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ABSTRACT
The prevalence of the chronic metabolic disorder, diabetes mellitus, is expected to increase in the coming years and
worldwide pandemic levels are predicted. Inevitably, this will be accompanied by an increase in the prevalence of
diabetic complications, including diabetic foot ulcers. At present, treatment options for diabetic foot ulcers are in
many cases insufficient, and progression of the condition results in the requirement for limb amputation in a propor-
tion of patients. To improve therapy, an increase in our understanding of the pathobiology of diabetic complications
such as impaired wound healing is necessary. In this review, recent advances in molecular aspects of normal and
impaired diabetic wound healing are discussed. Furthermore, investigations of the role of epigenetic processes in
the pathogenesis of impaired diabetic wound healing are now emerging. Indeed, epigenetic changes have already
been identified as key factors in diabetes and related complications and these are overviewed in this review.
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INTRODUCTION
Diabetes mellitus is one of the most common
chronic metabolic disorders, with worldwide
disease prevalence expected to rise further
because of aging populations, an increase in
obesity and physical inactivity, and the provi-
sion of improved health care and longevity for
diabetic patients (1,2). It has been estimated
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that there will be 285 million adults withKey Points

• diabetes is a group of heteroge-
neous metabolic disorders that
arise as a result of underlying
hypoglycemia caused by defects
in either insulin secretion and/or
action

• all types of diabetes, if left
untreated, can result in seri-
ous long-term complications,
including cardiovascular dis-
eases, nephropathy, retinopa-
thy, neuropathy and the forma-
tion of diabetic foot ulcers

• a number of recent studies have
shown that epigenetic changes
play a role in the pathogenesis
of diabetic complications

diabetes in the year 2010, representing a
global prevalence of 6·4%, which is expected
to increase to 7·7% by the year 2030, to
439 million (2).

Diabetes is a group of heterogeneous
metabolic disorders that arise as a result of
underlying hyperglycaemia caused by defects
in either insulin secretion and/or action (3,4).
This includes type 1 diabetes, most commonly
diagnosed in childhood, and results from the
destruction of pancreatic, insulin producing
β-cells. The most common form, type 2 dia-
betes, which occurs mostly in adults, is caused
by the insulin resistance of peripheral tis-
sues. All types of diabetes, if left untreated,
can result in serious long-term complications,
including cardiovascular diseases, nephropa-
thy, retinopathy, neuropathy and the forma-
tion of diabetic foot ulcers (5–8).

Numerous molecular changes have been
associated with diabetic complications. More
recently, epigenetic events – changes in gene
transcription or phenotype that are not
the result of changes in the underlying
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DNA sequence – which are relatively well Key Points

• the aim of this review is to dis-
cuss the genetic and epigenetic
changes in the pathogenesis of
diabetic wound healing and the
formation of chronic diabetic
foot ulcers

• normal wound healing is essen-
tial for the replacement of lost
tissue and the restoration of the
tissue to a functional state

• although superficial wounds
may be healed by the process
of regeneration, where injured
or necrotic tissue is replaced
by cells of the same type,
larger wounds cannot be healed
in this way and results in
the replacement of functional
tissue with connective tissue
that continues to remodel and
develop for many years after the
insult

characterised in cancer, have been implicated
in diabetes (9,10). A number of recent stud-
ies have shown that epigenetic changes play
a role in the pathogenesis of diabetic com-
plications (11–13). For example, with respect
to the formation of atherosclerotic plaques,
some studies have found dysregulation of
tri-methylation of lysine residue 9 in his-
tone H3 (H3K9me3) and dimethylation of
lysine 4 on histone H3 (H3K4me2) in vas-
cular smooth muscle cells (VSMC) in dia-
betic mice at genes encoding for various
inflammatory compounds such as interleukin-
6 (IL-6), macrophage colony stimulating factor-
1 (MCSF) (14). These results were also observed
in human vascular smooth muscle cells
(HVSMC) after incubation with high glucose
levels. In addition, in diabetic nephropathy,
it has been shown that elevated levels in the
acetylation of H3K9 and H3K23, dimethyla-
tion of H3K4 and H3 phosphorylation at serine
10 were associated with increased severity of
induced glomerulosclerosis in diabetic mice
compared with non diabetic mice (15). His-
tone deacetylase 2 (HDAC-2) was also found
to promote extracellular matrix accumulation
in renal disease (16). Together, these highlight
the important role that epigenetic changes may
play in the pathology of diabetic complications.
The aim of this review is to discuss the genetic
and epigenetic changes in the pathogenesis of
diabetic wound healing and the formation of
chronic diabetic foot ulcers.

NORMAL WOUND HEALING
Normal wound healing is essential for the
replacement of lost tissue and the restoration
of the tissue to a functional state. For example,
healing of a cutaneous wound is essential for
restoring the protective barrier provided by
skin to external elements. Although superfi-
cial wounds may be healed by the process of
regeneration, where injured or necrotic tissue
is replaced by cells of the same type, larger
wounds cannot be healed in this way and
results in the replacement of functional tis-
sue with connective tissue that continues to
remodel and develop for many years after the
insult.

Generally, wound healing involves three
main phases: acute inflammation, proliferation
and remodelling, resulting in the formation

of a scar (17,18). The first step involved in
wound healing is the formation of a blood
clot by thrombosis. The clot consists primarily
of plasma fibrin as well as aggregated platelet
cells (19,20). This thrombotic clot is essential
as it protects the wound from infection or
exposure to exogenous substances, as well as
preventing further blood loss and the loss of
fluids essential for the healing process. The
clot is eventually degraded by proteolysis
and replaced by new epithelium. Platelet
cells facilitate fibrin deposition and release
platelet-derived growth factor (PDGF), which
along with the IL-1 released by damaged
keratinocytes (21), helps trigger the acute
inflammatory response (22).

The acute inflammatory response is involved
in the breakdown and removal of necrotic or
injured tissue, as well as preventing infec-
tion of the wound (23). Vasodilation, which
is triggered by the release of histamines, kinins
and prostaglandins, is required for recruit-
ment of cells from the bloodstream, such as
neutrophils, to migrate into the injured tissue.
Neutrophils are the first inflammatory cells to
migrate to the site of injury and help to degrade
necrotic tissue and infectious agents, followed
by macrophages which phagocytose foreign
and cellular debris, including neutrophils and
the fibrin clot (24).

Macrophages release many chemokines and
chemoattractants that assist in the formation of
granulation tissue, which forms part of the
proliferative phase of wound healing. This
involves the replacement of the fibrin clot with
a temporary, highly vascular tissue contain-
ing many different cell types and a provisional
extracellular matrix (25). As part of the prolif-
erative phase, new blood vessels are formed in
the tissue by angiogenesis, a process essential
for the delivery of oxygen and nutrients to the
highly proliferative granulation tissue (26,27).
This process is triggered by the release of
cytokines and growth factors produced by
inflammatory cells, keratinocytes and fibrob-
lasts including fibroblast growth factor (FGF)
and vascular endothelial growth factor (VEGF).
Reepithelialisation by keratinocytes also occurs
in this phase, and involves the formation of a
new epithelium to seal a wound and replace
the fibrin clot. This process is triggered by
endothelial growth factor (EGF) and trans-
forming growth factor-α (TGF-α) produced by
macrophages and keratinocytes. An essential
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component of granulation tissue are fibroblasts
which differentiate into myofibroblasts (28).
Myofibroblasts contribute to the strength and
structural integrity of the wound. Furthermore,
contraction of the myofibroblasts helps contract
the wound (29). They are also one of the main
secretors of extracellular matrix components
such as collagen.

The final phase of wound healing is
the remodelling phase. This involves the
contraction of the wound, mediated by
the myofibroblasts (30), and reorganisation
of the extracellular matrix to provide more
strength. By this stage, most of the new blood
vessels would have undergone apoptosis, and
the area develops into an avascular and acel-
lular scar. This process may take many years
to complete, depending on the type and size of
the wound (31).

In contrast to an acute wound, a chronic
wound does not follow the orderly process
of wound healing, and may take considerably
longer to heal, or may not heal at all. Chronic
wounds differ from acute wounds at the
molecular level; there is a difference in the
expression of growth factors, cytokines and
other proteins that help regulate and control
the wound healing process. There are multiple
types of chronic cutaneous wounds with many
different causes, which usually take the form
of ulcers, including pressure wounds, fungal
wounds, ulcers resulting from venous diseases
and diabetic foot ulcers. With adequate
treatment, some ulcers may last only weeks;
however, many ulcers are difficult to treat and
may last months, in certain cases years.

CHANGES IN GENE EXPRESSION
Gene expression profiling has shown that even
immediately after injury to normal skin, there
is a change in gene expression. It has been
shown that 3% of the 4000 genes studied
were upregulated within 30 minutes of injury,
and that these genes were mainly related to
signalling and transcription (32). Furthermore,
the findings from one particular study which
investigated wound healing in human patients
with basal cell carcinoma identified many gene
expression changes compared with the pre-
injury state. Importantly it was shown that
although there was an increase in the pro-
inflammatory genes early after a cutaneous
punch biopsy wound was performed (2 days),

there was also upregulation of some, mostlyKey Points

• in contrast to an acute wound,
a chronic wound does not
follow the orderly process of
wound healing, and may take
considerably longer to heal, or
may not heal at all

• chronic wounds differ from
acute wounds at the molecular
level; there is a difference in the
expression of growth factors,
cytokines and other proteins
that help regulate and control
the wound healing process

• gene expression profiling has
shown that even immediately
after injury to normal skin, there
is a change in gene expression

• it has been shown that 3% of
the 4000 genes studied were
up regulated within 30 minutes
of injury, and that these genes
were mainly related to signalling
and transcription

• it was also shown from the
profiles of genes related to
macrophage phenotypes that
although there was a mixture of
both M1 and M2 macrophages
in the early phase of the repair
process, in the later phases of
repair there was a predominant
expression of genes related to
M2 macrophages

• a separate study showed an
up regulation of angiogenesis
related genes in the late phase
of repair, as well as up
regulation of pro-inflammatory
genes in the early phase, and
continued gene expression of
inflammatory genes in later
phases

• furthermore, it has been shown
that epigenetic changes play
an important role in regulating
normal wound healing

pro-inflammatory genes for up to 8 days. This
included genes encoding for caspases, collagen
and hypoxia inducible factor (HIF). Upregu-
lation of repair, angiogenic and remodelling
genes such as genes encoding for matrix
metalloprotease (MMP)-9, granulin and type
IV collagen were observed at later stages
in the repair process (4–8 days), which is
consistent with the delayed onset of these
processes. It was also shown from the profiles
of genes related to macrophage phenotypes
that although there was a mixture of both
M1 and M2 macrophages in the early phase
of the repair process, in the later phases of
repair there was a predominant expression
of genes related to M2 macrophages. Unlike
M1 macrophages, which release mainly pro-
inflammatory cytokines and are involved in
killing microorganisms and tumour cells, M2
macrophages help to resolve the inflamma-
tory response and contribute to angiogenesis
and tissue remodelling (33). Other studies have
also confirmed some of these findings using
murine models of wound healing, includ-
ing the increased gene expression of HIF
and MMP-9 (34,35). Furthermore, a separate
study showed an upregulation of angiogenesis-
related genes in the late phase of repair, as well
as upregulation of pro-inflammatory genes in
the early phase, and continued gene expression
of inflammatory genes in later phases (34).

EPIGENETIC PROCESSES
IN NORMAL WOUND HEALING
Furthermore, it has been shown that epigenetic
changes play an important role in regulating
normal wound healing. For example, it has
been shown that knocking out dicer, an essen-
tial enzyme for producing microRNA, from
endothelial cells, results in impaired angiogen-
sis (Figure 1) (36). This result has also been
replicated in vitro with human endothelial
cells, where the knockout of dicer resulted in
impaired ability of the cells to form blood ves-
sels (37). This indicates that epigenetic changes
are crucial for the regulation of angiogenesis,
and by extension wound healing.

Other epigenetic mechanisms, particularly
histone and DNA methylation, have also been
recently shown to play a role in the wound
healing process (Figure 2). It has been shown
that trimethylation of H3K27 (H3K27me3) was
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Figure 1. Dicer, a cytoplasmic RNaseIII enzyme essential for the formation of microRNAs, is involved in cleaving larger, hairpin-
shaped microRNA precursors into smaller, single-stranded segments, which are typically 19–25 nucleotides in length. MicroRNAs
inhibit translation of mRNA by binding to complementary sequences. It has been shown that the silencing of dicer results in impaired
angiogenesis, possibly because of the dysregulation of anti-angiogenesis genes such as TSP-1.

Figure 2. DNA and histone methylation status is important in the regulation of gene transcription during wound healing.
The methylation of cytosine and guanine islands (CpG) residues, located in the gene promoter region, results in repressed gene
transcription (A). Histone methylation can result in either gene expression or repression, depending on which histone residue has been
methylated (B). For example, mono-, di- or trimethylation of histone 3 on lysine residue 4 (H3K4) confers a transcriptionally active
chromatin state. An example of this is H3K4me. In contrast, other histone methylation events, such as H3K9me and trimethylation of
H3K27 (H3K27me3) are correlated with transcriptionally inactive chromatin.

reduced in the wound edge in the epidermis in
a mouse model (38). Trimethylation of H3K27
is known to repress gene expression. Further-
more, it was shown that the H3K27-specific
lysine demethylases Jmjd3 and Utx are upreg-
ulated during murine wound healing, while
the components of the polycomb repressive
complex 2 (PRC2) Eed, Ezh2 and Suz12, which
methylate H3K27, were downregulated. It was
shown that there is reduced Eed protein asso-
ciated with the regulatory regions of the genes
Egfr and Myc, which are two genes that are
potential targets of polycomb group proteins
and known to be upregulated during the

repair process for which they are essential.
This indicates that reduction in the methylation
of H3K27 may be involved in the activation of
genes required for the wound healing process.

Another study has investigated the role
of DNA methylation in the transdifferen-
tiation of hepatic stellate cells (HSC) to
myofibroblasts (39). The study found that the
addition of 5-aza-2′-deoxycytidine (5-azadC)
to cultured HSC-suppressed myofibroblast
transdifferentiation in vitro. The epigenetic
modifier, 5-azadC is an inhibitor of DNA
methytransferase-1 (DNMT1), and therefore an
inhibitor of DNA methylation. It was found
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that several days after the removal of the
drug from the cultured cells, the cells began
to show the initial morphological changes
associated with myofibroblast transdifferen-
tiation. Furthermore, it was shown that the
transcription factors peroxisome proliferator-
activated receptor-γ (PPARγ ) and IκBα, which
regulate the fibrogenic and pro-inflammatory
characteristics of myofibroblasts, respectively,
were also downregulated, indicating that DNA
methylation is also involved in the control of
these genes. As transdifferentiation to produce
myofibroblasts is a common feature in wound
healing in various different types of tissue,
it is possible that this epigenetic mechanism
may also be involved in the differentiation
of skin fibroblasts into myofibroblasts during
cutaneous wound healing.

IMPAIRED WOUND HEALING
IN DIABETES
Diabetic foot ulcers occur in up to 15% of
patients with diabetes and occur as a result
of impaired wound healing. The ulcers are
chronic wounds that either do not heal or
take many weeks or months to heal. In some
cases, infection of the ulcer may occur, result-
ing in the possibility of limb amputation
because of the risk of sepsis (40). As with
other forms of diabetic complications, impaired
wound healing is usually a result of macro-
and micro-angiopathy, as well as neuropathy
(nerve damage that may occur in people with
diabetes) (41–43). There is no single cause of
impaired wound healing and defects or dys-
regulation are observed at both the cellular
and molecular levels, and in all phases of the
wound healing process.

The defects in diabetic wound healing
include impairment of the inflammatory
response, extra-cellular matrix, macrophage
function, angiogenesis, reepithelialisation, ker-
atinocyte and fibroblast migration and pro-
liferation and cytokine, chemokine and
growth factor production (44–46). For example,
macrophages have been shown to have
impaired phagocytic function in diabetic
patients (47). They play an integral role in the
inflammatory phase of wound healing by clear-
ing up necrotic tissue, without which repair is
not properly initiated. Macrophages isolated
from the wounds of diabetic mice have been
shown to have a reduced ability of clearing

necrotic tissue (46). This, along with other fac-
tors such as the dysregulation of cytokine
and growth factor levels, may prolong the
inflammatory phase, which in turn hinders the
progression of subsequent phases of wound
healing (48).

Keratinocytes at the wound site present

Key Points

• as transdifferentiation to pro-
duce myofibroblasts is a com-
mon feature in wound healing in
various different types of tissue,
it is possible that this epige-
netic mechanism may also be
involved in the differentiation of
skin fibroblasts into myofibrob-
lasts during cutaneous wound
healing

• there is no single cause of
impaired wound healing and
defects or dysregulation are
observed at both the cellular
and molecular levels, and in all
phases of the wound healing
process

• the defects in diabetic
wound healing include impair-
ment of the inflammatory
response, extra-cellular matrix,
macrophage function, angio-
genesis, reepithelialisation, ker-
atinocyte and fibroblast migra-
tion and proliferation and
cytokine, chemokine and
growth factor production

• these changes can affect the
function of multiple cell types

impaired abilities to migrate, proliferate and
differentiate. One possible reason for this is the
stabilisation of β-catenin, which blocks the EGF
response and represses important cytoskeletal
components in keratinocytes, thereby inhibit-
ing migration (49). Furthermore, keratinocytes,
as well as epithelial cells, fail to upregulate the
expression of growth factors, including those
which promote angiogenesis and immune
cell chemoattractants, thus contributing to the
impaired healing.

Endothelial progenitor cells (EPCs) are
requited from the basement membrane as a
response to injury and are homed to the site of
injury to mediate neovasculogenisis (50). This
is initiated by VEGF, which is released by cells
such as fibroblasts, macrophages and epithe-
lial cells at the site of injury. This triggers the
activation of the eNOS in the bone marrow,
to produce nitric oxide which is required to
trigger the migration of EPCs into the blood-
stream (51). The EPCs are then honed to the
site of injury by the cytokine SDF-1α. Peo-
ple with type 1 and type 2 diabetes can have
decreased levels of EPCs, and the existing cells
may have impaired function and diminished
ability to migrate to the site of injury (52–56).
Using a mouse model, it has been shown that
this process is impaired in diabetes because of
impairment in the phosphorylation of eNOS,
and therefore the migration of the EPC into
the bloodstream (57). The study also showed
that decreased production of SDF-1α from
myofibroblasts and epithelial cells impaired
recruitment of the EPCs to the site of injury.

DYSREGULATION OF GROWTH
FACTORS AND CYTOKINES
Changes in the production of growth factors
and cytokines have also been shown to have
a negative effect on wound healing in diabetic
patients (Table 1). These changes can affect the
function of multiple cell types. For example,
the lack of reepithelialisation may be linked to
the decreased expression of insulin-like growth
factor-1 (IGF-1), which is decreased in both
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Table 1 Changes in expression of cytokines and growth factors in diabetic wound healing

Cytokine and
growth factors

Normal role in wound
healing

Expression In diabetic wound
healing Reference

IGF-1 Promotion of reepithelialisation Decreased (58–60)
Keratinocyte and fibroblast proliferation
Endothelial cell activation

TGF-β1 Chemoattractant (keratinocytes, fibroblasts,
inflamamtory cells)

Decreased (62,65–68)

ECM deposition
Promotes angiogenesis

PDGF Fibroblast activation Decreased (69)
Promotes angiogenesis
ECM deposition
MMP synthesis

EGF ECM deposition Decreased (70)
Keratinocyte migration and proliferation

IL-8 Keratinocyte proliferation Decreased (71)
Mactrophage chemotaxis
Neutrophil chemotaxis

Angiopoietin-2 Disrupts blood vessel formation Increased (72)

EGF, endothelial growth factor; IGF-1, insulin-like growth factor-1; IL-8, interleukin-8; MMP, matrix metalloprotease; PDGF, platelet-derived
growth factor; TGF-β1, transforming growth factor-β1.

human diabetic skin and in diabetic mice (58).
IGF-1 has multiple roles, including the pro-
motion of reepithelialisation, keratinocyte and
fibroblast proliferation and the induction of
endothelial cell chemotaxis (59,60). Studies in
mice have shown that IGF-1 accelerates wound
healing in diabetic animal models (61,62).
Numerous studies have showed an increased
level of proteases in chronic diabetic wounds,
including matrix metalloproteases such as
MMP-2, MMP-8 and MMP-9, along with
reduced levels of MMP inhibitors (63). The
increased level of proteases appears to be stim-
ulated by a prolonged inflammatory response
and by factors such as tumour necrosis factor
(TNF)-α and IL-1. The increase in protease lev-
els prolongs the healing process because of the
destruction of proteins and growth factors that
are required for normal healing (64).

Many other cytokines and growth factors
that are involved in stimulating epithelial cells
are also downregulated in the foot ulcers of
diabetic patients, including PDGF, IL-8, IL-10
and TGF-β1. In fact, TGF-β1 is a growth
factor involved in cutaneous wound healing
which affects different cell types involved in
the various phases of wound healing (66,67).

The actions of TGF-β1 include chemoattraction
of multiple cell types including inflammatory
cells, keratinocytes and fibroblasts, stimulation
of angiogenesis and promoting the formation
of extracellular matrix (ECM). TGF-β1 has
been shown to be decreased in the skin and
foot ulcers of diabetic patients and in diabetic
rats (68,73). Topical application of TGF-β1 has
been shown to accelerate wound healing in
diabetic rats (65).

In addition to TGF-β1, various cytokines
involved in the promotion of angiogenesis are
downregulated in diabetic foot ulcers, includ-
ing PDGF, IGF-1, EGF and IL-8 (71). Angio-
genesis is a process essential for the delivery
of nutrients and oxygen to the wound. In
one particular study, the expression of vari-
ous cytokines, growth factors and transcription
factors which are involved in angiogenesis in
diabetic mice compared with non diabetic mice
has been compared (35). Differential regulation
was observed for multiple genes, including
the genes encoding for angiopoietin 2, HIF-1α

and osteopontin. Expression of angiopoietin 2,
which has been shown to disrupt blood ves-
sel formation and is known to be elevated in
diabetic wounds, was shown to be increased
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early post-injury in diabetic mice compared
with non diabetic mice (72). This correlates
with the delayed vascularisation observed
in the diabetic wound. While HIF-1α was
expressed early in both diabetic and non dia-
betic mice, gene expression levels eventually
dropped by day 11 post injury in non diabetic
mice but not in diabetic mice. Furthermore,
the increased expression of esteopontin was
shown to be positively correlated with the for-
mation of new blood vessels in both diabetic
and non diabetic mice. The delayed expression
of esteopontin in diabetic mice correlated with
the delayed angiogenesis observed.

Experiments with diabetic rabbits have
shown that the baseline levels of gene expres-
sion of cytokines IL-8 and IL-6 as well as their
receptors in the skin were increased compared
with normal rabbits, which is consistent with
previous reports of chronic low-grade inflam-
mation caused by diabetes (63,71,74). How-
ever, unlike in non diabetic rabbits, it was
found that there was no significant increase in
gene expression of IL-8 and IL-6 and their
receptors post-injury. Given the possibility
that non immune cells may be the source of
the increased baseline cytokine production, it
was suggested that the lack of increased gene
expression may be a result of impaired or insuf-
ficient immune cell infiltration at the wound
site, or because of immune cell dysfunction.

EPIGENETIC CHANGES IN DIABETIC
WOUND HEALING
In addition to changes in gene expression, epi-
genetic changes also play a role in impaired
diabetic wound healing. As mentioned ear-
lier, microRNAs have been shown to be
essential for angiogenesis and, by extension,
wound healing. The role microRNAs might
play in impaired diabetic wound healing
has been investigated in numerous murine
models. For example, one study found that
the enzyme dicer was decreased by more
than 40% in diabetic mice (type 2 dia-
betes, db/db) compared with non diabetic
mice (db/+) (75). As a result, it was found
that the microRNA miR-27b expression was
decreased by greater than 66% in diabetic mice.
Conversely, an anti-angiogenetic molecule,
thrombospondin-1 (TSP-1), was found to be
significantly unregulated in diabetic mice
compared with non diabetic mice. However,

transfection of a miR-27b mimic reduced theKey Points

• in conclusion, diabetic foot
ulcers are, and are expected
to continue to be, a serious
life changing complication of
diabetes

• while treatment options are
available, they are suboptimal
for a proportion of patients
who may eventually require an
amputation

• presently, there is an intense
research effort aimed at devel-
oping novel therapeutic strate-
gies for diabetic ulcers

levels of TSP-1 in diabetic mice and promoted
angiogenesis. Angiogenesis was also promoted
by the silencing of TSP-1. These results were
also observed when miR-27b was silenced in
normal endothelial cells.

A similar effect with a different microRNA
has also been observed in mice with type
1 diabetes. MicroRNA let7-f was shown to
be downregulated in type 1 diabetic mice
compared with control mice, and in vitro
transfection of diabetic EPC was shown to
improve angiogenesis (76). This improvement
was shown to be the result of activation
of AMP-activated protein kinase (AMPK),
which improves endothelial function and
angiogenesis in diabetes, and the induction
of mitochondrial superoxide dismutase, which
assists in the reducing oxidative stress.

Another way in which epigenetic changes
may influence wound healing is by impaired
keratinocyte proliferation. Some chronic foot
ulcers are also ischaemic and are linked with
higher mortality and amputation rates (77).
Using a mouse model it has been shown that
microRNA-210 may play a role in wound
impairment in ischaemic chronic ulcers (78).
MicroRNA-210 is transcriptionally regulated
by HIF-1α. The study showed that in the
ischaemic model, HIF-1α induces expression
of microRNA-210. One of the targets of miR-
210 is the gene encoding for transcription factor
E2F3 (79). E2F3 is an important component of
wound healing and has been shown to promote
keratinocyte proliferation (80). In this study it
was shown that HIF-1α stabilisation resulted
in expression of miR-210, which then silenced
the expression of E2F3. Thus it appears that
epigenetic changes in keratinocytes as a result
of miR-210 may result in reduced proliferation
and therefore impaired reepithelialisation of
the wound.

CONCLUSION
In conclusion, diabetic foot ulcers are, and
are expected to continue to be, a serious life-
changing complication of diabetes. While treat-
ment options are available, they are suboptimal
for a proportion of patients who may eventu-
ally require an amputation. Presently, there is
an intense research effort aimed at developing
novel therapeutic strategies for diabetic ulcers.
This is tightly linked with investigations into
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the changes in wound healing processes as Key Points

• this is tightly linked with
investigations into the changes
in wound healing processes as
a consequence of diabetes

• one research area which has
only recently emerged is the
investigation of the role of
epigenetic changes in normal
wound healing and impaired
diabetic wound healing

• the area of epigenetics, which
has already proven to be
of great importance in other
diseases such as cancer, has
the potential to offer not only
an increased understanding of
the underlying pathobiology of
diabetic foot ulcers but also
to provide new directions for
therapeutic intervention

• it is anticipated that research
in this direction will intensify,
culminating in the development
and evaluation of new epige-
netic therapies

a consequence of diabetes. One research area
which has only recently emerged is the inves-
tigation of the role of epigenetic changes in
normal wound healing and impaired diabetic
wound healing. The area of epigenetics, which
has already proven to be of great importance in
other diseases such as cancer, has the potential
to offer not only an increased understanding
of the underlying pathobiology of diabetic foot
ulcers but also to provide new directions for
therapeutic intervention. It is anticipated that
research in this direction will intensify, culmi-
nating in the development and evaluation of
new epigenetic therapies.
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