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Abstract

Hypoxia-inducible factor-1 alpha (HIF-1a) is usually regarded as a core regulator of hypoxic response. Persistent inflamma-
tion and impaired wound healing are common manifestations of diabetic foot ulcer (DFU). In normal wounds, HIF-1a and its
related regulatory molecules, such as vascular endothelial growth factor and inducible nitric oxide synthase, are activated by
hypoxia signals, which in turn promote wound healing. However, abnormal regulation of the HIF-1a signaling pathway by
hyperglycemia leads to impaired wound healing in DFU. In this review, we highlight the tissue-specific and stage-specific ef-
fects of the HIF-1a signaling pathway in DFU. In the early stage of DFU, HIF-1a in inflammatory cells is over-upregulated by
hyperglycemia, causing the activation of nuclear factor-xB and the inducible nitric oxide synthase-mediated pro-inflammatory
signaling pathway, leading to sustained inflammation, which is deleterious. In the late stage of DFU, HIF-1a in endothelial cells
and keratinocytes is inhibited by hyperglycemia, which leads to the downregulation of vascular endothelial growth factor ex-
pression, resulting in insufficient angiogenesis and difficult
healing at the wound site. In this review, we discuss recent
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are well-described and include cardiovascular disecase, diabetic
nephropathy, diabetic neuropathy, and diabetic foot ulcer (DFU).
Emerging complications include various cancers, functional and
cognitive impairments, liver disease, and sleep disorders.’

As one of the common complications of diabetes, DFU is also
a common clinical refractory skin injury mainly caused by pe-
ripheral vascular neuropathy.® In diabetes, the lifetime incidence
of DFU is estimated to be 15-25%.% According to the data of the
International Diabetes Federation in 2015, there are 9.1-26.1 mil-
lion diabetes patients with foot ulcers worldwide every year.” DFU
has a 50-70% recurrence rate within 5 years.!? In China, the re-
currence rate in cured DFU patients within 1 year was as high as
31.6%.!! The prognosis of DFU is poor, with a risk of amputation,
cardiovascular and cerebrovascular events, and premature death,
which also results in costs that may be even higher than for many
common cancers.!>!13 The direct annual cost of DFU in the United
States is estimated to be 17 billion US dollars, which is higher than
those of common cancers such as breast cancer (16.5 billion) and
lung cancer (12.12 billion).!* Moreover, DFU is the most impor-
tant risk factor for lower limb amputation, which occurs 10 times
more frequently in people with type 2 diabetes than in those with-
out.’> DFU is responsible for 80% of nontraumatic amputations, of
which 85% are due to foot ulcers.!® Moreover, patients with diabe-
tes and amputations have a higher risk of all-cause death than those
who have diabetes but no amputations.!” A recent meta-analysis
showed that the 5-year mortality rate of DFU patients was 49.1%
and the 10-year survival rate was only 23.1%.18

Currently, the current commonly used therapeutic methods for
DFU mainly include antibiotic therapy,'® local decompression
therapy,?’ revascularization surgery,?! hyperbaric oxygen therapy
or ozone therapy,?? new excipients,?? and negative pressure ther-
apy.?* Although antibiotic therapy is the standard treatment for
DFU, it cannot reduce amputation risk and mortality since most
DFU wounds are infected with highly resistant bacteria.?® Local
decompression therapy such as full contact plaster support restricts
patients’ activities and induces easy wound infection after long-
term wearing.?® Revascularization surgery, including intravascu-
lar revascularization and open revascularization, has a high limb
salvage rate but a high postoperative mortality rate, which rises
sharply to 13% at 1 year, 29% at 2 years, and 47% at 5 years.?’
The limited mechanical strength and high degradation rate of ex-
cipients such as topical gels limit their clinical application.?? The
use of negative pressure therapy is also restricted due to its high
cost and limited adaptability.2® All of the above therapies have low
specificity, therefore, targeted therapy is in urgent need to enhance
efficacy for abundant DFU patients in the precision medicine era.

Hypoxia-inducible factor-1 alpha (HIF-1a) is a potent oxygen-
dependent transcriptional factor that regulates the expression of
downstream erythropoietic genes and angiogenic-related genes such
as vascular endothelial growth factor (VEGF) to adapt to low oxygen
stress.?? Since HIF-1a is famous for promoting angiogenesis, it is
commonly regarded as a beneficial factor in hypoxic disorders such
as DFU. HIF-1a plays complex roles both by itself and by interacting
with other molecules in DFU, whose roles are plain but not simple.3¢
In this review, we summarize the roles and signaling pathways of
HIF-1a in DFU, and propose potential targeted medications, aiming
to provide a new perspective on understanding its mechanism and
propose novel strategies for the development of targeted therapies.

HIF-10 and its canonical regulatory pathways

In 1991, Semenza and colleagues identified four or more different
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nuclear factors by analyzing DNase I hypersensitive sites in hepat-
ocytes.?! They found that at least two of them were induced under
anemic or anoxic conditions. They then discovered a protein com-
plex that binds to a particular piece of DNA and changes accord-
ingly with oxygen concentration, which was named the hypoxia-
inducible factor-1 (HIF-1). Since then, HIF-1 has been found to
play an important role in hypoxic-ischemia diseases, metabolic
diseases,? and cancer.®

HIF-1 is a heterodimer consisting of an oxygen-regulated 120
kDa o subunit, HIF-1a, and a constitutively expressed 91-94 kDa
beta subunit whose activity is not affected by oxygen or HIF-1B.34
Both subunits contain one basic helix-loop-helix domain and two
PER-ARNT-SIM domains (A and B), which are required for the
dimerization of alpha and beta subunits and the core sequences
binding to target-gene promoters.S HIF-1 stability and transcrip-
tional activity are mediated via the modulation of HIF-1a by oxy-
gen, which can activate the transcription of multiple target genes,
such as VEGF,* inducible nitric oxide synthase (iNOS),’” and
erythropoietin. 3839

As a master regulator of cellular oxygen levels, HIF-1a medi-
ates the cellular adaptive response to hypoxia because of its abil-
ity to regulate the expression of many target genes, such as those
involved in angiogenesis, cell survival, proliferation, and migra-
tion.***! The regulation of HIF-1a is mainly at the post-transla-
tional level, such as hydroxylation,*? ubiquitination,** and meth-
ylation.** HIF-1a is hydroxylated by prolyl hydroxylase domain
(PHD) proteins at two specific proline residues, P402 and P564,
in the presence of normal oxygen, 2-oxyglutaric acid (2-OG), and
iron concentrations (Fig. 1b).45 Hydroxylation of HIF-1a stimu-
lates its recognition and ubiquitination by the von Hippel-Lindau
(VHL) syndrome, an E3 ubiquitin ligase, followed by proteasome
degradation.*® In addition to stability regulation, the trans-activat-
ing activity of HIF-1a can also be mediated by oxygen.*’ Factor
inhibiting HIF-1 (FIH-1) hydroxylates HIF-1a on a specific as-
partic acid residue (N803) located in C-terminal transactivation
domains under normoxic conditions, prevents the recruitment of
coactivators CREB-binding protein (CBP)/p300, and inhibits the
transactivation activity of HIF-1a (Fig. 1b).*® Under hypoxic con-
ditions, the ability of PHD to hydroxylate HIF-1a is decreased,
leading to the failure of VHL to recognize HIF-1a and mediate the
ubiquitination proteasome degradation pathway, resulting in the
enhanced stability of HIF-10..4%5" HIF-10, translocates to the nucle-
us where it dimerizes with HIF-1p, binds to the hypoxia response
element (HRE) sequence of targets gene promoter, and recruits its
coactivators CBP/p300, thereby transactivating the transcription
of downstream genes.5! The activity of FIH-1 is also decreased
under hypoxia owing to its use of oxygen as a substrate. Then the
recruitment of HIF-1a coactivators is enhanced, which improves
its transactivation activity (Fig. 1a).*?

Mechanisms of HIF-1a in DFU

HIF-1a is activated at the wound site and plays a positive role
in multiple stages of wound healing

The oxygen supply has an essential role in wound healing.* Ac-
cordingly, hyperbaric oxygen therapy is widely used to treat is-
chemic DFU.33 During tissue injury and remodeling, wounds be-
come oxygen starved and progressively worse due to the rupture of
blood vessels and the succeeding increase in oxygen consumption
as infiltrated inflammatory cells at the injury site.>* Subsequently,
the stability of HIF-1a is increased due to hypoxia which facilitates

DOI: 10.14218/GE.2023.00051 | Volume 00 Issue 00, Month Year


https://doi.org/10.14218/GE.2023.00051

Zhou X.M. et al: HIF-1a in diabetic foot ulcers Gene Expr
a C Endotheliocyte and epithelium in hyperglycemia
DMOG

a

HIF-1a target gene
transcription

-y

Nucleus

GEDA <+—

a0

degradation '
proteasome

e

I &
QDo \
° 1% NeYe L

mRNA
degradation

Macrophage in hyperglycemia

Normoxia

Fig. 1. The HIF-1a signaling under normoxia, hypoxia, and hyperglycemia. (a) Under hypoxia, HIF-1a is protected from degradation due to the reduced
hydroxylation activity of PHD, translocates to the nucleus to dimerize with HIF-1B, collects the co-activator CBP/p300 in the HRE region, thus activating the
transcription of downstream genes. (b) Under normoxia, HIF-1a is hydroxylated by PHD in the presence of oxygen, 2-OG, and iron, which stimulates the
recognition and ubiquitination of HIF-1a by VHL and succeeding proteasome degradation. The hydroxylation of HIF-1a by FIH-1 under normoxia prevents
the recruitment of coactivators to HIF-1a to bind to the HRE sequence, resulting in the hindrance of HIF-1a transactivation activity. (c) In endotheliocyte
and epithelium exposed to hyperglycemia, apart from the PHD-VHL-mediated proteasome degradation pathway, high glucose induces the methylation of
HIF-1a and increases its interaction with Hsp40/70 by triggering the accumulation of MGO, which promotes CHIP-mediated polyubiquitination and protea-
some degradation. Moreover, MGO-mediated methylation prevents the nuclear translocation of HIF-1a and the recruitment of the co-activator p300, which
decreases the activity of HIF-1a. DMOG and DFO enhance the stability of HIF-1a in hyperglycemia by inhibiting the hydroxylation of PHD. (d) Conversely, in
macrophages, hyperglycemia promotes the transcription of HIF-1a via TBK1 and AGEs. 2-OG, 2-oxoglutarate; AGEs, advanced glycation end products; CBP,
CREB-binding protein; CHIP, carboxy terminus of Hsp70-interacting protein; DFO, deferoxamine; DMOG, dimethyloxalylglycine; FIH-1, factor inhibiting HIF-1;
HIF-1a, hypoxia-inducible factor-1 alpha; HIF-1B, hypoxia-inducible factor-1 beta; HRE, hypoxia response element; Hsp40, heat shock protein 40; Hsp70,
heat shock protein 70; MGO, methylglyoxal; PHD, prolyl hydroxylase domain protein; TBK1, tank-bound kinase 1; Ub, ubiquitin; VHL, von Hippel-Lindau
protein. Created with BioRender.com.

wound healing through transactivation of the expression of genes
involved in angiogenesis, such as angiogenic growth factor.>

Previous studies have identified phase-specific and spatiotem-
poral properties of HIF-1a and its target genes by measuring their
mRNA content in skin cells. Increased HIF-1a expression was de-
tected in basal keratinocytes at the edge of a wound immediately
after injury, was almost undetectable after epithelialization, peaked
during re-epithelialization, and was detectable in the dermis at no
time during wound healing.5® This suggests that HIF-la has a
pleiotropic role in the process of wound healing to ensure that the
injured tissues return to normal health homeostasis.
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HIF-1a has benefits in different processes of wound healing.5’
It promotes the transition of cellular mitochondrial oxidative res-
piration to glycolysis by regulating enzymes such as PDH kinase 1
and decreases the production of reactive oxygen species (ROS) to
prevent subsequent tissue damage.® In the early stages of wound
healing, HIF-10 promotes migration and infiltration of macrophag-
es and neutrophils by regulating the glycolysis in myeloid cells and
increases their killing effect on bacteria to prevent serious infection
in the damaged skin barrier.> In addition, HIF-1a promotes angio-
genesis under hypoxia by upregulating the transcription of multi-
ple genes, such as VEGF, angiopoietin 2, and transforming growth
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factor beta 3, which provide oxygen and nutrients needed for tis-
sue repair.®%6! HIF-1a induces the migration of CXC chemokine
receptor 4 (CXCR4)-expressing bone marrow-derived circulat-
ing endothelial progenitor cells to the hypoxic site by increasing
the expression of stromal cell-derived factor-1, also known as
CXCL12.9% Local treatment with AMD3100, a specific CXCR4
antagonist, promoted wound healing in diabetic mice by mobiliz-
ing bone marrow endothelial progenitor cells and enhancing both
angiogenesis and vasculogenesis.® Mice with keratinocyte-specif-
ic knockout of HIF-1a have delayed wound healing and inhibition
of keratinocyte migration because of a decrease in laminin-332 and
B1 integrin.%* Recent studies have shown that overexpression of
HIF-1a can promote the proliferation and migration of vascular
endothelial cells under hypoxia.®S Overall, HIF-1a is activated by
hypoxia at the injury site and promotes wound healing.

Abnormal regulation of HIF-1a stability and activity by hyper-
glycemia has a key role in wound healing deficits in DFU

The disruption of HIF-1a and its involved signaling pathways is
the key to impaired wound healing in DFU, which is caused by
the over-activation or inhibition of HIF-1a by hyperglycemia in
different tissues and cells (Fig. 1c and d). Hyperglycemia results
in damaged hypoxia signaling, decreased neovascularization, and
subsequent poor wound healing.% If cells fail to adapt to hyper-
glycemia-induced hypoxia, tissue hypoxia is further exacerbated
by regulating the stability and transactivation of HIF-10.3" Low
levels of HIF-1a in macrovascular and microvascular diseases are
closely associated with hyperglycemia, and restoration of HIF-
lo expression can significantly improve related diseases such as
DFU.5 The protein levels and nuclear translocation of HIF-1a. are
more reduced in DFU than in venous ulcers, which have a simi-
lar hypoxia profile to DFU but without hyperglycemia.%” Interest-
ingly, the transcription of HIF-1a does not change, suggesting that
hyperglycemia has multiple regulation mechanisms on HIF-1a, in-
cluding impairing HIF-1a’s hypoxic-dependent protection against
proteasome degradation and declining transactivation efficacy of
HIF-10 mediated by blocking its binding to HRE.%8

Hyperglycemia decreases the stability of HIF-1a in a PHD-
and VHL-dependent manner. Increased HIF-1a stability acceler-
ates wound healing in diabetic mice due to the blocking of the
interaction between VHL and HIF-1a.%° Additionally, inhibiting
the PHD-dependent degradation of HIF-1a with hydroxylase in-
hibitors dimethyloxallyl glycine (DMOG) or deferoxamine (DFO)
enhances the stability of HIF-1a in hyperglycemia, which in turn
promotes diabetic wound healing (Fig. 1¢).3 These results indicate
that the negative regulation of hyperglycemia on HIF-1a stability
is at least partially dependent on the proteasome degradation medi-
ated by PHD and VHL, which is also the cause of delayed healing
of diabetic wounds.

Hyperglycemia also promotes HIF-1a instability independent
of PHD and VHL.” High glucose induces the accumulation of
methylglyoxal (MGO), which further modifies HIF-1a to increase
its interaction with Hsp40/70. Then, the E3 ubiquitin ligase car-
boxy terminus of Hsp70-interacting protein (CHIP) mediates poly-
ubiquitination and proteasome degradation of HIF-1a (Fig. 1c).”!
Modification of HIF-1a and p300 by MGO inhibits the transcrip-
tional activity of HIF-1a by inhibiting the dimerization of HIF-1,
binding to HRE, and interacting with p300 (Fig. 1¢).”»7 As ROS
have a key role in hyperglycemia-induced MGO accumulation, in-
hibition of iron-catalyzed ROS production by DFO can reduce the
covalent modification of p300 by MGO, promote the binding of
p300 to HIF-1a, and enhance the transcriptional activity of HIF-
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la, thus improving DFU.7*

Although numerous studies have demonstrated that hypergly-
cemia negatively regulates HIF-1a, paradoxically, hyperglycemia
has also been shown to promote HIF-1a expression through tank-
bound kinase 1 in macrophages and thus promote inflammation.”
Moreover, the accumulation of advanced glycation end products
(AGEs) during hyperglycemia promotes an M 1-like proinflamma-
tory polarization of macrophages through upregulating the expres-
sion and translocation of HIF-10, leading to atherosclerosis, which
is also one of the important characteristics of DFU (Fig. 1d).76:77
This may be explained by the distinct roles of various cells in dif-
ferent stages of DFU. Abnormal regulation of the HIF-1a signaling
pathway has a crucial role in the pathogenesis of DFU. Elucidating
the interaction of HIF-1a with downstream molecules in DFU may
provide novel therapeutic targets or biomarkers for DFU.

Impaired HIF-1a signaling pathway and related molecular
dysregulation result in delayed wound healing in DFU

Impairment of the HIF-1a signaling pathway and subsequent dys-
regulation of downstream target proteins result in delayed wound
healing in DFU (Fig. 2a). Currently, it is believed that the main
characteristics of delayed wound healing in DFU are as follows:
In the early stage of wound healing, the over activation of inflam-
matory cells and the release of pro-inflammatory cytokines lead
to persistent low-grade inflammation. When wound healing enters
the late stage, impaired granulation tissue formation due to insuffi-
cient angiogenesis leads to decreased wound re-epithelialization.”®

As an oxygen-dependent transcription factor, HIF-1o activates
the transcription of hundreds of downstream genes by binding to
the HRE of gene promoters, many of which are involved in in-
flammation, angiogenesis, and endothelial function.” In particu-
lar, nuclear factor-kappa B (NF-xB), iNOS/NOS2, and VEGF play
a pivotal role in DFU (Fig. 2b—d). NF-kB and its inhibitor IxkB
constitute a strictly controlled system, which regulates inflamma-
tion and the redox status of vascular endothelial cells.8? Animal
studies have shown that inhibition of NF-kB signaling alleviates
endothelium-dependent vasodilation function damage.8'-8? 1t is
further clinically confirmed that NF-xB has a key role in endothe-
lial dysfunction.®® In skin injury, iNOS is the main source of ni-
tric oxide (NO) in damaged endothelial tissues, and it influences
wound healing by improving endothelial vasodilation and regu-
lating fibroblast proliferation and collagen synthesis.?* VEGF is
an endothelial cell-specific mitogen promoter, which increases the
production of plasminogen activator, degrades extracellular matrix
during capillary germination, and enhances vascular permeability
before the formation of new blood vessels.®®

NF-kB

NF-«xB is a key transcriptional regulator of innate immunity, in-
flammation, and apoptosis.?®87 Its downstream signaling path-
ways have a key role in diabetes.?® NF-xB was first described by
Sen and Baltimore in 1986 as a transcription factor regulating the
expression of target genes.?’ The NF-xB family consists of five
homologous or heterodimer proteins, p65 (RelA, NF-kB3), c-Rel,
RelB, p50/p105 (NF-xB1), and p52/p100 (NF-kB2).”® RelA, c-
Rel, and RelB contain the transcription activation domain rather
than p52 and p50, so the latter two need to combine with other
factors to have a positive regulatory role in transcription.8® Among
them, the heterodimer NF-kB composed of p65 and p50 is the most
abundant and active form.’! In the nonstimulated resting state,
1kB, the inhibitor of NF-«kB, binds to NF-kB heterodimers, allow-
ing NF-«xB to exist in the cytoplasm and preventing its binding
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Fig. 2. HIF-1a and its targeted key molecules in DFU. (a) The role of HIF-1a in the pathogenesis of DFU is tissue-specific and stage-specific. At the early stage
of wound healing in DFU, the expression of HIF-1a is increased in the injured site, especially in macrophages, causing sustained inflammation. In contrast,
the stability and transcriptional activity of HIF-1a in endothelial cells is decreased by hyperglycemia in the late stage, leading to insufficient angiogenesis
and impaired wound healing. (b) There is a mutually reinforcing relationship between HIF-1a and NF-kB in the hypoxic inflammation of DFU wounds. On
one hand, ROS promotes the HIF-1a-mediated phosphorylation of IkB and p65, which enhances the nuclear translocation of NF-kB and the expression of its
target inflammatory cytokines genes. Under hypoxia, HIF-1a directly upregulates p65 mRNA levels and indirectly promotes the transcriptional activation of
NF-kB on downstream genes by upregulating RAGE expression. On the other hand, NF-kB, as a transcription regulator, binds to the HIF-1a promoter and up-
regulates the expression of HIF-1a, which in turn enhances the function of NF-kB. (c) Th1 cytokines, such as IFN-y and LPS, promote the expression of HIF-1a
and act on the iNOS promoter homologous with the HRE sequence, up-regulate the expression of iNOS, which is responsible for the continuous amplifica-
tion of inflammation. The difference is that during the proliferation phase, decreased iNOS activity and increased superoxide production in diabetic skin de-
creased the positive regulatory effect of NO on the HIF-1a/VEGF pathway. (d) Because of defective HIF-1a signaling in endothelial cells under hyperglycemia,
HIF-1a cannot enter the nucleus and bind to the HRE sequence to promote downstream VEGF and VEGFR expression. Consequently, PLC-y phosphorylation
is decreased and the activation of the Raf/MEK/ERK pathway is blocked, which ultimately leads to insufficient angiogenesis and delayed wound healing. Bax,
BCL-2-associated X protein; CBP, CREB-binding protein; DFU, diabetic foot ulcer; HIF-1a, hypoxia-inducible factor-1 alpha; HIF-1B, hypoxia-inducible factor-1
beta; HRE, hypoxia response element; IkB, inhibitor of NF-kB; IFN-y, interferon-gamma; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; NF-kB,
nuclear factor-kappa B; NO, nitric oxide; RAGE, receptor for AGEs; ROS, reactive oxygen species; TNF-a, tumor necrosis factor alpha; Ub, ubiquitin; VEGF,
vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor. Created with BioRender.com.
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to DNA.?2 When stimulated by a pathogen or pro-inflammatory
cytokines such as tumor necrosis factor-o and interleukin-1, IkB
kinase (IKK) is activated and phosphorylates serine residues of
kB, leading to ubiquitination proteasome degradation.®>** Then,
NF-«B translocates into the nucleus and binds to the kB element
on DNA to regulate the expression of downstream inflammatory
genes, such as iNOS, IL-2, and IL-6.95%

DFU does not follow the normal four stages of wound heal-
ing, hemostasis, inflammation, proliferation, and remodeling.
DFU manifests as prolonged inflammation that leads to a chronic
wound.?” Sustained inflammation at the wound site is mainly due
to the increased production of inflammation-related enzymes and
cytokines and the abundant infiltration of inflammatory cells.’® In
addition, fibrosis and thrombosis caused by inflammation lead to
obstructed blood and reduced oxygen supply, which also aggra-
vate hypoxia.?® Therefore, HIF-10 and NF-kB signaling pathways,
as transcriptional regulators of hypoxic adaptive response and in-
flammatory response, are not independent, but crosstalk and inter-
act with each other (Fig. 2b).87

Specifically, NF-kB directly activates and binds to the nuclear
factor-activated B cell k light chain enhancer site on the promoter
of HIF-1a, thereby upregulating the transcription of HIF-1a.'%0
Moreover, HIF-1a-mediated phosphorylation of IkB and p65 en-
hances the translocation to the nucleus and transcriptional activity
of p65, thereby upregulating the activity of NF-kB.1! However,
hypoxia cannot up-regulate p65 mRNA levels and phosphorylated
p65 levels in HIF-1o-deficient macrophages, as it does in wild-
type macrophages.'”? HIF-1o also indirectly promotes nuclear
translocations of NF-kB and the activation of pro-inflammatory
genes by upregulating the expression of alarmin receptors, such as
the receptor for AGEs (RAGE) (Fig. 2b).!% An important feature
of wound hypoxia in DFU is excess ROS, which plays an impor-
tant role in regulating the activity and interaction of HIF-1o and
NF-kB. A recent study showed that hyperglycemia increased ROS
to enhance the NF-kB-mediated inflammatory response by acti-
vating HIF-1a, resulting in vascular endothelial cell dysfunction
in rat aorta.!® The increased level of human circadian locomotor
output cycle protein kaput under hypoxia induces the production
of ROS with subsequent activation of the RhoA and NF-«B path-
ways, which ultimately leads to oxidative damage and inflamma-
tion of blood vessels.!?® In chronic diabetic wounds, p-STAT3 is
continuously activated after injury, while IkBa lacks a significant
upregulation signal during repair, suggesting that continuous ac-
tivation of NF-kB in diabetic chronic wounds causes excessive
inflammation and delayed wound healing.!% Apart from that, a
recent study has shown that JAK1, 3/STAT3 promotes the demeth-
ylation of H3K27me3 by Jumonji domain-containing protein D3.
Then, the production of NF-kB-mediated inflammatory cytokines
is promoted, which leads to persistent inflammation and poor heal-
ing in diabetes.!"”

Consequently, over activation of HIF-1a in the early stage of
wound healing is deleterious to DFU wound closure. To be spe-
cific, hyperglycemia and hypoxia cause a mutually reinforcing
positive feedback loop between HIF-1a and NF-xB in the early
stage of DFU, leading to persistent inflammation, impeding the
transition of wound healing from the inflammatory phase to the
proliferative phase, and ultimately exhibiting poor healing.

iNOS

In 1980, Furchgott ef al. found that the diastolic effect of ace-
tylcholine on blood vessels depended on the integrity of vascu-
lar endothelial cells and substances released by them, which he
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named endothelium-derived relaxing factor.!’® Subsequently, en-
dothelium-derived relaxing factor was experimentally proved to
be NO in 1987.1% NO is synthesized in vivo by an isoenzyme, NO
synthase (NOS), which has three subtypes, neuronal NOS, iNOS,
and endothelial NOS (eNOS)."? Neuronal NOS and eNOS are
expressed constitutionally and iNOS expression is induced only
when cells are stimulated."! Under normal physiological condi-
tions, NO is mainly produced by eNOS in endothelial cells and
has a role in regulating vascular tone and angiogenesis, inhibiting
inflammation, and reducing pathological thrombosis.!'? However,
when cells are exposed to inflammatory cytokines or bacterial li-
popolysaccharides, iNOS is activated to produce abundant NO to
defend against infection or inflammation.!'? In addition, iNOS is
also involved in VEGF-A-mediated angiogenesis in the early stage
of wound healing, promoting the proliferation and angiogenesis of
endothelial cells, thus accelerating wound closure.!'*115 However,
under pathological conditions, excessive NO produced by the over
activation of iNOS leads to the occurrence and development of
a variety of complex multifactorial diseases, such as Alzheimer’s
disease, atherosclerosis, and inflammatory bowel disease.!'® Hy-
perglycemia-induced iNOS overexpression results in endothelial
damage and apoptosis of vascular endothelial cells, and inhibition
of iNOS can protect endothelial cells from high glucose-induced
injury."!” Diabetic peripheral neuropathy is one of the most com-
mon causes of DFU.18 Knockdown of iNOS can protect mice
from diabetic peripheral neuropathy compared with wild-type lit-
termates.!!®

During normal wound repair, the L-arginine metabolic path-
way is spatiotemporally specific and promotes wound healing
by mediating inflammation and maintaining normal macrophage
function.'?” Systematically speaking, iNOS produced by wound
central macrophages is rapidly elevated within hours after trauma,
metabolizing L-arginine to NO, thereby mediating the removal
of pathogens. Two days after trauma, fibroblasts near the wound
produced arginase, which promotes the conversion of L-arginine
to ornithine and facilitates collagen deposition, cell growth, and
wound healing.'?1122 In the proliferative stage, keratinocytes are
the main source of VEGF which is the most important angiogenic
factor at this stage. NO, as a kind of ROS, promotes angiogenesis
by stabilizing HIF-1a in endothelial cells and increasing the pro-
duction of VEGF, thus accelerating diabetic wound healing.!?3124
The stabilizing effect of NO on HIF-1a may be due to the fact that
NO mediates the S-nitrosation of the cysteine residue of HIF-1a
and protects HIF-1a from degradation by the ubiquitination pro-
teasome pathway. 23

Notably, decreased NOS activity and increased superoxide pro-
duction in diabetic wounds as found to reduce the bioavailability
of NO and delayed wound healing (Fig. 2c¢).1?¢ Therefore, NOS
and superoxide dismutase gene therapy during the early stage of
wound healing has potential therapeutic effects on chronic wound
healing such as DFU.'?”7 On the contrary, diabetic wounds exhibit
persistent inflammation characterized by the inability of M1 mac-
rophages producing iNOS to convert into M2 macrophages pro-
ducing arginase 1, which leads to the obstruction of the transition
from the inflammatory stage to the proliferative stage and impaired
healing progress of diabetic wounds.!?® Failure of macrophages to
transform from M1 to M2 on the third day of wound formation is a
key factor leading to a sustained inflammation of diabetic wounds
and impaired wound closure.!?® Therefore, identifying the factors
driving macrophage polarization from M1 to M2 is of great im-
portance for the treatment of chronic refractory wounds such as
DFU." It has been observed that lipopolysaccharide (LPS) and
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Table 1. Pharmacological agents targeting HIF-1a in clinical trials
el - - . Refer-
Drug target Drugname tion of Indication Clinical trial status (NCT number)
drug action ence
HIF-1a Daprodustat  Agonist DFU Phase 1 NCT01831804 162
HIF-1a Molidustat Agonist Anemia associated with CKD  Phase 2 NCT01975818 NCT02021370NCT02021409 161
HIF-1a Roxadustat Agonist CKD anemia in stable dialysis Phase 3 NCT02273726 161
HIF-1a EZN-2208 Inhibitor Refractory solid tumor Phase 1 NCT01251926 163
HIF-1a NLG207 Inhibitor Advanced prostate cancer Phase 2 NCT02769962 164

CKD, Chronic Kidney Disease; DFU, diabetic foot ulcer; HIF-1a, hypoxia-inducible factor-1 alpha; NCT, National Clinical Trial.

Th1 cytokines such as interferon-y (IFN-y) induced M1-type po-
larization of macrophages and increased the production of iNOS
by upregulating the expression of HIF-1a (Fig. 2¢).!3! Similarly,
owing to the homology of the iNOS promoter sequence to the HRE
sequence, the transcription of the iNOS gene is regulated by HIF-
1a.'32 Under hypoxia, the inflammatory factor IL-1p enhances the
transcription of iNOS by promoting HIF-1 to bind to the iNOS
promoter.'3? Interestingly, LPS induces activation of IKK and
degradation of IkB through toll-like receptors on macrophages,
followed by migration of NF-kB into the nucleus and binding to
iNOS promoter, triggering the expression of iNOS and inflamma-
tion.!13

Hence, the HIF-1a/iNOS signaling pathway in DFU is detri-
mental in the inflammatory stage and beneficial in the prolifera-
tive stage. In the inflammatory stage of wound healing, the high
expression of HIF-1a in macrophages inhibits phenotype polariza-
tion, resulting in the over-production of iNOS and persistent in-
flammation. In the proliferative stage, hyperglycemia undermines
the activity of iNOS and HIF-1a in endothelial cells and keratino-
cytes, resulting in poor angiogenesis and slow wound closure.

VEGF

VEGEF is a specific mitogen family of vascular endothelial cells,
which can increase vascular permeability!3*135 and promote en-
dothelial cells proliferation and migration,'3¢ angiogenesis,'3’
vasculogenesis, collagen deposition, efc. Family members include
VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, and placen-
tal growth factor.’¥® VEGF-A, commonly referred to as VEGF,
includes several isomers, VEGF121, VEGFI121b, VEGF145,
VEGF145b, VEGF165, VEGF165b, etc.'* In particular, the angi-
ogenic and anti-angiogenic activity of different isomers contribute
to endothelial homeostasis.!*" VEGF is a key molecule in tissue
repair and wound healing by increasing tissue perfusion by im-
proving vascular permeability and angiogenesis. VEGF is synthe-
sized and secreted by many cells involved in wound healing, such
as platelets,'*! macrophages,'#? neutrophils,'** endothelial cells,'**
fibroblasts,'4> and smooth muscle cells. Local application with the
mesoglycan/VEGF at the lesions of mice activated endothelial
cells and fibroblasts, accelerated angiogenesis at the wound site,
and thus promoted wound repair.!*¢ CKD712 promotes wound
healing by enhancing the migration of fibroblasts through upregu-
lating VEGF, which is weakened by VEGF antagonism.'#’ Con-
sistent with this, the wounds of rats treated with topical quercetin
showed an increased closure rate, enhanced fibroblast prolifera-
tion, raised microvascular density, improved re-epithelialization
structure, and more regular collagen deposition compared with
controls. These effects are due in part to quercetin’s upregulation
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of VEGF at the wounds.'#8

HIF-1a is the main determinant of angiogenesis by activating
the transcription of VEGF, which encodes a key angiogenic growth
factor.'* In hypoxic wound tissue, HIF-1a is stabilized, enters the
nucleus, dimerizes with HIF-1p, binds to the promoter HRE of
VEGF, and simultaneously recruits the coactivators p300/CBP,
triggering the transcription of VEGF and thus playing an essential
role in promoting normal wound healing (Fig. 2d).3%15° Through
mutual recognition and binding with VEGF receptors (VEGFR),
VEGF exerts the tyrosine-protein kinase activity of VEGFR and
phosphorylates various proteins in endothelial cells.’S! For ex-
ample, VEGF binds to VEGFR to phosphorylate PLC-y and in-
duces subsequent activation of the Raf/MEK/ERK pathway, which
then promotes endothelial cell proliferation.'>? Similarly, VEGFR
phosphorylates and activates the PI3K/Akt pathway, promotes en-
dothelial cell survival, and improves vascular permeability.!5315¢
Moreover, VEGF protects endothelial cells from apoptosis by in-
ducing the expression of anti-apoptotic proteins Bcl-2 and A1.155
Furthermore, HIF-1a increases the expression of VEGFR, which is
similar to the mechanism of regulating VEGF, thus further enhanc-
ing the function of VEGF (Fig. 2d).'® VEGF promotes angiogen-
esis and endothelial cell proliferation and migration, making it a
promising target for chronic refractory wounds such as DFU.!57
Therefore, hyperglycemia-induced inhibition of the HIF-10/VEGF
signaling pathway is an important cause and a potential pharmaco-
logical target of DFU (Fig. 2d).

Despite its positive role in promoting chronic wound healing in
DFU, overexpression of VEGF is considered a critical event ag-
gravating other diabetic complications. VEGF is a downstream ef-
fector of STAT3, a key factor in diabetic retinopathy that mediates
increased vascular permeability and pathological angiogenesis,
whose activation may worsen diabetic oculopathy.!3® VEGF pro-
motes the development of diabetic nephropathy by affecting blood
flow and capillary permeability of glomeruli to increase albuminu-
ria.'5® Consistent with this, VEGF antibodies improved albuminu-
ria and glomerular hypertrophy in diabetic rats, which may be an
effective strategy for early diabetic nephropathy.!6?

Pharmacological agents targeting HIF-1a and related mol-
ecules for treating DFU

As HIF-la and its downstream molecules play important roles
in DFU, they may have potential as pharmacological targets. We
summarize drugs targeting HIF-la and the three related mol-
ecules mentioned above that are currently in development, and
which might be used for DFU or contraindicated for DFU (Tables
1 4‘)_161—175
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Table 2. Pharmacological agents targeting NF-kB in clinical trials
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2 Drug name CIassnflcatlc.m Indication Clinical trial status (NCT number) Reference
target of drug action
NF-kB Iguratimod Inhibitor Active rheumatoid arthritis Phase 4 NCT01554917 165
NF-kB Quinacrine Inhibitor Androgen-independent prostate cancer Phase 2 NCT00417274 166
NF-kB Vinpocetine  Inhibitor Acute ischemic stroke Phase 3 NCT02878772 167
NCT, National Clinical Trial; NF-kB, nuclear factor-kappa B.
Table 3. Pharmacological agents targeting iNOS in clinical trials
C.Iassmca- A Clinical trial status Refer-
Drug target Drug name tion of Indication
. (NCT number) ence
drug action
iNOS/NOS2 EGb-761 Inhibitor Mild cognitive impairment; inflammation; oxidative stress Phase 4 NCT05594355 168,169
iNOS/NOS2 Ronopterin  Inhibitor Traumatic brain injury Phase 3 NCT02794168 168

iNOS, inducible nitric oxide synthase; NCT, National Clinical Trial.

Drugs targeting HIF-10 and strategies for the treatment of DFU

HIF-1a promotes wound healing in DFU by enhancing angiogen-
esis and enhancing endothelial cell function. Therefore, intramus-
cular injection of HIF-1a agonists around wounds at the end of
wound healing can improve the damaged angiogenesis and thus
achieve the therapeutic effect on DFU. Currently, a phase I clini-
cal trial is being conducted to evaluate the safety, tolerability, and
pharmacokinetics of daprodustat, an agonist of HIF-1a, when used
topically in healthy individuals and patients with DFU (Table 1).166
Other HIF-1a agonists, such as molidustat and roxadustat, are be-
ing evaluated in clinical trials to treat anemia caused by chronic
kidney disease.!! Some HIF-1o agonists are being validated in
rat models of DFU. DMOG was found to stabilize HIF-1a as a
PHD inhibitor.!”” Topical use of mono-axial polycaprolactone na-
nofibers loaded with DMOG promoted wound healing in Sprague
Dawley rats with streptozotocin-induced diabetes.!%? Accordingly,
local pharmacological inhibition of PHD is a potential therapeutic
strategy for DFU. However, there is still a lack of clinical trials
with large sample sizes on the efficacy and safety of DMOG for
DFU. In addition, smeared VH298 exosomes loaded with gelatin
methacryloyl hydrogel promoted angiogenesis and accelerated
wound healing of male db/db mice, in which VH298 stabilized
HIF-1a and activated the HIF-1a-VEGF pathway by inhibiting
the binding between VHL and HIF-10..!7% Cyclometalated iridium
(II) metal complex 1a can promote angiogenesis and wound heal-

Table 4. Pharmacological agents targeting VEGF in clinical trials

ing in diabetic mice under different administration routes such as
intraperitoneal injection and topical application by antagonizing
the interaction between VHL and HIF-1lo like VH298.9 These
studies suggest the potential advantages of using gene editing to
inhibit VHL and block VHL-HIF-1a interactions in the treatment
of chronic wounds such as DFU.'7 However, it is important to
note that experimental murine models of diabetes mellitus do not
fully mimic human disease.'®" Therefore, the efficacy and safety of
the above-mentioned VHL-HIF-1a interaction inhibitors for DFU
need to be tested in scientifically designed large sample-size clini-
cal trials.

Moreover, most clinical trials are being conducted to demon-
strate the therapeutic effect of intravenous infusion of HIF-1a in-
hibitors such as EZN-2208 and NLG207 on tumors due to their
favorable inhibition of angiogenesis and cell proliferation,!63:164
Given the primary role of HIF-1a in mediating M1 macrophage
polarization and inflammation in the early stage of wound healing,
the dermal administration of HIF-1a inhibitors should be tested
for DFU patients with persistent inflammation. Taken together, the
evidence supports the use of inhibitors in the early stage of wound
healing and agonists in the late stage as a reasonable strategy for
HIF-1o-targeted drugs in DFU therapy.

Drugs targeting NF-xB and strategies for the treatment of DFU

Chronic inflammation mediated by NF-kB signaling contributes to

Drug Classification

S Drug name S Tt Indication Clinical trial status (NCT number) Reference
VEGF  Neovasculgen Agonist Peripheral arterial disease Phase 4 NCT02369809 170
VEGF AZD-8601 Agonist Type Il diabetes Phase 1 NCT02935712 171
VEGF  Bevacizumab Inhibitor Metastatic colorectal cancer Phase 3 NCT00719797 172
VEGF  Brolucizumab-dbll Inhibitor Active choroidal neovascularization; Phase 3 NCT02307682 NCT02434328 174
age related macular degeneration
VEGF Dilpacimab Inhibitor Advanced solid tumors Phase 1 NCT01946074 173
VEGF  Faricimab Inhibitor Diabetic macular edema Phase 3 NCT03622593 NCT03622580 175

NCT, National Clinical Trial; VEGF, vascular endothelial growth factor.
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the pathogenesis and progression of multiple metabolic diseases. '8!
Therefore, inhibiting NF-«xB is recognized as a treatment strategy
for concomitant inflammation in a variety of diseases. Iguratimod,
an inhibitor of NF-kB, has been demonstrated to be effective for
active rheumatoid arthritis in phase IV clinical trials.'® Quinacrine
was found to have therapeutic effects on androgen-independent
prostate cancer, which may promote wound healing in DFU based
on its inhibition of NF-xB transcriptional activity.'®® A phase III
clinical trial evaluated that vinpocetine, as an anti-inflammatory
agent, alleviated the clinical consequences of acute ischemic stroke
and improved outcomes (Table 2).'®7 Recent studies have shown
that gavage treatment with vinpocetine improved pain sensitivity
and movement disorders in diabetic rats, and inhibited inflamma-
tion by reducing IL-6 production.!82183 These studies indicate the
potential application of vinpocetine for early DFU, which needs to
be validated by further clinical trials. Given the central role of NF-
kB in inflammation, we suggest that NF-kB inhibitors should be
used against inflammation in the late stages of wound healing for
DFU patients to achieve greater therapeutic effects. Although there
is still a lack of clinical trials of NF-«B inhibitors for the treatment
of DFU, significant progress has been made in animal models. A
recent study reported that dihydromyricetin reduced the produc-
tion of HIF-1a, iNOS, NF-kB, and other inflammatory factors in-
duced by hyperglycemia and alleviated tissue damage in the aorta
of diabetic rats.' In addition, a phase II clinical trial is currently
being conducted to evaluate the efficacy of dihydromyricetin in the
treatment of type 2 diabetes owing to its upregulation of insulin
sensitivity and insulin secretion.!8* All these trials provide impor-
tant clues and insights for the development of dihydromyricetin
as a potential medicine for DFU. By and large, in terms of target-
ing NF-kB for DFU treatment, we suggest that NF-«B inhibitors
should be used at the end-inflammatory stage of wound healing in
DFU patients to facilitate wound repair.

Drugs targeting iNOS and strategies for the treatment of DFU

iNOS agonists should be used in the treatment of DFU patients
or patients with ischemic or infectious ulcers at the late stage of
wound healing of DFU because they produce NO to promote angi-
ogenesis, vasodilation, and exert antibacterial effects.'5 However,
there have been few clinical trials to test iNOS agonists for treating
DFU, and it needs further exploration. Nonetheless, topical NO
supplementation has been developed to suppress infection in DFU,
such as the EDX110 system, which is a topical medical device
releasing NO (Table 3).'8 It should be noted that iNOS agonists
should not be used in DFU patients who are at an inflammatory
phase without infection, which may cause or aggregate inflamma-
tion to persist.

iNOS inhibitors are currently being evaluated in clinical trials to
treat severe inflammation, including EGb-761 for oxidative stress
and inflammation in mild cognitive impairment and ronopterin for
traumatic brain injury.'®%1¢ High iNOS activity has previously
been shown to cause persistent inflammation and be detrimental to
normal wound healing.'?! Therefore, for DFU patients with abnor-
mally prolonged inflammation, selective iNOS inhibitors should
be locally used to promote wound healing into the proliferative
and remodeling stage as soon as possible. Nevertheless, given the
increased risk of infection due to the suppression of inflammation
that may be caused by topical iNOS inhibitors, antibiotics should
be used in combination. Generally speaking, we recommend that
in the early stage of wound healing, iNOS inhibitors combined
with antibiotic therapy can improve inflammation of DFU wound
healing. Additionally, iNOS agonists should be injected around the

DOI: 10.14218/GE.2023.00051 | Volume 00 Issue 00, Month Year

Gene Expr

wound tissue of DFU patients in the late stage of wound healing to
promote angiogenesis.

Drugs targeting VEGF and strategies for the treatment of DFU

As one of the most effective angiogenic factors, VEGF is con-
sidered to be an important molecule in promoting wound heal-
ing by accelerating angiogenesis.'®” Therefore, intramuscular or
intravenous administration of VEGF agonists at the wound site
may be beneficial for patients with ischemic ulcers or DFU in the
advanced stage of wound healing. Neovasculgen is currently be-
ing investigated in clinical trials as a VEGF agonist for peripheral
artery disease.!”" A phase I clinical trial has also been conducted to
evaluate the safety, tolerability, and pharmacodynamics of VEGF
agonist, AZD8601, in men with type 2 diabetes to provide evi-
dence for its clinical use for DFU (Table 4).17! 1t is suggested that
VEGF agonists have more obvious advantages for DFU than cur-
rent therapies. However, further human clinical trials with large
sample sizes are needed to assess its efficacy and safety.

Compared with VEGF agonists, VEGF inhibitors have aroused
more interest and attention. For example, many clinical trials
have been conducted to investigate the effects of selective VEGF
inhibitors on tumors, since the formation of new blood vessels
is the basis for tumor growth and metastasis.'®® A phase III tri-
al of bevacizumab showed that VEGF inhibitors could be used
to treat metastatic colorectal cancer.!”> The safety and efficacy
of dilpacimab in patients with advanced solid tumors were also
evaluated and had satisfactory efficacy.!”® Furthermore, as a key
promoter of intraocular angiogenesis, VEGF inhibitors are also
used for ocular diseases such as macular edema and active cho-
roidal angiogenesis.!’*175 Due to severe wound dysangiogenesis
in DFU, VEGF inhibitors cannot be used for DFU patients, even
if they have tumors that are an indication of VEGF inhibitors.
In conclusion, for the treatment of DFU with targeted VEGF, the
late stage of wound healing is the appropriate time to use VEGF
agonists. In addition, it should be noted that DFU patients are con-
traindicated for VEGF inhibitors.

Conclusions and perspectives

The roles of HIF-1a and its key interacting molecules including
NF-kB, iNOS, and VEGF in the pathogenesis of DFU were dis-
cussed in detail in this review. It is noteworthy that HIF-1a is not
fully beneficial for DFU wound healing as commonly believed.
Specifically, cross-perturbation between HIF-loo and NF-kB,
HIF-1a, and iNOS causes harmful persistent inflammation. The
upregulation of VEGF induced by HIF-1a plays a beneficial ef-
fect on wound healing by promoting angiogenesis, which is also
positively regulated by iNOS. However, the results of current ex-
perimental evidence on the signaling pathways involved among
these molecules do not constitute a complete story. The specific
molecular mechanisms of the crosstalk between NF-xB and HIF-
lo signaling pathways remain unclear. Particularly, there are few
studies on the interaction between them under hyperglycemia. It is
also unclear how HIF-1a, as a transcription regulator, regulates the
phosphorylation of IkB and RelA in diabetes. Th1 cytokines such
as [FN-y and LPS mediate inflammation by activating HIF-1a to
upregulate iNOS expression, but how IFN-y and LPS regulate the
expression of HIF-1a has not been elucidated. In addition, LPS can
also influence iNOS via NF-«B, which provides a new perspec-
tive for deciphering the interaction between HIF-1a, NF-xB, and
iNOS. Artificial intelligence-developed tools can help clarify the
interactions between HIF-1a and downstream molecules, such as


https://doi.org/10.14218/GE.2023.00051

Gene Expr

molecular surface interaction fingerprinting.'8’ Moreover, single-
cell sequencing of different cells in wound tissue, such as mac-
rophages and endothelial cells, is expected to discover previously
unknown molecules and potential pharmacological targets in DFU.

Based on the role of HIF-1a and related key molecules in dif-
ferent stages of wound healing in DFU, targeted therapy strategies
are proposed in this review. iNOS agonists may be an effective
treatment for severely infected DFU patients in the early stage.
For DFU patients who are in the advanced stage of wound heal-
ing inflammation or with lingering inflammation, local application
of HIF-1a inhibitor, NF-«xB inhibitor, or iNOS inhibitor to the af-
fected area can reduce inflammation and promote wound closure.
However, special attention needs to be paid to the increased risk of
infection caused by iNOS inhibitors, which may require antibiot-
ics. Intramuscular or intravenous administration of HIF-1a, iNOS,
or VEGF agonists can restore damaged angiogenesis and acceler-
ate wound healing for DFU in the advanced stage of wound heal-
ing or with ischemic manifestations.

Current preclinical and clinical trials of DFU-targeted drugs
have limitations. Firstly, there are few clinical trials of DFU-tar-
geted drugs, and most have small sample sizes, which is a major
bottleneck. Secondly, current clinical trials enroll patients with
DFU at different stages and do not perform subgroup analysis by
stage. For example, clinical trials that include both DFU patients
at the early stage of inflammation and severe infection to evaluate
the efficacy of an iNOS inhibitor often do not produce valid data.
Therefore, the inclusion criteria should be formulated according
to the Wanger grading criteria of DFU and targeted outcomes to
ensure high-quality evidence. Finally, clinical medication strate-
gies should be stage-specific for DFU patients, which is currently
neglected. A better understanding of the progression of DFU and
making good use of various therapeutic methods to accurately
identify the current disease stage and specific etiology of the pa-
tient will improve the therapeutic effects.

In conclusion, HIF-1a signaling has tissue- and stage-specific
roles in DFU. Specifically, in the early stage of DFU wound heal-
ing, hyperglycemia and hypoxia upregulate HIF-1a in inflamma-
tory cells such as macrophages, causing excessive activation of
pro-inflammatory signaling pathways such as NF-kB and iNOS,
resulting in sustained local inflammation and impaired wound
healing. In the late stage of DFU wound healing, the HIF-1a sign-
aling in vascular endothelial cells and keratinocytes is inhibited
by hyperglycemia, resulting in decreased expression of its down-
stream molecule VEGF. Thus, angiogenesis is blocked, which
ultimately leads to undermined wound closure. Therefore, phar-
macological targeting of HIF-1a and downstream molecules have
potential therapeutic effects for DFU, which should be used ac-
cording to stages. In the early stage of DFU wound healing, inhibi-
tors of HIF-1a, NF-«kB, or iNOS can effectively inhibit excessive
inflammatory damage in the wounds. In the late stage, agonists
of HIF-1a, iNOS, or VEGF should be used, possibly locally, to
promote the angiogenesis of wounds to increase blood supply and
accelerate healing. Additions deciphering HIF-1a signaling will
provide novel strategies and targets for DFU.
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