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Abstract
Introduction—Diabetic ulcers are chronic non-healing ulcerations that despite the available
medical tools still result in high amputation rates. Growing evidence suggests that alteration of the
biochemical milieu of the chronic wound plays a significant role in diabetic wound healing
impairment.

Areas covered—The basic pathophysiology and the conventional treatment strategy of diabetic
foot ulcers have been reviewed in the first section. In the second part we describe the most up-to-
date bench and translational research in the field. The third section focuses on the drugs currently
under development and the ongoing clinical trials evaluating their safety and efficacy. Finally, we
analyze the major drug development issues and the possible scientific approaches to overcome
them.

Expert opinion—Significant strides in understanding the chronic wound development have led
to the development of topical therapies to address aberrant expression of growth factors and
overexpression of inflammatory cytokines. Current research in our lab suggests that in while
decreased growth factor expression occurs at the local wound level, increased systemic serum
levels of growth factors suggest growth factor resistance.

1. Background
15% of patients with diabetes mellitus (DM) are expected to develop a Diabetic Foot Ulcer
(DFU) within their lifetime.1 With the expected increase of incidence of DM, DFUs will
represent an even bigger burden for the health system as it will bear on the economy with an
estimated total annual cost of 4 billion dollars in the United States alone.2

Three factors determine the onset of ulcerations: presence of peripheral neuropathy, foot
deformities, and acute or chronic repetitive trauma. Once the ulceration develops, the main
characteristic of DFUs is the inability to self-repair in a timely and orderly manner.3

Address for correspondence: Aristidis Veves, MD, Microcirculation Lab and Joslin Beth Israel Deaconess, Foot Center, One
Deaconess Rd., Boston, MA, 02215, USA, Tel: 617 632 7075, Fax: 617 632 7090 aveves@bidmc.harvard.edu.

NIH Public Access
Author Manuscript
Expert Opin Emerg Drugs. Author manuscript; available in PMC 2014 June 01.

Published in final edited form as:
Expert Opin Emerg Drugs. 2013 June ; 18(2): 207–217. doi:10.1517/14728214.2013.802305.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2. Medical need
Despite all the available diagnostic and therapeutic tools, DFUs still result in lower
extremity amputations in about 15% of the cases.1 Thus, there is a strong medical need in
finding the underlying structural and functional abnormalities through which DM impairs
wound healing. Basic science and translational investigation are intensively researching the
key abnormalities responsible for altering the wound healing process in DM. The goals are
to improve the current unsatisfactory clinical outcomes, to ameliorate the prognosis and the
quality of life of subjects with DFUs. In order to achieve this, future therapies will probably
have to target the impaired microvascular function, the diminished activity of growth
factors, cytokines, neuropeptides, and the hypoxic tissue environment.

3. Existing Treatment
3.1 Debridement

Debridement consists in removal of the wound’s necrotic, dysvascular and nonviable tissue
in order to obtain a red and granular bed. The removal of all nonviable tissue allows for
greater visual assessment of the wound base, and also promotes the release of growth factors
by “introducing” an acute wound in a chronic wound.4 There are several debridement
techniques described, such as surgical, autolytic, chemical etc. Surgical debridement is the
fastest way to debride a wound, but it is not selective because it removes viable tissue as
well. Of note, the gold standard for DFU remains sharp debridement with a scalpel blade or
a tissue nipper, and to debride to the level of bleeding tissue.5–7

3.2 Pressure off-loading
Reduction of pressures is essential for achieving healing of plantar DFUs since ulcerations
occur in high-pressure areas. The most popular techniques are total contact casting (TCC),
half shoes, short leg walkers, and felted foam dressings. Among these, TCC is the most
effective as measured by the wound healing rate.8 Nevertheless, TCC is not very commonly
used principally because of its intrinsic disadvantages (possible secondary skin lesions and
inability to daily assess the wound). Other off-loading devices (such as the half shoe and
short leg walker) are easier to apply and more accepted by the patient, even though pressure
reduction is significantly less compared to TCC and the patient’s compliance cannot be
assured. Felted foam dressing, another class of off-loading devices, offers customized
pressure relief and, when combined to a surgical shoe or half-shoe, is more effective than a
short leg walker or a half-shoe alone.9

3.3 Revascularization
Revascularization is fundamental to restore arterial blood flow to the foot in the presence of
peripheral arterial disease (PAD). The treatment of peripheral arterial disease consists in first
instance in lifestyle changes (weight loss, cessation of smoking, low fat diet), then in
medical therapy (antiplatelet therapy, anticoagulants and low density cholesterol lowering
drugs) and if necessary in surgery (angioplasty, endoarterectomy, grafting or by-pass). Of
note, revascularization must be performed only after resolution of eventual infection.

3.4 Treatment of infection
In the presence of infection, drainage of purulent collections is a pivotal clinical maneuver.
In addition to this, debridement remains imperative as in the non-infected chronic wounds.
Broad-spectrum empirical antibiotic therapy should then be immediately started, but always
after deep cultures have been performed. Antibiotics -that will then be modified according to
the culture data- should be chosen based on the suspected bacterial pathogens, on their
toxicity profiles and on their bioenvironmental-economic cost.
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3.4 Wound care
Dressings are essential to a clean, moist wound-healing environment and thus preventing
tissue dehydration and cell death, accelerating angiogenesis, and facilitating interaction of
growth factors with the target cells.10 In this context, there is no randomized, controlled
clinical trial that has evaluated the clinical effectiveness of antimicrobial wound products in
preventing or eradicating infection.

3.5 Advanced wound care products
Growth factor signaling is altered in diabetic chronic non healing ulcerations. One of the
first US Food and Drug Administration (FDA) approved products was Becaplermin, a
platelet-derived growth factor-BB recombinant (rhPDGF-BB) capable of decreasing the
time to complete wound healing.11 Since patients who use 3 or more tubes of Becaplermin
present increased risk for cancer mortality, FDA added a black box warning to the safety
labeling of this product.

Living Skin Equivalents (LSE) are another important class of advanced wound care
products. Two products are currently approved and available for use in DFUs: composite
graft, containing both epidermal and dermal components, named Apligraf (Organogenesis,
Inc., Canton, MA, USA, distributed by Novartis Pharmaceutical Corp., East Hanover, NJ,
USA) (Table 1) and a graft containing normal dermal matrix proteins and cytokines, named
Dermagraft (Advanced Tissue Sciences Inc., La Jolla, CA, USA). Both products have shown
to significantly increase the wound-healing rate and to decrease the time to complete wound
closure.12, 13 The mechanism by which LSE seem to induce wound healing is by filling the
wound, recruiting cells, and inducing the expression of growth factors and cytokines that
facilitate extracellular cell matrix deposition. Compared to traditional skin grafting, LSE are
noninvasive, do not require anesthesia, can be performed in an outpatient setting, and avoid
potential-donor-site complications such as infection and scarring.14

3.6 Preventive surgery
Surgery can be required for resolution of underlying infection (such as drainage of purulent
collections and resection of osteomyelitis) or correction of biomechanical faults that cause
increased pressure points (like Charcot deformities). Prophylactic surgery has been shown to
represent a successful strategy in correcting foot deformities prior to the development of
DFUs.15

3.7 Negative Pressure
Wound Therapy Negative pressure wound therapy (NPWT) provides an environment of sub-
atmospheric pressure. The recommended negative pressure is −125 mmHg (corresponds to
the maximum increase in blood flow).16–18 NPWT is safe and effective and its use results in
a higher proportion of healed wounds and enhanced healing rates.19 NPWT probably exerts
its positive effects on wound healing by reducing the perilesional edema, promoting the
delivery of oxygen and nutrients, and by stimulating cellular proliferation.20

3.8 Hyperbaric Oxygen
The goal of Hyperbaric oxygen therapy (HBOT) is to increase the arterial PO2 to about 1500
mmHg through intermittent inhalation of 100% O2 in chambers pressurized to about 2 to 2.5
atmosphere absolute (ATA, 1 ATA is the atmospheric pressure at sea level, equivalent to
101.3 kiloPascals).21 Even though it increases tissue O2 levels, induces angiogenesis,
stimulates fibroblasts’ activity and collagen synthesis, and possesses antimicrobial
effect,22, 23 evidence on the clinical efficacy of HBOT is still weak. In fact, a randomized
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placebo-controlled clinical trial showed benefits only 9 to 12 months after treatment
completion, raising some doubts on its actual benefits. 24

3.9 Extracorporeal shock wave therapy
Extracorporeal Shock Wave Therapy (ESWT) consists in the application of shock waves to
the wound. Shock wave possess tissue regenerative properties on one hand, and both anti-
inflammatory and pro-angiogenic effects (through VEGF and necrosis factor kB
modulation) on the other.25 In animal models of wound healing ESWT had positive effects
on wound size, angiogenesis and inflammation.26, 27 ESWT showed also to reduce wound
size, decrease necrotic tissue and increase blood flow in human subjects with venous and
diabetic chronic wounds.28

4. Market Review
There are currently three periodic national surveys tracking diabetes prevalence in the
United States: the National Health Interview Survey, the National Health and Nutrition
Examination Survey (NHANES) and the Behavioral Risk Factor Surveillance System. All
three surveys use national population-based samples and in person interviews regarding
diabetes diagnosis and history. The NHANES survey differs in its inclusion of laboratory
testing to determine undiagnosed diabetes.

The longest running survey, the National Health Interview Survey, found that the diagnosis
of diabetes increased from 1.6 million in 1958 to 12.1 million in 2000. This 8-fold increase
in diabetes diagnoses occurred across all demographic categories, including sex, race and
age. However, minority race and ethnic groups, including Hispanic, Native Americans and
African Americans were disproportionately affected, with the prevalence generally 2 to 4
times higher in these groups. Finally the absolute extent of diabetes prevalence may be
underestimated, given that the NHANES study found that approximately one third of all
persons with diabetes were undiagnosed based on laboratory evaluation.29

Using a dynamic Markov model, Honeycutt et al generated diabetes prevalence in the
United States through the year 2050.30 They projected that the number of people diagnosed
with diabetes will rise from 12.0 million in 2000 to 39.0 million in 2050 based on data from
the U.s. Census Bureau and inputs of estimated diagnosed diabetes prevalence and
incidence. This estimate implies an increase prevalence of diabetes from 4.4% in 2000 to
9.7% in 2050.

As previously mentioned, an estimated 15% of patients with diabetes will develop a DFU in
their lifetime. On average, patients with DFU are seen on an outpatient basis 14 times per
year and hospitalized 1–2 times per year for this condition.31 The economic burden has been
estimated to cost 33,000 US dollars per DFU incident with a total annual cost of over 4
billion in 2000. Given the estimated jump in diabetes prevalence from 4.4% in 2000 to 9.7%
in 2050, a conservative extrapolation of the economic burden on the healthcare system of 8
billion dollars for the treatment of DFU by the year 2050 appears reasonable.

5. Current research goals
A search of “diabetic foot” on ClinicalTrials.gov reveals 275 studies listed for the treatment
of DFU. These studies are varied and include evaluation of treatment of soft tissue infections
and osteomyelitis in diabetes, the influence of sleep apnea on DFU, and modalities to assess
and predict the development of DFU. However, the majority of studies listed involved the
treatment of chronic DFU with novel preparations designed to address the altered
biochemical composition of the chronic wound. These studies likely reflect the increasing
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evidence that deficiencies in secretion of neuropeptides and growth factors in DFU play a
substantial role in their failure to heal. The majority of these studies are in the preliminary
stages of investigation, evaluating for efficacy, safety and proof of concept regarding the
effectiveness of these compounds.

5.1 Cell- based Therapies
Cell therapy is an emerging modality for enhancing DFUs. Even though stem cells,
keratinocytes and fibroblasts have been widely studied for the treatment of chronic wounds,
there is little data available on their potential role in diabetic wounds. Stem cells have been
tested in animal models of diabetic wound healing. In a study, diabetic mice with wounds
that were injected with CD34+ cells healed significantly faster and showed increased
revascularization when compared to the non-diabetic controls.32 DM impairs Endothelial
Progenitor Cells (EPCs) function, namely proliferation, adhesion, and incorporation into
vascular structures.33 Since EPC play a pivotal role in wound healing, they have become an
attractive stem cell candidate for the treatment of DFU.34

5.2 Gene Therapy
Gene therapy has not been clinically approved yet for the treatment of wound healing. Since
growth factor therapy presents intrinsic obstacles (such as short half-life in the wound
environment, large amounts of purified recombinant material needed, and toxicity associated
with repetitive doses), a possible strategy is that of reprogramming somatic cells in order to
induce the synthesis and secretion of growth factors necessary for mimicking the
physiologic healing process. One possible methodology is to modify genetically cells in
vitro (via viral vectors, liposomes, or naked DNA) and to subsequently transplant these
autologous cells in to the host tissue. In a mouse model of diabetic wounding, lentiviral
PDGF treated animals had enhanced angiogenesis and collagen deposition, even though re-
epithelialization was not different among the study groups.35 In another mouse model, local
injection of plasmid expressing TGF-beta-1 with subsequent electrical stimulation promoted
wound healing.36 Another study showed that injecting an adenovirus encoding VEGF-C in
the dermis surrounding the wound of diabetic mice accelerated healing and enhanced
angiogenesis and lymphangiogenesis.37

5.4 Endothelial Progenitor Cells
Circulating Endothelial Progenitor Cells (EPCs) represent a biomarker of vascular function
and cardiovascular risk.38 EPCs also contribute to neovascularization during
atherosclerosis,39 postmyocardial infarction, 40 endothelialization of vascular grafts,41

wound healing, limb ischemia,42–44 and other clinical conditions.45, 46,47 Trauma or
ischemia induce the bone marrow recruitment of EPCs, subsequently these cells are homed
to the sites of neovascularization. The possible role of EPCs in DFUs is currently under
intensive investigation.

5.5 Protein Tyrosine Phosphatase (PTP) 1B
PTP1B is ubiquitously expressed and localizes to the endoplasmic reticulum.48 Intense
research over the last decade by us and others has shown PTP1B negatively regulates insulin
and leptin signaling and sensitivity, as a phosphatase of insulin receptor and leptin receptor-
associated kinase JAK2.49–51 Though a role for PTP1B in DFU has not been reported,
PTP1B is abundantly expressed in many cell types and tissues affected by DFU, namely
neurons,50 skin,52 vascular smooth muscle53 and endothelial progenitor cells. 54 Beyond
regulating insulin and leptin, PTP1B plays a detrimental role in the signaling regulation of a
broad network of growth factors that mediate wound healing, including vascular endothelial
growth factor (VEGF), epidermal growth factor (EGF), platelet derived growth factor
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(PDGF), nerve growth factor (NGF), and TGFβ, among others. 55–59 Importantly, PTP1B is
identified as a negative regulator of vascular remodeling after injury, 60 corneal wound
healing, 61 and matrix remodeling, 62 suggesting PTP1B may regulate multiple aspects of
wound healing.

6. Scientific rationale
6.1 Neuropeptides

Peripheral nerves and cutaneous neurobiology contribute to normal wound healing by
sustaining a bidirectional connection between the nervous and immune systems. Diabetic
peripheral neuropathy (DPN) is known to impair these signaling pathways, contributing to
chronic wounds and ulcers.63 DPN is believed to play a fundamental role in the
pathogenesis of DFU. Moreover, it is thought that peripheral neuropathy causes the onset of
wounds by allowing prolonged tissue injury secondary to pain insensitivity. Our unit and
other groups have showed that the impaired secretion of neuropeptides by the C-nociceptive
fibers, secondary to neuropathy, influences impairment of wound healing. This could
represent the major reason that leads to the development of chronic DFU. The neuropeptides
involved in wound healing include SP, NPY, Calcitonin gene related peptide (CGRP),
corticotropin-releasing factor (CSF), a- Melanocyte Stimulating Hormone (MSH) and
NT.64–69 SP is broadly distributed in the central and peripheral nervous system systems
(CNS and PNS, respectively)70–72 and noxious stimuli determine its release from neurons.
SP promotes vasodilatation, leukocyte chemotaxis and leukocyte–endothelial-cell adhesion,
and therefore subsequent leukocyte extravasation, migration and accumulation at sites of
injury.73 Diabetes reduces SP-positive nerve fibers74 and through this impairs the wound
repairing process. NPY stimulates angiogenesis through EC proliferation and migration,75

and plays an important role in the inflammatory and angiogenic phases of wound healing.
Diabetes exerts a detrimental effect on NPY levels in the skin.76 In an animal model of
diabetes in fact the deletion of one of its receptors (Y2) results in blockage of NPY-induced
angiogenesis and delayed wound healing.66 CGRP derives from the alternative splicing of
the calcitonin gene. CGRP exerts both vasolidatatory and angiogeneic effects.77 Diabetes
decreases expression, release and action of CGRP in humans. It has been observed that
CGRP-mediated vasodilation is significantly reduced in diabetic rats with improved vascular
and neural function following treatment with a vasopeptidase inhibitor.78

6.2 Chronic Inflammation
Type 1 and type 2 diabetes present dysregulation of pro- and anti-inflammatory cytokines
that result in impaired tissue repair and weakened cellular and humoral immune
mechanisms.79, 80 Human and experimental diabetes, are characterized by high
susceptibility and severity of infections due in part to defects of chemotactic, phagocytic and
microbiocidal activities of neutrophils.81, 82 Patients with DFU infections present impaired
immunological responses, such as neutrophil dysfunction and IL-1b dysregulation,83

decreased immune cell infiltration, and persistence of neutrophils and macrophages.84

Moreover, recently a large prospective study in our unit has demonstrated that the diabetes-
induced proinflammatory state predisposes neuropathic patients to impaired wound healing
despite increased levels of circulating growth factors.85

6.3 Peripheral arterial disease
DM is characterized by micro and macro-circulatory alterations. In microvascular disease,
DM determines basement membrane thickening and impairs the function of the
microcirculation. DM induces in fact dysfunction of endothelium, smooth muscle cells and
of the Lewis triple-flare response (also known as Nerve Axon Reflex, NARV) (Figure 1).
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Peripheral neuropathy reduces the vessel dilatatory response to stress and trauma, producing
functional ischemia and impaired wound healing in diabetes. 86, 87

Macrovascular disease in diabetes is characterized by the anatomic location. In DM in fact,
macrovascular disease tends to be located at the posterior and anterior tibial and the peroneal
arteries.88 Revascularization of the large vessels is commonly performed to address non-
healing DFUs with good success. However, DM patients with DFU and neuropathy may still
fail to heal their ulcer since the microcirculation is not completely restored by
revascularization.89

6.4 Muscle metabolism
DM induces tissue hypoxia even in the absence of PAD and this may be related to impaired
wound healing. In the muscle adenosine triphosphate (ATP) is maintained at a steady state
level through the creatine kinase reaction, as long as the supply of oxygen and other
nutrients are sufficient to maintain the Phosphocreatine (PCr) reserve.90 Our group has also
demonstrated that alterations in muscle metabolism and tissue hypoxia are present in the
foot muscles of diabetic patients with or without neuropathy in the absence of PAD.90–94

6.5 Skin Oxygenation
Skin oxygenation of diabetic patients with neuropathy has been shown to be reduced and has
been implicated as a potential cause of impaired wound healing. Hyperspectral Imaging
(MHSI) is a spectroscopic technique that is capable of measuring wound oxygenation as
well as possessing the potential to predict future areas of DFU.91 Our group found changes
in oxygen delivery or extraction and lower oxygen saturation levels in the foot skin of
diabetic patients with neuropathy.91

7. Competitive environment
Growing evidence suggests that alteration of the biochemical milieu of the chronic wound
plays a significant role in delayed wound healing. A number of studies have evaluated the
influence of growth factor supplementation on wound healing, in conjunction with good
wound care practices. As a result of observed accelerated wound healing with growth factor
treatment, continued investigation into modulation of the chronic wound environment on
healing remains a strong focus of current research efforts.

7.1 Growth Factors
PDGF is the most widely studied growth factor in wound healing and is currently approved
for clinical use in a recombinant DNA technology. The effectiveness of PDGF was initially
studied in chronic diabetic foot ulcers with ulcers treated with the highest dose of PDGF
showing the greatest amount of wound closure.95 However, it was also noted that the
addition of PDGF to ulcer care only accelerated wound healing when good wound care was
also present. Namely, debridement appeared to be instrumental in the healing process.

The success of PDGF treated wounds resulted in exploration of other growth factors on
wound healing. These factors have included VEGF, EGF, FGF, KGF and IGF. Some of
these factors have showed promise in preliminary studies in wound healing, but their
development into the clinical market it still in the early stages as evidenced by the
Competitive Environment table.

Despite early positive effects of growth factor treatment of diabetic foot ulcers, recent
evidence from our lab showed serum levels of growth factors to be equivalent in patients
with foot ulcers that healed and patients with foot ulcers that failed to heal.85 Furthermore,
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growth factor serum levels were actually lower in patients with foot ulcers that went on to
heal, suggesting that growth factor resistance may play in failure of wounds to heal even
when supplemented with exogenous growth factors.

In the same study, the main factors associated with failure to heal an ulcer included
increased expression of inflammatory cytokines such as TNFα, G-SF, GRO, MCP-1 and
leptin. It should also be noted that these increases were present in the serum samples
collected well before the development of the foot ulcer. This finding suggests that higher
serum concentrations are not secondary to the healing process of an existing ulcer,
suggesting that a pre-existing low-grade proinflammatory state, known to be pivotal in
metabolic and cardiovascular disease, exerts a major role in the healing impairment of
DFUs.

7.2 Platelet Rich Plasma (PRP)
PRP is a bioactive component of whole blood with an enhanced concentration of platelets
compared to baseline blood. The abundance of platelets allows for the release of large
quantities of growth factors when stimulated by thrombin or calcium. The benefits of PRP
have been observed and explored in a number of pathologies, including tendon injuries,
bone healing and wound healing.

In a systematic review in 2010, Villela et al examined the use of PRP on chronic leg
wounds. Of the 18 studies identified, 7 were clinical and randomized, with 5 of those studies
evaluating PRP in chronic diabetic foot ulcers 96. Meta-analysis of the results showed
favorable healing with the PRP therapy. When PRP treated diabetic foot ulcers were
compared directly with those treated with PPP (Platelet Poor Plasma), the PRP treated group
demonstrated significantly increased wound healing 97.

It is important to bear in mind that not all growth factors confer healing properties. Instead,
some growth factors will signal an end to wound healing. It is unclear if PRP concentrates
growth factors that potentially stimulate healing or incorporate growth factors that will
terminate the would healing process. Thus, the role of PRP in wound healing remains
indeterminate.

7.3 Neuropeptides
A link between wound healing and the nervous system is evident by the peripheral
neuropathy connecting the two and has emerged as a focal point in new treatments.
Neuropeptides and the cytokines released from nerve fibers, immune cells, and cutaneous
cells have emerged as a significant player in the wound healing process. Alterations in
neuropeptide levels have been observed in patients with diabetes, with increased levels
noted in the hypothalamus and decreased levels in skin.

Recently, investigation into a topically applied angiotensin analog demonstrated increased
wound healing in patients with diabetic foot ulcers compared to control.98 Furthermore, the
topical treatment showed no significant side effects with increased rate of healing. This
improved healing appears to be dose dependent with the higher 0.03% concentration showed
greater healing when compared to the 0.01% formulation.
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8. Potential development issues
8.1 Complex molecular events

Understanding the complex molecular events underlying diabetic foot ulcer healing remains
in its infancy. Through animal models and skin samples, we have been able to understand
the key molecules involved as well as their over or under-expression in impaired wound
healing. However, the complexity of their interactions, and the key elements necessary for
successful wound healing has limited the effectiveness of current treatments.

8.2 Delivery of therapeutic agents
The sustained delivery of therapeutically active agents topically to the ulcer site has proven
to be a hurdle since growth factors are rapidly degraded once secreted. For example, the
biologic half-lives of PDGF and VEGF are 2 minutes and 50 minutes, respectively 99, 100.
As a result, therapeutic application of growth factors at sustained levels may be difficult to
achieve. It has been proposed that failure of some clinical trials may have been the result of
failure of the delivery systems used to allow the peptides to reach their target cells and
tissues. Furthermore, it has been speculated that growth factor treatment is in part impaired
by the inflammatory environment of the wound,, resulting in breakdown of these peptides
before they may act.

Development of systems such as gene delivery and polymers, may allow for sustained and
effective delivery of therapeutically active agents to the chronic wound. Additionally, major
advances in tissue engineering hold the promise of delivering matrix materials and live cells
that may well provide the right combination and concentration of growth factors necessary
for wound healing.

9. Conclusions
By the year 2050, it is predicted that as much as 10% of the general population will have
been diagnosed with DM and 15% will be expected to develop a DFU in their lifetime. The
cost of treating DFU weighs heavily on the US medical system, with an annual cost of 4
billion USD. In addition to the cost, the fact that 85% of lower extremity amputations are
preceeded by a DFU is an alarming call to action.

Current treatment of DFU includes periodic debridement, infection treatment, pressure-
offloading and good wound care. This gold standard has been successful in the management
of most DFU, however, there is a subset of patients who fail to heal their DFU despite this
gold standard model of wound care. In these patients, basic science and translational
investigation has revealed impaired microvascular function, diminished activity of growth
factors, neuropeptides, and the hypoxic tissue environment as possible obstacles to wound
healing.

Continued research has lead to the development of wound care therapies to address the
altered biochemical milieu of the chronic wound. Currently, single growth factor
supplementation (PDGF) applied topically to the wound is the only FDA approved therapy
for DFU and has been met with only modest success. Additionally, clinical trials with other
growth factors have showed variable success rates, suggesting that problems may exist with
the delivery systems, or questioning the need for better modulation of the wound
environment with multiple growth factors or cytokine inhibitors.
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10. Expert Opinion
The startling rise of type 2 Diabetes makes research into secondary complications such as
DFU all the more essential given that the cost to the medical system in the US alone is
expected to reach 8 billion by 2050. Regarding lower extremity problems, the key findings
in impaired healing of DFU include decreased expression of growth factors and increased
levels of inflammatory cytokines. This altered molecular environment of DFU represents a
pro-inflammatory state that may be responsible for ulcers that fail to heal.

Weaknesses in DFU wound healing research include the still evolving understanding of the
pathophysiology of the chronic wound. While the research is progressing at a rapid clip, a
clear understanding of the exact barriers in wound healing in DFU remains elusive. Another
area of weakness includes the delivery of topical treatments in an effective manner. For
example, the application of a single growth factor (PDGF) to chronic wounds has increased
healing DFU, but only to a modest degree. However, there is no tangible measurement of
whether the growth factor is reaching the target cells and in a timely fashion.

The ultimate goal in the field of DFU research is to understand fully the mechanisms behind
impaired wound healing. Once this altered process is fully delineated and the hurdles
recognized, proper assessment and treatment can be provided. As the collaborative efforts
between the fields of bioengineering and medicine advance, new therapies using technology
such as gene therapy, novel polymer delivery systems, and tissue matrixes will play an
essential role in ensuring adequate and efficient delivery of topical therapies.

The recent work from our lab showing increased serum growth factors suggesting growth
factor resistance reveals that even with sufficient levels for wound healing, there are other
underlying mechanisms that require further investigation. In particular, the role of PTP1B is
of considerable interest to our group and the research into PTP1B inhibition treatment of
type 2 DM is being closely monitored.
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Figure 1.
The nerve–axon reflex (also known as Lewis triple-flare response). Injury or inflammation
stimulate the C-nociceptive fibers and cause retrograde stimulation of the adjacent fibers
that release active vasodilators (such as histamine, SP and CGRP). This results finally in
hyperemic reaction during stress.

Tecilazich et al. Page 17

Expert Opin Emerg Drugs. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Tecilazich et al. Page 18

C
om

pe
tit

iv
e 

E
nv

ir
on

m
en

t T
ab

le

C
om

po
un

d
C

om
pa

ny
St

ru
ct

ur
e

In
di

ca
ti

on
St

ag
e 

of
 d

ev
el

op
m

en
t

M
ec

ha
ni

sm
 o

f 
ac

ti
on

C
on

ne
xi

n4
3

C
oD

a 
T

he
ra

pe
ut

ic
s

C
x4

3-
sp

ec
if

ic
 a

nt
is

en
se

 o
lig

od
eo

xy
nu

cl
eo

tid
e

V
en

ou
s 

ul
ce

rs
, D

FU
Ph

as
e 

2
do

w
nr

eg
ul

at
io

n 
of

 C
x4

3 
pr

ot
ei

n

D
SC

12
7

D
er

m
a 

Sc
ie

nc
es

 I
nc

.
A

ng
io

te
ns

in
 a

na
lo

g
V

en
ou

s 
ul

ce
rs

, p
re

ss
ur

e 
ul

ce
rs

, D
FU

Ph
as

e 
2

U
p-

re
gu

la
tio

n 
of

 m
es

en
ch

ym
al

 s
te

m
 c

el
ls

O
ra

l B
B

R
-0

12
B

ri
dg

e 
B

io
R

es
ea

rc
h 

L
td

.
Is

on
ia

zi
de

D
FU

Ph
as

e 
2

P4
50

 in
hi

bi
to

r

T
R

A
fe

rm
in

O
ly

m
pu

s 
B

io
te

ch
 C

or
po

ra
tio

n
bF

G
F

D
FU

Ph
as

e 
3

G
ro

w
th

 f
ac

to
r

Pl
at

el
et

 R
ic

h 
Fi

br
in

(P
R

F)
V

iv
os

ta
t

Pl
at

el
et

 c
on

ce
nt

ra
te

 in
 f

ib
ri

n 
se

al
an

t
D

FU
Ph

as
e 

4
V

as
cu

la
r 

in
gr

ow
th

 p
ro

m
ot

io
n

C
on

tr
ol

le
d 

ni
tr

ic
 o

xi
de

 r
el

ea
si

ng
 p

at
ch

Fu
nd

ac
ió

n 
C

ar
di

ov
as

cu
la

r 
de

 C
ol

om
bi

a
T

op
ic

al
 n

itr
ic

 o
xi

de
D

FU
Ph

as
e 

3
C

ol
la

ge
n 

sy
nt

he
si

s,
 a

ng
io

ge
ne

si
s,

rh
E

G
F(

re
co

m
bi

na
nt

 h
um

an
 E

pi
de

rm
al

 G
ro

w
th

Fa
ct

or
)

D
ae

w
oo

ng
 P

ha
rm

ac
eu

tic
al

 C
o.

rh
E

G
F

D
FU

Ph
as

e 
3

G
ro

w
th

 f
ac

to
r

K
U

R
-2

11
K

ur
os

 B
io

su
rg

er
y 

A
G

m
od

if
ie

d 
va

ri
an

t o
f 

pl
at

el
et

-d
er

iv
ed

 g
ro

w
th

 f
ac

to
r 

(P
D

G
F)

D
FU

Ph
as

e 
2

G
ro

w
th

 f
ac

to
r

G
al

no
ba

x
N

ov
al

ea
d 

Ph
ar

m
a 

Pr
iv

at
e 

L
im

ite
d

E
sm

ol
ol

 h
yd

ro
ch

lo
ri

de
D

FU
Ph

as
e 

1
sh

or
t-

ac
tin

g 
be

ta
-1

 a
dr

en
er

gi
c 

re
ce

pt
or

 b
lo

ck
er

L
eu

co
Pa

tc
h

R
ea

pp
lix

au
to

lo
go

us
 p

la
te

le
t-

 r
ic

h 
fi

br
in

C
hr

on
ic

 w
ou

nd
s

Ph
as

e 
4

G
ro

w
th

 f
ac

to
rs

H
O

/0
3/

03
H

ea
lO

r
PK

C
-m

od
ul

at
in

g 
ag

en
ts

C
hr

on
ic

 w
ou

nd
s

Ph
as

e 
3

PK
C

a 
ac

tiv
at

io
n 

an
d 

PK
C

d 
in

hi
bi

tio
n

M
R

E
00

94
K

in
g 

Ph
ar

m
ac

eu
tic

al
s

A
de

no
si

ne
 A

2A
 r

ec
ep

to
r 

ag
on

is
t

D
FU

Ph
as

e 
2

In
fl

am
m

at
or

y 
ce

ll 
m

ed
ia

to
r

A
M

D
31

00
G

en
zy

m
e

Pl
er

ix
af

or
D

FU
Ph

as
e 

1
M

ob
ili

za
tio

n 
of

 e
nd

ot
he

lia
l p

ro
ge

ni
to

r 
ce

lls

W
ou

lg
an

 b
io

ge
l

B
io

te
c 

Ph
ar

m
ac

on
 A

SA
So

lu
bl

e 
be

ta
-g

lu
ca

n
D

FU
Ph

as
e 

3
W

ou
nd

 im
m

un
om

od
ul

at
in

g 
pr

op
er

tie
s

Expert Opin Emerg Drugs. Author manuscript; available in PMC 2014 June 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Tecilazich et al. Page 19

Table 1

The cytokine expression in Apligraf and human skin

Human Keratinocytes Human Dermal Fibroblasts Apligraf Human Skin

FGF-1 + + + +

FGF-2 − + + +

FGF-7 − + + +

ECGF − + + +

IGF-1 − − + +

IGF-2 − + + +

PDGF-AB + + + +

TGF-α + − + +

IL-1α + − + +

IL-6 − + + +

IL-8 − − + +

IL-11 − + + +

TGF-β1 − + + +

TGF-β3 − + + +

VEGF + − + +

FGF = fibroblast growth factor; ECGF = endothelial cell growth factor; IGF = insulin-like growth factor; PDGF = platelet-derived growth factor;
TGF = transforming growth factor; IL = interleukin; VEGF = vascular endothelial growth factor.
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