, P < 0.05 vs. zone A. ], P < 0.05
vs. 24 h. n = 6 for all panels. NI, normal skin.

ment was sufficient to induce the deficit in hypoxia-induced
VEGF expression observed in diabetic fibroblasts. Normal
human fibroblasts from nondiabetics without vascular disease
were grown in low glucose (5 mM D-glucose) or high glucose (25
mM D-glucose) medium for 4 weeks to ensure chronic exposure.
Cells were then placed in hypoxic conditions for 24 h, and VEGF
protein levels were measured. Fibroblasts grown in low glucose
up-regulated VEGF protein levels 3.2-fold, whereas cells cul-
tured in high glucose increased VEGF expression by only
1.2-fold (P > 0.05 for the latter; Fig. 1B). A similar pattern of
VEGF production was observed with murine cells grown
chronically in high glucose culture (Fig. S24). In contrast, cells
acutely cultured in high glucose (<24 h) demonstrated no
disparities in VEGF up-regulation compared to low glucose-
treated cells, suggesting that extended exposure to a high
glucose environment is required to compromise VEGF ex-
pression (Fig. S2B). This finding is consistent with the known
time-course of methylglyoxal-modified proteins, which take
longer than 24 h to accumulate (15).

Hypoxia-Induced VEGF Expression Is Impaired in Animal Models of
Diabetes. To exclude the possibility that the above findings were
in vitro artifacts, analogous experiments were performed on
wild-type and diabetic mice. Animals were subjected to a model
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of graded cutaneous ischemia developed in our laboratory (Fig.
1C) (16). In this model, tissue oxygen tensions are highest in the
proximal (cranial) portion of a raised peninsular tissue bed and
decrease in a gradient moving more distally. Although the
gradient of oxygen tension was similar between wild-type and
diabetic mice (Table S1), VEGF protein production in the
setting of tissue ischemia differed significantly. Specifically,
db/db diabetic mice demonstrated markedly lower levels of
VEGEF expression in comparison to wild-type mice at both 24
and 72 h post-injury (Fig. 1 D and E). Furthermore, VEGF
up-regulation in db/db mice did not increase as an inverse
function of tissue oxygen tension as was observed with wild-type
mice at 24 h. Similar deficits were noted with streptozotocin
(STZ)-induced diabetic mice (Fig. S2C). In aggregate, these data
provide firm in vivo evidence to suggest a hyperglycemia-
induced impairment in VEGF expression during tissue ischemia.

Chronic High Glucose Exposure Decreases HIF-1« Transactivation in
Response to Hypoxia. Given our observation of decreased VEGF
expression in the high glucose hypoxic environment, we exam-
ined the effect of chronic hyperglycemic exposure on the capac-
ity of HIF-1a to induce gene transcription. Cells were transiently
transfected with a plasmid containing a luciferase reporter gene
downstream of the full-length VEGF-A promoter (pVEGF-
kpnl-luc). In addition to containing the hypoxia response ele-
ment, the VEGF-A promoter also includes enhancer sequences
and other transcription factor binding sites that influence VEGF
transcription. Hypoxic induction of the full-length VEGF pro-
moter construct was significantly impaired in high glucose
compared to low glucose conditions (Fig. 24). Analogous results
were obtained with the use of a reporter construct containing
only the hypoxia response element for the HIF-regulated enolase
gene upstream of a luciferase reporter (plasmid p2.1) (17).
Western blot analysis failed to demonstrate any decrease in
HIF-1a« stability in the setting of high glucose culture (Fig. S3).
Taken together, these data suggest that the high glucose-induced
impairment in HIF-mediated gene transcription results from a
primary defect in HIF transactivation and not as a consequence
of impaired HIF-1« stability or as a result of factors acting on
other promoter elements.

The Interaction Between HIF-1« and Its Coactivator p300 Is Decreased
by High Glucose Exposure. Once the HIF complex associates with
the hypoxia response element of target genes, a central mech-
anism regulating HIF-1« transcriptional activity is modulation of
its N- and C-terminal transactivation domains (NAD and CAD,
respectively) by transcriptional coactivators including p300,
src-1, and TIF-2 (18). The binding of the cysteine/histidine-rich
(CH1) region of the coactivator p300 to the HIF-1a-CAD is
especially critical for HIF-1 transcriptional activity (18-20). As
described previously, covalent modification of proteins by meth-
ylglyoxal propagates diabetic complications at the cellular level.
We consequently evaluated whether attenuated HIF-1 transcrip-
tional activity in the setting of high glucose derives from a
methylglyoxal-induced impairment in HIF-1a/p300 binding. Im-
munoprecipitation/Western blot (IP/WB) analysis demonstrated
that chronic incubation of cells in high glucose decreased
HIF-1a/p300 association by ~50%, with a commensurate in-
crease in methylglyoxal modification of p300 (Fig. 2 B and C).
This was prevented by overexpression of glyoxalase 1 (GLO1),
the rate-limiting enzyme of methylglyoxal catabolism. High
glucose-induced impairment in HIF-1a/p300 binding was also
noted using the mammalian 2-hybrid system and was similarly
reversed with GLO1 overexpression (Fig. 2D). Analogous results
were observed with dermal fibroblasts obtained from STZ-
induced diabetic mice. Fibroblasts harvested from these mice
and exposed to hypoxia were only able to up-regulate VEGF
expression 1.23-fold, significantly lower than the 2.89-fold in-
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Fig.2. Hyperglycemia-induced impairmentin HIF-1 transactivation occurs as
a result of decreased HIF-1a binding to p300. (A) Plasmids containing a
full-length VEGF-A promoter (pVEGF-kpnli-luc) or the hypoxia response ele-
ment for the enolase gene (p2.1), both linked to firefly luciferase, were
transfected into cells and subsequently exposed to hypoxia. HG exposure
decreased HIF-1 transactivation with use of either plasmid. (B) HAECs were
treated for 5 days with LG, HG, or HG after infection of GLO1 adenovirus
(HG/GLO1). After exposure to hypoxia for 18 h, cell lysates were collected for
immunoprecipitation (IP) of p300 and subsequently immunoblotted (IB) for
p300, methylglyoxal (MG), or HIF-1a. B-actin was used as an input control
(shown in red typeface). (C) Western blot quantitation of panel B. (D) HAECs
were transfected with plasmids containing the HIF-1a-CAD and the p300-CH1
domain together with a reporter plasmid containing a Gal4-binding motif
upstream of a firefly luciferase reporter gene. Cells were grown in LG or HG
and exposed to normoxia or hypoxia, and the level of luciferase reporter
activity subsequently measured. Impaired HIF-1a/p300 binding in HG was
completely reversed with GLO1 treatment. *, P < 0.05 vs. LG group. n = 3.

crease observed with cells obtained from wild-type mice (Fig.
S4). Overexpression of GLO1 in diabetic fibroblasts normalized
VEGF expression.

Methylglyoxal reacts with arginine (R) and lysine (K) residues
in vivo to form the major methylglyoxal-derived epitope hydro-
imidazolone (21). Given the importance of the CH1 domain of
p300 (amino acids 347-411) in the coactivator’s interaction with
HIF-1a, we evaluated the possible role of each R and K residue
in this region as a potential site for methylglyoxal modification.
Point mutants were created that converted each of these residues
to glutamine (Q). IP/WB demonstrated that mutation of R354
completely prevented high glucose-induced methylglyoxal mod-
ification of p300 (Fig. 3 A and B). Mutation of other relevant
residues within the CH1 domain had no effect. In addition to
preventing formation of p300-methylglyoxal adducts, the R354Q
mutant lost the high glucose-induced impairment in HIF-1a
association observed with the wild-type p300 protein (Fig. 3 C
and D).

We have previously demonstrated that high glucose culture
can also result in the development of HIF-1a-methylglyoxal
adducts (22). Formation of these adducts culminates in impaired
HIF-1a-HIF-1B heterodimerization and a resultant decrease in
HIF-1/DNA binding. Methylglyoxal modification of HIF-1« did
not impair HIF-1a/p300 binding, but did produce a decrease in
VEGF expression, suggesting that impairment of both HIF-1a-
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Fig. 3. High glucose-induced methylglyoxal modification of p300 at R354
decreases association of p300 with HIF-1a. (A) HAECs were transfected with
either Gal4(AD) wild-type p300 or p300 single-mutant 354(Q), followed by
treatment for 5 days in LG or HG, and subsequent exposure to 18 h of hypoxia.
Cell lysates were collected for IP of Gal4(p300) and IB for Gal4(p300) and
methylglyoxal (MG). (B) Western blot quantitation of panel A. (C) HAECs were
treated as in panel A. Lysates were collected for IP of HIF-1a and IB for
Gal4(p300) and HIF-1a. (D) Western blot quantitation of panel C. Immuno-
precipitation inputs (shown in red typeface) were used as loading controls.
*, P < 0.05 vs. LG group. n = 3. AD, activation domain.

HIF1-B dimerization and HIF-1a-p300 association underlie the
diabetes-induced defect in HIF-1 transcriptional activity (Fig. S5
and SI Text).

DFO Improves HIF-1a/p300 Binding and Augments HIF-1 Transactiva-
tion and VEGF Expression in High Glucose Culture. As stated previ-
ously, high glucose-induced superoxide formation increases in-
tracellular hydroxyl radicals, in turn leading to excess
methylglyoxal accumulation (11). In this context, DFO may
improve HIF-1a/p300 interaction by scavenging hydroxyl radi-
cal-generating free iron (13). DFO has also been reported to
increase HIF-1« stability and transactivation through sequestra-
tion of iron, a necessary cofactor for several enzymes involved in
HIF-1 degradation (23, 24). We therefore proceeded to evaluate
the effect of DFO administration on HIF-1¢/p300 association
using the mammalian 2-hybrid system. For cells cultured in high
glucose, DFO treatment resulted in a 2-fold increase in HIF-
1a/p300 binding under hypoxic conditions, approximating levels
of association observed with cells exposed to low glucose (Fig.
44). IP/WB assays corroborated this observation, demonstrating
that administration of DFO to cells cultured in high glucose
normalized HIF-1a/p300 association (Fig. 4 B and C).

As DFO treatment appeared to markedly improve the inter-
action between HIF-1a and p300, we evaluated if use of the
compound would also correct the high glucose-induced impair-
ment in HIF-1 transactivation. HIF-1 activity was evaluated
using a construct consisting of 5 tandem repeats of the VEGF
promoter hypoxia response element upstream of a luciferase
gene (25). In cells exposed to high glucose, DFO administration
reversed the blunted response to hypoxia and increased lucif-
erase activity by nearly 3-fold (Fig. 4D). This was accompanied
by a greater than 2-fold increase in VEGF protein expression,
with levels of the cytokine equal to those expressed by cells
exposed to low glucose (Fig. 4E).
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Fig. 4. DFO corrects HIF-1a/p300 binding and augments HIF-1 transactiva-
tion and VEGF expression in high glucose culture. (A) HAECs cultured with LG,
HG, or HG with DFO (HG/DFO) were exposed to hypoxia and evaluated by
mammalian 2-hybrid assay for HIF-1a/p300 binding. DFO treatment aug-
mented HIF-1a/p300 binding in cells exposed to HG. (B) IPAWB of p300 and
HIF-1a following treatment described in panel A. B-actin was used as an input
control (shown in red typeface). (C) Western blot quantitation of panel B. (D)
HIF-1 transactivation analyzed with the 5X hypoxia response element con-
struct described in the Results section. DFO increased HIF-1-mediated lucif-
erase activity in cells exposed to HG in mouse embryonic fibroblasts (MEFs). (E)
VEGF ELISA demonstrating DFO’s augmentation of VEGF expression by MEFs
cultured in HG. *, P < 0.05 vs. HG/DFO group. n = 3.

DFO Decreases ROS Generation, Prevents Methylglyoxal Modification
of p300, and Restores Hypoxia-Induced VEGF Expression in High
Glucose Culture. Given our data demonstrating that methylglyoxal
modification of p300 underlies its impaired interaction with
HIF-1a in high glucose culture, we evaluated the potential role
of DFO in mitigating the formation of methylglyoxal-protein
adducts. As described previously, methylglyoxal accumulation in
cells subjected to high glucose is the direct result of increased
ROS levels (15). In the present study, administration of DFO to
cells incubated in high glucose medium resulted in decreased
ROS generation, with resultant ROS levels similar to those
observed in low glucose culture (Fig. 54). This effect was not
observed with the addition of dimethyloxalylglycine (DMOG), a
competitive inhibitor of several enzymes involved in HIF-la
degradation (26). DMOG administration is associated with
increased HIF-1a stability. Simultaneous use of DMOG with
DFO provided no further decrease in ROS generation over DFO
addition alone.

High glucose-induced methylglyoxal modification of p300 was
almost completely prevented in the presence of DFO (Fig. 5B).
This was paralleled by an increase in VEGF expression in
DFO-treated cells, with levels of the cytokine equivalent to those
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Fig.5. DFO decreases ROS generation, prevents methylglyoxal modification
of p300, and increases VEGF expression in high glucose culture. HAECs were
treated for 5 days in LG, HG, HG with DFO (HG/DFO), HG with DMOG (HG/
DMOG), or HG with DFO and DMOG (HG/DFO/DMOG). The following evalu-
ations were then performed: (A) ROS generation, (B) IP/AWB of p300 modifi-
cation by methylglyoxal (MG), and (C) VEGF mRNA expression. *, P < 0.05 vs.
LG group. n = 3.

observed in low glucose culture (Fig. 5C). These findings were
not observed with administration of DMOG, nor was there any
further decrease in the development of methylglyoxal-protein
adducts, or increase in VEGF expression, when DMOG was used
in combination with DFO. These data are consistent with DFO’s
iron chelating effect and resultant attenuation of hydroxyl
radical formation, rather than its potential influence on HIF-1«
protein stability, as the mechanism by which it normalizes the
high glucose-induced defect in HIF-1-mediated transactivation.

DFO Enhances Humanized Wound Healing and Neovascularization in
Diabetic Mice. Decreased VEGF production within the ischemic
environment of diabetic wounds markedly hinders the neovas-
cularization necessary for proper wound healing, a finding
documented in numerous studies (7, 8, 27, 28). Given DFO’s
demonstrated therapeutic benefit in the in vitro environment, we
evaluated its potential efficacy in the in vivo setting. A model of
wounding developed by our laboratory was used to examine the
effect of DFO on the wound healing properties of db/db mice
(14). Our model uses physical stenting to correct for the con-
tracture that occurs in rodent wounds. Thus, wounds heal by
granulation tissue deposition and subsequent reepithelialization
as occurs in human beings, rather than by contraction, which
occurs in conventional rodent wound models.

Serial topical application of 1,000 uM DFO on the wounds of
diabetic mice significantly enhanced the rate of wound healing,
with complete resurfacing occurring by 13 days in DFO-treated
mice versus 23 days in untreated mice (Fig. 6 4 and B). The
wound healing rate with DFO administration was dose-
dependent, with mice receiving 1,000 uM DFO showing faster
rates of closure than those receiving 500 uM, and approaching
those previously observed in nondiabetic mice. Both granulation
tissue deposition (evaluated by H&E staining) and neovascu-
larization (measured by the number of CD31-positive cells) were
more abundant in wounds receiving topical DFO (Fig. 6 C and
D). By day 7, DFO-treated wounds had 13-fold more CD31-
positive cells than PBS-treated wounds (Fig. 6F). This increase
in neovascularization was associated with 2.7-fold greater levels
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Fig. 6. DFO enhances wound healing and neovascularization in diabetic
mice. Full-thickness skin wounds on diabetic mice were treated with every
other day topical applications of 500 M DFO, 1,000 uM DFO, or PBS. (A)
Photographs of representative wounds for mice treated with PBS or 1,000 uM
DFO. Wound resurfacing occurred at day 13 in the DFO-treated group versus
day 23 in PBS-treated controls. (B) Graphical depiction of wound area as a
function of time. DFO accelerated wound healing in a dose-dependent man-
ner. (C) H&E stains of wound tissue at 7 days post-wounding showing in-
creased granulation tissue in the wounds of DFO-treated animals. White
borders delineate initial wound edges, and yellow borders indicate wound
edges at day 7. (D) DFO- and PBS-treated mice were analyzed at 7 days
post-wounding for vascularity (as assessed by CD31 immunohistochemistry).
(E) Numbers of CD31-positive vessels per HPF in DFO-treated (1,000 uM) and
PBS-treated mice at days 7, 13, and 21 post-wounding. (F) Wound tissue VEGF
concentration at 7 days post-wounding for DFO-treated (1,000 M) and
PBS-treated mice. *, P < 0.05 vs. PBS group. n = 8.

of VEGF expression in the wound beds of DFO-treated mice
(Fig. 6F). In aggregate, these data illustrate DFO’s potential
therapeutic efficacy for the treatment of diabetic wounds, a
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phenomenon that is at least partly secondary to up-regulated
VEGF expression and enhanced neovascularization.

Discussion

In this report, we show that VEGF production in response to
hypoxia is decreased in cells obtained from diabetic patients and
in ischemic tissue from diabetic animals. Although HIF-1l«
protein stability was unaffected by high glucose exposure, HIF-
1-mediated transactivation was significantly impaired due to
decreased association of HIF-la and its coactivator p300, a
consequence of ROS-induced modification of p300 by the GLO1
substrate methylglyoxal. The iron chelator DFO, used systemi-
cally in the treatment of chronic iron overload, corrected HIF-1
activity in high glucose culture by preventing iron-catalyzed ROS
and methylglyoxal formation, and topical application of DFO-
normalized healing of humanized diabetic wounds in mice.

Given the fundamental role of HIF-1 in the neovascular
process, the mechanism described here may help explain how
diabetes impairs new blood vessel formation across multiple
organ systems. For example, in the process of vasculogenesis,
endothelial progenitor cells (EPCs) from the bone marrow are
mobilized to ischemic sites in the periphery to participate in new
blood vessel development (29, 30). We have previously demon-
strated that diabetes attenuates EPC mobilization, and more
recent investigation suggests that this defect may be secondary
to impaired endothelial nitric oxide synthase (eNOS) activation
in bone marrow cells (31, 32). Diabetes also exerts an effect in
peripheral tissue, where decreased expression of the chemokine
stromal cell-derived factor-1 (SDF-1) results in diminished EPC
recruitment (22, 32). As both eNOS and SDF-1 are HIF-1-
regulated genes, our study findings provide a molecular expla-
nation for how cells in such different tissue compartments may
be similarly affected by a shared pathobiologic process (29, 30).

Development of foot ulcers in diabetics often takes decades
and is promoted by late, time-dependent consequences of
chronic hyperglycemia such as neuropathy. While the mouse
lifespan may be too short to permit development of such
sequelae, the dramatic impairment in wound healing observed
with the diabetic mice used in our studies suggests that these late
consequences of chronic hyperglycemia are not required for
defective diabetic wound healing. It should be noted that native
rodent wound healing differs significantly from human healing
(14). In mice, most of the actual closure of the wound occurs as
contraction (analogous to healing by primary intention). Hu-
mans, by contrast, heal wounds by secondary intention, which
requires granulation tissue deposition and reepithelialization.
Because muscular contraction in rodents is the primary factor
driving wound healing, potential therapeutics that accelerate
healing of rodent wounds have provided little translational
success when used in humans. In addition, prior studies have
often not used an end point based on wound closure, which is the
only relevant outcome from a clinical perspective (33). Our
studies used a wound healing model that replicates the unique
aspects of human wound healing.

Presently, there is little to no evidence to support the use of
topically applied therapeutics in the treatment of diabetic foot
ulcers (34). Consequently, our finding that topical DFO com-
pletely normalizes healing of humanized diabetic wounds has
significant clinical implications. Poor diabetic wound healing is
a major health care burden, costing billions of dollars yearly in
the United States alone. To the best of our knowledge, no
published studies have evaluated the efficacy of either system-
ically or locally delivered DFO in the treatment of human
diabetic wounds. Since systemic DFO has been in clinical use for
decades, the potential of topical DFO to heal diabetic wounds in
humans could be evaluated relatively quickly. Continued effort
will be directed at identifying therapeutics that, like DFO, do not
target hyperglycemia per se, but instead address defects in the
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HIF-mediated cellular cascade that culminate in diabetic com-
plications in response to ischemia.

Methods
See SI Methods for further information.

Cell Culture. Cells were maintained in DMEM (Gibco). DFO solution (100 uwM;
EMD Biosciences) was used in indicated experiments. Cultures were exposed
to hypoxia in a custom-designed incubator (X Vivo Hypoxia Chamber; Bio-
Spherix) set at 0.5% O, and 5% CO; or normoxia (21% O, and 5% CO;); 1% O,
was used for experiments involving human aortic endothelial cells (HAECs).

Western Blotting. Protein detection was performed with primary antibodies
against p300, HIF-1a (Novus Biologicals), and B-actin (Thermo Fisher Scien-
tific). Blots were simultaneously incubated with differentially labeled species-
specific secondary antibodies after transfer to membranes [anti-rabbit
IRDye™ 800CW (green) and anti-mouse Alexa 680 (red); LI-COR Biosciences].

Reporter Assays. Plasmid p2.1 and the 5X hypoxia response element were gifts
from Drs. Gregg Semenza and Amato Giaccia, respectively. These reporter
plasmids and pVEGF-kpnl-Luc (described in S/ Methods) were transfected with
Lipofectamine (Invitrogen), and activity was determined using the Dual Lu-
ciferase System (Promega).

Mammalian 2-Hybrid Assay. Expression plasmids for experiments evaluating
the interaction between the HIF-1a-CAD and the p300-CH1 domain were a
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kind gift from Dr. L. Eric Huang (35). Specific deletions and point mutations for
mapping of the methylglyoxal-responsive sites in p300 were prepared using
the Site-Directed Mutagenesis kit from Promega. All constructs were verified
by DNA sequencing.

Mouse Models of Ischemia and Wounding. Wild-type and diabetic mice were
subjected to a previously described model of cutaneous ischemia (16). For
experiments evaluating the effect of DFO on murine wound healing, paired
6-mm full-thickness cutaneous wounds were made on the dorsa of mice (14).
A donut-shaped 12-mmisilicone splint (Grace Bio-Labs) was placed around the
wounds. Ten microliters 1,000 uM or 500 uM DFO, or PBS vehicle, was
introduced into the wound bed. At indicated time points, wounds were
excised and snap-frozen or, alternatively, processed for H&E staining. Vascular
density was detected on frozen sections using a CD31 monoclonal antibody
(BD Biosciences).

Statistical Analyses. All data are expressed as mean = the standard error of the
mean (SEM). Statistical analysis of results from the hypoxic induction of VEGF
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