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Abstract

A hallmark of diabetes mellitus is the breakdown of almost every reparative process in the human
body leading to critical impairments of wound healing. Stabilization and activity of the
transcription factor HIF-1a is impaired in diabetes, leading to deficits in new blood vessel
formation in response to injury. Here we compare the effectiveness of two promising small
molecule therapeutics, the hydroxylase inhibitor dimethyloxalylglycine (DMOG) and the iron
chelator deferoxamine (DFO), for attenuating diabetes-associated deficits in cutaneous wound
healing by enhancing HIF-1a activation. HIF-1a stabilization, phosphorylation, and
transactivation were measured in murine fibroblasts cultured under normoxic or hypoxic and low
glucose or high glucose conditions following treatment with DFO or DMOG. Additionally,
diabetic wound healing and neovascularization was evaluated in db/db mice treated with topical
solutions of either DFO or DMOG, and the efficacy of these molecules was also compared in aged
mice. We show that DFO stabilizes HIF-1a expression and improves HIF-1a transactivity in
hypoxic and hyperglycemic states /n vitro, whereas DMOG'’s effects are significantly blunted
under hyperglycemic hypoxic conditions. /nn vivo, both DMOG and DFO enhance wound healing
and vascularity in aged mice, but only DFO universally augmented wound healing and
neovascularization in the setting of both advanced age and diabetes. This first direct comparison of
DFO and DMOG in the treatment of impaired wound healing suggest significant therapeutic
potential for topical DFO treatment in ischemic and diabetic disease.
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INTRODUCTION

Maintenance of oxygen homeostasis is critical for the survival of multicellular organisms, as
evidenced by the ischemic necrosis that results when appropriate oxygen tension is not
maintained in tissue infarction. Poor oxygen tension regulation is also thought to play a role
in hyperproliferative disorders such as macular degeneration and diabetic renal failure.
Furthermore, many tumors are thought to arise and thrive secondary to defects in HIF-1a
regulation and control (1). HIF is a heterodimeric protein complex composed of two proteins
that belong to a family of transcriptional activators that contain both basic helix-loop-helix
and Per-ARNT-Sim domains, HIF-1a and HIF-1p. Once the two subunits dimerize, the
complex then binds with its co-activators p300/CBP which allow HIF to bind to DNA and
act as a transcriptional regulator of a multitude of downstream hypoxia responsive genes.
Increased HIF-1a activity leads to transcription of several critical angiogenic factors,
including VEGF, nitric oxide synthase (NOS), and SDF-1 (1, 2).

HIF-1p is a constitutively expressed protein that plays a role in many biological processes;
however, HIF-1a is specific to hypoxia regulation. HIF-1a undergoes significant post-
translational modification, in particular hydroxylation and phosphorylation, which controls
the stability and activity of the HIF heterodimer (3). Mitogen-activated protein kinase
(MAPK)-mediated phosphorylation of HIF-1a occurs after stabilization of the protein under
hypoxic conditions. Phosphorylation of specific serine residues, Ser-641/643, on HIF-1a
augments its transcriptional activity due to improved HIF-1p dimerization and subsequent
DNA binding and HIF-1a nuclear accumulation (4, 5).

The post-translational hydroxylation of HIF-1a is under the control of a family of prolyl
hydroxylases (PHD 1, 2, and 3) as well as an asparaginyl hydroxylase known as Factor
Inhibiting HIF-1a (FIH). These hydroxylases belong to a family of iron-dependent
dioxygenases which require iron, oxygen, and 2-oxaloglutarate (2-OG) as cofactors for the
hydroxylation process. Therefore, these enzymes are inactive in the absence of oxygen, for
example under hypoxic conditions; in the presence of iron chelators, such as deferoxamine;
or in the presence of a 2-OG competitive inhibitor such as dimethyloxalylglycine (DMOG)
(6, 7). The oxygen-dependent degradation domain (ODD) of HIF-1a contains two
conserved proline residues, 564 and 402, that are hydroxylated by PHDs. Hydroxylation of
HIF-1a occurs under normal oxygen tensions and provides a binding site for the von
Hippel-Lindau protein (pVVHL), which mediates the ubiquitination and proteasomal
degradation of HIF-1a protein. Because the PHDs require oxygen as a co-activator, their
activity is inhibited under hypoxic conditions, leading to decreased HIF-1a hydroxylation,
decreased pVHL mediated ubiquitination and degradation, and increased HIF-1a protein
stability. Loss or blockade of pVHL activity constitutively stabilizes HIF-1a protein under
normoxic conditions (1). Additionally, hydroxylation of an asparagine residue (803) by FIH
in the C-terminal transactivation domain of HIF-1a leads to inactivation of its transcriptional

Plast Reconstr Surg. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Duscher et al.

Page 3

activity by preventing the recruitment and binding of the HIF-1a coactivators p300/CBP (8-
11). These biochemical reactions provide us certain therapeutic strategies to promote
HIF-1a stabilization and transactivation by the inhibition of PHDs and FIH-1 activity.

Neovascularization, including vasculogenesis and angiogenesis, plays a critical role in the
postnatal pathophysiology of ischemic disorders, tumor growth, wound healing, and diabetes
(12). Angiogenesis, the sprouting of new blood vessels from pre-existing vessels, is the
major mechanism underlying vascular remodeling in the adult. However, vasculogenesis has
recently received considerable attention because the recruitment of bone marrow derived
endothelial progenitor cells may lead to novel therapeutic approaches (13, 14). All forms of
diabetes are characterized by chronic hyperglycemia-induced neovascular dysfunction,
which contributes to impaired wound healing, impaired coronary collateral vessel
development, and embryonic vasculopathy in pregnancies complicated by maternal diabetes
(15). Poorly controlled diabetes leads to peripheral vascular disease with chronic ulcers and
an increased rate of amputation (16, 17). Four major mechanisms have been hypothesized to
cause the hyperglycemia induced vasculopathy seen in diabetic patients: increased polyol
pathway flux, advanced glycosylation end-product (AGE) formation, protein kinase C
(PKC) isoforms activation, and hexosamine pathway flux. The common link among these
four pathogenic mechanisms is the overproduction of reactive oxygen species (ROS) by the
mitochondrial electron-transport chain (18). Many studies have shown that the iron chelator
deferoxamine (DFO) (19) scavenges oxygen free radical and can reduce the oxidative stress
in diabetic hyperglycemia.

Our previous studies have shown that hyperglycemia decreases the production of VEGF by
fibroblasts in diabetic patients and mice under hypoxic condition. Moreover, chronic
hyperglycemia inhibits HIF-1a. DNA binding and transcriptional activity by interfering with
interactions with the co-factor p300 (20). This study seeks to further evaluate the molecular
mechanisms underlying hyperglycemia induced HIF-1a dysfunction /n vitro and in vivo and
to explore potential therapeutic strategies employing DFO and DMOG in chronic
hyperglycemia.

MATERIALS AND METHODS

Cell Culture

Mouse embryonic fibroblasts (MEFs) were generously provided by Dr. Karl Sylvester
(Stanford University School of Medicine). All cells were cultured in DMEM (Invitrogen
Corporation, Carlshad, CA), supplemented with 10% FBS and 1% penicillin-streptomycin
and were used for experimentation after passaged twice. For low glucose culture, DMEM
with 5 mM D-glucose was used. For high glucose culture, 30 mM D-glucose was used.
Chronic hyperglycemia was performed for 4 weeks using a high glucose DMEM medium
changed every other day. DFO and DMOG concentrations (1 mM solutions) were used
based on previously published data on in vitro and in vivo efficacy (20, 21). All hypoxia
treatments were performed at 1% O2 for 16 hrs in a BioSpherix hypoxia work station
(BioSpherix, Redfield, NY).
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Western Blot

Cell nuclear protein extraction was performed with NE-PER nuclear and cytoplasmic
extraction reagents (Pierce Biotechnology, Rockford, IL) according to the manufacturer’s
instructions. Next, 30pg of protein was separated on a 7.5% SDS-PAGE and immobilized on
PVDF membrane (Millipore Corporation, Billerica, MA). The membranes were blotted with
anti-HIF-1a (1:1000, Novus Biologicals Inc., Littleton, CO) and anti-p-actin antibody
(1:5,000, Sigma) at 4°C overnight. Secondary antibodies were either anti-rabbit 1gG
(1:10,000, Amersham Biosciences Inc., Piscataway, NJ) or anti-mouse 1gG (1:5000, Upstate,
Lake Placid, NY) and were incubated at room temperature for 30 minutes. Blots were
detected with the ECL chemiluminescent reagent (Amersham Biosciences Inc.) for 5
minutes, and exposed to BioMax films (Kodak, Rochester, NY) for 10 minutes.

HIF-1la Transactivity Reporter Assay

5HRE-Luc (a kind gift from Dr. Amato Giaccia, Stanford University School of Medicine) is
a luciferase reporter driven by a hypoxia-inducible promoter containing five tandem repeats
of the hypoxia-response element (HRE). pGL3 (Promega, Madison, WI) was used as an
HRE luciferase control. The DNA plasmids were transfected into fibroblasts according to
the manufacturer’s instructions using the Lipofectamine Plus reagent (Invitrogen). A Renilla
luciferase expression vector (Promega) was co-transfected to adjust for variation in
transfection efficiency. The luciferase assays were performed using Dual-Luciferase reporter
system reagents (Promega) in a Monolight 3010 luminometer (BD Biosciences Pharmingen,
San Diego, CA), and each reporter assay was repeated at minimum in triplicate.

Mammalian Two-hybrid Assay

pVP16-C/H1 containing p300 C/H1 domain and pGal4-HIF-1a.(776-826) including HIF-1a
C-terminal activation domain were generous gifts from Dr. Eric Huang (University of Utah).
A CheckMate® pG5luc, pBIND and pACT were purchased from Promega and used as
controls. The same transient transfection reagents and luciferase assay were used as
described above.

Hydrogen Peroxide Assay

Animals

A H,0, assay (Amplex Red; Invitrogen) was used to determine the presence of H,0,
according to manufacturer’s instruction. Briefly, working solutions were made fresh for each
assay and added to wells to a final volume of 100 pL. Samples were incubated for 30
minutes in the dark in a 96-well black plate with clear well bottoms. Fluorescence readings
were obtained in a fluorescence reader (PerkinElmer Inc., Wellesley, MA) with excitation at
485 nm and emission at 580 nm. Wells were counted in triplicate.

All experiments were performed using protocols approved by Stanford University Animal
Care and Use Committee (IACUC) guidelines. Aged (21 months old, National Institute on
Aging (Bethesda, MD)) and diabetic (12 weeks, BKS. CG-M+/+Lepr<db>/J; (Jackson
Laboratory, Bar Harbor, ME)) C57BL/6J mice were used for /n7 vivo wound healing
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experiments. All experiments in accordance with Stanford University Institutional Animal
Care and Use Committees.

In vivo Excisional Wound Model

To evaluate the effect of DFO and DMOG on murine wound healing, paired 6-mm full-
thickness cutaneous wounds were created on the dorsa of mice as previously described (22).
Each wound was held open by donut shaped silicone rings fastened with 6-0 nylon sutures to
prevent wound contraction. Aged and diabetic mice respectively were randomized into three
treatment groups: daily application of 10 ul of DFO or DMOG drip-on (1 mM solutions) and
PBS vehicle control (n=4 per group). All wounds were covered with an occlusive dressing
(Tegaderm, 3M, St. Paul, MN). Digital photographs were taken on day 0, 3, 5, 7, 9, 11, 13,
15, 17, 19, and 21. Wound area was measured using ImageJ software (NIH, Bethesda, MD).
Upon complete healing, wounds were harvested and processed for neovascularization
assessment via CD31 immunohistochemistry.

Statistical Analysis

RESULTS

Response of control and treatment in each experiment were compared using an unpaired
Student’s #test. All error bars represent the standard error of the mean (SEM).

Hydroxylase inhibition with DMOG normalizes HIF-1a expression and phosphorylation in

hypoxia

DMOG is known to inhibit FIH-1 and the prolyl hydroxylases through competitive
inhibition of 2-oxoglutarate (2-OG) and thus may represent an attractive therapeutic agent to
attenuate HIF-1a impairment in diabetes (23). Here we compared HIF-1a expression,
phosphorylation, transcriptional activity, and interaction with p300 between mouse
embryonic fibroblasts (MEFs) cultured with and without DMOG treatment. Consistent with
its function as an inhibitor of PHDs, we found that DMOG significantly increased HIF-1a
protein stability across all conditions (Figure 1A-B).

However, we previously showed that impaired activity, rather than stability, is the main
mechanism underlying HIF dysfunction (20). Therefore in order to restore HIF function,
DMOG needs to not only increase HIF expression but also its hypoxic transactivity under
hyperglycemic conditions. As such, we examined the effects of DMOG on HIF-1a
transactivity using a mammalian two —hybrid luciferase reporter system. As expected,
DMOG treatment significantly increased luciferase activity in cells cultured under normal
glucose conditions in normoxia, and this effect was also observed in hypoxia (Figure 1C).
Interestingly, when DMOG was applied to cells cultured under high glucose conditions,
normoxic HIF-1a/p300 binding increased significantly, approximating that of untreated cells
in hypoxia. However, under hypoxic high glucose conditions DMOG treatment failed to
increase HIF-1a binding above baseline.

Finally, to determine the effect of DMOG-mediated hydroxylase inhibition on HIF-1a’s
activity as a transcriptional regulator, MEFs treated with DMOG were analyzed using an
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HRE luciferase assay as previously described (20). Similar to the mammalian two-hybrid
results above, DMOG treatment significantly increased luciferase activity in cells cultured
under normal glucose conditions in both normoxia and hypoxia, as well as high glucose
conditions under normoxia (Figure 1D). However, under hypoxic high glucose conditions
DMOG treatment failed to increase HRE activity above baseline. This suggests that while
DMOG is able to partially reverse the hyperglycemia-induced HIF dysfunction, a full
recovery to normoglycemic activity is not achieved. Furthermore, as the latter culture
conditions (hypoxic, elevated glucose) most closely mirror those of ischemic diabetic
wounds, this suggests that DMOG may not be an ideal candidate for diabetic wound healing.

Taken together, these data indicate that DMOG-induced inhibition of HIF-1a hydroxylation
improves its biological function by increasing HIF-1a phosphorylation and improving its
interaction with its co-activator p300; however, these effects are significantly reduced under
hypoxic, hyperglycemic conditions.

Deferoxamine improves HIF-1a function under hypoxic and hyperglycemic conditions

Deferoxamine (DFO) is an iron chelator that stabilizes HIF-1a by scavenging oxygen free
radicals and inhibiting HIF-1a hydroxylation through iron chelation (20). We have
previously shown that DFO increases HIF-1a expression in both high glucose and normal
glucose culture (20). Here we evaluated the effect of DFO treatment on HIF-1a
transactivation and HIF-1a/p300 binding. Using an HRE luciferase reporter assay, we found
that DFO significantly increased normoxic HIF transactivation in MEFs under both high
glucose and normal glucose conditions (Figure 1E). Unlike with DMOG, we also found that
DFO treatment significantly increased HIF transactivation under hypoxia for cells in high
glucose, as well as normal glucose, culture. HIF-1a/p300 binding was assessed using a
mammalian two-hybrid luciferase reporter system, and we found that DFO treatment
significantly increased HIF-1a binding under all culture conditions, including hypoxic and
high glucose (Figure 1F). These findings, in conjunction with our DMOG data above,
suggest that DFO and DMOG impact HIF-1a activity via separate mechanisms, and that
while the ability of DMOG to inhibit prolyl hydroxylase activity does improve HIF-1a
protein expression it is not as effective as DFO in its attenuation of HIF-1a activity.

Since reactive oxygen species (ROS) are believed to be responsible for many of the
complications in chronic hyperglycemia, we also evaluated whether DFO could reduce ROS
generated by high glucose. Using an H,0, assay we found that DFO significantly attenuated
the hyperglycemia-associated increase in ROS levels under hypoxic high glucose conditions,
normalizing H,O, levels to that of cells cultured under normal glucose conditions (Figure
1G). These data are consistent with DFO’s proposed mechanism of improving HIF-1a
biological function through scavenging oxygen free radicals.

Deferoxamine, but not DMOG, enhances wound healing in diabetic mice

Given our /n vitro observations on the efficacy of DMOG and DFO at attenuating the
diabetes-induced impairments in HIF-1a activity, we explored the therapeutic potential of
these molecules in diabetic wound healing. Splinted excisional wounds were created on the
dorsum of type 2 diabetic mice (db/db) as previously described (24), and mice received daily
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treatment with either 10 ul of ImM DMOG solution, 10 ul of 1mM DFO solution, or saline.
Wounds were monitored and photographed every other day until closure (Figure 2A). DFO-
treated wounds displayed significantly accelerated healing from day 7 onward and healed
significantly faster than control-treated wounds (15 days vs 20 days, p < 0.05), whereas
DMOG-treated wounds exhibited no improvement over control (18.7 days vs 20 days, p =
0.39) (Figure 2B-C). These results are consistent with our /n vitro findings on the
differential efficacy of DFO over DMOG in reversing the effects of chronic hyperglycemia
and could be further confirmed on a histological level with an increase of neovascularization
exclusive to the DFO treatment group (Figure 2D).

Both DMOG and DFO enhance wound healing in aged mice

To determine whether our observations above were specific to diabetes or were more broadly
applicable to states of impaired wound healing, we compared the efficacy of DMOG and
DFO in healing wounds from aged mice. Advanced age, like diabetes, is associated with
elevated levels of prolyl hydroxylases, attenuated HIF-1a function, and impaired wound
healing, making it an ideal candidate to evaluate DMOG and DFO. As above, splinted
excisional wounds were created on the dorsum of 21 month old C57 black 6 mice, and mice
received daily treatment with either 10 ul of 1mM DMOG solution, 10 ul of ImM DFO
solution, or saline. Wounds were monitored and photographed every other day until closure
(Figure 3A). Both DFO-treated wounds and DMOG-treated wounds healed significantly
faster than control-treated wounds (11.7 days vs 15 days, p < 0.05, and 12 days vs 15 days, p
< 0.05, respectively) (Figure 3B-C). This could also be confirmed histologically via
endothelial cell specific CD31 immunostaining, illustrating significantly higher levels of
neovascularization in both treatment groups (Figure 3D). This suggests that the differential
efficacy of DFO vs DMOG may be tied specifically to the pathophysiology of diabetes.

In summary, DFO stabilizes HIF-1a. expression, improves HIF-1a activity as a
transcriptional regulator, and facilitate the interaction between HIF-1a and p300 in hypoxic
and hyperglycemic states /in vitro. DMOG’s effects, by contrast, are significantly blunted
under hyperglycemic hypoxic conditions. /n7 vivo, both DMOG and DFO enhanced wound
healing in aged mice, stimulating angiogenesis, but only DFO universally augmented wound
healing in the setting of both advanced age and diabetes. Our data suggest significant
therapeutic potential for topical DFO treatment in ischemic and diabetic diseases.

DISCUSSION

Numerous studies have demonstrated that hyperglycemia and hypoxia play important roles
in diabetic vasculopathy (25-28), neuropathy (29, 30), and retinopathy (31, 32). The
common links among these studies are HIF-1a dysfunction and VEGF reduction leading to
impaired healing in diabetic individuals. Others have attempted to improve diabetic wound
healing by replacing single cytokines such as VEGF with only limited success. This
suggests that defective diabetic neovascularization is associated with a more global HIF-1a
defect rather than just its effect on VEGF production. However, the mechanisms of
hyperglycemia induced HIF-1a dysfunction remain unclear and, to some extent,
controversial. To have a significant clinical impact on correcting diabetic vasculopathy, a
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better understanding of the HIF-1a defect must be elucidated. Here we further this
knowledge and suggest a significant therapeutic method for achieving this goal.

Aging results in profound changes in metabolic and repair mechanisms throughout the entire
organism, impairing its natural regenerative capacity (33, 34). Aging skin displays a
phenotype characterized by atrophic dermal matrix with increased wrinkle formation and
compromised wound healing (35, 36). In order to heal adequately, a dynamic sequence of
interactions between several skin cell types, the extracellular matrix (ECM), and numerous
cytokines is required (37). With advanced age, pathological changes of these processes occur
and result in impaired tissue repair through insufficient neovascularization, stromal
deposition, and epithelialization (38—42). On a molecular level aging is characterized by a
destabilization of HIF-1a via enhanced activity of its degrading enzyme prolyl hydroxylase
2 (PHD-2) (39, 43) resulting in impaired release of growth factors. Recent studies from our
group showed that fibroblast-specific deletion of HIF-1a critically impairs murine cutaneous
neovascularization and wound healing and that short hairpin RNA silencing of PHD-2
improves it (44, 45). It could be further demonstrated that a loss of epidermal HIF-1a.
expression accelerates skin aging and affects reepithelisation (46). Additionally, evidence is
accumulating that the dysfunctions associated with advanced age are linked to the effects of
oxidative stress (47-49). Reactive oxygen species (ROS) accumulate in aged tissues because
of a reduced antioxidant activity of aged cells leading to reduced neovascularization,
impaired fibroblast proliferation and increased neutrophil recruitment (50). However, our
findings showing a comparable efficacy of DMOG, which has no antioxidative effect (20),
and DFO in aged wound healing, suggest that restoration of HIF-1a levels rather than
reduction of ROS stress is the dominant mechanism accelerating regeneration of aged
tissues.

DMOG is a 2-oxoglutarate (2-OG) analogue, and its function results from competitive
inhibition of 2-OG which is attacked by ferric-superoxide species and generates CO2 and
succinate during FIH-1 hydroxylation reactions (6). In diabetes, high glucose oxidation
enriches the tricarboxylic acid cycle and increases metabolic byproducts including 2-
oxoglutarate (18). Therefore we hypothesize that DMOG competitive inhibition is attenuated
by excess endogenous 2-OG in chronic hyperglycemia, thus, requiring either pretreatment or
increasing concentration.

Deferoxamine (DFO) has been the standard iron chelating therapy for transfusion related
siderosis for 30 years, and has improved the life expectancy and quality of life for patients
with thalassemia major (51, 52). Cell damage associated with iron overload arises from the
accumulation of cytotoxic iron pools that promote production of reactive oxygen species
(ROS) exceeding intrinsic cellular defense capacities (53). An intrinsic interaction exists
between iron metabolism and glucose homeostasis which iron affects glucose metabolism,
and glucose impinges on several iron metabolic pathways. Oxidative stress and
inflammatory cytokines influence these relationships, amplifying and potentiating the
initiated events (54). Iron depletion has been beneficial in endothelial dysfunction and
coronary heart disease in diabetes (19, 55, 56). In our present studies, DFO dramatically
reduced ROS induced by chronic hyperglycemia, which may account for the rescued
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phenotype in diabetic ischemia. As expected, DFO improved HIF-1a function and
angiogenesis both /n vitroand in vivo.

During normal glucose and hypoxia conditions, HIF-1a is phosphorylated and facilitated to
heterodimerize with HIF-1p. At the same time, low oxygen tension prevents HIF-1a from
hydroxylation by FIH-1, so p300/CBP is easily recruited to activate the transcriptional
machinery. However, chronic hyperglycemia increases intracellular reactive oxygen species,
dephosphorylates HIF-1a and increases FIH-1 mediated hydroxylation. This results in
HIF-1a dissociation from HIF-1p and p300 which impairs HIF-1a activity as a
transcriptional regulator of hypoxia responsive genes leading to poor neovascularization and
wound healing. Both DFO and DMOG inhibit FIH-1 activity in addition DFO decreases
oxygen free radicals inferring a cytoprotective effect and DMOG increases HIF-1a
phosphorylation which augments HIF-1a transcriptional function.

Limitations of our study include the lack of a complete dose response evaluation of DFO or
DMOG administration. While we have used a previously validated dosage regimen for our
in vitro and in vivo studies (20) it is still possible to obtain biased results because of
insufficient dosing of the compounds. It could similarly be possible that the in vivo results
are biased by the nature of the topical application, which has been performed as published
previously (20) without an evaluation of different dosing amounts or frequencies. Also
HIF-1a levels of treated wounds have not been investigated and therefore the verification of
an accumulation of effective concentrations of the substances via this application route
remained undetermined.

In aggregate, our findings suggest that DMOG can be effective at stabilizing HIF and
increasing its phosphorylation, however, this effect did not persist under hyperglycemic
hypoxic culture conditions, which most closely resemble that of diabetic ischemic
neovascularization. As such, it was not surprising that DMOG failed to improve diabetic
wound healing, even though it was effective in treating aged wounds. DFO, by contrast, was
successfully able to increase HIF stabilization, phosphorylation, and interaction with its co-
activator p300 under all culture conditions, including hyperglycemic hypoxia, as well as
enhance wound healing in both diabetic and aged animals. This suggests that although both
molecules may have considerable therapeutic value in treating HIF impairments, DFO is
differentially efficacious for the treatment of impairments in diabetic neovascularization.
This corroborates recent preclinical studies utilizing DFO transdermal delivery effectively as
a therapeutic for diabetic ulcers (57).

Acknowledgments

FUNDING SOURCES

Funding for wound healing research in our laboratory has been provided by the National Institutes of Health (R01-
DKO074095, R01-AG025016 and R03-DK094521), the Harrington Discovery Institute, the Hagey Family Endowed
Fund in Stem Cell Research and Regenerative Medicine, and The Oak Foundation.

ABBREVIATIONS AND ACRONYMS

2-0G 2-oxaglutarate

Plast Reconstr Surg. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Duscher et al.

References

1.

Page 10

DFO Deferoxamine

DMOG Dimethyloxalylglycine

FIH Factor inhibiting HIF-1a
HIF Hypoxia-inducible factor
HRE Hypoxia-response element
MEF Mouse embryonic fibroblast

mMRNA Messenger RNA

PHD Prolyl hydroxylase

pVHL von Hippel-Lindau protein
ROS Reactive oxygen species
SEM Standard error of the mean

Semenza GL. HIF-1: mediator of physiological and pathophysiological responses to hypoxia. J Appl
Physiol. 2000; 88(4):1474-80. [PubMed: 10749844]

. Ceradini DJ, Kulkarni AR, Callaghan MJ, Tepper OM, Bastidas N, Kleinman ME, et al. Progenitor

cell trafficking is regulated by hypoxic gradients through HIF-1 induction of SDF-1. Nat Med.
2004; 10(8):858-64. [PubMed: 15235597]

. Brahimi-Horn C, Mazure N, Pouyssegur J. Signalling via the hypoxia-inducible factor-1lalpha

requires multiple posttranslational modifications. Cell Signal. 2005; 17(1):1-9. [PubMed:
15451019]

. Mylonis I, Chachami G, Samiotaki M, Panayotou G, Paraskeva E, Kalousi A, et al. Identification of

MAPK phosphorylation sites and their role in the localization and activity of hypoxia-inducible
factor-lalpha. J Biol Chem. 2006; 281(44):33095-106. [PubMed: 16954218]

. Richard DE, Berra E, Gothie E, Roux D, Pouyssegur J. p42/p44 mitogen-activated protein kinases

phosphorylate hypoxia-inducible factor lalpha (HIF-1alpha) and enhance the transcriptional activity
of HIF-1. J Biol Chem. 1999; 274(46):32631-7. [PubMed: 10551817]

. Schofield CJ, Ratcliffe PJ. Oxygen sensing by HIF hydroxylases. Nat Rev Mol Cell Biol. 2004;

5(5):343-54. [PubMed: 15122348]

. Peet D, Linke S. Regulation of HIF: asparaginyl hydroxylation. Novartis Found Symp. 2006;

272:37-49. discussion -53, 131-40. [PubMed: 16686428]

. Ema M, Hirota K, Mimura J, Abe H, Yodoi J, Sogawa K, et al. Molecular mechanisms of

transcription activation by HLF and HIF1alpha in response to hypoxia: their stabilization and redox
signal-induced interaction with CBP/p300. Embo J. 1999; 18(7):1905-14. [PubMed: 10202154]

. Kallio PJ, Okamoto K, O’Brien S, Carrero P, Makino Y, Tanaka H, et al. Signal transduction in

hypoxic cells: inducible nuclear translocation and recruitment of the CBP/p300 coactivator by the
hypoxia-inducible factor-lalpha. Embo J. 1998; 17(22):6573-86. [PubMed: 9822602]

10. Lando D, Peet DJ, Whelan DA, Gorman JJ, Whitelaw ML. Asparagine hydroxylation of the HIF

transactivation domain a hypoxic switch. Science. 2002; 295(5556):858-61. [PubMed: 11823643]

11. Lando D, Peet DJ, Gorman JJ, Whelan DA, Whitelaw ML, Bruick RK. FIH-1 is an asparaginyl

hydroxylase enzyme that regulates the transcriptional activity of hypoxia-inducible factor. Genes
Dev. 2002; 16(12):1466—71. [PubMed: 12080085]

12. Semenza GL. Angiogenesis in ischemic and neoplastic disorders. Annu Rev Med. 2003; 54:17-28.

[PubMed: 12359828]

Plast Reconstr Surg. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Duscher et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Page 11

Carmeliet P. Mechanisms of angiogenesis and arteriogenesis. Nat Med. 2000; 6(4):389-95.
[PubMed: 10742145]

Januszyk M, Sorkin M, Glotzbach JP, Vial IN, Maan Z, Rennert RC, et al. Diabetes Irreversibly
Depletes Bone Marrow-Derived Mesenchymal Progenitor Cell Subpopulations. Diabetes. 2014

Martin A, Komada MR, Sane DC. Abnormal angiogenesis in diabetes mellitus. Medicinal research
reviews. 2003; 23(2):117-45. [PubMed: 12500286]

Beckman JA, Creager MA, Libby P. Diabetes and atherosclerosis: epidemiology, pathophysiology,
and management. Jama. 2002; 287(19):2570-81. [PubMed: 12020339]

Falanga V. Wound healing and its impairment in the diabetic foot. Lancet. 2005; 366(9498):1736—
43. [PubMed: 16291068]

Brownlee M. Biochemistry and molecular cell biology of diabetic complications. Nature. 2001;
414(6865):813-20. [PubMed: 11742414]

Pieper GM, Siebeneich W. Diabetes-induced endothelial dysfunction is prevented by long-term
treatment with the modified iron chelator, hydroxyethyl starch conjugated-deferoxamine. J
Cardiovasc Pharmacol. 1997; 30(6):734-8. [PubMed: 9436811]

Thangarajah H, Yao D, Chang El, Shi Y, Jazayeri L, Vial IN, et al. The molecular basis for
impaired hypoxia-induced VEGF expression in diabetic tissues. Proc Natl Acad Sci USA. 2009;
106(32):13505-10. [PubMed: 19666581]

Thangarajah H, Vial IN, Grogan RH, Yao D, Shi Y, Januszyk M, et al. HIF-1alpha dysfunction in
diabetes. Cell cycle (Georgetown, Tex). 2010; 9(1):75-9.

Wong VW, Sorkin M, Glotzbach JP, Longaker MT, Gurtner GC. Surgical approaches to create
murine models of human wound healing. Journal of biomedicine & biotechnology. 2011;
2011:969618. [PubMed: 21151647]

Schofield CJ, Ratcliffe PJ. Oxygen sensing by HIF hydroxylases. Nat Rev Mol Cell Biol. 2004;
5(5):343-54. [PubMed: 15122348]

Galiano RD, Michaels J, Dobryansky M, Levine JP, Gurtner GC. Quantitative and reproducible
murine model of excisional wound healing. Wound Repair Regen. 2004; 12(4):485-92. [PubMed:
15260814]

Gao W, Ferguson G, Connell P, Walshe T, Murphy R, Birney YA, et al. High glucose
concentrations alter hypoxia-induced control of vascular smooth muscle cell growth via a
HIF-1alpha-dependent pathway. J Mol Cell Cardiol. 2007; 42(3):609-19. [PubMed: 17321542]
Alipui C, Ramos K, Tenner TE Jr. Alterations of rabbit aortic smooth muscle cell proliferation in
diabetes mellitus. Cardiovasc Res. 1993; 27(7):1229-32. [PubMed: 8252581]

Santilli SM, Fiegel VD, Knighton DR. Alloxan diabetes alters the rabbit transarterial wall oxygen
gradient. J Vasc Surg. 1993; 18(2):227-33. [PubMed: 8350431]

Catrina SB, Okamoto K, Pereira T, Brismar K, Poellinger L. Hyperglycemia regulates hypoxia-
inducible factor-1alpha protein stability and function. Diabetes. 2004; 53(12):3226-32. [PubMed:
15561954]

Newrick PG, Wilson AJ, Jakubowski J, Boulton AJ, Ward JD. Sural nerve oxygen tension in
diabetes. Br Med J (Clin Res Ed). 1986; 293(6554):1053-4.

Chavez JC, Almhanna K, Berti-Mattera LN. Transient expression of hypoxia-inducible factor-1
alpha and target genes in peripheral nerves from diabetic rats. Neurosci Lett. 2005; 374(3):179-82.
[PubMed: 15663958]

Bursell SE, Clermont AC, Kinsley BT, Simonson DC, Aiello LM, Wolpert HA. Retinal blood flow
changes in patients with insulin-dependent diabetes mellitus and no diabetic retinopathy. Invest
Ophthalmol Vis Sci. 1996; 37(5):886-97. [PubMed: 8603873]

Vinores SA, Xiao WH, Aslam S, Shen J, Oshima Y, Nambu H, et al. Implication of the hypoxia
response element of the Vegf promoter in mouse models of retinal and choroidal
neovascularization, but not retinal vascular development. J Cell Physiol. 2006; 206(3):749-58.
[PubMed: 16245301]

Sharpless NE, DePinho RA. How stem cells age and why this makes us grow old. Nature reviews
Molecular cell biology. 2007; 8(9):703-13. [PubMed: 17717515]

Hayflick L. Biological Aging Is No Longer an Unsolved Problem. Annals of the New York
Academy of Sciences. 2007; 1100(1):1-13. [PubMed: 17460161]

Plast Reconstr Surg. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Duscher et al.

35

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Page 12

.Quan T, Shao Y, He T, Voorhees JJ, Fisher GJ. Reduced expression of connective tissue growth
factor (CTGF/CCN2) mediates collagen loss in chronologically aged human skin. The Journal of
investigative dermatology. 2010; 130(2):415-24. [PubMed: 19641518]

Fisher GJ, Varani J, Voorhees JJ. Looking older: fibroblast collapse and therapeutic implications.
Archives of dermatology. 2008; 144(5):666-72. [PubMed: 18490597]

Gurtner GC, Werner S, Barrandon Y, Longaker MT. Wound repair and regeneration. Nature. 2008;
453(7193):314-21. [PubMed: 18480812]

Ashcroft GS, Horan MA, Ferguson MW. Aging alters the inflammatory and endothelial cell
adhesion molecule profiles during human cutaneous wound healing. Laboratory investigation; a
journal of technical methods and pathology. 1998; 78(1):47-58. [PubMed: 9461121]

Chang EI, Loh SA, Ceradini DJ, Chang El, Lin SE, Bastidas N, et al. Age decreases endothelial
progenitor cell recruitment through decreases in hypoxia-inducible factor lalpha stabilization
during ischemia. Circulation. 2007; 116(24):2818-29. [PubMed: 18040029]

Duscher D, Rennert RC, Januszyk M, Anghel E, Maan ZN, Whittam AJ, et al. Aging disrupts cell
subpopulation dynamics and diminishes the function of mesenchymal stem cells. Scientific
reports. 2014; 4:7144. [PubMed: 25413454]

Gould L, Abadir P, Brem H, Carter M, Conner-Kerr T, Davidson J, et al. Chronic wound repair and
healing in older adults: Current status and future research. Wound repair and regeneration: official
publication of the Wound Healing Society [and] the European Tissue Repair Society. 2014

Holt DR, Kirk SJ, Regan MC, Hurson M, Lindblad WJ, Barbul A. Effect of age on wound healing
in healthy human beings. Surgery. 1992; 112(2):293-7. discussion 7-8. [PubMed: 1641768]

Loh SA, Chang El, Galvez MG, Thangarajah H, El-ftesi S, Vial IN, et al. SDF-1 alpha expression
during wound healing in the aged is HIF dependent. Plastic and reconstructive surgery. 2009;
123(2 Suppl):65S-75S. [PubMed: 19182665]

Duscher D, Maan ZN, Whittam AJ, Sorkin M, Hu MS, Walmsley GG, et al. Fibroblast-Specific
Deletion of Hypoxia Inducible Factor-1 Critically Impairs Murine Cutaneous Neovascularization
and Wound Healing. Plastic and reconstructive surgery. 2015; 136(5):1004-13. [PubMed:
26505703]

Paik KJ, Maan ZN, Zielins ER, Duscher D, Whittam AJ, Morrison SD, et al. Short Hairpin RNA
Silencing of PHD-2 Improves Neovascularization and Functional Outcomes in Diabetic Wounds
and Ischemic Limbs. PloS one. 2016; 11(3):e0150927. [PubMed: 26967994]

Rezvani HR, Ali N, Serrano-Sanchez M, Dubus P, Varon C, Ged C, et al. Loss of epidermal
hypoxia-inducible factor-1lalpha accelerates epidermal aging and affects re-epithelialization in
human and mouse. Journal of cell science. 2011; 124(Pt 24):4172-83. [PubMed: 22193962]
Wohlgemuth SE, Calvani R, Marzetti E. The interplay between autophagy and mitochondrial
dysfunction in oxidative stress-induced cardiac aging and pathology. Journal of molecular and
cellular cardiology. 2014; 71:62-70. [PubMed: 24650874]

Romano AD, Serviddio G, de Matthaeis A, Bellanti F, Vendemiale G. Oxidative stress and aging.
Journal of nephrology. 2010; 23(Suppl 15):529-36. [PubMed: 20872368]

Figueiredo PA, Mota MP, Appell HJ, Duarte JA. The role of mitochondria in aging of skeletal
muscle. Biogerontology. 2008; 9(2):67-84. [PubMed: 18175203]

Fujiwara T, Duscher D, Rustad KC, Kosaraju R, Rodrigues M, Whittam AJ, et al. Extracellular
superoxide dismutase deficiency impairs wound healing in advanced age by reducing
neovascularization and fibroblast function. Experimental dermatology. 2016; 25(3):206-11.
[PubMed: 26663425]

Neufeld EJ. Oral chelators deferasirox and deferiprone for transfusional iron overload in
thalassemia major: new data, new questions. Blood. 2006; 107(9):3436—41. [PubMed: 16627763]

Hershko C, Link G, Konijn AM, Cabantchik ZI. Objectives and mechanism of iron chelation
therapy. Ann N 'Y Acad Sci. 2005; 1054:124-35. [PubMed: 16339658]

Glickstein H, El RB, Shvartsman M, Cabantchik ZI. Intracellular labile iron pools as direct targets
of iron chelators: a fluorescence study of chelator action in living cells. Blood. 2005; 106(9):3242—
50. [PubMed: 16020512]

Fernandez-Real JM, Lopez-Bermejo A, Ricart W. Cross-talk between iron metabolism and
diabetes. Diabetes. 2002; 51(8):2348-54. [PubMed: 12145144]

Plast Reconstr Surg. Author manuscript; available in PMC 2018 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Duscher et al.

Page 13

55. Nitenberg A, Ledoux S, Valensi P, Sachs R, Antony I. Coronary microvascular adaptation to
myocardial metabolic demand can be restored by inhibition of iron-catalyzed formation of oxygen
free radicals in type 2 diabetic patients. Diabetes. 2002; 51(3):813-8. [PubMed: 11872685]

56. Duffy SJ, Biegelsen ES, Holbrook M, Russell JD, Gokce N, Keaney JF Jr, et al. Iron chelation
improves endothelial function in patients with coronary artery disease. Circulation. 2001; 103(23):
2799-804. [PubMed: 11401935]

57. Duscher D, Neofytou E, Wong VW, Maan ZN, Rennert RC, Inayathullah M, et al. Transdermal
deferoxamine prevents pressure-induced diabetic ulcers. Proceedings of the National Academy of
Sciences of the United States of America. 2015; 112(1):94-9. [PubMed: 25535360]

Plast Reconstr Surg. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Duscher et al.

c
o
F]
- 3
e Hif-lalpha &
c
g
LN HN LH HH LN HN LH HH 2]
=
DMOG
‘é' 2.5 ees =
£ OControl =
S _ 2 S
<7 * EDMOG <
=
g g 1.5 3
g = <
t o Q
O b=
52 1 * (o]
- O 3
05 °
© E=]
o ©
g ]
o 0 . I3
LN HN LH HH
é- 70 - . O Control
S
= 60 ®DFO
<5 %
£ 50
25
©
‘.qh_J 240 *kk
g .g 30 * Kok
- o
25
£ 10
]
o 0 +—— == L -
LN HN LH HH
1.4
]
5 _ 1.2
(%]
as 1
g 5
-
[T
[T
22
S
]
o

w
o
o

(arbitrary units)

(arbitrary units)

Relative Luciferase Activity

w
o
o

I
o
o

N
o
o

=
o
o

o

16 -

12

(arbitrary units)

o
n

%k %k %

LN

= T
n ) 9
*

=
L

OControl
HDFO

*

0.8
0.6
0.4
0.2
0 S S
LH HH

% %k %

HN

Page 14

*x% DMOG

LH

OControl
EDMOG

OControl
HDFO

HH

Figure 1. DFO increases HIF-1a activity and decreased ROSin MEFsin vitro while DMOG is

unableto correct the high glucose effects

(A) HIF-1a western blots for MEFS with and without DMOG treatment cultured under low
glucose normoxic (LN), high glucose normoxic (HN), low glucose hypoxic (LH), or high
glucose hypoxic (HH) conditions. DMOG increases HIF-1a stabilization in all conditions.
(B) Quantification of western blots. (C) Mammalian two hybrid luciferase activity measured
in MEFs with or without DMOG treatment under various culture conditions. DMOG is
unable to correct the high glucose effects. (D) HRE luciferase activity compared between
MEFS with and without DMOG treatment under various culture conditions. DMOG is
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unable to correct the high glucose effects. All measurements in panels C-D were normalized
to that of control cells cultured under LN conditions. (E,F) Luciferase activity measured in
MEFS with or without DFO treatment cultured under low glucose normoxic (LN), high
glucose normoxic (HN), low glucose hypoxic (LH), or high glucose hypoxic (HH)
conditions. HRE luciferase activity measured in MEFs is significantly increased with DFO
treatment under all culture conditions. Mammalian two-hybrid luciferase activity MEFs is
significantly increased with DFO treatment under all culture conditions. (G) The
fluorescence measurements at 485 nm (excitation) and 580 nm (emission) are detected using
an H,O,, reporter assay. DFO significantly reduces ROS generated by high glucose. All
measurements in panels A-B were normalized to that of control cells cultured under LN
conditions. n=3. * p<0.05; ** p<0.01; *** p<0.001. All data are means + one SEM.
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Figure 2. DFO but not DM OG enhances diabetic wound healing in vivo
(A,B) Gross appearance and area measurements of diabetic excisional murine wounds

treated with DMOG and DFO. Application of DFO resulted in significantly accelerated
wound healing from day seven on compared to wounds treated with DMOG or PBS control.
(C) Application of DFO resulted in an accelerated time to wound closure compared to
wounds treated with DMOG or PBS control. # indicates statistically significant differences
in wound closure time between DFO versus DMOG and PBS control groups. (D) CD31
immunostaining and quantification were assessed upon complete healing. n=4. Scale
bar=50um. All data are means + one SEM. * indicates p < 0.05. Scale bar = 100 ym.
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Figure 3. DFO and DM OG enhance aged wound healing in vivo
(A,B) Gross appearance and area measurements of aged excisional murine wounds treated

with DFO and DMOG. Application of both DMOG and DFO resulted in significantly
accelerated wound healing from day nine on compared to wounds treated with PBS control.
(C) Application of DFO and DMOG resulted in an accelerated time to wound closure
compared to wounds treated with PBS control. # indicates statistically significant differences
in wound closure time between DFO and DMOG treatment versus the PBS control group.
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(D) CD31 immunostaining and quantification were assessed upon complete healing. n=4.
Scale bar=50um. All data are means + one SEM. * indicates p < 0.05. Scale bar = 100 pum.
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