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Abstract
Diabetes mellitus affects over 25 million individuals in the United States. Complications
related to diabetes cause financial burden, as well as loss of quality of life. More than 25% of
patients with either Type 1 or Type 2 diabetes will experience one or more episodes of delayed
cutaneous wound closure, a serious complication that if untreated, can lead to ulceration,
systemic infection, and possible amputation. Understanding the pathophysiology associated with
diabetes and wound closure, as well as design of new, non-toxic therapies, is needed. The
hypothesis of this thesis project is that naltrexone (NTX), an opioid receptor antagonist, blocks
opioid receptor binding to accelerates DNA synthesis, cell proliferation and wound healing. The
opioid growth factor (OGF)- OGF receptor (OGFr) axis is involved in cell replication. OGF,
chemically termed [Met5]-enkephalin, interacts with the OGFr to depress DNA synthesis by
upregulating p16 and p21 to halt the cell cycle at the G1/S interface. To address how the OGFOGFr pathway modulates wound healing, the first aim investigated angiogenesis, an integral
phase of wound repair. Using a rat model of Type 1 diabetes, along with age-matched normal
rats as controls, full-thickness cutaneous wounds were created on the dorsum and treated with
topical applications of 10-5 M NTX dissolved in moisturizing cream. Wound closure was
monitored photographically and tissue samples were collected for histopathology. Blood vessel
formation, measured by VEGF, FGF-2, and !-SMA staining, was enhanced in rats treated with
topical NTX relative to those receiving only vehicle. Specific aim 2 evaluated the long-term
effects of NTX on skin and the remodeling phase of wound healing. Full-thickness wounds
generated in diabetic rats treated with NTX revealed normal collagen deposition and normal
remodeling compared to controls. Tensile strength of the wounds was restored, and no adverse
histopathology was noted following 3 weeks of NTX treatment. The mechanism of action
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associated with NTX treatment was investigated in Specific aim 3. The initial studies
determined the specific and selective opioid receptor modulated by the nonspecific antagonist
NTX. Using molecular technology and the NIH 3T3 fibroblast cell line, OGFr protein
expression was depressed by siRNAs. Application of NTX to the fibroblast cultures revealed
that suppression of OGFr with siRNA blocked the response to NTX. Studies with specific
ligand agonists demonstrated that only OGF, and not DAMGO, DPDPE, or EKC, altered growth
of cultured fibroblasts. Further studies with NIH 3T3 cells, and primary auricular fibroblasts,
confirmed the presence of OGF and OGFr in fibroblasts. These data confirm that the OGFOGFr axis mediates cell replication in fibroblasts, a primary cell involved in cutaneous wound
healing, and that the OGF-OGFr axis is the specific biological pathway blocked by NTX. In
Specific Aim 4, studies examined the efficacy of NTX in a mouse model of Type 2 diabetes.
The genetic mouse model, using db/db mice, was established and full-thickness cutaneous
wounds were generated. Wound closure in diabetic mice was significantly delayed relative to
normal C57Bl/6 mice, and topical application of NTX significantly accelerated wound closure
relative to db/db mice receiving only vehicle. In conclusion, delays in cutaneous wound closure
are related to cellular proliferation and may be modulated by the OGF-OGFr pathway. Blockade
of this regulatory pathway by the opioid antagonist NTX enhances all stages of wound repair,
and may serve as a safe and efficacious treatment for wound closure complications found in
individuals with Type 1 or Type 2 diabetes.
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Chapter 1: Introduction
1.1 Diabetes Mellitus
Diabetes mellitus is characterized by high blood glucose levels that develop as a
consequence of the body’s inability to produce and/or use the hormone insulin.
Hyperglycemia results from the reduction in glucose metabolism because of insufficient
insulin. The majority of obese individuals with diabetes mellitus have Type 2 diabetes
and are resistant to insulin’s effects. The hyperphagia combined with fasting
hyperinsulinemia leads to an over stimulation of fat and liver cells. As a compensatory
mechanism, many individuals with diabetes have an increased quantity of insulin
receptors yet remain hyperglycemic. In patients with insulin resistance, muscle, fat and
liver cells gradually become desensitized to insulin’s effects. As a result, the body
requires higher levels of insulin to transport glucose into individual cells (1-5).
In addition to the insulin resistance recorded in diabetes, the pancreas has decreased
responsiveness to a “glucose load.” During fasting, obese patients with diabetes have
high levels of insulin in the bloodstream but do not exhibit an adequate response to
glucose overload. This insulin resistance creates the hyperglycemia that defines diabetes.
Most importantly, treatment and control of diabetes requires understanding the specific
metabolic disturbances in each patient (6).
Common symptoms of diabetes are extreme fatigue, blurry vision, weight loss and
severe hunger or thirst. Early detection and therapy for diabetes can reduce the risk of
developing serious complications of the disease such as heart disease, stroke, kidney
disease, neuropathy, blindness and impairments in wound healing. The serious
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impairments in wound healing associated with the disease often lead to traumatic
amputations that gravely affect the quality of life for patients with diabetes mellitus (1).

1.1.1 Classifications of Diabetes Mellitus
There are two major types of diabetes mellitus. Type 1 and Type 2 diabetes
mellitus involve a metabolic problem with insulin, a hormone necessary to the
transportation of sugars from the blood into individual cells (1). Type 1 diabetes results
from acute pancreatic beta cell destruction. This type of diabetes is attributable to an
autoimmune process where the etiology and pathogenesis are unknown, rather than the
forms of hyperglycemia where specific causes of damage to the pancreatic beta cells can
be assigned (such as in cystic fibrosis or mitochondrial defects). Individuals with Type 1
diabetes do not produce insulin because of the autoimmune damage to beta cells and need
to take daily insulin injections to regulate blood glucose levels (4).
Type 2 diabetes is the most common form of diabetes and involves defects in
insulin secretion usually accompanied by insulin resistance (4). Hence, individuals with
Type 2 diabetes do not produce enough insulin and/or target cells are unable to recognize
the insulin when it is present. Type 2 diabetes requires commitment to blood sugar
monitoring, regular exercise, healthy eating and potentially diabetes medication such as
metformin or insulin therapy.
Gestational diabetes mellitus is diagnosed during pregnancy and increases the risk
of developing Type 2 diabetes after pregnancy. Children born to women with gestational
diabetes have also been shown to have a greater risk of obesity and developing Type 2
diabetes (2). Gestational diabetes is a growing concern in the 21st century. This occurs in
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2-10% of pregnancies and women with gestational diabetes have a 35-60% chance of
developing diabetes in the subsequent 10 to 20 years after the pregnancy (2).

1.1.2 Incidence
There are over 25 million people in the United States with diabetes mellitus,
approximating 8.3% of the population. Nearly 7 million people do not know they have
the disease (2). Prediabetes is a condition where blood glucose levels are elevated but are
not high enough to be considered diabetes. The clinical threshold for diabetes is
approximately 125 mg/dl blood glucose. It is estimated that 79 million Americans 20
years and older have prediabetes (2). Type 2 diabetes accounts for 90-95% of all cases of
adult diagnosed diabetes in the United States. Type 1 diabetes accounts for the remaining
5-10% of the diagnosed individuals (2). Diabetes is increasing worldwide; studies
approximate that the incidence of Type 1 diabetes in the world is increasing 3.0%
annually (3).

1.1.3 Risk Factors
There are several predisposing factors that contribute to the development of
diabetes and race and geography appear to play a big role. A national survey between
2007 and 2009 indicated that the risk of diabetes was 18% high among Asian Americans,
66% higher among Hispanic/Latinos and 77% percent higher among non-Hispanic blacks
compared with non-Hispanic white adults (5). Older maternal age, maternal preeclampsia
and neonatal respiratory disease are significant risk factors for the development of Type 1
diabetes whereas having low birth weight, short birth length or being the first born seem
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to be protective against Type 1 diabetes (7). Although the cause of Type 1 diabetes is
unknown, there appears to be genetic and environmental roles. The risk of developing the
disease increases if a parent or sibling develops diabetes. Environmental factors such as
exposure to enteroviruses is viewed as a putative cause of Type 1 diabetes after studies
discovered the viral genome in many diabetic patients. Many studies indicate an early
exposure to cow’s milk proteins and vitamin D deficiency are potential dietary factors
causing Type 1 diabetes (9).
The etiology of Type 2 diabetes is unclear, however genetics, weight, inactivity
and race seem to place a role. Type 2 diabetes most often develops in middle-aged and
older individuals who are obese or overweight. Type 2 diabetes was once very rare in
children and adolescents but its incidence is increasing due to increases in youth obesity.
Studies have indicated that several gene variants can make individuals more susceptible
to Type 2 diabetes. Polymorphisms in the TCF7L2 (transcription factor 7-like 2) gene
have been shown to increase the risk of Type 2 diabetes by approximately 80% compared
to individuals without polymorphisms of this gene (5,156).

1.1.4 Cost of Diabetes
The American Diabetes Association approximated the annual total cost of
diagnosed diabetes in the United States at $245 billion in 2012, a rise from $174 billion
in 2007. This represents a 41% increase over five years. The estimated cost accounts for
$176 billion in direct medical costs and $69 billion in lost productivity (8).
The care for individuals diagnosed with diabetes accounts for more than 1 in 5
U.S. health care dollars. Inpatient hospital care is 43% of the $245 billion dollars spent on
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diabetes complications, the largest component of medical expenditures related to
diabetes. Prescription drugs and treatments for the complications associated with diabetes
account for 18% of the total expenditure. This is partially attributable to the impaired
wound healing associated with the disease (8).

1.2 Cutaneous Healing Complications and Amputation in the Diabetic Population
There are between 3 and 6 million cases of non-healing wounds in the U.S.
costing over 3 million health care dollars per year. Out of this population, 85% of
individuals are 65+ years old (149,150). Mexican Americans have the highest incidence
of diabetic amputation (151). In the U.S., 60% of nontraumatic lower limb amputations
occur in the diabetic population and in 2006, 65,700 amputations were preformed (152).
Very few longitudinal studies exist on the occurrence of amputation in the
diabetic population. A retrospective study done in Newcastle, United Kingdom
determined that 39% of amputees between 1989 and 1991 were diabetic patients and
there was a 10% mortality rate after amputation within 30 days. 15% of patients were
diagnosed with diabetes upon being admitted for amputation (153). Worldwide, there are
currently over 170 million people with diabetes and approximately 50% will experience
at least one problem with cutaneous healing (37). In 2005, the rate of reoccurrence for a
diabetic foot ulcer was determined to be 50% after 3 years. Every 30 seconds a lower
limb is amputated somewhere in the world because of diabetes (154).
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1.3 Anatomy of the Skin
The skin or the integumentary system covers the entire surface of the body. It
consists of two layers that differ in embryonic origin, histological appear and function.
The epidermis is the outermost layer of the skin and is formed from an epithelium of
ectodermal origin. The thicker, underlying area is known as the dermis. It is developed
from the mesoderm and consists of connective tissue. Deep to the epidermis and the
dermis exists the hypodermis. This is a subcutaneous layer of loose connective tissue that
fixes the skin to the underlying structures. Sebaceous glands, sweat glands, hair and nails
are known as the appendages of the skin and are derived from the epidermis (155). The
integumentary system preforms essential bodily functions such as participating in
homeostasis, conveying sensory information, and providing a barrier against physical,
chemical and biological agents. It is responsible for excretion through glands and has
endocrine function such as converting precursor molecules into hormonally active
molecules such as vitamin D (156).
The epidermis is composed of stratified squamous epithelium. Four distinct layers
can be identified and in the case of thick skin, there are five layers. The stratum basale
contains mitotically active cells, the stem cells of the epidermis. It is the deepest layer.
More superficially is the stratum spinosum that has a characteristic light microscopic
appearance. Cells in the stratum spinosum are attached to one another by desmosomes.
The stratum granulosum is the next most superficial layer and contains numerous
intensely staining granules. These granules, known as keratohyalin granules, are within
the cells of the stratum granulosum and contain cysteine-rich and histidine-rich proteins
that are precursors for the protein filaggrin. Filaggrin is responsible for aggregating
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keratin filaments within the stratum corneum. The stratum lucidum is limited to thick
skin and exists between the stratum granulosum and stratum corneum and is considered a
subdivision of the stratum corneum. The stratum corneum consists of anucleated
squamous cells filled largely with keratin filaments. This layer acts as a water barrier due
to the lipid coating on the cells’ plasma membranes (Figure 1) (155).

!"#$%&'()!)*+,-!./0123+04!45,0-21!6057!)8.9!:,;234!<=!572!2/0123+04!<=!570-!4>0-!
47<6-!,5!70?7!+,?-0=0@,50<-!A$#BCD9!E72!122/245!@2FF!F,;23!04!572!453,5*+!G,4,F2!
AHID!,-1!04!,!40-?F2!F,;23!<=!@2FF4!0-!570@>-2449!E72!453,5*+!4/0-<4*+!AHHD!04!42J23,F!
@2FF!F,;234!0-!570@>-244!,-1!04!572!-2C5!+<45!4*/23=0@0,F!F,;23!0-!572!2/0123+049!E72!
-2C5!F,;23!04!572!453,5*+!?3,-*F<4*+!AHKD!67<42!@2FF4!@<-5,0-!>23,5<7;,F0-!

The dermis lies deep to the epidermis and consists of two layers, the papillary
layer and the reticular layer. The papillary layer is the most superficial and consists of
loose connective tissue. Collagen fibers are not as thick as collagen in the reticular layer
and elastin fibers are threadlike and form an irregular network. This layer contains dermal
papillae that extend into the epidermis and blood vessels that serve but do not enter the
!
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epidermis. It also contains nerve processes that can remain in the dermis or penetrate the
epidermis’ basal lamina. The reticular layer is deep to the papillary layer. It has varying
thickness based on location but is always thicker and less cellular than the papillary layer.
It has characteristic thick, irregular bundles of primarily type 1 collagen and coarse
elastin fibers. Fiber bundles orient themselves to form regular lines of tension known as
Langer’s lines (Figure 2) (155).

!"#$%&'*)!)*+,-!4>0-!45,0-21!6057!)8.9!E704!=0?*32!104/F,;4!=2,5*324!<=!572!
123+04M!572!@<--2@50J2!5044*2!F,;23!<=!572!4>0-M!,5!70?7!+,?-0=0@,50<-!A#BBCD9!E72!
123+04!04!@<+/<421!<=!56<!F,;234N!572!/,/0FF,3;!F,;23!AO:D!<=!F<<42!@<--2@50J2!
5044*2!,-1!572!3250@*F,3!F,;23!AP:D!<=!12-42!@<--2@50J2!5044*29!E72!/,/0FF,3;!F,;23!
04!+<32!4*/23=0@0,F!,-1!2C0454!Q*45!G2F<6!572!2/0123+04!<=!572!4>0-9!R5!0-@F*124!572!
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1.4 Cellular and Molecular Basis of Full-thickness Wound Healing
To fully understand the underlying mechanisms associated with non-healing
diabetic wounds, it is important to first understand the normal tissue response to injury.
Any insult to the integument such as penetrating, blunt or burn trauma will initiate an
orderly sequence of events that cumulatively make up the process of wound healing.
Wound healing itself is the organized movement of specialized cells into the wound site.
It is a dynamic process that restores the anatomical function and continuity to the tissue.
Wound healing is a continuum of phases that overlap one another including hemostasis,
the inflammatory phase, the proliferative phase and the remodeling phase. Platelets and
inflammatory cells are the first specialized cells to arrive at the site of damage; they are
responsible for initiating the signaling cascade necessary for the recruitment and
activation of connective tissue cells and the development of a new vascular supply. The
proliferative phase overlaps the inflammatory phase and represents the phase where
epithelial cells, fibroblasts, macrophages and monocytes continue to replicate and migrate
into the wound site. Angiogenesis is a hallmark of the proliferative phase of wound
healing. The remodeling phase is active from the early days of wound healing and
potentially continues for years based on the nature of the wound. It involves the
deposition of extracellular matrix and collagen along with its degradation and
reorganization (Figure 3). These chemical signaling cascades are carried out by cytokines
and growth factors (10-12).
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1.4.1 Hemostasis
As blood components enter the wound site, platelets come into contact with
exposed extracellular matrix elements. This contact initiates the wound healing process
and the restoration of hemostasis (10). Platelets begin to aggregate and blood coagulates
to create a barrier rich in fibrin to guard the wound against invasion by microorganisms
(12). Contact between platelets and extracellular matrix elements triggers the release of
clotting factors as well as growth factors such as PDGF and TGF- !. (10,12,13).
Bleeding is stopped by the “coagulation cascade.” This cascade is initiated by
platelets and leads to fibrin synthesis, clot formation and hemostasis. The fibrin clot itself
contains all of the substances that will be needed later in the healing process to degrade
the clot such as plasmin, an endopeptidase responsible for cleaving fibrin and other
extracellular matrix molecules such as fibronectin, laminin and the protein portions of
proteoglycans. In the blood plasma, plasmin is contained in its inactive form,
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plasminogen, and is converted to active plasmin by plasminogen activator (PA). PAs
allow for the migration of new cells and matrix components into the granulation tissue
(13). The binding of urokinase-type plasminogen-activator (uPA), a specific PA, to its
complement receptor on the surface of mast cells induces migration of mast cells in vitro
(14).

1.4.2 Inflammatory Phase
Once hemostasis is restored, neutrophils, mast cells and macrophages migrate and
infiltrate the wound site from the surrounding tissue as a result of chemotaxis.
Neutrophils appear first at the wound site, within 24 hours of injury, and are the
predominant early cell type in the wound. They initiate phagocytosis, necessary to clear
all foreign debris, bacteria and damaged tissue from the area (10-13). Neutrophils and
other inflammatory cells are attracted to a tri-peptide byproduct of bacterial protein
synthesis (15). Neutrophils phagocytize any present bacteria until they establish
“laudable pus” in the wound (16).
Mast cells enter circulation as ambiguous, mononuclear precursor cells that
originated from CD34+ bone marrow stem cells. Once in the tissue, mast cells take on
their identifiable morphology, specifically dense cytoplasmic granules that are
responsible for the storage of histamine, glycosaminoglycans, tryptase and chymase. It is
suspected that mast cells also reside in the tissue, prior to wounding, in their immature
form. Hageman factor (XII), a factor involved in the intrinsic coagulation cascade,
generates anaphylatoxins C3a and C5a, both of which stimulate the infiltration of mast
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cells. This implies that “phantom mast cells” exist in the tissue during clotting, before
mature mast cells arrive through the circulation (13).
Mast cells are found in all organs but predominate in the dermis and lamina
propria of skin epithelium. Their presence in the lamina propria exists only in
pathological conditions (18). In the skin, mast cells are typically found in aggregations
around blood vessels, nerves and other specialized appendages. Until recently, mast cells
were only thought to participate in hypersensitivity reactions, or allergic reactions, but
current research now indicates that they have a role in tissue homeostasis and repair (13).
By 48 hours post-injury, monocytes that are indigenous or fixed in the tissue are
activated by chemotaxis and become macrophages. These activated cells are perhaps the
most important inflammatory cell in the wound and have been experimentally shown to
delay healing response when their function is inhibited (17). Activated macrophages
continue phagocytosis; they function in degradation of damaged connective tissue,
collagen, elastin and proteoglycans while also removing foreign debris and any remaining
bacteria. They simultaneously secrete chemotactic factors such as TGF-! and PDGF that
will draw cells to the site of damage such as additional inflammatory cells, fibroblasts
and smooth muscle cells. The presence of activated macrophages in the wound site is a
signal that the inflammatory phase is nearing completion (10-13,17).

1.4.3 Proliferative Phase
Twenty-four hours post-injury, the outermost layer of the skin, the epithelium,
begins to divide at the wound margins within the stratum basale (Figure 1), marking the
initiation of the proliferative phase of wound healing (19). Epithelial cells proliferate at
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the wound margins and migrate across the surface of the newly deposited granulation
tissue to reach wound closure. Epidermal cells themselves produce and secrete
collagenases in order to pass between the newly deposited matrix and the fibrin clot (25).
As the proliferative phase progresses, fibroblasts become the most prominent cells in the
wound bed. Fibroblasts are mesenchymal in origin and secrete components of the
extracellular matrix to restore the anatomy and function of the skin. Fibroblasts secrete
the major component of the extracellular matrix, collagens. There are 23 different
varieties but type 1 collagen is the most prominent in cutaneous scar tissue (20).
Once wound closure is achieved by reepithelialization, proliferating fibroblasts
begin to acquire contractile qualities. These qualities mark the start of their transition into
myofibroblasts. This transition is discernible by the appearance of cells known as
protomyofibroblasts, whose stress fibers contain only !- and "-cytoplasmic actins.
Protomyofibroblasts differentiate into myofibroblasts by a complex mechanism involving
cytokine and growth factor regulation. Myofibroblasts form an elaboration of the
protomyofibroblast’s contractile stress fibers. These stress fibers have contractile proteins
that are typical of smooth muscle cells and myoepithelium, such as #-smooth muscle
actin (21). Myofibroblasts will continue to synthesize components of the extracellular
matrix, including collagen types I and III. In normal healing, myofibroblasts will
ultimately undergo apoptosis as the reepithelialization process completes (22).
Intercellular desmosomes provide cell-to-cell connections between epithelial cells
and epithelial cells and the underlying stroma. These desmosomes begin to dissociate at
the wound margins during the proliferative phase. Formation of peripheral cytoplasmic
actin filaments commences for the purpose of cell migration into the wound site (23,24).

!

"$!

Completion of reepithelialization marks the end of the proliferative phase.
Reepithelialization is finalized by proliferation and migration of epithelial cells and
keratinocytes from the periphery of the wound. The epithelium reaches complete
regeneration, forming a barrier between the wound site and the outside world (12).
Keratinocytes are the most external cell type in the skin, making up the stratum corneum;
these cells aid in retention of fluid and hinder invasion by bacteria (26).

1.4.4 Formation of Granulation Tissue
The formation of granulation tissue, often considered part of the proliferative
phase of healing, is a dynamic process. New stroma, also known as granulation tissue,
begins to form approximately 4 days into the healing process and progressively fills the
void created by injury. Fibroblasts begin to infiltrate the new stroma to aid in the
migration of additional cells and infiltration of new vasculature. Fibroblasts are necessary
for the completion of healing. They secrete proteases that break down extracellular
matrix to make way for angiogenic capillaries that allow for the delivery of oxygen and
nutrients to the newly developing tissue (27).
As the proliferative phase continues, TGF-! secreted from macrophages, T
lymphocytes and platelets acts as a “master control signal” of fibroblast function (10,28).
TGF-! has been described to have a “three-pronged effect” on the deposition of new
extracellular matrix by fibroblasts (29). First, TGF-! has been shown to increase gene
transcription for collagens, fibronectin and proteoglycans, which are all components of
new stroma. Second, TGF-! has been shown to decrease the overall secretion of
proteases, specifically matrix metalloproteases (MMPs), responsible for the degradation
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of the extracellular matrix. Third, TGF-! increases the secretion of the protease
inhibitors, tissue inhibitor of metalloproteases (TIMPs) (10,27). Macrophages, mast cells
and additional infiltrating immune cells arrive to the site of injury early and secrete
cytokines such as tryptase, histamine, TNF-#, FGF-2 and VEGF which stimulate
angiogenesis and fibroplasia (13,30).
Angiogenesis, the development of new vasculature from preexisting blood
vessels, is crucial to the development of the transitory granulation tissue. The
development of new vasculature is initiated early in the course of healing to supply the
newly deposited stroma with nutrients and oxygen (12). As granulation tissue is
deposited, a plexus of angiogenic capillaries infiltrate the fibrin and fibronectin-rich clot.
A complete microvascular network is eventually formed and remodeled by the addition
of capillary sprouts to already deposited and organized blood vessels. The early and
rudimentary vascular plexus seen in the proliferative phase is marked by heavy
expression on VEGF in the wound bed (25-27).
The formation of a new microvascular network in the wound bed is similar to the
process to generate a de novo circulatory system in a developing embryo. Vascular
endothelial cells create primitive blood vessels that have not yet formed a lumen. Small,
functional capillaries arise when these endothelial tubes form lumina and unite with new
or undamaged vessels at the periphery of the wound. This union initiates blood flow into
the freshly synthesized granulation tissue. Knockout mice lacking VEGF-R1 (vascular
endothelial growth factor receptor-1) are capable of generating new vascular endothelial
cells, but their ability to form functional vessels is attenuated (31).
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1.4.5 Remodeling Phase
The final stage in the healing of a full-thickness wound, the remodeling phase,
can take up to 1 year to complete. During this phase, the strength of the wound site
approaches that of uninjured skin, such that it resists typical stress (12). On a per weight
basis, collagen in normal, uninjured dermis is close to the tensile strength of steel and it is
highly organized and resilient. Collagen fibers in scar tissue, generated after a fullthickness wound, are less organized and have smaller calibers. This arrangement makes a
wound site weaker than peripheral uninjured tissue. After injury, the skin will never reach
the full tensile strength of uninjured skin, and has been experimentally estimated to have
only 80% of normal skin strength (10).
Collagen degradation also occurs in the remodeling process. Specific
collagenases secreted by fibroblasts, neutrophils and macrophages enzymatically degrade
collagen at specific sites. This degradation process clips the protein through all three
chains that make up a collagen molecule. This initial degradation breaks collagen down
into characteristic three-quarter and one-quarter pieces that eventually undergo further
degradation and digestion by other proteinases. Clipping and pruning of collagen fibers
not only serves to remove unneeded collagen from the wound bed but also is essential to
the reorganization process (10,32,33).
After the remodeling phase of wound healing is complete, most inflammatory
cells, fibroblasts and vessels are removed from the wound site by migration or apoptosis
(10,12). Fibroblasts can remain in granulation tissue after reepithelialization occurs as
noncontractile, inactive cells that lack microfilament bundles. These cells, along with the
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newly deposited extracellular matrix, produce cross-linked fiber bundles that aid in
resisting typical stress on the skin (21).

1.5 Diabetic Full-thickness Wound Healing
1.5.1 Healing Complications
A serious complication of diabetes mellitus is wound healing impairment. Delays
in cutaneous wound healing can potentially result in chronic lesions, ulcers, epithelial
erosion and amputation of the extremities (1,2,36). There are over 25 million people in
the U.S. and over 170 million people worldwide that have diabetes and nearly 50% of all
cases experience at least one complication of the delayed cutaneous wound healing
associated with the disease (1,2,5,37). The diabetic foot ulcer (DFU) is the leading cause
of hospital admissions for diabetics in the developing world and is a major contributing
factor to the morbidity associated with the disease. DFUs can be exceptionally painful
and greatly decrease the quality of life for patients. These ulcers have been estimated to
occur in 15% of the diabetic population and precede 84% of all diabetic lower limb
amputations (38,39).
The possibility of delayed wound healing is dramatically increased by diabetes. A
study by Cruse and Foord of 23,649 people with diabetes indicated that they had five
times the risk of establishing an infection of a clean incision site (35). Currently, patients
with well-controlled diabetes will most likely not experience operative risks but patients
with very labile, easily changing blood glucose levels frequently encounter healing
failure (1,2). Severe atherosclerosis, neuropathy and the propensity to wound infection
seen in diabetic patients have remained the same since the early 18th century but surgical
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outcomes for patients with diabetes have improved strikingly. This suggests that there are
alterable and controllable aspects of diabetic wound healing (34).

1.5.2 Altered Inflammation, Cytokine Regulation and Protease Activity
Non-healing diabetic wounds can be accompanied by chronic inflammation,
growth factor dysregulation and/or excessive protease activity that inhibit the wound
from properly healing. In many diabetic foot ulcers, healing can be stalled in a state of
chronic inflammation. Abundant neutrophil infiltration and destructive enzymes along
with associated reactive oxygen species characterize chronic inflammation. Appropriate
healing can only proceed once the inflammation is controlled (10). A human sample
study done by Loots and colleagues completed immunohistochemical studies on the
differences between cell infiltrates in chronic diabetic wounds and normal wounds. At the
margins of chronic diabetic wounds there were significantly increased numbers of
macrophages present compared to tissue in normal conditions. The elevated levels of
macrophages later in the healing process indicate a potential delay or extension of the
inflammatory phase. Macrophages are crucial in the transition from the inflammatory
phase to the proliferative phase. Although, these cells were prominent at the wound
margins it was demonstrated that they do not appear to have the ability to direct the
healing cascade towards proliferative events (39).
Studies on the dysregulation of diabetic wound healing have shown additional
alterations to the inflammatory phase. It has been demonstrated that the ratio of
CD4+/CD8+ T lymphocytes can be altered in diabetic wound sites. In this clinical study,
a lower CD4+/CD8+ T cell ratio was present in diabetic wound fluid compared to
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samples from healthy subjects due to the relatively lower number of CD4+ T
lymphocytes (39). CD4+ T lymphocytes are involved in the destruction of infected cells
and the destruction of intracellular pathogens by macrophage activation. Lower numbers
of this cell type increases the probability for diabetic wounds to have delayed healing due
to infection (157).
A study completed by Fahey and colleagues indicates that 1 week post-wounding,
Type 1 diabetic mice have significantly fewer inflammatory cells present in their wound
fluid compared to normal samples. This inhibition of leukocyte infiltration resulted in a
histological decrease of neovascularization and organization of granulation tissue later in
the healing process. This study suggested that people with diabetes may have
impairments in the late inflammatory response and that these impairments could be
exacerbated by growth factor disregulation (38).
Cytokines regulate cellular activities during the wound healing process and can be
altered by diabetes. All phases of healing are guided by cytokines and dysregulation of
this process can lead to impairments in wound closure, proliferation, angiogenesis and
remodeling. Our laboratory has demonstrated that cytokines responsible for organizing
angiogenesis in a Type 1 diabetic rat model are temporally delayed and exist in lower
quantities compared to normal animals (40). Fibroblast growth factor-2 (FGF-2 aka betafibroblast growth factor (!FGF)) is one of the most crucial cytokines involved in the
angiogenesis process and is considered the initiator of capillary sprouting and endothelial
cell proliferation during the first 3 days of wound healing (25,27,40). On day 3 of the
healing process, Type 1 diabetic vehicle-treated rats had 2.8-fold fewer FGF-2 positive
blood vessels in the granulation tissue compared to normal rat wounds (40). This suggests
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that there was a delay in the initiation of angiogenesis that could have the potential to
delay the entire healing process.
In addition to deleterious changes seen in the temporal expression of FGF-2, our
laboratory has shown that VEGF was also dysregulated in the early stages of wound
repair (40). There was a 2-fold reduction in VEGF-positive blood vessels present in the
granulation tissue of Type 1 diabetic vehicle-treated wounds compared to both normal
and NTX-treated wounds on day 5 (40). VEGF expression has been shown to be
impaired in the genetically Type 2 diabetic mouse (db/db). When topically treated with
VEGF, wounds had increased reepithelialization, matrix deposition and cellular
proliferation. Analysis of gene expression by real-time reverse transcriptase-polymerase
chain reaction (RT-PCR) showed a significant upregulation of the genes for PDGF-B and
FGF-2 along with corresponding increases in granulation tissue deposition. A decrease of
VEGF in diabetic wounds contributed to deficits in healing (40,46).
PDGF cytokines are important to cell growth in cutaneous wound healing. A
study completed by Beer and colleagues determined that PDGF-A and its A-type receptor
have significant reductions in expression in both wounded and unwounded back skin of
the db/db mouse, posing an additional potential for stalled or impaired angiogenesis in
diabetic wound repair (42). PDGF is critical to the process of angiogenesis, especially in
the replication of smooth muscle cells. Reductions in the expression of this cytokine and
its receptor suggest it is involved in signaling pathways altered by diabetes. Similarly,
other cytokines such as keratinocyte growth factor (KGF), TGF-!, insulin-like growth
factor-1 (IGF-1) and insulin-like growth factor-2 (IGF-2) are reduced and/or delayed in
diabetic animal models (43-45).
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Many studies on wound healing indicate that diabetic ulcers are characterized by
increased levels of matrix metalloproteases (MMPs) and decreased levels of tissue
inhibitors of metalloproteases (TIMPs) (47-50). Both MMPs and TIMPs are secreted
from cells involved in wound healing in varying concentration depending on the phase of
repair (49). A clinical study by Lui et al. in 2009 indicated for the first time that high
concentrations of MMP-9 in wound fluid and a high ratio of MMP-9 to TIMP-1 are
predict poor healing in human diabetic foot ulcers (51).

1.5.3 Current Therapies
To date, there is no completely reliable and efficacious treatment for the
impairments in cutaneous healing that present as a complication of diabetes mellitus.
Typically, diabetic ulcers arise due to mechanical or thermal trauma or by repetitive
mechanical abrasion or stress. Repetitive stress on a wound, especially on the foot, is
difficult for people with severe diabetes to avoid due to neuropathy, vascular issues and
ischemia that precede and predispose to the initial injury (52).
It takes approximately 6 weeks for a neuropathic ulcer to heal but this is
contingent on patient compliance. Off-loading, or lessening the mechanical load on an
ulcer, is always included in the treatment regimen. Due to poor patient compliance, total
contact casting is often implemented to relieve pressure at the site of the ulcer. Different
surgical approaches such as tendon lengthening, reconstruction, removal of bony
prominence or tenotomy in the cases of clubfoot or hammertoe, have been used to relieve
pressure on ulcer sites. This has been shown to improve healing outcomes in some
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patients but there is a high likelihood for secondary ulceration and other complications
(52).
Osteomyelitis may be an underlying cause of a diabetic ulcer and is typically
treated by resection of the infected bone along with antibiotics. Resections and
debridement aim to convert the ulcer site to the cellular and molecular environment of an
acute, as opposed to chronic wound. Debridement is always accompanied by regular
irrigation and cleaning that often requires a hospital visit to assure patient compliance.
Moist dressings are utilized to further maintain an environment at the wound site that is
favorable for healing (53). Hyperbaric oxygen therapy, cultured human dermis such as
Dermagraft® and other engineered skin graft products have been utilized with some
success but there is no technique or product that has been shown to be efficacious in all
patients (54,55).
Even after healing is accomplished, diabetic ulcers should be viewed as a lifelong condition to prevent recurrence. When long-term efforts to treat and avoid ulceration
were implemented, certain European countries saw a 37-75% reduction in amputation
over 15 years (53). When infection is present, healing becomes more impaired and the
typical approach is to alleviate the infection before focusing on healing the wound (52).
Systemic antibiotics are valuable in treating acutely infected ulcers (53). Despite
advances in modern therapies for wound healing impairments, there is still a high risk of
the wound advancing to the point where amputation is the only option to save a patient’s
life. Further research on new methods to promote healing in diabetes is an absolute
necessity.
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1.5.4 Research on Diabetes and Wound Healing
Without sound therapies, diabetic wound healing is at the forefront of medical
research due to the exceptional numbers of people suffering from this complication.
Wound healing is a complex and dynamic cellular event where many cell types interact to
give rise to new tissue that has regained anatomical structure and function. Under normal
conditions, this stepwise process is executed rapidly compared to healing that must be
accomplished in a hyperglycemic environment. Given the complex assortment of cells in
the wound bed and the altered blood chemistry seen in diabetes, research in this field
utilizes many avenues to determine the pathological alterations seen in healing and
potential ways to alleviate these changes.

1.5.4.1 Animal Models
There are many animal models of wound healing and diabetes mellitus. Studies in
diabetic wound healing typical utilize rat, mouse and pig models for reasons such as cost,
availability, ease of handling, investigator familiarity and biological similarity to humans.
Pig skin is the closest to human skin both anatomically and physiologically but the ease
of handling, cost and familiarity make their use difficult. Rodents are ideal animal models
for many investigators because of their low cost and small size. All of these benefits
allow researchers to increase their experimental population size but at the cost of humanlike integumentary traits (56,57).
Type 1 diabetes can be mimicked in rodents by injection of streptozotocin (STZ),
an antibiotic-derived from Streptomyces achromogenes that selectively destroys
pancreatic beta cells. The STZ model closely approximates the human Type 1 diabetic
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situation in several ways. Glycosuria is seen as soon as 24 hr following injection. An
acute model, where injections are given and animals are ready for experimentation 1
week later, and a progressive disease onset model are commonly utilized. A progressive
disease onset is more in context with human disease presentation; it can take 7-9 years of
progressive autoimmunity before developing clinical hyperglycemia. A brief exposure to
STZ can completely deplete pancreatic beta cells and will permanently suppress
proinsulin and glucose stimulated insulin secretion (58, 79).
After using an animal model that has a chemical-induced disease, it is favorable to
be able to reproduce results in a genetic model. The db/db mouse is a commonly used
genetic model for Type 2 diabetes and has many benefits. Mice that are homozygous for
the spontaneous diabetes mutation (Leprdb) become obese in 3-4 weeks and have elevated
plasma insulin levels in 10-14 days. These mice display elevated blood glucose levels in
4-8 weeks. Mice with this homozygous mutation are polyphagic, polydipsic and polyuric.
This genetic background produces a severe form of disease; homozygous mice have an
uncontrollable rise in blood glucose, depletion of the pancreatic beta cells and death by
10 months. It is known that this animal model for Type 2 diabetes experiences
myocardial disease, peripheral neuropathy and delays in wound healing (80).

1.5.4.2 Limitations of Animal Models
Due to the fact that there is little known about the pathogenesis of diabetes, it is
difficult to find a perfect animal model. In the case of Type 1 diabetes, typically viewed
as an autoimmune disease, it is unknown which beta cell antigens initiate human Type 1
diabetes. In addition, there are also pathophysiological differences between individuals
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with Type 1 diabetes such as age of onset, remaining beta cell mass and severity of
disease. Any one animal model is unlikely to address all issues of population
heterogeneity (58).
Although there are many benefits, an STZ-induced rat model of Type 1 diabetes
has its limitations. STZ rodent models represent an experimentally induced,
nonspontaneous diabetes model making the pathophysiology different from the human
condition. Beyond limitations due to disease generation, the length of disease
development between humans and an STZ-induced model of Type 1 diabetes is also
vastly different (81). Using STZ to induce diabetes produced severe hyperglycemia in
less than 7 weeks whereas in the human population development of Type 1 diabetes can
take years or even decades. Furthermore, the severe disease state generated by i.p.
injection of STZ makes long term wound healing a challenging area of study. The
potential development of ketosis and the need for exogenous insulin makes studying the
remodeling phase a serious an obstacle (6,10,12,21,81). Unlike the STZ-injected rat
model, the db/db mouse model follows an age-dependent progression of disease, starting
with early insulin resistance and ending in defects of insulin secretion and hyperglycemia
(82). Having a spontaneous initiation of disease is a major advantage to this mouse model
but the high degree of healing by contraction represents a downside to the use of the
species.
Beyond the challenges faced with selecting an optimum model for diabetes,
wound healing animal models bear their fair share of restrictions. There are many
positive attributes associated with the use of small rodents in wound healing studies but
there are a few significant differences in the anatomy and physiology of the skin
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compared to humans. On an anatomical level, rodents have a dense layer of body hair and
a thin epidermis and dermis. Rodents heal primarily through the mechanism of
contraction, a physiological difference compared to humans (57). Healing by contraction
becomes especially problematic in murine wound healing studies and typically splints are
utilized. The use of splints presents an additional subset of limitations. The presence of a
splint itself causes animals to touch and scratch experimental wounds more frequently,
potentially introducing additional damage or inflammation to the area that is not
necessarily reproducible animal-to-animal. Furthermore, a human diabetic wound would
never clinically require splinting.

1.6 Opioids
1.6.1 Opioid Peptides and Receptors
Opiates and opiate-like compounds, jointly called opioids, have substantial
medical and social relevance (59,60). In 1973 (60-62) and 1975 (63,64), opioid receptors
then endogenous opioids were discovered and this lead to the curiosity in determining
their function. Endogenous opioids are peptides produced by the body and are involved in
physiological activities such as neurotransmission, modulation of neuroendocrine
function and growth regulation (65-67). Opioids and their associated receptors are well
studied in the nervous system but their expression and function is still being elucidated in
other tissues such as the skin.
Opioids that are produced endogenously are classified as enkephalins, endorphins,
endomorphins and dynorphins; there are approximately 20 different endogenous opioids
that have a high degree of sequence homology (65-69). Endogenous opioids all have
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unique distributions and their expression varies with time and location (69). There are
nearly 10-fold greater amounts of [Met5]-enkephalin compared to [Leu5]-enkephalin in
the corpus striatum (70, 71). Zagon et al. showed that there was a greater amount of
enkephalin in developing rat brain compared to mature brain (72). Important to this
study, endogenous opioids such as [Met5]-enkephalin and !–endorphin have been shown
to be at high blood plasma concentrations in individuals with diabetes mellitus (75,76).
These opioid peptides, that have an inhibitory effect on growth, could potentially be
causal in the development of healing impairments in diabetes.
There are three classes of classical opioid receptors, mu (µ), kappa ($) and delta
(%), distributed throughout the CNS, PNS and ANS as well as additional tissues and
organs (66,73,74). Differences in location and expression levels of these receptors imply
there is unique function for each one (66). Classical opioid receptors are seven
transmembrane G-protein coupled receptors on the plasma membrane and have different
affinities for synthetic and endogenous opioids. Enkephalins bind the % receptor with the
highest affinity while endomorphins bind the µ opioid receptor with the highest affinity.
Dynorphins bind the $ receptor with the highest affinity whereas !–endorphin has equal
affinity for the µ and % opioid receptors (69).
Like opioid peptides, opioid receptors vary in expression based on the time in
development. Receptor-binding studies have shown that µ, $ and % receptors are in 2, 7.7
and 3.6-fold higher concentrations in the cerebellum of newborn babies compared to
human adults (77). In addition to natural differences in receptor concentration, opioid
receptor antagonists have been shown to change opioid receptor expression levels. As
demonstrated by receptor binding studies, % and $ receptor expression are significantly
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increased and decreased in mice with neuroblastoma xenografts after receptor antagonism
(78). The spatial and temporal differences in opioid peptide and opioid receptor
expression warrant study in tissues such as the skin to determine their effect on activities
such as growth.

1.6.2 Opioid Receptor Antagonists
Given the research attention to diseases of the nervous system and addiction,
opioid receptors have been antagonized using diverse compounds to modulate disease.
Naltrexone (NTX) and naloxone (Nal) are both non-selective opioid receptor antagonists
that were developed for the purpose of blocking opioid receptor binding. Nal was
synthesized in 1960 and was noteworthy compared to other opioid receptor antagonists
because it did not cause dysphoria (83). Nal was shown to have a half-life of 30 mins (84)
and could not produce a long-lasting opioid receptor blockade, making it unsuitable as a
new therapy for opioid addiction (83). In 1963, NTX was synthesized and shown to be
more potent that Nal and could produce long-lasting receptor blockade. The half-life of
NTX was shown to be between 8 and 10.3 hr depending on how it was administered and
was conveniently able to be administered orally (83,85). In 1984, the FDA approved
NTX to be used as treatment for alcohol and opioid addiction (86).

1.6.3 Regulation of Growth by Opioid Peptides and Receptors
It is well documented that exogenous opioids such as morphine, methadone and
heroin have analgesic and behavioral effects. Zagon and colleagues further elucidated
their function by determining that they are capable of altering cell function in the
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developing nervous system (87,88). Exogenous opioids have been shown to be
antimitotic and cytotoxic, along with having the ability to damage the chromosomes (89).
Exogenous opioids have also been shown to slow growth and development in various
tissues (90-93). Zagon and colleagues further looked at the effects of chronic heroin,
alone and in combination with Nal, in mice with neuroblastoma xenografts. Treatment
with heroin or Nal alone caused an inhibition of tumor growth that was opioid receptor
mediated. It was theorized that Nal could induce an overcompensating release of
endogenous opioids that act like heroin to inhibit tumorigenesis (93,94).
The non-specific opioid receptor antagonist NTX, which is 8 times as active and 3
times as long acting as Nal (95), was tested to see if it had similar antiproliferative effects
on neuroblastoma xenografts. A low dose of NTX (LDN, 0.1 mg/kg) was capable of
decreasing tumor incidence, delaying tumor incidence and increasing animal survival
whereas a high dose of NTX (HDN, 10 mg/kg) decreased the time required for tumor
formation and reduced animal survival. The use of both LDN and HDN was examined to
determine if the dosage effects were linked to duration of opioid receptor blockade. Mice
receiving both LDN and HDN injections were given morphine and tested on a hot plate.
Mice receiving morphine experienced analgesia when placed on the hot plate;
administration of NTX prevented the interfacing of morphine with opioid receptors and
mice responded to heat stimulation. Based on these hot plate studies, LDN blocked
opioid receptors for 4-6 hr/day, while HDN blocked opioid receptors for at least 24 hr
(96). These studies collectively demonstrated that the antiproliferative effect of LDN on
tumorigenesis was dependent on duration of opioid receptor blockade, not dosage of
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NTX (96,97). These studies validate that opioid peptide-opioid receptor interactions are
central to the modulation of cell growth.
LDN produced an intermittent opioid receptor blockade to produce an inhibition
of growth, and particular endogenous opioid peptides were hypothesized to be
upregulated during antagonism. The following studies were undertaken to determine
exactly which opioid peptide(s) displayed this inhibitory growth property. Using S20Y
murine neuroblastoma cells in culture, [Met5]-enkephalin, [Met5, Arg6, Phe7]-enkephalin,
[Met5, Arg6, Gly7, Leu8]-enkephalin and [Leu5]-enkephalin were discovered to have the
ability to inhibit cell growth; [Met5]-enkephalin had the most potent inhibitory effect
(98). After in vitro work determined which peptides proved to have a negative effect on
growth, daily injections of [Met5]-enkephalin and [Leu5]-enkephalin were given to mice
transplanted with neuroblastoma xenografts and effects on tumor progression were noted.
Mice injected with [Leu5]-enkephalin did not differ with respect to tumor growth
compared to saline injected mice. On the other hand, [Met5]-enkephalin treated animals
displayed delays in tumor formation and decreased occurrence of animal death. These
findings suggest that [Met5]-enkephalin was the key endogenous opioid regulating cell
growth in an inhibitory fashion. Importantly to the following work in wound healing
research, the inhibitory effects of [Met5]-enkephalin were blocked by concomitant
treatment with Nal, signifying that [Met5]-enkephalin functions to inhibit cell replication
by its interaction with an opioid receptor (99). To indicate that [Met5]-enkephalin has a
large role in growth regulation, in addition to its role in neurotransmission, this peptide
was termed the opioid growth factor (OGF).
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After OGF was discovered to be an endogenous growth regulator, researchers
determined which endogenous receptor or receptors are responsible for mediating these
inhibitory effects. Initially, peptides for the classical opioid receptors µ, % and $ were
shown to have no effect on cell proliferation in culture (98). In addition, xenografted
mice treated with !-funaltrexamine, a µ-specific opioid receptor antagonist, showed no
alteration to tumor formation compared to animals receiving saline control injections
(100). Further supporting the hypothesis that growth regulation by opioid receptor
antagonism was not mediated by the µ opioid receptor, rats receiving !-funaltrexamine
had no difference in brain weight or development compared to animals receiving control
therapy (101). Studies using synthetic ligands such as [D-Ala3, D-Leu5]-enkephalin and
ethylketocyclazocine (EKC), selective for the % and $ classical opioid receptors
respectively, did not inhibit tumorigenesis. This implied that the inhibitory effect of OGF
was not mediated through % and $ opioid receptors (101). Lastly, the effect of OGF on
COS-7 cells, derived from African green monkey kidney cells, was studied. COS-7 cells
are devoid of classical opioid receptors µ, % and $. When OGF was administered to COS7 cells there was a noted decrease in cell replication, indicating that a non-classical opioid
receptor is capable of binding OGF to produce an inhibitory effect on cell proliferation
(102).
In 1989, Zagon and colleagues characterized a previously undiscovered, nonclassical opioid receptor. Receptor binding assays using [H3]-[Met5]-enkephalin
confirmed the presence of a novel opioid receptor with affinity for OGF in neuroblastoma
xenograft homogenates. The results of displacement experiments indicated that ligands
specific for µ, % and $ classical opioid receptors were not highly competitive for this
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potentially new opioid receptor, having at least 100-fold weaker affinities compared to
OGF. This new receptor appeared to be saturable and stereoselective. These findings lead
to the discovery of the zeta (&) opioid receptor (103). This receptor was sequenced and
cloned and it was discovered that there was no nucleotide or amino acid sequence
homology to classical opioid receptors. This receptor also had a different cellular location
compared to classical opioid receptors. It was located on the nuclear membrane opposed
to the plasma membrane, like the classical receptors. These key differences, along with
zeta’s novel role in growth regulation, lead to the proposal for the receptor to be called
the opioid growth factor receptor (OGFr) (104).

1.7 The OGF-OGFr Axis
1.7.1 Mechanism of Action
OGF is a biological regulator of cell proliferation in cancer and normal cells that
is constitutively expressed and autocrine produced and secreted (67,105,106). OGF’s
action is tonic, stereospecific, reversible, non-cytotoxic and non-apoptotic. Its action is
not associated with differentiation, migration or adhesion processes and is dependent on
RNA and protein synthesis (67,107-110). In vitro, OGF’s effects have been found to
transpire at physiologically applicable concentrations (67,111). The OGF-OGFr axis
functions as an inhibitory system by halting the cell cycle at the G1/S phase by
upregulating p16 and/or p21 (106). The signaling cascade initiated by OGF-OGFr
interfacing requires clathrin-mediated endocytosis of OGF as well as nuclear localization
of OGF and OGFr (112-115). OGF binds to OGFr upon entering the cell then the
receptor-peptide complex is released from the outer nuclear membrane and moves to the

!

$#!

perinuclear cytoplasm for nuclear transport. Nuclear localization is dependent on nuclear
localization signals (NLS) encoded in OGFr as well as transport by karyopherin beta and
Ran through the nuclear pore complex (114,115). It was shown that in cells of squamous
cell carcinoma of the head and neck (SCCHN), it takes 8 hr for nuclear localization.
Deletion of NLS 383-386 and NLS 456-460 on OGFr decreases localization by 80%
(115).

1.7.2 Modulation of the OGF-OGFr Axis
An increase in OGF-OGFr activity depresses cell proliferation. This has been
demonstrated in tissue culture studies by the addition of OGF (107, 116-119). This
depression in cell proliferation has also been demonstrated by treatment with
imidazoquinoline compounds (imiquimod and resiquimod) that upregulate OGFr (120) or
transfection of sense cDNA for OGFr (121,122). This phenomenon was also
demonstrated in animal studies. An upregulation of OGF-OGFr activity in vivo through
administration of exogenous OGF (99,123-125), intermittent opioid receptor blockade
with LDN (96,97,126,127), treatment with imiquimod (128), particle mediated gene
transfer of OGFr using a gene gun (129) or a stable molecular overexpression of OGFr
(130,131) decreases cell proliferation.
In contrast to the inhibitory effects of OGF on cell replication when it interfaces
with OGFr, a continuous opioid receptor blockade with NTX stimulates cell proliferation
and increases the quantity of cells in the S and M phases of the cell cycle (67,112).
Attenuation of the OGF-OGFr axis’ activity has been accomplished by disrupting the
interfacing between OGF and OGFr. This has been completed in tissue culture studies
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using continuous exposure to NTX (105-107,116,117), antibody neutralization of OGF
(105,107) and a decrease in OGFr by antisense cDNA or siRNA for OGFr (102,105,107).
A blockade on nuclear localization signaling, keryopherin beta, Ran or clatharinmediated endocytosis increased cell replication (104,113,114). In animal studies,
blockade of OGFr from OGF interfacing by HDN stimulated cell proliferation
(36,37,40,87,96,97,132-135).

1.8 Naltrexone- An Opioid Receptor Antagonist
1.8.1 Naltrexone and Homeostatic Esophageal Epithelium Renewal
Zagon and colleagues discovered that the opioid growth factor and the opioid
growth factor receptor were present in the human and mouse gastrointestinal tract. In the
esophageal epithelium, receptor-ligand binding induced an inhibition of DNA synthesis,
as determined by a decrease in the [3H]-thymidine autoradiolabeled labeling index for
DNA synthesis in the proliferative basal epithelial cells. In homeostatic renewal of mouse
esophagus epithelium, the basal epithelium is constantly replicating to replenish cells that
are lost due to death and abrasion. Intraperitoneal injections of the opioid antagonist NTX
were shown to interrupt the OGF-OGFr interaction. This caused an increase in the [3H]thymidine autoradiolabeled labeling index for DNA synthesis in the basal epithelium
from a 5.5% labeling index to a 49% labeling index (136). This study determined that
NTX had a proliferative effect in a renewing, homeostatic environment but also
suggested that NTX could increase DNA synthesis and cell proliferation in wounded
tissue.
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1.8.2 Naltrexone and Wounding in Normal Animals
Zagon and colleagues have used NTX to accelerate wound healing in several
animal models. In vitro, the reepithelialization of human corneas was enhanced when
corneas were placed in culture with NTX. At 24 hours, NTX-treated corneas had a 21%
smaller defect than the control corneas. At 72 hours, 62% of the corneal abrasions treated
with NTX had complete defect closure. At this time point, only 19% of saline-treated
abrasions reached complete closure. Control-treated corneas required 168 hr to reach
complete closure (137).
When NTX was applied to a normal, homeostatic cornea, epithelial thickness and
basal epithelial cell proliferation was increase (138). This result was produced with both
topical and systemic injection of NTX. NTX was either injected twice daily or topically
applied as eye drops four times a day. In both modes of administration, NTX significantly
accelerated reepithelialization compared to saline-treated animals. As early as 8 hours
after the initial wounding, NTX-treated defects were 10-67% smaller than abrasions
made in control-treated animals. The rate of closure for NTX-treated corneas was 4.7fold greater for systemic injections compared to the rate of closure in the control-treated
group. Topical application of NTX showed a 2.8-fold greater closure rate compared to
the control-treated animals (139).
Zagon and colleagues also demonstrated that NTX was capable of accelerating
wound closure in the skin. A study preformed in 1996 created cutaneous wounds on the
dorsal and plantar surfaces of rat feet. The labeling index of the basal epithelium in the
plantar skin that received 10-6M NTX topical treatment was 42% greater than control
levels 12 hr post-wounding. The labeling index in the basal epithelium of the dorsum of
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the foot that received topical NTX was increased 72% compared to control-treated animal
values 16 hr post-wounding. Overall, NTX created a continuous blockade between the
opioid receptors and endogenous peptides that lead to an increase in DNA synthesis in
the basal epithelium of the plantar and dorsal regions on the foot (140).
Tail stripping was used as a model of cutaneous wound healing by Zagon and
colleagues. Blockade of the opioid peptide-opioid receptor interactions by systemic
injection of NTX in C57BL/6 mice after tail stripping resulted in a significant 36 ± 66%
elevation in basal epithelial cell DNA synthesis after 24 hr. Injection of OGF decreased
basal epithelial cell DNA synthesis significantly by 37 ± 46% at 24 hours after stripping.
This study confirmed that the removal of the stratum corneum by tape stripping does not
disturb the function of the OGF-OGFr axis in growth and the proliferative response to
tape stripping is tonically inhibited by the peptide OGF. Furthermore, DNA synthesis is
capable of being elevated in basal cells of the epithelium by disrupting the interfacing of
OGF and OGFr using NTX (141).
In a 2007 study, normal (nondiabetic) rats that received NTX treatment (10-4, 10-5
or 10-6 M) had significantly faster reepithelialization of corneal wounds than rats that
received only sterile vehicle. This increase in reepithelialization was observed at all time
points. NTX-treated, normal Sprague Dawley rats had residual epithelial defects that
were 32% smaller 16 hr post-wounding and 93% smaller at 40 hr post-wounding than
defects in normal animals receiving sterile vehicle treatment (148).
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1.8.3 Naltrexone and Wounding in Diabetic Animals
Reepithelialization of the cornea after trauma, surgery or disease is crucial to the
resumption of normal vision (142). Diabetic keratopathy, which is an abnormality of the
cornea with symptoms such as punctate superficial keratopathy and persistent epithelial
erosion, is projected to occur in 47-64% of diabetic patients when reepithelialization is
not executed normally (143). Corneal transplants, removal of corneal epithelium during
virectomy as diabetic retinopathy treatment and cataract surgeries stage the possibility for
abnormal corneal healing in diabetic patients (144). Problems in corneal healing have
been seen in Type 1 and Type 2 diabetic patients and animal models. For example,
abnormal cellular function has been confirmed by decreased epithelial hemidesmosomes,
increased expression of glycosyltransferases and altered epithelial basement membranes
(145).
Zagon and associates completed a study to establish if topical application of NTX
prevented exuberant granulation tissue formation in diabetic Sprague Dawley rat corneas.
Within 2 to 5 days after reepithelialization, diabetic rats treated with sterile vehicle had a
41% incidence of corneal lesion defined by exuberant granulation tissue and corneal
neovascularization extending from the limbus. Infection did not transpire but the lesions
showed signs of cellular and vascular inflammation, edema and a disruption of the
stromal lamella by calcium mineralization and fibrovascular tissue ingrowth. No corneal
lesions were observed in diabetic rats that received NTX treatment (146).
When applied topically in rabbits, systemically in normal and diabetic rats, and in
organ cultures of human and rabbit corneas, NTX showed a striking acceleration of
epithelial DNA synthesis and corneal reepithelialization (132,133,135,137,139,147). The
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corneal wounds of diabetic rats receiving only vehicle treatment healed significantly
more slowly than normal rats which received only vehicle treatment, supporting that
diabetic rats have delayed corneal epithelium repair. Diabetic rats receiving topical
vehicle treatment to corneal wounds had significantly slower reepithelialization
compared to diabetic rats that received NTX (10-4, 10-5 or 10-6 M). Diabetic, NTX-treated
rats ranged from a 20% (16 hr) to an 83% (40 hr) smaller corneal defect compared to
diabetic rats that received only vehicle treatment. In addition, treatment of diabetic rats
with 10-4 or 10-5 M NTX showed a 61-73% increase in DNA synthesis in the basal layers
of the peripheral corneal epithelium, limbus and conjunctiva compared to diabetic rats
that received only sterile vehicle treatment (148).
An important study by Zagon and associated in 2010 suggested that insulincontrol alone is not enough to prevent delayed healing due to diabetes mellitus. This
study investigated diabetic rabbit corneal reepithelialization. At 24 and 48 hr, NTXtreated diabetic rabbits in the insulin-controlled group had significantly smaller defects
compared to diabetic, insulin-controlled rabbits that received only sterile vehicle.
Furthermore, NTX treatment stimulated significantly smaller defects at 24, 48 and 56
hours post-wounding in insulin-controlled, diabetic rabbits relative to normal rabbits
receiving only sterile vehicle. NTX was calculated to accelerate wound closure in the
diabetic insulin-controlled group compared to normal and diabetic vehicle-treated rabbits
by 9-37% at 24, 48 and 56 hours (133).
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1.9 Current Gap in Knowledge
The study of diabetic wound healing is complex because the pathophysiology of
diabetes is not well understood. There are several mechanistic studies involving NTX
therapy that should to be conducted to build off the current understanding on opioid
receptors and diabetic wound healing. There is no information on how NTX therapy in
full-thickness wound healing affects the process of angiogenesis. The expression of
several growth factors and cytokines are dysregulated by diabetes and the changes to
their temporal and spatial expression with topical NTX remain unknown. It is also
unknown how long-term skin integrity is affect with application of NTX. The remodeling
phase, which is based on collagen development and organization, should be studied to
determine if NTX has any negative side effects to the granulation tissue and surrounding
unwounded skin. In addition, our laboratory aims to establish the specificity of NTX.
NTX is a non-selective opioid receptor antagonist but its effects on growth are solely
mediated through the OGFr. It has been shown that NTX can effectively accelerate cell
proliferation in Type 1 diabetes animal models. Therefore, a major gap in knowledge is
the efficaciousness of NTX in healing impairments in Type 2 diabetes.

1.10 Hypothesis and Specific Aims
The long-term goal of this research is to understand the role of the OGF-OGFr
axis in diabetic wound healing. This understanding will be used to develop a novel
therapy that accelerates the delays in healing associated with high-risk diabetes and in
turn diminishing the morbidity associated with the disease. The hypothesis for this study
is that wound healing is dependent on signaling between endogenous opioid peptides and
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opioid receptors and NTX can block opioid receptors to stimulate cell proliferation and
wound healing.
Published studies have identified an optimum vehicle and optimum dose of NTX
that accelerated in vivo cell proliferation and wound closure. Additional studies on the
effectiveness of NTX in accelerating full-thickness wound healing in STZ-injected
diabetic rats were completed. Based on these previous studies, the specific aims for this
thesis work attempt to elucidate the mechanism of action of NTX in the acceleration of
diabetic wound healing. Specific aim 1 will examine the process of angiogenesis to
determine the effect of NTX on the temporal and spatial expression of growth factors
related to the development of new vasculature in diabetes. Specific aim 2 examines the
remodeling phase of diabetic wound healing to determine how NTX therapy affects the
wound site long-term. Specific aim 3 examines NTX’s effect on fibroblast cells. It has
been previously published that NTX greatly affects contraction of the wound (36) so
fibroblasts will be cultured and monitored for changes in growth after NTX treatment.
This study aims to confirm NTX’s specificity for OGFr with respect to growth regulation.
Finally, specific aim 4 will determine if this therapy, which has been shown to be
efficacious in models of Type 1 diabetes, will be a suitable drug to alleviate the delays in
healing in Type 2 diabetes.
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Chapter 2: Naltrexone Accelerates Angiogenesis in Type 1 Diabetic Full-thickness
Wound Healing

Abstract
By the year 2030, it is estimated that there will be 300 million individuals with
diabetes mellitus worldwide. The medical and financial burden of diabetic wounds and
the ulceration, infection and amputation that they can result in is also expected to rise
steadily (6). Previous studies completed in our laboratory have shown that topical
application of NTX dissolved in moisturizing cream improves diabetic wound closure in
Type 1 diabetic, streptozotocin (STZ)-induced Sprague Dawley rats (1). NTX blocks the
inhibitory effects of the OGF-OGFr axis on DNA synthesis and cell proliferation. In this
published study, wound granulation tissue was assessed for cellular targets of NTX
topical therapy. Spatial and temporal expression of fibroblast growth factor-2 (FGF-2),
vascular endothelial growth factor-A (VEGF-A) and alpha-smooth muscle actin (#-SMA)
by angiogenic capillaries were evaluated after the surgical administration of fullthickness wounds on the dorsum of normal and T1D rats. STZ-injected diabetic rats
displayed impairments in gross wound closure, decreases in the quantity of FGF-2,
VEGF-A and #-SMA-positive capillaries and delays in the temporal expression of these
angiogenic factors compared to normal tissue. This study assessed a novel pathway that is
dysregulated in Type 1 diabetes mellitus while also determining that modulation of this
pathway can be used to enhance angiogenic proliferation in diabetic wound healing.
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Introduction
Impaired wound healing is a serious complication of diabetes mellitus and can
result in debilitating ulcers, infections and amputations (6-8). Diabetes accounts for over
50% of lower limb amputations that occur annually, making it the leading cause of
amputation worldwide (6, 8). There is no completely effective therapy for the
complications of impaired diabetic healing and novel pathways involved in the
pathophysiology of diabetes need to be discovered and potentially modulated for
treatment. Previous experiments performed by our laboratory have shown that blockade
of endogenous opioids from their receptors accelerates wound closure (1, 9-15). The
opioid receptor antagonist NTX has been shown to accelerate re-epithelialization of
corneal and cutaneous diabetic wounds when applied at a concentration that produced a
complete opioid receptor blockade (1).
At approximately day 4 of the wound healing process, new stroma, known as
granulation tissue, begins to form within the site of injury. As the granulation tissue fills a
full-thickness wound, new capillaries migrate into the stroma by the process of
angiogenesis. Angiogenesis is the development of new capillary sprouts from preexisting blood vessels. Endothelial cells within the undamaged vessel begin to penetrate
the vascular basement membrane by enzymatic digestion to invade the granulation tissue.
These cells form tube-like sprouts that extend from the pre-existing vessel to create new
microvascular networks. These new blood vessels are pushed through the granulation
tissue by endothelial cell proliferation and are pulled by chemotaxic signals from the
freshly deposited and poorly vascularized stroma (16).
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The soluble factors that promote angiogenesis are gradually being elucidated.
Activated macrophages, fibroblasts and extracellular matrix in the dermis all secrete
soluble factors that stimulate angiogenic processes in the skin (17). Fibroblast growth
factor-2 (FGF-2 aka beta-fibroblast growth factor (bFGF)) is one of the most essential
soluble factors to the angiogenesis process and is considered the main initiator of
capillary sprouting and endothelial cell proliferation during the first 3 days of wound
repair (16-18). During wound healing, transforming growth factor-! (TGF-!) promotes
angiogenesis by recruiting and then stimulating macrophages that secrete additional
angiogenesis promoting growth factors such as bFGF and vascular endothelial growth
factor (VEGF) (19). VEGF is critical in stimulating angiogenesis during days 4 through 7
of cutaneous wound repair, being exceptionally active during the granulation tissue
formation phase (20). VEGF, bFGF, mast cell trypase and other factors influence
capillary sprouts to join together to form capillary arcades. These arcades will further
elaborate to form capillary networks.
The extracellular matrix (ECM) is greatly involved in angiogenesis and affects a
wound’s ability to heal properly. The ECM participates in many dynamic interactions
with cells and cytokines within the wound bed during angiogenesis. For example, it has
been shown that extracellular matrix proteins regulate the expression of matrix receptors
on dermal fibroblasts. Therefore, the ECM itself regulates fibroblast-induced alterations
to the matrix in order to clear a path for newly sprouting capillary buds. These feedback
control interactions between cells, cytokines and the extracellular matrix are known as
“dynamic reciprocity.” Dynamic reciprocity creates a suitable extracellular matrix for
cutaneous wound angiogenesis and includes interactions with many cell types in addition
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to fibroblasts (16,21). The newly formed vessels within the wound bed will deposit a
fibronectin and proteoglycan-rich provisional matrix but will eventually create mature
vascular basement membrane. This provisional matrix will eventually be removed from
the wound bed and a collagen scar will fill its void. By the final phases of wound healing,
the majority of the newly formed blood vessels will degenerate by apoptosis (16).

Materials and Methods
Animals and Induction of Diabetes
Male, adult Sprague-Dawley rats (Crl:SD, Charles River Laboratories,
Wilmington, MA) 620?70-?!,//3<C0+,52F;!"&B!?!6232!/3<J0121!6057!=<<1!A#B"L!
KF<G,F!P<12-5!_025M!Teklad®, Indianapolis, IN) and water ad libitum and were housed in
a conventional, environmentally controlled animal room; light (12 hr light: 12 hr dark),
temperature (21 ± 0.5 °C), humidity (50 ± 10%) and 10-15 air changes per hour.
Experiments all conformed to NIH guidelines and a protocol approved by The
Pennsylvania State University College of Medicine Institutional Animal Care and Use
Committee.
At six weeks of age, rats allotted to the T1D cohort received intraperitoneal (i.p.)
injections of 40 mg/kg STZ (Alexis® Biochemicals / Enzo Life Sciences, Plymouth
Meeting, PA) on two consecutive days (22). A blinded assistant randomly assigned all
rats to either the normal or T1D treatment group. STZ was made fresh prior to each
injection. This method of disease induction produced hyperglycemia in 100% of rats
within 72-96 hr with minimal death. Blood glucose levels were measured from the dorsal
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tail vein using a True Track® Smart System glucometer (Home Diagnostics, Inc.; Ft.
Lauderdale, FL). Glucose measurements were taken prior to receiving STZ, as well as on
weeks 1, 4 and 8 after induction of disease to ensure maintenance of the hyperglycemic
state. Blood glucose levels that were >350 mg/dL indicated a hyperglycemic state.
Control animals were given two consecutive injections of citrate buffer and were
considered normal (N). All rats were weighed weekly until the wounding procedure that
occurred 7 weeks after induction of diabetes. Animals were required to maintain
hyperglycemia for 7 weeks to ensure beta cells were sufficiently destroyed. At this time,
rats were approximately 14 weeks of age. If an animal had a blood glucose level >600
mg/dL and was lethargic, not feeding or drinking, it was excluded from the study.

Cutaneous Wounds and Application of NTX
After 7 weeks of hyperglycemia, animals were anesthetized by IP injections of
ketamine (60 mg/kg) (Ketaject®, Phoenix Pharmaceutical Inc., St. Joseph, MO), xylazine
(10 mg/kg) (TranquiVed® Injections, Vedco Inc., St. Joseph, MO), and acepromazine (1
mg/kg) (Acepromazine Maleate Injection, Vedco Inc., St. Joseph, MO), each animal
receiving 0.2-0.3 ml of solution. Animals receiving citrate buffer control injections
served as the normal (non-diabetic) group. After anesthesia, a 6 x 10 cm area on the
dorsum was shaved using an electric clipper. Using sterile technique, four 6 mm fullthickness excisional wounds were created on the dorsum of each animal. Wounds were
positioned 1 cm off the midline, with 2 wounds at the pelvic girdle and 2 wounds at the
pectoral girdle. Wounds were created using an Acupunch (Acuderm Inc., Fort
Lauderdale, FL) biopsy punch to the level of the panniculus muscle. Following surgical
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wounding, wounds were left uncovered and treated with an antiseptic (Betadine™,
povidone-iodine 7.5%). Animal surgeries were performed between 0800-1100 hr to
lessen the effects of diurnal rhythm on healing.
Approximately 0.1 ml of NTX dissolved in moisturizing cream (10-3 M NTX solution
created in sterile water was thoroughly mixed in Neutrogena moisturizing cream to create
a 10-5 M NTX cream) or vehicle cream (0.5 ml of saline mixed in Neutrogena
moisturizing cream) was administered immediately after surgery and given at 0900, 1300
and 1800 hr thereafter for the duration of the 20-day study. Each rat had 2 control
wounds and 2 NTX-treated wounds.

Photography
Residual wound areas were recorded using a digital camera mounted on a tripod
located approximately 15 cm above the platform onto which the animal was placed. To
individually calibrate measurement of each area a ruler was photographed adjacent to the
wound. For photography, each animal was individually placed in a vaporizer chamber
and sedated with an oxygen-isofluorene mixture. Photographs were taken immediately
after surgery to represent day 0 measurements and every other day for the remainder of
the 20-day trial. Area analyses of each image were performed with Image ProPlus 6.2
(Media Cybernetics, Inc., Bethesda, MD) software, and the percent residual wound was
calculated at each day for every rat.
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Histopathology
Full-thickness wounds were harvested for histological analysis at 3, 5, 8, 10, 15,
and 20 days following excisional surgery. On each timepoint, 3 to 6 rats in each treatment
group were euthanized for wound analysis. This provided at least 12 wounds per
timepoint for histopathology from at least 3 individual rats. Intraperitoneal injection of
0.5 ml Euthasol® (Virbac AH, Inc, Fort Worth, TX) was utilized as the means of
euthanasia. Following euthanasia, a dissection (3 cm2) was made around each wound to
the level of the panniculus muscle; wounded tissue was removed and bisected cranial to
caudal with a scalpel, fixed in 10% neutral buffered formalin and processed for paraffin
embedding. Using a microtome, 10 'm sections were collected for
immunohistochemical analyses as close to the greatest diameter of the residual wound as
possible. In addition, three unwounded normal and diabetic animals were euthanized and
skin was collected from the dorsum near the pelvic and pectoral girdles in order to
establish baseline levels of angiogenesis markers.
Granulation tissue within the wound site was assessed for new blood vessel
formation. Using standard immunohistochemistry protocols (23-26), angiogenesis was
analyzed in the granulation tissue of each wound. FGF-2 is considered an initiator of
angiogenesis and an early marker for new blood vessel formation (16-18). Endothelial
cells within newly developed blood vessels were identified using an FGF-2 primary
antibody (1:150; Abcam®, Cambridge, MA). Vascular endothelial growth factor (VEGF)
detected endothelial cells in newly developed vessels that were beyond the initiation
phase of angiogenesis. Alpha-smooth muscle actin (#-SMA) was used to mark smooth
muscle cells, myofibroblasts and pericytes associated with newly developed blood
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vessels. Newly developed blood vessels expressing VEGF were analyzed based on
modified methods (23) with anti-VEGF A-20 polyclonal antibody (1:200; Santa Cruz
Biotechnology®, Santa Cruz, CA). Angiogenic blood vessels were defined in cross
section as circular structures with approximately 90% of the endothelial cells expressing
FGF-2 or VEGF. Examination of smooth muscle development was accomplished by
counting new blood vessels that expressed #-SMA (1:200; Dako®, Carpinteria, CA) in
the smooth muscle wall of the vessel. Histological sections were assessed with an
Olympus BH2-RFCA microscope at 250x magnification. Blood vessels staining
positively for FGF-2, VEGF and #-SMA were quantified using a microscope 10x10 grid
eyepiece from an area of 3.1 mm2 within the granulation tissue. A vessel cross section
less than the area of a single grid square was not included in the evaluation.

Statistical Analysis
Animal body weights and glucose measurements were evaluated using the
Student’s two-tailed t-test. Area measurements for the percent residual wound and
antibody-positive cell number were analyzed using analysis of variance (ANOVA) and
subsequent planned comparisons were made with the Newman-Keuls tests.

Results
Induction of Hyperglycemia
Male adult Sprague-Dawley rats were utilized in these experiments. Each animal
weighed approximately 230 g at 6 weeks of age. Two weeks after STZ injections, rats in
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the diabetic treatment group weighed 10% less than rats in the normal treatment group.
By week 8, diabetic rats weighed 340 ± 7 g, which was 29% less body weight compared
to the average weight of a normal animal (Figure 1a). Animals receiving STZ injections
became hyperglycemic within 48 to 72 hr and all had blood glucose levels reaching > 450
mg/dl (Figure 1b). Sixty-seven NTX-treated wounds and 23 vehicle-treated wounds were
harvested from 34 normal rats for histological assessment. Twenty-six NTX-treated
wounds and 16 vehicle-treated wounds were evaluated from 23 type 1 diabetic rats.
Wound tissue was excluded from analyses when sections could not be collected from the
largest diameter region of the residual wound or when tissue was unable to be cut on the
microtome.

Full-thickness Wound Closure
Closure was analyzed in normal (N) and diabetic (DB) wounds receiving NTX or
vehicle treatment. Between 2 and 10 days of wound closure, rats in the N+NTX treatment
group had significant reductions of 6% to 26% in wound size relative to normal rats
receiving vehicle. The residual wounds remaining after day 12 were minimal (Figure 2).
Between days 2 and 16 following surgery, Type 1 diabetic rats receiving sterile saline in
vehicle had 3% to 14% significantly larger wounds relative to normal animals receiving
vehicle treatment. Residual wounds were up to 4-fold larger than those in the N+Vehicle
group. With application of topical NTX, residual wound area was significantly reduced
in diabetic rats at every time point examined from days of 2 to 16. DB+NTX rats had
significant reductions in residual wound size ranging from 5% to 88% relative to the
DB+Vehicle group. The DB+NTX group of animals had residual wounds that were
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significantly reduced 62% to 89% on days 10, 12 and 14 compared to the diabetic,
vehicle-treated animals. Between days 6 and 18, the residual wound area of animals in
the DB+NTX group were comparable to the residual wound size of normal rats receiving
vehicle (Figure 2). Interestingly, on day 8, the DB+NTX group of wounds had
significantly smaller average areas than those measured for the N+Vehicle group of
wounds.

Unwounded Skin
Unwounded skin from normal and diabetic rats was evaluated for markers of
angiogenesis. Skin was dissected from the unwounded region of the dorsum between the
pectoral and pelvic girdles where the full-thickness wounds were created. An
approximate 3-cm2 region of skin was removed 1 cm off the midline. Histological
analysis was used to determine baseline changes from an unwounded to a wounded
condition. Values for the number of positively stained blood vessels (i.e., FGF-2, VEGF,
and #-SMA positive blood vessels) in unwounded skin of diabetic animals were not
significantly different compared to normal skin (Figure 3).

Angiogenesis Phase of Wound Healing: Immunohistochemical Analysis
In initial days following wounding, FGF-2 expression was increased relative to
unwounded skin (Figure 4). On day 3 following surgery, Type 1 diabetic wounds
receiving control cream had 2.8-fold fewer FGF-2 positive blood vessels relative to tissue
harvested from wounds from normal animals receiving vehicle. In addition, diabetic rats
with NTX-treated wounds had a 46% increase in FGF-2 positive cells relative to wounds
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in the N+Vehicle treatment group, and a 4-fold increase in FGF-2 positive blood vessels
relative to those in the DB+Vehicle treatment group. On days 8 and 10, the N+Vehicle
and DB+NTX wounds displayed 5 to 11 FGF-2 positive blood vessels per region while
the wounds in the DB+Vehicle group had 3.7 to 4.1-fold more FGF-2 positively stained
vessels relative to all other groups. By days 15 and 20, FGF-2 expression in the blood
vessels of diabetic animals was negligible and was comparable to the expression seen in
unwounded skin (data not shown).
The quantity of VEGF positive blood vessels was significantly elevated at 3 and 5
days post-wounding surgery in both the N+NTX and DB+NTX wounds. The number of
VEGF positive blood vessels at 3, 5, and 8 days seen in diabetic rats receiving NTX was
significantly different from diabetic rats receiving control therapy (Figure 5). Within 3
days of the wounding surgery, VEGF positive endothelial cells were detected in
approximately 45 vessels per area examined in both the N+NTX and DB+NTX wounds
in comparison to the 22 vessels/area seen in the N+Vehicle wounds and 14 vessels/area in
the DB+Vehicle wounds. The number of VEGF positive blood vessels in the NTX
treated groups remained significantly elevated compared to the respective vehicle treated
wounds on day 5. There were 2-fold fewer vessels examined in the DB+Vehicle wounds
relative to the DB+NTX wounds. This difference was statistically significant. By days
15 and 20 after wounding, the number of blood vessels with VEGF positive staining in all
groups averaged less than half a vessel per region analyzed (data not shown).
A third marker, #-smooth muscle actin, was used to determine later progression of
blood vessel development within the granulation tissue. Examination of granulation
tissue revealed an increased appearance of #-smooth muscle actin positive muscular
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vessel walls on days 8 and 10 in normal tissues treated with NTX relative to N+Vehicle
samples (Figure 6). There were more than 47 vessels/area stained with #-smooth muscle
actin in both normal and Type 1 diabetic NTX treated groups relative to the
approximately 21 vessels positively stained for #-smooth muscle actin in the vehicle
treated wounds. Differences in the number of vessels that expressed #-smooth muscle
actin proteins between the DB+Vehicle and DB+NTX wounds were evident on days 3, 5,
8, and 10, with as many as 2-fold more positive vessels recorded in the DB+NTX wounds
relative to DB+Vehicle specimens. By days 15 and 20, treated and untreated wounds had
no significant difference between their expressions of #-smooth muscle actin.

Discussion
Under diabetic conditions in research animal models and humans, cutaneous
wound healing can be exceptionally impaired. This delayed wound closure and healing
makes individuals vulnerable to more severe complications such as infection and
amputation (27-31). In this study, the onset and duration of particular angiogenic cellular
signaling pathways was analyzed. The markers chosen can be viewed as a continuum of
healing, beginning with initiation of angiogenesis. Following the initiation phase of the
process, markers for endothelial cell proliferation and smooth muscle cell production and
lay down were also analyzed. Analysis of onset and duration of angiogenesis markers
expressed simultaneously highlighted underlying pathophysiology associated with
healing impairments seen in full-thickness, diabetic wounds.
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Angiogenesis is a major event in the proliferation phase of wound healing and
involves the formation of new blood vessels from pre-existing ones at the wound’s
margin. Development of new vasculature stimulates the growth of granulation tissue and
remodeling. Three markers for new blood vessel formation were chosen to represent the
chronological progression of angiogenesis. FGF-2, a growth factor considered an initiator
of the angiogenesis process, stained endothelial cells that have been newly created to
elongate vascular sprouts (26). VEGF immunohistochemical staining was implemented to
document the degree of newly proliferating endothelial cells later in the angiogenesis
process (26, 28, 29). Finally, #-SMA staining was used to document the onset and
duration of smooth muscle cell addition to muscular vessel walls (25).
FGF-2 positive vessel staining was decreased in control diabetic granulation
tissue on day 3, but by days 8 and 10, the number of FGF-2 stained blood vessels was
comparable to normal wound specimens on day 3. The low expression levels of FGF-2 in
the early days of the healing process suggested a delayed initiation of blood vessel
formation in diabetic conditions. The expression of VEGF and #-SMA positively stained
blood vessels also were delayed in appearance and reduced in overall quantity in
wounded control diabetic tissues over the course of the first 10 days of histological
analysis. However, assessment of wounded tissues from Type 1 diabetic animals 15 and
20 days following surgery indicated that the number of blood vessels with FGF-2, VEGF
and #-SMA positive staining returned to levels comparable to normal control wounds at
earlier stages (data not shown). These results suggest that while there are initial delays in
the proliferative phase of wound healing in the diabetic rats, there appears to be an
eventual compensation. Whether the delayed onset of angiogenic marker expression
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invokes other complications or weakens the integrity of the skin after the wound healing
processes is not known.
Topical treatment of full-thickness wounds with NTX appears to enhance cell
proliferative events on a number of levels in Type 1 diabetes and potentially in normal
healing processes. In previous studies, our laboratory has reported delays in
reepithelialization and documented that the delays were related to changes in DNA
synthesis rates in basal epithelial cell layers (1). In addition to enhancing
reepithelialization and accelerating residual wound closure, this study demonstrated
topical application of NTX appears to accelerate the process of angiogenesis in Type 1
diabetic rats. Diabetic wound specimens showed increased numbers of FGF-2 positive
blood vessels at 3 and 5 days. Furthermore, VEGF positive blood vessels were increased
by topical NTX treatment at 3, 5, and 8 days post wounding surgery in diabetic rats,
while #-SMA staining was increased at all time points examined in diabetic rats treated
with NTX. This increase in overall blood vessel numbers demonstrates that activation of
opioid receptors by endogenous inhibitory peptides such as OGF can be reversed and
acceleration of cell proliferation can be achieved. Opioid receptor blockade by topical
NTX consequently targets a biological pathway underlying the delayed repair processes
in diabetics and can be stimulated to enhance wound healing.
Additional comparisons were made between normal animals receiving NTX and
normal animals receiving only vehicle. NTX was shown to significantly reduce the
residual wound size in normal animals at days 2, 4, 6, 8 and 10, by day 12 normal
animals receiving NTX therapy and those receiving vehicle treatment had residual
wounds that were comparable in size. Topical application of NTX to the full-thickness
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wounds of normal rats did result in a greater quantity of VEGF-positive blood vessels at
days 3 and 5 while also resulting in an increase of #-SMA-positive blood vessels on days
8 and 10.
If this study were to be repeated or elaborated on, a more appropriate marker to
look as smooth muscle addition to vessel walls would be smoothelin. The #-SMA
antibody used to examine vessels with smooth muscle in their walls also positively stains
myofibroblasts, pericytes and myoepithelium (25). There is a potential that some of the
vessels included in the analysis were capillaries surrounded by pericytes so contributes to
the experimental error in this analysis. This error is slightly minimized by the fact that
vessels were only included in the analysis if their diameter was greater than one square
on the 10x10 eyepiece grid used for counting vessels. Smoothelin is exclusively
expressed in smooth muscle cells and would have produced more consistent analyses of
vessel content without including larger capillaries (42).
Type 1 diabetes is shown to impair early processes of wound closure that involve
cell proliferation. This is potentially the result of an increase in the level of OGF that is
associated with the disease and has been documented in the plasma, glandular and
nervous tissue (32-34). Furthermore, there are temporal delays in expression of
angiogenic markers in the diabetic wound specimens that also suggest delayed
proliferative events. Our data suggest that full-thickness cutaneous wound closure could
be delayed as much as 48 hr in Type 1 diabetic rats relative to closure rates of normal
animals. Proliferative events in the wound healing process were stimulated by topical
NTX therapy, making NTX treated diabetic wound closure comparable to closure rates
seen in normal conditions within 4 days of the treatment regiment.
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The present study confirms and elaborates on earlier research that identified the
optimal topical method of delivery for NTX (1). In that study, concentrations ranging
from 10-4 M to 10-6 M NTX were dissolved in a variety of potential delivery vehicles, and
Neutrogena® moisturizing cream was found to be optimal. A 10-5 M dosage of NTX was
efficacious at accelerating wound closure when applied once a day or 3 times a day, and
increased DNA synthesis in the epidermis of rat skin. The present study has now shown
that topical NTX stimulates the process of angiogenesis by stimulating proliferation of
endothelial and smooth muscle cells, the cellular components of cutaneous vasculature.
It is well documented that diabetes can cause serious wound healing impairments
(27-31). There have been a variety of topical therapies studied to enhance diabetic wound
healing in both Type 1 (27, 31) and Type 2 (28, 30) diabetic rodents. Several growth
factors including platelet derived growth factor (PDGF) (27), epidermal growth factor
(35) and VEGF (36) have been studied as topical therapies for full-thickness cutaneous
wound healing. In addition, treatments such as topical insulin (37), topical tetracycline
(38), human platelet preparations (28), and endothelial cell progenitor transplantations
(30) have been studied as therapy for non-healing diabetic wounds but there has not been
a consistently efficacious and cost effective strategy developed.
Other studies have shown that toll-like receptor 2 (TLR-2) myeloid differentiation
factor-88 expression (31), nuclear factor-kappa B (NF- $B) activation (31) and estrogen
deficiency (29) can play a role in the increased inflammation, delayed angiogenesis and
decreased proliferation seen in diabetic wounds. In addition, decrease or delay in
expression of VEGF, transforming growth factor-beta 1 (TGF- !1) and keratinocyte
growth factor (KGF) has been shown to contribute to delays in diabetic wound healing
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(39, 40). VEGF mRNA expression is stimulated by TGF- !1 and KGF; without normal
levels of TGF- !1 and KGF, VEGF never reaches proper expression levels to aid in the
development of new vasculature (40, 41). Many of these studies investigating
impairments in diabetic wound healing analyze gross closure of full-thickness wounds
and examine histopathology only within the first week of the healing process. These
studies do support that cell signaling pathways are involved in the delays and changes
seen in the healing of full-thickness wounds under diabetic conditions and that a new
effective therapy is needed.
Since diabetic humans and research animals are shown to have elevated levels of
enkephalins, one being the inhibitory peptide [Met5]-enkephalin (OGF), the use of the
potent opioid receptor antagonist NTX could provide a novel remedy to target
pathophysiology in diabetic wounds. When OGF interfaces its receptor, OGFr, an
inhibition of DNA synthesis and cell proliferation occurs. Blockade with NTX can
reverse this inhibition and accelerate diabetic wound healing.
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Figures and Legends

Figure 1. The body weights and glucose levels of STZ-induced type 1 diabetic and
normal adult male rats over an 8-week period. (A) Body weights were recorded prior to
STZ injection (week 0), and weekly thereafter. (B) Blood glucose levels were assessed
before (week 0) and at 1, 4, and 8 weeks after STZ administration. Values represent
means ± SEM for 10-22 animals/group at each time point. Significantly different from
Normal values at **P < 0.01 and ***P < 0.001.
!
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Figure 2. Full-thickness wound closure following application of topical NTX to
Normal and hyperglycemic rats. (A) Photographs of full-thickness wounds created on
the dorsal surface of Normal and Type 1 diabetic rats. Wounds were treated 3 times
daily with either 10-5 M NTX (NTX) or saline (Vehicle) dissolved in Neutrogena
moisturizing cream. Photographs were taken immediately after surgery (day 0), and
every other day for 18 days. Bar = 5 mm. (B) Histograms of residual defects (%) of 6
mm wounds treated with either NTX or Vehicle over an 18-day period of time.
Significantly different from Normal+Vehicle measurements at *P < 0.05, **P < 0.01,
and ***P < 0.001; significantly different from DB+Vehicle group at ++P<0.01 and
+++P<0.001.
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Figure 3. The number of FGF-2, VEGF, and #-SMA positive blood vessels, in sections
of skin from unwounded normal and Type 1 diabetic rats. Baseline values represent
means ± SEM for at least 2 sections/rat and 2 rats/group.
!
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Figure 4. FGF-2 expression in full-thickness skin wounds from normal (N) and diabetic
(DB) rats receiving topical NTX or Vehicle for 3, 5, 8, or 10 days. Representative
photomicrographs of blood vessels positively stained for FGF-2 on day 3 following wounding
(Bar = 25 µm). Arrows demonstrate FGF-2 positive endothelial cells of blood vessels in the
granulation tissue. Values represent mean ± SEM number of vessels with FGF-2 stained cells.
Significantly different from N+Vehicle group at *P<0.05 and **P<0.01; significantly
different from the DB+Vehicle group at ++P<0.01 and +++P<0.001.
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Figure 5. VEGF expression in full-thickness skin wounds from normal (N) and diabetic
(DB) rats receiving topical NTX or Vehicle for 3, 5, 8, or 10 days. Representative
photomicrographs of blood vessels positively stained for VEGF taken on day 5 following
wounding (bar = 25 µm). Arrows demonstrate VEGF positive endothelial cells of blood
vessels in the granulation tissue. Histograms (mean ± SEM) represent the number of
vessels with VEGF stained cells. Significantly different from N+Vehicle group at
*P<0.05, **P<0.01, and ***P<0.001; significantly different from the DB+Vehicle group
at ++P<0.01 and +++P<0.001.
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Figure 6. Expression of #-smooth muscle actin (#-SMA) in full-thickness skin
wounds from normal (N) and Type 1 diabetic (DB) rats receiving topical NTX or
Vehicle for 3, 5, 8, or 10 days. (A) Representative photomicrographs of blood
vessels positively stained for #-SMA 5 days after wounding (bar = 25 µm). No
astericks shown in DB+Vehicle granulation tissue. Astericks demonstrate #-SMA
positive blood vessels in the granulation tissue. (B) Histograms represent mean ±
SEM number of vessels with #-SMA stained cells within the granulation tissue.
Significantly different from N+Vehicle group at *P<0.05 and ***P<0.001. Diabetic
rats receiving NTX differed from the DB+Vehicle rats at +P<0.05.
!
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Chapter 3: Topical Treatment with the Opioid Antagonist Naltrexone Accelerates
the Remodeling Phase of Full-thickness Wound Healing in Type 1 Diabetic Rats

Abstract
Wound repair involves a series of overlapping phases that include inflammation,
proliferation, and tissue remodeling, with the latter phase requiring months for proper
healing. Delays in any of these processes can result in infection, chronic ulceration, and
possible amputation of extremities. Diabetes is a major risk factor for improper wound
repair, and impaired wound healing is a major complication for the more than 26 million
people in the US diagnosed with diabetes. Previous studies have demonstrated that the
opioid antagonist naltrexone (NTX) dissolved in moisturizing cream reverses delays in
wound closure in STZ-induced Type 1 diabetic (T1D) rats. NTX accelerated DNA
synthesis and increased the number of epithelial cells and new blood vessels. In this
study, remodeling was evaluated in T1D rats up to 8 weeks after initial wounding.
Twenty days following wounding, T1D rats treated with vehicle had elevated numbers of
MMP-2 positive fibroblasts, suggesting delayed healing processes; birefringence of
granulation tissue stained with Sirius red revealed delayed collagen formation and
maturation. Wound tissue from T1D rats treated with NTX had a level of MMP-2
positive fibroblasts comparable to normal specimens, as well as an accelerated maturation
of granulation tissue. The integrity of wounded skin was evaluated by tensile strength
measurements. T1D resulted in delayed wound healing, and wounded skin that displayed
reduced tensile strength relative to normal rats. Topical NTX applied to wounds in T1D
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rats resulted in enhanced collagen formation and maturation over a 60 day period of time.
Moreover, the force required to tear skin of NTX-treated T1D rats was elevated relative
to the force necessary to tear the skin of vehicle-treated T1D rats, and comparable to that
for normal rats. These data reveal that complications in wound healing associated with
T1D involve the novel OGF-OGFr pathway, and that topical NTX is an effective
treatment to enhance wound healing.

Introduction
A major complication of diabetes involves the impairment of proper and timely
closure of excisional wounds (1,2). Delayed wound healing can result in chronic lesions
and ulcers, and may lead to limb amputation. More than 23 million persons in the United
States have diabetes (1), and more than 80 million other individuals have undiagnosed
diabetes or prediabetes. Nearly 50% of all cases of diabetes are associated with at least
one complication related to delayed cutaneous wound healing over their lifetime. With
the rapid rise in new cases of diabetes, as well as escalating medical expenses, there are
financial and health-related needs for novel therapies that target the underlying biology of
diabetic complications, and are effective, low cost, and enhance patient compliance.
The process of wound healing is initiated by hemostasis followed by 3
overlapping phases including inflammation, proliferation, and tissue remodeling (3). A
series of studies have shown that daily topical application of the opioid antagonist
naltrexone (NTX) enhances full-thickness wound closure in Type 1 diabetic (T1D) rats,
and does so by stimulation of epithelial proliferation (2) and angiogenesis (4). Disruption
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of interactions between endogenous opioids and their receptors through invoking a total
opioid receptor blockade with NTX applied topically or systemically stimulates DNA
synthesis in dorsal skin epithelium of T1D rats (3).
The mechanistic pathways associated with enhanced wound repair are related to
cell proliferation (2), and offset or compensate for at least one of the underlying
pathogenic characteristics of diabetic complications. Endogenous opioids including
[Met5]-enkephalin and !-endorphin have been shown to be elevated in individuals with
diabetes (5,6), as well as in animal models of both T1D rats and T2D (db/db) mice (7).
In addition to these neuropeptides playing a role in nociception and neuromodulation, the
opioid peptide [Met5]-enkephalin has been found to be a negative growth factor termed
opioid growth factor (OGF). OGF regulates DNA synthesis and proliferation in cells and
tissues by upregulation of p16 (CDKN2A) and/or p21 (CDKN1A) cyclin-dependent
inhibitory kinases (8). OGF and its receptor, OGFr, are present in epithelial tissue and
have been shown to regulate normal homeostasis of corneal epithelium (9-11) and skin
(12-15). OGF is an inhibitory molecule that impedes all proliferation, and thus,
individuals and animals with elevated levels of OGF may experience delayed
epithelialization and ultimately, wound closure. The last phase of wound healing
encompasses a number of processes that involve collagen production, organization, and
final remodeling of the wound bed. These phases in healing occur over a period of
months in humans and weeks in animal models of diabetes (16,17), and are often
protracted under hyperglycemic conditions (17-19).
The present study explores the long-lasting residual effects of topical NTX on the
wound site. NTX was applied for 20 days to full-thickness cutaneous wounds in T1D
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rats, and effects evaluated up to 60 days later. Collagen deposition and maturation in
wounded tissue from T1D and normal rats were compared using Sirius red staining.
Extracellular matrix remodeling was assessed by measurement of the expression of
metalloproteinase (i.e., MMP-2), and final collagen remodeling and integrity of the
wounded skin were evaluated by tensile strength measurements. Finally, because
patients with diabetes often develop ulcers or epithelial erosion when a previously
wounded area is reinjured, the same paradigm was established in T1D rats to evaluate
whether wounded and healed skin that was topically treated with NTX developed
hyperproliferative scars, or was more or less susceptible to rewounding.

Methods and Materials
Animals and Induction of Diabetes
Adult male Sprague-Dawley rats (~150 g) were purchased from Charles River
Laboratories, Wilmington, MA, and housed in an environmentally controlled animal
room, with water and food (2018 Global Rodent Diet, Teklad®, Indianapolis, IN)
provided ad libitum. All studies conformed to an approved protocol and the guidelines of
The Pennsylvania State University College of Medicine Institutional Animal Care and
Use Committee.
At six weeks of age, rats received intraperitoneal (i.p.) injections of 40 mg/kg
streptozotocin (STZ, Sigma, St. Louis, MO) or 0.5 ml citrate buffer on two consecutive
days. STZ at this concentration produces insulin-dependent T1D (DB) in 100% of the
animals within 7 days (4). Control animals receiving i.p. injections of citrate buffer were
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considered normal (N). Blood glucose levels were monitored from the dorsal tail vein
using a True Track Smart System glucometer (Home Diagnostics, Ft. Lauderdale, FL).
Blood glucose measurements were taken prior to STZ injections and on weeks 1, 4, and 8
after the induction of hyperglycemia. Measurements of >350 mg/dl denoted
hyperglycemic levels of the diabetic cohort. If the animal had sustained blood glucose
measurements > 600 mg/dl, and appeared lethargic and unwilling to eat, it was removed
from the study to eliminate confounding variables related to abnormal nutrient intake
and/or systemic infection.

Cutaneous Wounds and Naltrexone Application
Full thickness cutaneous wounds were created as described previously (4).
Briefly, rats were anesthetized by i.p. injection of a mixture of ketamine (60 mg/kg),
xylazine (10 mg/kg), and acepromazine (1 mg/kg), and 4 excisional circular (6 mm
diameter) skin wounds were created 1 cm off the midline of the dorsum under sterile
conditions; wounds were created to the depth of the panniculus muscle. After surgery,
wounds were swabbed with an antiseptic surgical scrub (Betadine™, povidone-iodine
7.5%) and left without a dressing. All surgeries were conducted between 0800-1100 hr to
alleviate the potential effects of diurnal rhythm. Naltrexone or sterile saline was
dissolved into Neutrogena moisturizing cream and topically applied 3x a day for 20 days
to the wounded area. For each rat, wound treatment was randomized, but two of the
wounds received NTX and two wounds received sterile saline in moisturizing cream
daily at 0800, 1200, and 1700 hr.
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Rewounding studies were initiated 13 weeks following induction of
hyperglycemia and were conducted to determine the integrity of skin following topical
NTX treatment. At this time, original wounds were closed and in the remodeling phase of
healing. In subgroups of rats from both T1D and normal cohorts, a 6-mm diameter wound
was created in the region previously wounded. Wounds were not treated and were
allowed to heal without bandages. Photographs to monitor closure were taken
immediately following wounding and on days 2, 4, 6, 8, 10, 12, 14, and 16.

Histopathology
Skin was harvested from animals for histopathology on days 20 and 60 following
the initial surgery. Tissue specimens were collected from at least 6 wounds/treatment at
each time point, representing 3-6 rats/treatment group. Animals were euthanized with a
0.5 ml i.p. injection of Euthasol® (Virbac AH, Inc, Fort Worth, TX), and subsequently
exsanguinated. A 3-cm2 region of skin encompassing the original (or rewounded) wound
was removed and bisected cranial to caudal, fixed in 10% neutral buffered formalin for
24 hr and processed for paraffin embedding (4). In order to compare similar regions of
dense irregular connective tissue, the deepest most peripheral region of the reticular
dermis in the wound bed was analyzed. Skin sections (10 µm thick) were stained with
hematoxylin-eosin or Sirius Red to assess collagen formation and maturation (18). Sirius
Red was analyzed under polarized light. The degree of red bifringence in each wound bed
indicated collagen maturation. Total area of the granulation tissue was measured using
ImagePro 6.2 and an optimum wavelength of red was selected to indicate the most
mature collagen fibers. ImagePro 6.2 software determined the “% Collagen Maturation”
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by dividing the overall area of each section’s granulation tissue by the area of granulation
tissue emitting the optimum wavelength of red. Sections were also
immunohistochemically stained with antibodies to MMP-2 (1:200 dilution, Abcam,
Cambridge, MA) followed by goat anti-mouse (1:1000; Abcam) antibodies to detect
MMP-2 positive fibroblasts (19-21). The observer was blinded to treatment group for all
histopathology analyzed.

Tensile Strength
To assess collagen maturation and skin integrity, tensile strength of wounded and
unwounded tissue from T1D and Normal animals was evaluated approximately four
weeks (26-32 days) and 7 weeks (55-60 days) following initial surgery using published
protocols (18). Using a precision mechanical test machine (LMI Electroforce, Bose,
Eden Prairie, MN) tensile strengths of each wound were collected. Wounded skin
samples were placed in 2 vertically oriented clamps with toothed-grips and were
stretched at a low speed (0.5 mm/sec). Clamps were positioned with a 5-mm gauge
length. Testing of tensile strength utilized the Win-Test 4.0 logging software to record the
load applied to the skin and the force that produced failure. At each time point, the
wounded area and surrounding tissue were dissected, and the specimen was dissected into
strips (~ 5 mm wide x 15 mm long); the width was slightly smaller than the original
biopsy diameter so that peripheral unwounded skin did not reinforce the granulation
tissue during testing. This produced a specimen where failure would occur at the central
wounded region and stress accumulation at the jaws of the grips was avoided. Specimens
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were dissected from the dorsum parallel to the vertebral column. Wounds were moistened
lightly with Sorenson’s phosphate buffer for no longer than 1 hour prior to testing.

Statistical Analysis
Data were analyzed using one- or two-way analyses of variance, with post-hoc
comparisons assessed with Newman-Keuls tests.

Results
Hyperglycemia and Wound Closure
Rats injected with STZ were rendered diabetic (T1D) within 48 hr, with their
blood glucose levels being five-fold that of normal rats (~118 mg/dL) within 7 days.
T1D rats had blood glucose levels greater than 500 mg/dL throughout the 8 week study,
and one T1D rat died over the course of the 8 week experiment presumably from
complications related to an abscess at the injection site. Full-thickness wounds were
created and monitored for 20 days (Table 1).
Week

0

1

4

8

Normal

118.5 mg/dL

117.5 mg/dL

118.3 mg/dL

119.7 mg/dL

T1D

118.1 mg/dL

586.7 mg/dL

591.8 mg/dL

594.6 mg/dL
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Comparable to earlier data (3,4), wound closure was delayed for T1D rats relative
to closure rates for normal animals (data not shown). By day 12 after surgery, mean
residual wounds were 5% or less of their original area for both groups of Normal and
T1D rats receiving naltrexone relative to animals in the Normal+Vehicle group, whereas
T1D animals treated with topical saline had residual wounds that were ~15% of their
original size. On day 14, the residual wound area was negligible for all groups except
T1D rats receiving saline where an 8% residual wound was noted; by day 18 T1D
wounds were closed.

MMP-2 Expression
An initial process of the remodeling phase is secretion of MMPs to facilitate
angiogenesis. Specifically, MMP-2 is secreted by fibroblasts and vascular endothelial
cells (19-21). MMP-2, also termed gelatinase A or 72 kD type IV collagenase, is active in
the breakdown of extracellular matrix related to the basement membrane and maturing
dermis, necessary for preparing the wound bed for vascularization and new collagen
formation. Granulation tissue collected 20 days following wounding was stained (Figure
1A) with antibodies to MMP-2, and data revealed that T1D+Vehicle rats had 2.5-fold
more MMP-2 positive fibroblasts than observed in tissue sections from Normal+Vehicle
controls (***p<0.001). Moreover, treatment with topical NTX reduced the number of
cells labeled by MMP-2 monoclonal antibodies within 20 days of application to levels
comparable to controls (Figure 1B).
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Collagen Maturation – Sirius Red Staining
Collagen formation and maturation were evaluated by Sirius Red staining that
utilizes a polarized light microscope to determine the color of birefringence emitted from
individual collagen fibers (18). Red emissions indicate greater maturation and
organization of collagen fibrils relative to the appearance of orange/yellow or green in
other specimens. Green emissions indicate newly synthesized collagen. After 20 days of
healing, sections of wounded skin from Normal or NTX-treated T1D rats displayed
wound images with mature collagen when compared to the newly synthesized or
immature collagen fibers (primarily green region) associated with T1D+Vehicle rat
wounds receiving vehicle (Figure 2A). Higher magnification of the wound bed revealed
disorganized collagen in comparison to more interwoven collagen fibers in the
T1D+NTX specimen (Figure 2B). Analyses of surface area conducted with ImagePro 6.2
software indicated 20-30% mature collagen in Normal+Vehicle and T1D+NTX skin
sections, and less than 2% in the T1D+Vehicle specimens.
Sixty days following wounding, and 40 days after termination of NTX treatment,
Sirius red stained sections in the Normal+Vehicle and T1D+NTX group had mature
collagen across more than 40% of the wound region (Figure 3A,B), whereas specimens
from T1D+Vehicle rats displayed 10% or less mature collagen fibers (i.e., emitting red
birefringence under polarized light).

Wound Integrity – Tensile Strength
Tensile strength was measured in unwounded skin of Normal and T1D rats at 4
and 8 weeks following wounding; at the later time point, T1D rats were hyperglycemic
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for more than 14 weeks. Data revealed that there were no differences in tensile strength
between T1D and Normal rats, with tensile strength measuring 23.5 ± 2 Newtons (N)
(Figure 4 A,B). Normal and diabetic wounded skin demonstrated reduced tensile strength
at both 4 weeks and 8 weeks relative to that of unwounded skin (data not shown).
T1D+Vehicle wounds had significantly lower tensile strength compared to
Normal+Vehicle wounds at 4 and 8 weeks (p<0.05) (Figure 4 C,D). The tensile strength
of T1D+NTX rats was comparable to that for wounded skin from Normal+Vehicle rats at
both 4 and 8 weeks (Figure 4E,F). However, the tensile strength for T1D+Vehicle
wounds was 7.3 ± 1.0 N, and significantly less (p<0.05) relative to the force required to
tear T1D+NTX treated specimens at 4 weeks (Figure 4E). By 60 days following
wounding, the integrity of diabetic skin as measured by tensile strength was markedly
less in T1D rats receiving vehicle in comparison to T1D rats treated with NTX (Figure
4F). Evaluation of stiffness (N/mm) suggested that no differences were noted between
normal and T1D+Vehicle specimens. Stiffness measurements for T1D+NTX specimens
demonstrated increased collagen at 60 days in this group. Testing strength was charted on
graphs in the Wint-Test 4.0 logging software; graphs showed increases in force
(Newtons) with time (seconds) until failure. Stiffness was determined using the slope of
each individual graph derived from the logging software.

Wound Integrity Following Rewounding
To evaluate whether the skin of T1D rats that was previously wounded and
treated with NTX exhibited any form of abnormal pathology two or three months
following the surgery, wounded regions on T1D animals that were treated with either
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NTX or vehicle were rewounded using the same protocol and examined 13 weeks after
initiation of the studies. At the time of rewounding, T1D rats had a 28% reduction
(p<0.001) in body weight relative to Normal rats that weighed 498 ± 20 g.
Measurement of the residual defects following the initial wounding procedure in
T1D animals with wounds treated with Vehicle showed delays in closure relative to
wound closure in the T1D + NTX group (Figure 5A,B). After the second wounding,
wounds created in skin that had previously been treated with NTX had closure times
comparable to that of T1D+Vehicle wounds from both the first and second rounds of
wounding (Figure 5B). Visual inspection of the skin did not reveal any histological
changes between re-epithelialization of initial wounds or rewounded regions, indicating
that epithelial tissues were not compromised by NTX treatment.
Tensile strength testing of rewounded tissue revealed that neither NTX nor topical
application of Vehicle alone during the first round of wounding altered the integrity of
the skin, suggesting that there were no long-term changes observed after 20 days of NTX
treatment. Tensile strengths of Normal+NTX wounds were not statistically different
from Normal+Vehicle wounds, and measurements for T1D+NTX wounds were
comparable to T1D+Vehicle wounds (Figure 5C).

Discussion
Data from the present experiments, along with evaluation of wound repair during
phases of proliferation and angiogenesis (4), demonstrate that wound healing is regulated
by opioids and their receptors in both normal and abnormal (i.e., T1D) animal models.
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Both the pace of wound closure and the timetable of angiogenic events are modulated by
blockade of opioid and opioid receptor interfacing (4). Utilizing topical applications of
NTX, a long-acting, potent opioid antagonist that blocks opioid receptors, cell
proliferative events that culminated in collagen deposition and maturation were
accelerated and/or enhanced. Topical NTX treatment of cutaneous full-thickness wounds
in T1D rats reduced the presence of MMP-2 positive cells that induce scar formation, and
accelerated collagen formation and maturation. Tensile strength in T1D+NTX skin
samples was increased relative to that reported for skin of T1D+Vehicle animals.
Diabetes is known to be accompanied by delayed wound closure (1,2,4,11,18) and
impaired wound healing is a major complication of diabetics (1,22). Approximately 8%
of elderly diabetic persons have foot ulcers, with 2% requiring amputation (1). The cause
of this complication is unknown but increased apoptosis, as well as reduced angiogenesis
and decreased formation of collagen has been cited as major contributing factors to the
delayed wound closure (18,22-26).
Evidence supports the hypothesis that wound healing is aberrant in T1D, in part,
because of elevated concentrations of circulating enkephalins (5-7) that are known to
delay epithelial cell proliferation (27,28). Studies confirm that blockade of at least one
enkephalin, OGF, from interaction with its receptor, OGFr, upregulates DNA synthesis in
epithelial tissues (28), corneal surface abrasions (11,29) and full-thickness wounds (3,4).
Thus, at least one peptide-receptor interaction appears to maintain the pace of wound
closure and plays a role in proliferation of cells necessary for angiogenesis, as well as
fibroblasts for collagen formation. Previous studies have determined the presence and
location of OGF and its receptor in the skin, indicating that the opioid-receptor signaling

!

"B#!

pathway is the OGF-OGFr axis (30). Thus, the OGF-OGFr axis has a governing role in
the epithelialization phase of wound closure, and data from these studies are consistent
with the pathway being involved in proliferation and organization of connective tissue in
the dermis.
Events in wound healing need to be regulated for their duration and level of
activity. One example is inflammation, and several reports indicate that growth factors
are an effective means for accomplishing this control (22,23,26). Although inflammation
is important for healing in order to bring cytokine-secreting cells to the area, excess
inflammation may be detrimental to repair processes. Delayed cellular infiltration is not
advantageous, just as hypertrophic scar formation is aberrant, thus the roles of
proliferation and apoptosis are in a fine balance (23).
Topical application of NTX to full thickness cutaneous wounds in T1D rats
results in significant reductions in wound size that correlate with histopathological
findings. No adverse pathology was associated with this short-term (i.e., 20 day)
treatment with the opioid antagonist. Reepithelialization and DNA synthesis are
increased (2), mast cell infiltration and angiogenesis is accelerated (4) and collagen
formation and maturation are advanced. This final phase of wound healing involves
formation of collagen matrix that is vital to the overall homeostasis of the wound bed and
is important in establishing skin integrity (23).
Based on methodology from Ehrlich et al. Sirius Red staining was used to assess
collagen maturation (31). It was determined that NTX increased the quantity of red,
mature and reorganized collagen in the wound bed compared to green, immature or
newly synthesized collagen. Junqueira and colleagues utilized Sirius Red staining and
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interpret the technique slightly different (32). Red, orange or yellow bifringence can be
an indictor of type I collagen whereas green bifringence is an indicator of type III
collagen (32). Based on this interpretation of the staining technique, TID+Vehicle
wounds wound have a higher degree of type III collagen in the granulation tissue
compared to normal wounds and T1D+NTX wounds.
Reductions in cellular staining of MMP-2 in skin specimens treated with NTX
suggest the inhibition of gelatinase A that leads to formation of glial scars and can
subsequently impose a physical barrier to healing (19,21). Elevated metalloproteinase
levels, reported in wound fluid from chronic leg ulcers, exacerbates degradation of
adhesion molecules that are important for retaining intact skin (20). In T1D, the number
of MMP-2 positive cells is elevated, perhaps supporting the delayed healing observed in
these patients, and reduced in T1D+NTX rat tissues. To further affirm MMP expression
is normalized in T1D+NTX wounds, in situ zymography would be required. Zymography
will evaluate the activity of the proteases, not just the presence of the proenzymes. In situ
zymography will also indicate to what extent TIMPs are inhibiting the activity of MMPs.
In summary, the data are consistent with the possibility that blockade of the OGF-OGFr
axis through the use of topical NTX mediates remodeling phase of wound healing,
advances collagen maturation, and increases skin integrity in T1D. Additional studies are
warranted to identify specific signaling pathways that may be involved in the observed
effects on the dermis.
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Figures and Figure Legends

Figure 1. MMP-2 positive fibroblasts in granulation tissue following topical
treatment with NTX. Full-thickness cutaneous wounds created in T1D and normal
rats were treated topically with 10-5 M NTX dissolved in moisturizing cream or
cream alone (Vehicle). (A) Photomicrographs (200x) of granulation tissue within
the wound bed at 20 days. Arrows indicate MMP-2 positive stained fibroblasts;
bar = 25 µm. (B) Number of MMP-2 positive fibroblasts per field in granulation
tissue 20 days following wounding. Comparisons were made using an Analysis of
Variance. Values represent means ± SEM. Approximately 8 wounds from at least
4 rats were analyzed per treatment group. Six fields were counted per section.
Significantly different from Normal + Vehicle values at ***P<0.001.
Significantly different between T1D + Vehicle and T1D + NTX at +++P<0.001.
Normal + Vehicle and Normal + NTX wounds did not significantly differ in
MMP-2 positive fibroblasts on day 20.
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Figure 2. Remodeling of full-thickness wounds created in T1D and Normal rats as measured
by collagen formation 20 days after wounding and treatment with NTX dissolved in
moisturizing cream or cream alone (Vehicle). Wounds from normal (N) and T1D rats were
treated 3 times daily with either 10-5 M NTX or sterile saline (Vehicle) dissolved in
moisturizing cream. (A) Low magnification (40x) photomicrographs of Sirius red
birefringence of skin sections encompassing the full-thickness wound and peripheral
unwounded skin; bar = 100 'm. (B) High magnification (200x) of collagen maturation in
Sirius red stained sections described in (A); bar = 25 'm. (C) Histograms of the percent
collagen maturation analyzed by Image J at 20 days. Comparisons were made using an
Analysis of Variance. Values represent means ± SEM. Approximately 8 wounds from at least
4 rats were analyzed per treatment group. Significantly different from Normal + Vehicle
values at *P<0.05; significantly different between T1D+Vehicle and T1D+NTX at ++P<0.01.
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Figure 3. Collagen organization in wounded tissue 2 months following full-thickness
cutaneous wounding in T1D and Normal rats. (A) Sirius red staining of skin sections
encompassing the full-thickness wound and peripheral unwounded skin. Wounds from
Normal (N) and T1D rats were treated 3 times daily with either 10-5 M NTX or sterile
saline (Vehicle) dissolved in moisturizing cream. Images taken at 40x magnification; bar
= 100 'm. (B) Histograms of the percent collagen maturation analyzed by Image J at 20
days. Comparisons were made using an Analysis of Variance. Values represent means ±
SEM. Approximately 8 wounds from at least 4 rats were analyzed per treatment group.
Significantly different from Normal + Vehicle values at *P<0.05. T1D + NTX
significantly different from T1D + Vehicle values at +P<0.05. Normal + Vehicle and
Normal + NTX wounds did not significantly differ in collagen maturation at 2 months.
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!"#$%&'0)!Tensile strength of cutaneous wounds treated for 20 days with either 10-5 M
NTX or sterile saline dissolved in moisturizing cream. (A,B) Tensile strength (Newtons)
of unwounded skin from Normal and T1D rats at 26-32 days (A) and 56-60 days (B). (C,
D) Comparison of tensile strength in wounded skin from Normal (N) and T1D rats at 2632 days (C) or 56-60 days (D) following creation of a 6 mm diameter full thickness
cutaneous wound. (E,F) Tensile strength of wounded skin from Normal or T1D rats
treated with 10-5 M NTX or sterile saline dissolved in moisturizing cream at 26 -32 days
(E) and 56-60 days (F). Comparisons were made using an Analysis of Variance. Values
represent means ± SEM for 6 or more wounds per group. Significantly different from
Normal+Vehicle at *P<0.05; significantly different from T1D+NTX at +P<0.05 or
++P<0.01.!
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!"#$%&'1)!Residual wound closure in skin previously wounded and treated with 10-5 M
NTX for 20 days. Wounds were “recreated” 30 days following the initial wounding.
(A) Photomicrographs of residual wounds from rats in the Normal+Vehicle,
T1D+Vehicle, or T1D+NTX groups. (B) Comparison of re-epithelialization in T1D rats
treated with topical NTX or saline dissolved in moisturizing cream during the initial
wounding experiments and the rates of closure for the untreated “rewounded” regions.
Values represent means ± SEM for at least 6 wounds from 3-6 rats. The only significant
differences were noted for original wounds treated with NTX, relative to all other
groups at *P<0.05 or **P<0.01. (C) Tensile strength of “rewounded” skin. Values
represent means ± SEM for 6 wounds. Significantly different from values for Normal +
Vehicle rats at **P<0.01 or ***P<0.001.!
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Chapter 4: Naltrexone targets the opioid growth factor-opioid growth factor
receptor pathway in fibroblast cells to increase cell proliferation and accelerate
wound healing: evidence from a tissue culture study.

Abstract
Naltrexone (NTX) is an opioid receptor antagonist that accelerates cell
proliferation and healing in animal models of cutaneous and corneal wounding. The
mechanism of this general opioid antagonist on growth is not well understood. Our
laboratory established a tissue culture study using NIH 3T3 fibroblasts and primary rat
auricular fibroblasts. NTX increased the growth of fibroblasts in culture over 96 hr while
OGF decreased cell growth. Classical opioid receptor antagonists CTOP, nalmefene and
naltrindole as well as classical opioid receptor peptides DAMGO, EKC and DPDPE do
not accelerate cell growth, suggesting NTX’s effect on cell replication is through a nonclassical system. Transfection with OGFr siRNA prevented increases in cell numbers
seen with NTX administration implying that blockade of OGFr can accelerate
proliferation of fibroblasts in vitro. Individuals with diabetes mellitus experience severe
impairments in wound healing. The opioid growth factor (OGF; [Met5]-enkephalin)opioid growth factor receptor (OGFr) axis plays a role in mediating NTX and its effect on
growth. Fibroblast cells are important in wound closure and remodeling and their
activities are altered in diabetic wound healing. Increasing the quantity of fibroblasts in a
chronic, non-healing wound with topical NTX could potentially improve healing
outcomes for patients with diabetes.
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Introduction
Naltrexone (NTX) is an opioid receptor antagonist capable of binding to classical
and non-classical opioid receptors. NTX is a small, exogenous molecule and lacks
intrinsic activity but is capable of forming a blockade between opioid peptides and
receptors (1-4). Antagonizing opioid systems as a way to modulate their activity is
commonly used to determine receptor function and receptor interactions in various
disease models and biological pathways (5-10). Endogenous opioids, specifically the
opioid growth factor (OGF), have been shown to regulate growth through a tonically
active inhibitory pathway (11). Systemic and topical exposure to NTX, administered in a
high dose, produces a continuous blockade of opioid receptors to produce an acceleration
of DNA synthesis, cell proliferation and in the case of diabetic animal models, wound
healing (11-21).
Many signaling pathways associated with proliferation and angiogenesis have
been shown to be dysregulated with diabetes mellitus (20,33-35,38). The opioid growth
factor (OGF)-opioid growth factor receptor (OGFr) axis is an endogenous opioid receptor
system that is tonically active and a determinant of cell proliferation. This receptor axis
can be modulated by NTX antagonism (16-18). OGF, chemically termed [Met5]enkephalin, is a constitutively expressed opioid peptide that is autocrine produced and
secreted (11,13). OGF binds to the non-classical opioid receptor OGFr to stall the G1/S
phase of the cell cycle by altering cyclin-dependent kinase inhibitory (CKI) pathways to
repress cell proliferation in neoplastic and normal cells (13, 22-25). Diminution of the
OGF-OGFr axis in cells by blockade of peptide-receptor interaction using continuous or
high dose exposure to NTX (25-28), neutralization of OGF by antibodies (25,28) to the
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peptide or a decrease in OGFr by antisense cDNA or siRNA (25,28-29) increases DNA
synthesis and stimulates cell proliferation.
Individuals with diabetes mellitus commonly experience complications in wound
healing that greatly depress the patient’s quality of life and independence. The diabetic
foot ulcer is the leading cause of hospital admissions for patients with diabetes in the
developing world and is estimated to occur in 15% of the diabetic population. These
painful wounds precede 84% of all diabetic lower limb amputations (60,61). Fibroblasts
are an integral cell type involved in cutaneous wound healing. Once immune cells have
phagocytized debris and bacteria from the wound site, fibroblasts migrate in to initiate the
proliferative phase of healing by depositing new extracellular matrix. Fibroblasts are
responsible for the assembly and deposition of collagen to repair a cutaneous injury and
reinstate strength, structure and integrity to the skin (38). It has been well deduced that
fibroblasts and their actions are altered in cutaneous wound healing under diabetic
conditions. These alterations include decreases or impairments in growth factor
production, collagen accumulation, fibroblast migration and proliferation along with
modifications in the balance between extracellular matrix accumulation and matrix
remodeling by matrix metalloproteinases (MMPs) (33-37).
Several findings suggest that NTX regulates growth through the modulation of
opioid peptide-opioid receptor interfacing, but specifically through the OGF-OGFr axis
opposed to other classical opioid receptor systems. First, OGF is the only opioid peptide
known to alter cell proliferation, and its action is specific to the OGFr (25, 30). Second,
knockdown of OGFr inhibits the suppressive effect of OGF on growth, implying this
particular receptor is responsible for mediating the peptide’s action (25, 28). Third, OGF
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and OGFr are upregulated with NTX treatment (17,18). Although there are studies that
appoint growth properties to classical opioid receptors, these studies are sparse and
inconsistent with one another (31,32). These findings together all afford compelling
confirmation that the OGF-OGFr axis is necessary for NTX to function in growth
modulation. This study used a tissue culture model of wound healing cellular biology to
allow for observation of pathways related to NTX therapy. The following work suggests
that NTX specifically targets the OGF-OGFr axis to regulate proliferative events in
fibroblast cells of a healing cutaneous wound.

Materials and Methods
Cell Culture
NIH 3T3 mouse fibroblast cells (American Type Culture Collection, CRL 1658,
Manassas, VA, USA) and primary fibroblasts isolated from auricular cartilage of
Sprague-Dawley rats between 8 and 12 weeks of age were utilized for this study.
Animals were euthanized (i.p. injections of Euthasol®), ears were swabbed with ethanol
and then swabbed with an antiseptic surgical scrub before removal. The ears were
dissected from the animal distal to the hairline and pressed on sterile gauze soaked in
antiseptic. The ears were placed in 70% ethanol for 3 minutes, and then moved to sterile
Dulbecco’s Modified Eagle’s Medium (DMEM). Using fresh, sterilized razor blades, the
ears were sectioned into small pieces in a petri dish. Each ear was placed in a 15 ml
conical tube with 2 ml of 0.25% trypsin. Conical tubes were placed in an incubator
(37°C) and tissue was vortexed in trypsin every 10 min for 1 hr. After 1 hr, samples were

!

"#"!

spun down and resuspended in 3 ml of DMEM. Primary cells were cultured in 6-well
plates. 0.5 ml of suspended cells in DMEM were pipetted into each well of the plate and
the whole pieces of tissue were divided approximately with sterile forceps. Media was
changed and tissue debris was removed from the wells 48 hr after seeding. This protocol
produced cultures that were approximately 99% pure fibroblasts. NIH 3T3 and primary
fibroblasts were cultured in a humidified atmosphere of 5% CO2/95% air at 37°C in
DMEM. Primary fibroblasts were never passaged more than 4 times. Media was
supplemented with 10% fetal calf serum, 1.2% sodium bicarbonate and antibiotics (5,000
units/ ml penicillin, 5 µg/ml streptomycin and 10 mg/ml neomycin).

Cell Growth
Log-phase cells were plated and counted 24 hr later (time 0) to determine seeding
efficiency. For dose response experiments, cultures were treated with NTX, OGF, CTOP,
nalmefene, naltrindole (10-4 M-10-10 M) or an equivalent volume of sterile water at 24, 48,
72 and 96 hr. CTOP, nalmefene and naltrindole specifically antagonize the µ, $ and %
opioid receptors, respectively. Binding affinities (K1) for antagonists to their respective
receptor were comparable (58,59). Media and compounds (when applicable) were
replaced daily and cell counts were taken at 72 or 96 hr. Cultures were exposed to NTX
(10-6M), OGF (10-6M) or an equivalent volume of sterile water at 24, 48, 72 and 96 hr.
Media and compounds (when applicable) were replaced daily. All compounds were
prepared in sterile water and dilutions represent final concentrations. At each time point,
cells were harvested with 0.25% trypsin, stained with trypan blue to assess cell viability,
and counted with a hemacytometer. At least two aliquots per well and three or more wells
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per treatment group and time point were sampled. Agonists for classical opioid receptors
were studied for growth properties at 72 hr at 10-6M concentrations.

Cell Death
Trypan blue exclusions test was conducted each day at 24, 48 and 72 hr. Cell
counts in the supernatant were obtained at 24, 48 and 72 hr to determine if decreases in
cell counts seen with naltrindole and nalmefene treatments at 10-4 M, 10-5 M and 10-6 M
were due to an alteration in cell proliferation or apoptosis. Media and treatment
compounds were replaced daily.

Semiquantitative Immunocytochemistry
To confirm the presence and distribution of OGF and OGFr in NIH 3T3 fibroblast
cells and primary auricular fibroblast cells semiquantitative immunocytochemistry was
performed. Log-phase cells were cultured on 22 x 22 mm cover slips, fixed and stained
with fluorescent antibodies for OGF, OGFr and vimentin according to published
procedures (25, 39). Vimentin, an intermediate filament, is a protein expressed in
fibroblasts and was used to affirm purity by immunofluorescence of the primary cultured
cells.

Scratch Wound Assay
Scratch wound assays were utilized to determine if NTX, OGF, nalmefene or
naltrindole had an effect on migration of NIH 3T3 fibroblasts. Cells were seeded
(70,000/well) in 24-well plates and maintained until confluence. Uniform scratches were
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made using a sterile plastic 10µl pipette tip across the confluent layer of fibroblasts. Cells
were exposed to 10-6M concentrations of all four treatments or an equal volume of sterile
water in triplicate wells. Phase contrast microscopy was used to visualize the scratches
under 10x magnification until scratches reached closure at approximately 3, 6, 16, 20 and
28 hr. Three scratches were analyzed for each treatment group and three images were
taken from each scratch. The width of the scratch was measured in 4 locations per image
using Image-Pro Plus 6.2 software. All analysis was completed prior to 24 hr to ensure
cell proliferation was not contributing to scratch closure.

siRNA Knockdowns
NIH 3T3 fibroblast cells were transfected for 48 hr with 20 nmol/L concentrations
of OGFr siRNA or scrambled siRNA (Ambion, Austin, TX, USA, cat #AM16704, ID
19542) using Oligofectamine reagent (Invitrogen, Carlsbad, CA, USA). In addition,
untransfected and mock treatment groups were prepared. Untransfected wells were
treated with equivalent volumes of sterile water and mock wells received only
Oligofectamine treatment. siRNAs were administered to wells at 24 hr and 48 hr after
seeding. After transfection, cells were treated for 72 hr with NTX, DAMGO, DPDPE and
EKC, all at a 10-6M concentration. Cells were collected for growth curves at 72 hr,
stained with trypan blue and counted on a hemacytometer. Cells collected for western
blotting were used to determine the level of protein knockdown of OGFr 72 hr after
transfection.
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Animals and Induction of Diabetes
At six weeks of age, Sprague Dawley rats (~150g) received intraperitoneal (i.p.)
injections of 40 mg/kg streptozotocin (STZ, Sigma, St. Louis, MO) or citrate buffer on
two consecutive days. Control animals receiving i.p. injections of citrate buffer were
considered normal (Normal, N). Blood glucose levels were monitored from the dorsal
tail vein using a True Track Smart System glucometer (Home Diagnostics, Ft.
Lauderdale, FL). Blood glucose measurements were taken prior to induction of
hyperglycemia and on weeks 1, 4, and 8 after STZ injections. Diabetic animals had blood
glucose levels of >350 mg/dl. If the animal had sustained blood glucose measurements
> 600 mg/dl, and appeared lethargic and unwilling to eat, it was not included in the study.

Cutaneous Wounds and Analysis of Closure
Full thickness cutaneous wounds were created as described previously (19-21). In
brief, rats were anesthetized using of a mixture of ketamine (60 mg/kg), xylazine (10
mg/kg), and acepromazine (1 mg/kg), and 4 excisional circular (6 mm diameter) skin
wounds were created 1 cm off the midline of the dorsum under sterile conditions.
Wounds were created to the level of the panniculus muscle. After surgery, wounds were
swabbed with an antiseptic surgical scrub and left uncovered. All surgeries were
conducted between 0900-1100 hr to alleviate the potential effects of diurnal rhythm.
Photographs to monitor closure were taken immediately following wounding and on days
2, 4, 6, 8, 10, 12, 14, and 16. Residual wound area was analyzed using Image Pro 6.2
software.
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Application of Opioid Receptor Antagonists
NTX, CTOP, nalmefene, naltrindole or sterile saline was dissolved into
moisturizing cream at a 10-5M concentration and topically applied 3x a day for 20 days to
the wounded area. CTOP, nalmefene and naltrindole are specific antagonists for classical
opioid receptors µ, $ and % respectively. For each rat, wound treatment was randomized.
Three of the wounds received a single topical antagonist and one wound received sterile
saline in moisturizing cream daily at 0900, 1300, and 1800 hr. This design produced 6
wounds per antagonist treatment group and 8 vehicle-treated wounds for the normal and
diabetic cohorts.

Statistical Analysis
All data were examined using GraphPad Prism software (GraphPad Software, Inc.). A
one-way analysis of variance (ANOVA), with a Newman-Keuls test for subsequent
comparisons, was used to analyze data.

Results
NTX Stimulates Growth of Fibroblasts
Immunocytochemistry staining for vimentin was positive in 100% of cultures
(Figure 1a). To determine if other opioid receptor antagonists had a stimulatory effect on
growth, antagonists specific for each of the classical opioid receptors, µ, $ and %, were
used to treat NIH 3T3 cultures in a dose dependent manner. CTOP, a specific antagonist
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for the µ opioid receptor, showed no effect on growth between the concentrations of 10-4
M and 10-10 M at 72 hr (Figure 1b). Nalmefene, a specific antagonist for the $ opioid
receptor, demonstrated a decrease in cell proliferation at 72 hr at 10-4 M and 10-5 M
concentrations. Fibroblast cells treated at 10-4 M and 10-5 M concentrations of nalmefene
experienced a 41-45% decrease in cell number (Figure 1c). Naltrindole, a specific
antagonist for the % opioid receptor, appeared to have a toxic effect on NIH 3T3 cells. At
10-4 M and 10-5 M concentrations of naltrindole, there was less than 1 viable cell counted
per grid on the hemacytometer. At 10-6 M concentration of naltrindole, there was a
decrease of 35% in cell number (Figure 1d). To determine whether NTX treatment affects
the growth of fibroblast cells, dose response data was collected at 72 hr for NTX at
concentrations of 10-4 M – 10-10 M. NTX concentrations of 10-4 M – 10-7 M were capable
of significantly increasing cell proliferation between 18% and 35% in NIH 3T3 fibroblast
cells over 72 hr (Figure 1e). Scratch wound assays demonstrated that NTX, along with
OGF, CTOP, nalmefene and naltrindole, had no effect on cell migration.

Cell Death
At 24, 48 and 72 hr, there was no notable increases in cell death by the trypan
blue exclusion test with treatment of any compound. Cell counts taken in the supernatant
48 and 72 hr showed substantial cell death with 10-4 M, 10-5 M and 10-6 M concentrations
of naltrindole. In the supernatant at 48 hr, there were 0.5, 1.0, 0.125 x 104 cells present
for wells treated with 10-4 M, 10-5 M and 10-6 M concentrations of naltrindole,
respectively. In the supernatant at 72 hr, there were 1.75, 0.75 and 0.25 x 104 cells present
for wells treated with 10-4 M, 10-5 M and 10-6 M concentrations of naltrindole,
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respectively. There were no notable dead cells in the supernatant of 10-4 M, 10-5 M and
10-6 M concentrations of nalmefene.

Knocking Down OGFr Blocks the Stimulatory Action of NTX
The requirement of OGFr for NTX’s stimulatory action was evaluated using a
siRNA knockdown technique. The addition of NTX to NIH 3T3 cultures treated with
mock siRNA, scrambled siRNA or an equivalent volume of sterile water caused
approximately a 20-34% increase in cell number at 72 hr. When cultures were transfected
with OGFr siRNA and treated with NTX, cell number was not significantly different
from untransfected, control wells (Figure 2).

The OGF-OGFr Axis is Present and Functional in NIH 3T3 Fibroblasts
Immunocytochemistry staining determined that OGF and OGFr were present in
this cell line. OGFr appeared diffuse throughout the cytoplasm. OGF was heavily present
in the perinuclear area and diffusely present throughout the remainder of the cytoplasm
(Figure 3a). To determine whether OGF treatment affects the growth of fibroblast cells,
dose response data was collected at 96 hr for OGF at concentrations of 10-4 M – 10-10 M.
OGF concentrations of 10-4 M – 10-6 M were capable of significantly decreasing
proliferation by 32-34% (Figure 3b). To establish that the OGF-OGFr axis was tonically
active in this cell line, growth curves utilizing NTX and OGF treatment were completed.
NIH 3T3 cultures were treated with 10-5 M NTX and 10-5 M OGF, both being nontoxic
concentrations that have an evident effect on growth. Fibroblasts were treated with NTX
and OGF every 24 hr. By 72 hr, OGF was capable of significantly depressing cell
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proliferation by approximately 14-21%. Cells treated with OGF took significantly longer
to double, 30.47 hr, compared to control-treated cells (26.72 hr). Over the 96 hr trial,
NTX significantly increased cell proliferation by approximately 26-34% compared to
cultures treated with sterile water. Over 96 hr, NTX-treated cell had a significantly
shorter doubling time of 22.06 hr compared to control-treated cells to double, a 17%
change (Figure 3c).

OGF: A Selective Agonist to Alter Growth
Growth measurements indicated that only OGFr has a stimulatory effect on cell
replication after antagonism. To further verify that the OGFr is the only opioid receptor
associated with accelerating proliferation, fibroblast cultures were transfected with mock,
scrambled and OGFr siRNAs or an equivalent volume of sterile water. Fibroblast cultures
were treated with agonists for the µ, $ and % classical opioid receptors and the OGFr.
DAMGO, EKC and DPDPE are agonists for the µ, $ and % receptors, respectively. OGF
is a specific agonist for OGFr. OGF had a depressive effect on cell counts through OGFr
in untransfected as well as mock and scrambled siRNA transfected wells. This difference
was not statistically significant in wells treated with scrambled siRNA most likely due to
the large standard error associated with wells treated with sterile water. When cultures
were transfected with OGFr siRNA and treated with OGF, there was no significant
difference in cell number compared to untransfected, control wells. Exposure to classical
agonists had no significant stimulatory effect on cell growth like NTX, nor a depressive
effect on growth like OGF (Figure 4).
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The OGF-OGFr Axis is Present and Functional in Primary Rat Fibroblasts
Immunocytochemistry staining for vimentin determined that primary fibroblast
cultures were approximately 99% pure fibroblast cells and that OGF and OGFr were
present in this primary cell line. OGFr presented diffusely throughout the cytoplasm.
OGF was heavily present in the perinuclear area and diffusely present throughout the
remainder of the cytoplasm (Figure 5). To determine whether NTX treatment affects the
growth of primary fibroblast cells, dose response data was collected at 72 hr for NTX and
96 hr for OGF at concentrations of 10-10 M - 10-4 M. NTX concentrations of 10-6 M - 10-4
M significantly increased cell proliferation by approximately 33-39% in primary
fibroblast cells over 72 hr (Figure 6a). OGF concentrations of 10-7 M - 10-4 M
significantly decreased proliferation by 27-37% (Figure 6b). As early as 48 hr, NTX and
OGF were able to alter growth of primary fibroblasts. At 48 hr, there was a 17% increase
in cell number with addition of 10-6 M NTX and a 30% decrease in cell number with 10-6
M OGF. At 72 and 96 hr, OGF decreased growth of fibroblasts between 24-40% and
NTX increased cell proliferation by approximately 12%. Cells treated with NTX doubled
in 28.61 hr compared to 31.77 hr control-treated cells took to double. Cells treated with
OGF had the longest doubling time, requiring approximately 38 hr (Figure 6c).

Full-thickness Wound Closure
Diabetic animals topically treated with nalmefene, naltrindole, CTOP and sterile
saline dissolved in moisturizing cream all had significantly larger wounds compared to
diabetic, NTX-treated wounds on days 2, 4, 6, 8, 10, 12, 14 and 16. Diabetic, NTXtreated animals had between 10 and 51% more closure compared to diabetic, control-
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treated wounds. On day 8, diabetic, control-treated wounds had approximately 65% of
the original wound still present whereas diabetic, NTX-treated wounds had only 14% of
the original wound remaining. Only diabetic, NTX-treated wounds reached closure on
day 14 whereas wounds treated with other antagonists or control moisturizing cream
required 16 or more days to reach closure (Figure 7A). Normal wounds treated with
NTX, naltrindole, CTOP and sterile saline dissolved in moisturizing cream had
comparable wound sizes on days 2, 4, 6, 8, 10, 12, 14 and 16. Normal wounds treated
with nalmefene were 9-25% larger compared to normal, control-treated wounds between
days 2 and 8. This difference was statistically significant. Normal wounds treated with
nalmefene were also significantly larger compared to normal, NTX-treated wounds on
days 2, 4, 6 and 8. The residual wound size was 13-26% larger with nalmefene
application 3x/day. All normal wounds were closed by day 14 (Figure 7B).

Discussion
For the first time in a tissue culture model, this study shows that NTX accelerates
cell proliferation of a major cell type involved in the wound healing process. This study
confirmed, independent of systemic biology, that the stimulatory effect of NTX on
fibroblasts is mediated by the OGF-OGFr axis, as opposed to other classical opioid
peptide-receptor systems. Fibroblasts are critical to contraction (by their transition into
myfibroblasts) and remodeling of full-thickness wounds and it has been well documented
that the function of fibroblasts in diabetic wound healing is altered in several pathological
ways (33-37). Tissue culture experiments demonstrated that opioid antagonist inhibition
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of growth is independent of systemic influences. Consistent with previous animal studies
(19-21, 40-48), continuous blockade of opioid receptors from their associated peptides
with NTX accelerates cell proliferation, suggesting that opioid peptide-opioid receptor
axes influence the cell cycle using inhibitory mechanisms. This study demonstrates that
the interfacing of opioid peptides and opioid receptors is tonically active and essential to
the regulation of cell number, as seen by continuous receptor blockade with NTX
resulting in increased cell proliferation.
It was determined that NTX treatment of both NIH 3T3 fibroblast cells and
primary rat fibroblast cells caused an increase in cell proliferation. This is consistent with
the current understanding that inhibition of cell proliferation by opioid antagonism in cell
culture is ubiquitous, having growth effects in a wide variety of normal and neoplastic
cell types (6,11,49-55). The ability to alter growth in primary cells reaffirms the
hypothesis that NTX could be used to accelerate growth of cells that are more
representative of the in vivo state. Not only was the OGF-OGFr axis present, evident by
immunocytochemical staining, but it was demonstrated to be functional in both NIH 3T3
fibroblasts and primary rat fibroblasts. OGF has been determined to be the only opioid
peptide capable of altering cell growth; siRNA knockdown of OGFr, MOR, KOR and
DOR indicated that classical opioid receptors had no role in growth regulation of several
cell lines (50,54,56,57). When administered to NIH 3T3 and primary fibroblast cultures,
OGF depressed cell proliferation and NTX increased proliferation by interfacing the
OGFr. At several concentrations, NTX was shown to be nontoxic and efficacious at
accelerating growth of fibroblasts in culture.
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Growth regulation by opioid receptor antagonism was determined to be specific to
OGFr as opposed to other classical opioid receptors. After being selectively antagonized
by CTOP, it was demonstrated that the µ opioid receptor had no role in growth
regulation. Nalmefene, a specific antagonist for the $ opioid receptor, caused a 41-45%
decrease in cell proliferation at 10-4 M and 10-5 M concentrations. After cell death
analyses, it was determined that this depression in growth was a physiological effect of
antagonizing the $ opioid receptor. In culture and in animal studies on wound healing,
NTX produces an increase in cell proliferation via OGFr. Given that nalmefene depressed
proliferation, it is suggested that the action of OGFr with respect to growth is able to
override the action of the $ opioid receptor in systemic biology. NTX is a non-specific
opioid receptor antagonist. When OGFr and the $ opioid receptor are together
continuously blocked using NTX, there is an increase in cell proliferation; OGFr’s role in
proliferation overrides or dominates that of the $ opioid receptor. Development for a
specific antagonist for OGFr would be the best way to verify that kappa’s role in growth
is dominated by OGFr’s role. A specific antagonist would allow for the kappa opioid
receptor to still function; if NTX is able to increase cell proliferation OGFr signaling
would be dominant to the kappa opioid receptor with respect to growth. The ligandbinding region of OGFr is currently being elucidated so the development of a specific
antagonist would follow these structural findings. In addition, using siRNA knock down
of the kappa opioid receptor can test this hypothesis. In cultures with a kappa opioid
receptor knock down it is expected that NTX treatment will still produce an increase in
proliferation. Knocking down OGFr and the kappa opioid receptor simultaneously should
produce no alterations to cell proliferation with NTX treatment. Naltrindole, a specific %
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opioid receptor antagonist, has toxic effects on fibroblast cells at high concentrations and
no effect on growth at lower concentrations.
Knocking down OGFr using siRNA transfection suggested OGFr is required for
NTX’s stimulatory action. When OGFr was present and functional in wells transfected
with mock siRNA, scrambled siRNA or an equivalent volume of sterile water there was a
20-34% increase in cell number with NTX treatment at 72 hr. When cultures were
transfected with OGFr siRNA and treated with NTX, cell number was comparable to
untransfected wells treated with sterile water. In untransfected wells and wells transfected
with mock siRNA, scrambled siRNA or OGFr siRNA, agonists specific for classical
opioid receptors had no effect on growth. Wells transfected with OGFr siRNA and
treated with OGF had no changes in growth supporting that OGF’s inhibitory action is
specific to OGFr and that the OGF-OGFr axis plays a critical role in growth regulation.
The findings from this study provide additional understanding on the regulation of
cell growth by opioid receptors. Modulation of the OGF-OGFr axis was accomplished in
primary fibroblast cells. These cells have undergone limited passages and are more
representative of a functional component of the in vivo state compared to an immortalized
cell line like NIH 3T3 fibroblast cells. The ability to manipulate the growth of primary
mammalian fibroblasts suggests that NTX could be capable of altering growth in patients
with impairments in wound healing. Fibroblasts are a critical cell type in the healing
process and modifications to their physiology have been observed in studies on nonhealing wounds (33-37), a common complication experienced with diabetes mellitus. The
ability to increase the quantity of fibroblast cells present in a diabetic ulcer could help
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reduce the morbidity associated with this complication of diabetes and potentially reduce
the number of amputations preformed on individuals with the disease.
Antagonists for classical opioid receptors appeared to have no effect on diabetic
wound healing. NTX was the only antagonist capable of accelerating wound closure in
vivo compared to diabetic, vehicle-treated wounds. The effect of NTX application to
normal wounds appears to be variable. Closure studies in specific aim 1 demonstrated
acceleration of wound closure in normal animal with NTX application 3x/day yet this
study did not produce those results. NTX-treated, normal wounds healed at the same rate
as control-treated normal wounds. Normal nalmefene-treated wounds had significantly
larger wounds on days 2, 4, 6 and 8 implying the kappa opioid receptor has a role in
growth regulation and wound closure. This pathway may already be impaired in the
diabetic condition and therefore, we did not see the same result when nalmefene was
applied to diabetic wounds. Nalmefene did not further inhibit or delay healing events in
diabetic wounds. Nalmefene-treated, normal wounds reached closure at the same time as
control-treated wounds yet there was an early disruption in the wounds ability to close
like untreated wounds. This finding supports the fact that the early process of contraction,
which is accomplished primarily by fibroblast cells, is altered. We have hypothesized that
NTX acts through the OGFr to accelerate early healing events such as fibroblast and
epithelial cell proliferation. By antagonizing the OGF-OGFr axis, an inhibitory axis, a
stimulatory effect is produced that is capable of overriding or dominating the inhibitory
effect of the kappa opioid receptor. This study mimics results seen in the tissue culture
work that utilized antagonists for µ, $, % and OGFr.
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Figures and Figure Legends
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!"#$%&'()''Growth of NIH 3T3 Fibroblast Cells with Antagonist Treatment (A)
Photomicrograph of NIH 3T3 fibroblast cells stained for Vimentin. Nuclei were
counterstained with DAPI. Images taken at 200x magnification. Inlay image represents a
secondary only control. Bar = 10 µm. (B) NIH 3T3 fibroblast cell number at 72 hr in
cultures exposed to CTOP, an antagonist for the mu (µ) opioid receptor, or an equivalent
volume of sterile water. (C) NIH 3T3 fibroblast cell number at 72 hr in cultures exposed
to Nalmefene, an antagonist for the kappa ($) opioid receptor, or an equivalent volume
of sterile water. (D) NIH 3T3 fibroblast cell number at 72 hr in cultures exposed to
Naltrindole, an antagonist for the delta (%) opioid receptor, or an equivalent volume of
sterile water. (E) NIH 3T3 fibroblast cell number at 72 hr in cultures exposed to
Naltrexone (NTX), a non-selective antagonist with the ability to modulate growth at the
OGFr, or an equivalent volume of sterile water. Media and compounds were replaced
daily. Data represent means ± SEM from at least two aliquots/well and three
wells/treatment group. Significantly different from sterile water-treated controls at
*P<0.05 and ***P<0.001.
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!"#$%&'*)!OGFr is required for NTX’s stimulatory action on the growth of NIH 3T3
fibroblast cells. Log-phase cells were transfected for 48 hr with the scrambled
siRNA or OGFr siRNA. Mock transfections included only oligofectamine and
untransfected cells received equivalent volume of sterile water. At 48 hr, media
containing transfection reagents and compounds was replaced DMEM and wells
were treated every 24 hr with NTX or an equivalent volume of sterile water. Data
represent mean cell number ± SEM from at least two aliquots/well and three
wells/treatment group. Significantly different from sterile water-treated controls at
**P<0.01.!
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!"#$%&'+)!The OGF-OGFr Axis is Present and Functional in NIH 3T3 cells!ATD!
Photomicrograph of NIH 3T3 fibroblast cells stained for OGFr and OGF. Nuclei
were counterstained with DAPI. Images taken at 200x magnification. Inlay image
represents a secondary only control Bar = 10 µm. (B) Cell number at 72 hr in
cultures exposed to OGF or an equivalent volume of sterile water. Media and
compounds were replaced daily. Data represent means ± SEM from at least two
aliquots/well and three wells/treatment group. Significantly different from sterile
water-treated controls at ***P<0.001. (C) Growth curve of NIH 3T3 fibroblast cells
subjected to NTX (10-6 M) or OGF (10-6 M) over 96 hr. Significantly different from
sterile water-treated controls at *P<0.05, **P<0.01 or ***P<0.001.!
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!"#$%&'0)!OGFr is required for OGF’s depressive action on the growth of NIH 3T3
fibroblast cells. Log-phase cells were transfected for 48 hr with the scrambled
siRNA or OGFr siRNA. Mock transfections included only oligofectamine and
untransfected cells received equivalent volume of sterile water. Data represent mean
cell number ± SEM from at least two aliquots/well and three wells/treatment group.
At 48 hr, media containing transfection reagents and compounds was replaced
DMEM and wells were treated every 24 hr with NTX, DAMGO, DPDPE, EKC or
an equivalent volume of sterile water. Significantly different from sterile watertreated controls at *P<0.05 and **P<0.01.!
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Figure 5. Photomicrographs of primary rat fibroblast cells stained for Vimentin (A),
OGF (B) and OGFr (C). Nuclei were counterstained with DAPI. Images taken at 200x
magnification. Inlaid image represents a secondary only control. Bar = 10 µm.!
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Figure 6. (A) Growth curve of primary fibroblast cells subjected to NTX (10-6M) or
OGF (10-6M) over 96 hr. Significantly different from sterile water-treated controls at
*P<0.05, **P<0.01 or ***P<0.001. (B) Cell number at 72 hr in cultures exposed to
NTX or an equivalent volume of sterile water. Media and compounds were replaced
daily. Data represent means ± SEM from at least two aliquots/well and three
wells/treatment group. Significantly different from sterile water-treated controls at
**P<0.01 or ***P<0.001. (C) Cell number at 72 hr in cultures exposed to OGF or an
equivalent volume of sterile water. Media and compounds were replaced daily. Data
represent means ± SEM from at least two aliquots/well and three wells/treatment group.
Significantly different from sterile water-treated controls at **P<0.01 or ***P<0.001. !
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Figure 7. A. Line graph of % Residual Wound in diabetic rats treated with NTX, CTOP,
Nalmefene or Naltrindole at a 10-5M concentration or sterile saline dissolved in moisturizing
cream. Asterisks (*) represent comparisons to DB + NTX wound closure. Significantly
different from DB + NTX at **P<0.01 or ***P<0.001. Data represent means ± SEM for
least 6 wounds from at least 3 rats. B. Line graph of % Residual Wound in normal rats
treated with NTX, CTOP, Nalmefene or Naltrindole at a 10-5M concentration or sterile
saline dissolved in moisturizing cream. Red asterisks (*) represent comparison between
Normal + Vehicle and Normal + Nalmefene wound closure. Significantly different from
Normal + Vehicle at **P<0.01 or ***P<0.001. Blue asterisks (*) represent comparison
between Normal + NTX and Normal + Nalmefene wound closure. Significantly different
from Normal + Vehicle at *P<0.05, **P<0.01 or ***P<0.001.Data represent means ± SEM
for least 6 wounds from at least 3 rats.
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Chapter 5: Naltrexone is an Effective Therapy for Type 2 Diabetic Healing
Impairments

Abstract
Type 2 diabetes (T2D) is associated with impaired cutaneous wound healing, and
can result in ulceration, infection and/or amputation. More than 25 million people in the
U.S. have T2D and are vulnerable to epithelial-related complications. New therapies
regulating altered diabetic pathways are needed. Topical application of the opioid
receptor antagonist naltrexone (NTX) dissolved in moisturizing cream has been shown to
reverse delayed wound closure, and enhances angiogenesis and remodeling of fullthickness wounds in T1D rats. NTX acts though the OGF-OGFr axis to accelerate DNA
synthesis and cell proliferation, and is a potential therapy for nonhealing wounds. In this
study, the genetically obese mouse model db/db and normal C57BL6/J mice received 5
mm diameter circular wounds on their dorsum. Wounds were treated topically 3 times
daily with 10-5 M NTX, or sterile saline, dissolved in moisturizing cream, and
photographed every 2 days. The db/db mice receiving saline had wounds that were 1192% larger than those in normal mice. NTX therapy reduced residual wound size by 1330% between days 8 and 14 compared to vehicle-treated diabetic wounds.
Reepithelialization and DNA synthesis, analyzed by epithelial thickness and BrdU
labeling index, were accelerated in NTX treated wounds. These data indicate that a novel
opioid receptor pathway is impaired under diabetic conditions, and modulation with NTX
can regulate deleterious changes in healing seen in T2D.
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Introduction
In the United States alone, there are over 25 million people with diabetes mellitus.
This accounts for 8.3% of the total population (1). Type 2 diabetes accounts for 90-95%
of all cases on diabetes in the U.S. and involves the development insulin resistance (2,3).
The American Diabetes Association has assessed the annual total cost of diagnosed
diabetes in the United States. It has climbed to $245 billion in 2012 from $174 billion in
2007, when the total cost was last gauged; this represents a 41% increase over five years.
Prescription drugs and therapies for the complications associated with diabetes account
for 18% of total expenditure, with a large component of this total being attributed to
impaired wound healing associated with the disease (4). Impairments in cutaneous wound
healing can result in chronic lesions, ulcers, epithelial erosion and amputation of the
extremities (1,3,5). There are over 170 million people worldwide that have diabetes and
nearly 50% of all patients experience at least one complication of delayed cutaneous
wound healing (1,3,6,7).
Any damage to the integument such as penetrating, blunt or burn injury will
initiate a methodical sequence of events that cumulatively make up the process of wound
healing. Wound healing is the organized movement of specialized cells into the wound
site; it is a dynamic process that restores the anatomical function and continuity to the
tissue. Wounding healing is a continuum of overlapping phases including hemostasis, the
inflammatory phase, the proliferative phase, the formation of granulation tissue and the
remodeling phase. Platelets and inflammatory cells are the first specialized cells to arrive
to the wound site; the initiate the signaling cascade necessary for the recruitment and
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activation of connective tissue cells and the development of new vasculature. These
chemical signaling cascades are carried out by cytokines and growth factors (8-10).
Naltrexone (NTX) is an opioid receptor antagonist that has been shown to
accelerate full-thickness wound healing in T1D rats when applied to wounds topically in
a moisturizing cream vehicle (5,7). It is an exogenous molecule capable of blocking
opioid peptides from binding their associated receptors (11-14). Endogenous opioids,
specifically the opioid growth factor (OGF), have been shown to control cell growth (15).
The OGF-opioid growth factor receptor (OGFr) axis is an endogenous opioid receptor
system that is tonically active, growth determinant, and can be regulated by
administration of NTX (16-18). Decreasing the activity of the inhibitory OGF-OGFr axis
in culture by receptor blockade NTX (28-31), neutralization of OGF by antibodies to
peptide (28,31) or a decrease in OGFr by antisense cDNA or siRNA (28,30,31), have
been shown to increase DNA synthesis and stimulate cell proliferation. Administering
NTX in a high dose (HDN) produces a continuous blockade of opioid receptors to create
an acceleration of DNA synthesis by upregulating p16 and p21. This antagonism stalls
the cell cycle at the G1/S phase (11-24). In the case of this in vivo study, accelerated DNA
synthesis leads to increased cell proliferation and full-thickness wound healing.
This study utilizes a T2D mouse model, the db/db mouse. Mice are homozygous
for a point mutation in the leptin receptor gene. Leptin is an adipose-derived hormone
that regulates energy balance and suppresses food taken by acting in the hypothalamus.
Individual with Type 2 diabetes have high circulating levels of leptin and have been
shown to be leptin-resistant. With impaired leptin signaling, db/db mice lack appetite
suppression signaling in the brain and over consume. Leptin is counterbalanced by the
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hormone ghrelin. Ghrelin is secreted by the stomach and functions as a stimulatory
appetite signal. It has been theorized that the satiety-inducing effects of leptin include the
suppression of ghrelin; both of these signaling pathways are disturbed in obesity and
Type 2 diabetes making the db/db mouse a suitable genetic model of the disease (39).
Not only does the db/db mouse have alterations to meal-initiation and satiety
pathways but also has a genetic background that makes the animals prone to obesity and
Type 2 diabetes. The spontaneous autosomal recessive diabetes mutation was discovered
on the inbred strain C57BLKS/J. This background displays features such as uncontrolled
rise in blood glucose levels and severe depletion of pancreatic islet beta cells. Exogenous
insulin fails to control rises in blood glucose levels. These factors all give rise to an
animal model that resembles Type 2 diabetes in the human condition and avoids chemical
induction of disease such as with the STZ-injected rat model of Type 1 diabetes.
Furthermore, the db/db mouse has been experimentally shown to have delays in fullthickness cutaneous wound healing (32).

Methods and Materials
Animals
For this study, 3 experiments were performed using db/db mice (strain BKS.CgDock7m +/+ Leprdb/J, stock #000700) and normal control mice (strain C57BL6/J, stock
#000664) from Jackson Laboratories (Bar Harbor, ME, USA). Experiment 1 compared
the healing of normal and diabetic mice receiving NTX or control therapy. Ten normal
and 10 db/db mice were wounded for this 20-day study. Experiment 2 compared to
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healing of 9 db/db mice receiving topical NTX 3x/day and 9 db/db mice receiving NTX
1x/day. Experiment 3 investigated NTX’s effect on basal epithelial proliferation. Diabetic
mice are homozygous for the spontaneous diabetes mutation become obese in 3-4 weeks
and have high plasma insulin levels in 10-14 days. The db/db mice display elevated blood
glucose levels in 4-8 weeks and are polyphagic, polydipsic and polyuric. It is known that
this animal model for Type 2 diabetes can manifest myocardial disease, peripheral
neuropathy and delays in wound healing (32). All mice of this study were used between 8
and 12 weeks of age and were individually housed in environmentally controlled room
(temperature 21 ± 0.5 °C, humidity 50 ± 10%, 10-15 air changes per hour, 12 hr
light/dark schedule with no twilight). Mice were provided water and food (2018 Global
Rodent Diet, Teklad, Indianapolis, IN, USA) ad-libitum. All experiments conformed to
NIH guidelines and a protocol approved by The Pennsylvania State University College of
Medicine Institutional Animal Care and Use Committee.

Body Weight and Blood Glucose Measurements
Glucose measurements and body weights were taken prior to the wounding
surgery. Blood glucose levels that were >340 mg/dl indicated a hyperglycemic state in
the db/db mice. If an animal had a blood glucose level >600 mg/dl and the animal was
not feeding or drinking and appeared lethargic it was excluded from the study.

Surgery and Splinting
For all 3 experiments, animals were anesthetized by IP injections of ketamine (60
mg/kg) (Ketaject®, Phoenix Pharmaceutical Inc., St. Joseph, MO), xylazine (10 mg/kg)
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(TranquiVed® Injections, Vedco Inc., St. Joseph, MO), and acepromazine (1 mg/kg)
(Acepromazine Maleate Injection, Vedco Inc., St. Joseph, MO), each animal receiving
0.1-0.2 ml of solution. After anesthesia, an approximately 2 x 5 cm area on the dorsum of
the mouse was shaved using an electric shaver. To ensure complete hair removal,
depilatory cream (Nair®) was applied for 5 min and wiped off using sterile gauze. Two
5-mm full-thickness excisional wounds were created on the dorsum of each animal; one
was positioned on the midline just cranial to the thoracic kyphosis and the second was
positioned just caudal to the thoracic kyphosis. Wounds were created using an Acupunch
(Acuderm Inc., Fort Lauderdale, FL, USA) biopsy punch then dissection was completed
using small surgical scissors to ensure wounds were more standardized. Following
surgical wounding, wounds were treated with an antiseptic. Surgeries were performed
between 0800-1100 hr to lessen the effects of diurnal rhythm on healing. Strapping tape
splints were applied around each individual wound. The hole in the middle of the splint
was created by scoring the strapping tape with a 6-mm diameter Acupunch; the splints
were reinforced with cyanoacrylate (Krazy Glue®) at each corner as described in
methods by Yaojiong and colleagues (33). If the splint had to be replaced more than 3
times during the 20-day study or 2 times during the 7-day BrdU study the animal was left
out of the analysis.

NTX Administration
Approximately 0.1 ml of NTX or control therapy was administered at each
treatment time. NTX, dissolved in a moisturizing cream vehicle (10-3 M NTX solution
created in sterile water was thoroughly mixed into Neutrogena moisturizing cream to
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create a 10-5 M NTX cream) or control cream (0.5 ml of saline mixed into Neutrogena
moisturizing cream) was topically applied immediately after surgery and given at 0900,
1300 and 1800 hr thereafter for the duration of the 14-day treatment period. Each animal
had 1 NTX-treated wound and 1 control-treated wound; it was randomized whether drug
therapy was placed on the cranial or caudal wound.

Photography
Residual wound size was examined using a digital camera mounted on a tripod
located approximately 15 cm above the animal. To individually calibrate measurement of
each wound area, a ruler was photographed adjacent to the wounds. For wound
photography, each animal was placed in a vaporized chamber and sedated with an
oxygen-isofluorene mixture. Photographs were taken immediately after surgery to
represent day 0 measurements and every other day for the remainder of the 14-day
treatment trial. Areal analyses of each wound photo were performed using Image ProPlus
6.2 (Media Cybernetics, Inc., Bethesda, MD) software, and the percent residual wound
was calculated at each day of healing for each mouse.

Euthanasia and Tissue Harvest
Animals were euthanized 3 hr after the second BrdU injection or at 20 days of
healing, and wound tissue was harvested for histological evaluation. Intraperitoneal
injection of 0.2 ml Euthasol® (Virbac AH, Inc, Fort Worth, TX, USA) was utilized as the
means of euthanasia. Following euthanasia, a dissection (2 cm2) was made around each
wound; tissue was removed and skin was cut a second time using a scalpel at the wound
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margin to ensure the proper area of granulation tissue was sectioned and analyzed. Tissue
was fixed and processed for paraffin embedding.

BrdU Injections and Proliferation Indices
Bromodeoxyuridine (BrdU) was utilized to examine proliferation in the basal
epithelium overlaying the newly deposited granulation tissue. On day 6 or 7 after
wounding, 9 db/db mice and 8 C57BL6/J mice were injected with 0.2 ml of BrdU at 6
and 3 hr before euthanasia. Days 6 and 7 were chosen for BrdU analysis because the
wound is still prominent and the proliferative phase for the majority of cell types in the
wound bed is still actively taking place. After euthanasia and tissue harvest, wounded
skin was sectioned at 10 µm and mounted on glass slides. Immunohistochemistry was
completed to visualize BrdU-labeled cells. A primary BrdU antibody (Invitrogen; 1:200)
and mouse monoclonal secondary antibody (Invitrogen; 1:1,000) were utilized in this
experiment. A proliferative index was acquired by determining the number of positive
BrdU-labeled basal epithelial cells out of approximately 65 basal epithelial cells
superficial to the wound site. Analyzing 65 basal epithelial cells encompassed
approximately ( of the epithelium overlying the granulation tissue. A percentage of
proliferating cells was then calculated. Final analyses included BrdU indices from 7
normal C57BL6/J mice and 7 db/db mice.

H&E Histological Evaluation
Hematoxylin and eosin staining was used to analyze epithelial thickness over the
newly deposited granulation tissue of each wound at day 20. Ten micron sections were
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collected for staining and placed on glass slides. In addition, three unwounded normal
and three db/db mice were euthanized and tissue was collected from the dorsal midline
near the site of wounding in order to establish baseline levels for epithelial thickness.
Tissue specimens were visualized at 200x magnification on an Olympus BH2-RFCA
microscope and photographed using Spot Advanced software. Epithelium was measured
over the granulation tissue using Image Pro Plus 6.2 (Media Cybernetics, Inc., Bethesda,
MD) software.

Statistical Analysis
Animal body weights and glucose measurements were evaluated using the
Student’s two-tailed t-test. Unwounded normal and diabetic epithelial thicknesses were
compared using the Student’s two-tailed t-test. Areal measurements for the percent
residual wound, epithelial thicknesses and BrdU labeling indices were analyzed using
analysis of variance (ANOVA) and subsequent planned comparisons were made with the
Newman-Keuls tests.

Results
Body Weight and Blood Glucose Measurements
On average, normal mice weighed 26.1 ± 0.6 g and the db/db mice weighed
significantly more, being approximately 47.8 ± 0.4 g prior to the wounding procedure.
The diabetic mice had approximately a 1.8-fold increase in body weight (Figure 1a).
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Diabetic mice were all hyperglycemic prior to wounding, having blood glucose levels
>340mg/dl (Figure 1b).

Full-thickness Wound Closure
In the first experiment on full-thickness wound closure, normal and db/db animals
were wounded, splinted and their residual wound areas were recorded. The db/db + NTX
mice had significantly smaller wounds compared to db/db + Vehicle mice on days 4, 6, 8,
10, 12 and 14 (Figure 2). Over the 14 days of treatment, only normal mice, receiving
NTX or control treatment, reached complete wound closure (Figure 3a). Normal + NTX
closure rates were not included in Figure 3a because it did not significantly differ from
the closure of Normal + Vehicle wounds. Normal + Vehicle and Normal +NTX residual
wound sizes did not differ on any day analyzed. By day 14, db/db + Vehicle animals only
reached 50% complete closure. The db/db + NTX animals had a significantly smaller
wound compared to the db/db + Vehicle animals; NTX-treated diabetics had a residual
wound that was 35% of the original wound size by day 14 (Figure 3a). Throughout the
14-day study, db/db + Vehicle mice had wounds that were 11-92% larger than those in
normal mice. NTX therapy reduced residual wound size by 13-30% between days 8 and
14 compared to db/db + Vehicle mice (Figure 3a).
The second experiment that charted wound closure was performed on only db/db
mice to determine if NTX 1x/day could be equally efficacious as NTX 3x/day at
accelerating wound closure. On each day analyzed, db/db mice treated 3x/day with NTX
had the smallest residual wound and those treated 1x/day had the largest residual wound
remaining. By day 14, wounds receiving NTX 3x/day had a residual wound that was
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approximately 60% of the original wound. Wounds receiving only control moisturizing
cream had approximately 74% of the original wound present. The largest wounds on day
14 were treated with NTX 1x/day. On average, wounds treated with NTX 1x/day had
79% of the original wound present on day 14. As seen in the first closure experiment,
db/db mice treated 3x/day with NTX were significantly smaller than control-treated
wounds on days 4, 6, 8, 10, 12 and 14 (Figure 3b).

Histological Evaluation: Reepithelialization
Tissue sections were stained with H&E to measure the epithelial thickness over
the granulation tissue after 20 days of healing and in unwounded skin. Unwounded skin
in normal and diabetic mice differed significantly; normal mice had epithelium that was
approximately 17 µm thick whereas db/db mice had epithelium that was approximately
43 µm thick. Given unwounded skin was not comparable, db/db + Vehicle and db/db +
NTX residual wounds were compared and Normal + Vehicle and Normal + NTX were
compared. Normal wounds treated with NTX had significantly thicker epithelium
compared to normal wounds treated with control cream. Epithelium of Normal + NTX
wounds was 1.7 fold thicker. Diabetic wounds treated with NTX had significantly thicker
epithelium compared to diabetic wounds treated with control cream. Epithelium of db/db
+ NTX wounds was approximately 1.5 fold thicker (Figure 4).

Immunohistological Evaluation: Proliferation
Evaluation of the BrdU-labeling indices for normal animals revealed that controltreated and NTX-treated wounds had comparable proliferation rates in the basal
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epithelium, around 43% of the basal cells were in the synthesis phase. Diabetic wounds
treated with NTX were not significantly different from normal C57BL6/J in their
proliferative indices (approximately 52%) whereas diabetic wounds treated with control
moisturizing cream had a proliferative index of approximately 19% (Figure 5).

Discussion
Diabetic ulcers are difficult to heal and are associated with a great amount of
morbidity and disability in the diabetic population. Delayed wound closure and healing
makes diabetic patients vulnerable to more serious complications such as infection and
amputation (2,34-36). In this study, a mouse model of Type 2 diabetes was utilized to
determine in NTX, an opioid receptor antagonist, is capable of accelerating wound
healing. It has already been shown that NTX can increase the rate of wound closure and
healing in a Type 1 diabetes animal model (5,6,16). This experiment aimed to determine
if NTX would also be an appropriate and efficacious therapy for non-healing diabetic
ulcers seen in the individuals with Type 2 diabetes, who comprise 90-95% of the human
diabetic population (1). Mice with a spontaneous diabetes mutation were wounded and
topically treated with NTX in a moisturizing cream vehicle. Wound tissue was harvested
and reepithelialization and proliferation in the basal epithelium was analyzed.
As previously reported, the excisional wound-splinting model that was
implemented prevented skin contraction and allowed wounds to heal through granulation
tissue deposition and reepithelialization (33,37). This model resulted in uniform closure
of cutaneous wounds by decreasing the amount of healing variation due to contraction
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and wound dressings. This study showed that NTX was capable of significantly
accelerating wound closure by approximately 14% in db/db mice compared to wounds on
db/db mice treated with control moisturizing cream. Although, db/db + NTX wounds did
not heal quite as quickly as normal animals that reached complete wound closure by day
14, the improvement was notable. Although the splinting model minimized contraction, it
is not capable of completely preventing it. A thick layer of subcutaneous fat on the
dorsum is present on all db/db mice and potentially keeps the skin more taut. Normal
mice lack this layer of fat, therefore the experimental error arising from contraction could
be greater in normal C57BL6/J mice compared to obese db/db mice.
When this study is repeated, C57BLKS/J mice would be a more appropriate
control. The spontaneous autosomal recessive diabetes mutation was discovered in the
inbred strain C57BLKS/J, and the phenotype associated with the Leprdb mutation is more
severe is the C57BLKS/J stain compared to the C57BL6/J strain (32). C57BLKS/J is
closely related to C57BL6/J, although Slingsby et al. reported that the C57BLKS/J
genome was only 71% derived from C57BL6/J. Additionally, the strain is composed of
25% DBA/2J and 4% from C57BL10/J and potentially other undefined sources (40). The
strains have important differences in phenotype that makes the C57BLKS/J strain
necessary for the most accurate comparison between diabetic and normal healing. The
C57BLKS/J mice have more severe diet-induced atherosclerotic lesions, a relatively high
percentage of reticulocytes per total number of erythrocytes and high white blood cell
count per volume. This strain has a high percentage of lymphocytes and basophils and a
low percentage of neutrophils per total number of leukocytes (32). Differences in
immune cell proportions can greatly alter the inflammatory phase of healing and could
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have changed the course of inflammation in the db/db mouse in a way that the C57BL6/J
strain does not experience.
As anticipated, NTX 3x/day produced an acceleration of wound closure. We
investigated if NTX could be used 1x/day and achieve the same healing results as three
individual treatments. This would greatly increase patient compliance if NTX could to be
used as a topical therapy for diabetic ulcers in humans. Unfortunately, application of
NTX 1x/day appeared to have a deleterious effect on wound closure, causing the wounds
to heal even more slowly than untreated, diabetic wounds. Studies on neuroblastoma
xenografts completed by Zagon and colleagues showed that a low dose of NTX (LDN,
0.1 mg/kg) was capable of decreasing tumor incidence, delay tumor incidence and
increase animal survival. This study along with hot plate testing on mice treated with
morphine (20) demonstrated that a low dose of NTX has an antiproliferative effect and is
dependent on duration of opioid receptor blockade. It appears as though treatment with
NTX 1x/day mimics effects of LDN. NTX 1x/day decreases the amount of time opioid
receptors are blocked from interfacing opioid peptides compared to NTX 3x/day,
producing a decrease in cell proliferation and wound healing.
Histological evaluation of normal and diabetic wounds using H&E staining and
BrdU immunohistochemistry revealed interesting results. When epithelial thickness was
measured at day 20, there were significant increases in thickness with NTX application in
both normal and diabetic wounds. However, looking at proliferative indices at day 6 and
7, Normal + NTX wounds did not have a significant increase of cells in the synthesis
phase while db/db + NTX wounds had an acceleration. This disparity could be due to the
overall delay in healing events seen in diabetic individuals. The proliferative phase of
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healing is typically initiated promptly in the healing process and can commence as early
as 24 hr post-injury and continue into the remodeling phase (38). Major proliferative
events in normal animals could have taken place prior to day 6 and 7 and therefore
significant changes with NTX treatment were not noted.
Since diabetic humans and research animals are shown to have higher levels of
enkephalins, especially the inhibitory peptide [Met5]-enkephalin (OGF), the use of the
potent opioid receptor antagonist NTX could provide a novel therapy to target
pathophysiology of proliferative events in diabetic patients. When OGF interfaces its
receptor, OGFr, an inhibition of DNA synthesis and cell proliferation takes place.
Blockade with NTX can reverse this inhibition and accelerate diabetic wound healing in
Type 2 diabetic individuals.
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Figures and Figure Legends

Figure 1. The body weights and glucose levels of diabetic (db/db) and normal (C57BL6/J)
adult male mice at day 0 of the study. Animals were between 8-12 weeks. (A) Body
weights were recorded prior to wounding surgery. (B) Blood glucose levels were assessed
before surgery. Values represent means ± SEM for 10-12 animals/group. Significantly
different from Normal values at P < 0.001 (***).
!
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Figure 2. Photographs of full-thickness wounds following application of topical NTX
to Normal (C57BL6/J) and diabetic (db/db) mice. Wounds were created on the dorsum
and treated 3 times daily with either 10-5 M NTX (NTX) or saline (Vehicle) dissolved in
Neutrogena moisturizing cream. Photographs were taken immediately after surgery
(day 0) and every other day for 14 days. Bar = 5 mm.
!
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Figure 3. Full-thickness wound closure following application of topical NTX to
Normal (C57BL6/J) and db/db mice. (A) Histograms of residual defects (%) of 5 mm
wounds treated with either NTX or Vehicle over a 14-day period of time. Significantly
different from Normal + Vehicle measurements at P < 0.01 (**) and P < 0.001 (***).
Red asterisks represent comparisons between Normal + Vehicle and db/db + Vehicle.
Green asterisks represent comparisons between Normal + Vehicle and db/db + NTX.
NTX-treated diabetic mice (db/db + NTX) significantly different from db/db + Vehicle
group at P<0.001 (+), P<0.01 (++) and P<0.001 (+++). Values represent mean ± SEM.
(B) Histograms of residual defects (%) of 5 mm wounds. Compares wound closure of
Normal + Vehicle wounds, db/db + NTX 1x/day or db/db + NTX 3x/day wounds over a
14-day period of time. Significantly different from Normal + Vehicle measurements at P
< 0.05 (*), P < 0.01 (**) and P < 0.001 (***). Green asterisks represent comparisons
between Normal + Vehicle and db/db + NTX 1x/day. Blue asterisks represent
comparisons between Normal + Vehicle and db/db + NTX 3x/day. db/db + NTX 3x/day
significantly different from db/db + NTX 1x/day group at P<0.001 (+) and P<0.001
(+++). Values represent mean ± SEM.
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Figure 4. Epithelial thicknesses over the granulation tissue of Normal (C57BL6/J) and
diabetic (db/db) mice after 14 days of treatment with NTX 3x/day or saline (Vehicle)
dissolved in Neutrogena moisturizing cream. (A) Histogram of epithelial thickness (µm)
in Normal and db/db unwounded skin. Significantly different from Normal measurements
at P< 0.001 (***). Values represent mean ± SEM. (B) Histograms of epithelial thickness
(µm) in Normal and db/db wounded skin. NTX-treated wounds were compared to
Vehicle-treated wounds in their respective treatment group (Normal or db/db).
Significantly different from Normal measurements at P < 0.001 (***). Values represent
mean ± SEM. (C) Photomicrographs stained with H&E of Normal and db/db epithelium
treated with either NTX or Vehicle for 14 days. Images taken at 200x magnification. Bar
= 25 µm.
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different from Normal + Vehicle measurements at P< 0.001 (***). Values represent mean
± SEM. NTX-treated diabetic wounds (db/db + NTX) significantly different from db/db +
Vehicle measurements at P< 0.001 (***). (B) Photomicrographs of Normal and db/db
epithelium treated with either NTX or Vehicle for 14 days. Histological specimens were
subjected to a standard BrdU immunohistochemistry protocol. Images taken at 200x
magnification.
Bar = 25 µm.
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Chapter 6: Discussion
6.1 Summary
This dissertation establishes the hypothesis that topical treatment of full-thickness
wounds with the opioid receptor antagonist NTX can facilitate wound closure and healing
in diabetic research animals. Previous work by our laboratory determined the optimum
vehicle and dose of NTX that is capable of accelerating wound closure in a Type 1
diabetic (T1D) rat model (1). Studies have been completed that determine the
mechanism of NTX’s action, the specificity of NTX for particular opioid receptors and
the forms of diabetic healing impairment capable of being modulated with topical NTX
therapy. The first specific aim determined that in a T1D animal model NTX increased the
quantity of blood vessels in the granulation tissue positive for angiogenic factors FGF-2
and VEGF. In NTX-treated, diabetic animals, angiogenesis was initiated earlier in the
healing process and reached levels equivalent to normal animals. The second specific aim
investigated long-term remodeling in the same STZ-injected Type 1 diabetic animal
model. Diabetic wounds receiving topical NTX displayed more collagen reorganization
and realignment compared to their control-treated littermates. There were no deleterious
changes such as accumulation of exuberant granulation tissue or epithelial erosion seen in
the newly deposited stroma or the peripheral, unwounded skin. Topical NTX therapy
increased the tensile strength associated with the wound bed by accelerating the
appearance and remodeling of collagen in the injured tissue. The third specific aim
investigated NTX’s specificity for opioid receptors. It was determined by tissue culture
work that the acceleration in fibroblast cell proliferation is associated with continuous
antagonism of the OGFr and not classical opioid receptors µ, $ and %. The fourth specific
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aim of this work investigated NTX’s efficaciousness as a therapy for healing
complications of Type 2 diabetes (T2D). 90-95% of the diabetic population in the United
States has T2D therefore, the fourth specific aim of this work investigates NTX’s
efficaciousness in a Type 2 diabetic model (2-6). NTX was shown to have the ability to
increase wound closure, reepithelialization and epithelial proliferation in genetically T2D
animals.

6.2 Diabetes Mellitus Alters All Phases of Full-thickness Wound Repair and NTX
Ameliorates These Alterations.
Changes in every phase of wound repair are noted in animals with diabetes
(Figure 1). Figure 1 indicates an elongation of the inflammatory phase with diabetes.
Extension of the inflammatory phase delays when the proliferative phase of wound
healing can commence. The proliferative phase begins later and continues for a longer
duration of time with diabetes. Given the proliferative phase is slowed, it takes
angiogenesis longer to initiate and conclude in diabetic wounds. The delay in
angiogenesis is extrapolated to a delay in the remodeling phase. Collagen requires more
time to mature and reorganize in a diabetic wound (Figure 1). Evidence suggests that
many of these changes in diabetic wound healing are based on an antiproliferative effect.
Although it warrants further investigation, histological evaluation of mast cell content at
the wound margin showed a significant decrease in the number of cells in diabetic rats
(37). Mast cells are recruited to the site of damage and are present in the dermal tissue
prior to injury. A lack of mast cells in diabetic skin could have a large role in the delayed
inflammatory phase that has been documented by many investigators (7-14).
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Administration of topical NTX to cutaneous full-thickness wounds results in increased
number of mast cells at the margins of diabetic wounds early in the healing process. This
suggests NTX accelerated early proliferative events to complete the inflammatory phase
quickly and begin the proliferative phase sooner than diabetic wounds not receiving
therapy (Figure 2).
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It is known that NTX’s mechanism of action involves the OGF-OGFr axis, an
inhibitory axis associated with growth properties. Therefore, it was expected that the
proliferative phase of wound repair would be altered by NTX antagonism. The
proliferative phase of wound healing begins as early as 24 hr after injury and extends
until the process of reepithelialization is complete. This phase of wound healing includes
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events such as synthesis and proliferation of epithelial and fibroblast cells, deposition of
granulation tissue and angiogenesis (8,15-17). The first aim of this thesis determined that
NTX could alter the degree of vascularization in full-thickness diabetic wounds.
Accelerating the early proliferation of epithelial and fibroblast cells led to an early onset
of angiogenesis. As early as day 3 in the healing process, increases in blood vessels
positively labeled for FGF-2, an initiator of angiogenesis, were noted in NTX-treated
diabetic wounds (Figure 2). Vasculature that was slightly more mature, having
endothelial cells positively expressing VEGF, were in higher yield in NTX-treated
diabetic wounds compared to wounds treated with control moisturizing cream.
Proliferation in the epithelium over a wound site in T1D Sprague Dawley rats was
significantly reduced by 44% compared to non-diabetic littermates. Increases in
proliferation were noted in the basal epithelium of diabetic rats that received topical NTX
administration 3x/day (1). Studies in this thesis reveal similar alterations to the
proliferative BrdU-labeling index but, in the T2D db/db mouse. These data reinforce that
NTX could be a therapy for diabetics with metabolic problems of Type 1 or Type 2
diabetes mellitus. Tissue culture work completed for the third specific aim of this thesis
demonstrated that cell proliferation could be altered in immortalized and primary
populations of fibroblasts cells. Administration of NTX to fibroblast cultures increased
cell proliferation 26-34%. Increases in early proliferative events seen with NTX
administration aid in completing the proliferative phase of healing faster; angiogenesis
and remodeling in full-thickness wounds can begin hours or days earlier with topical
application of NTX (Figure 2).
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The remodeling phase of wound healing was significantly accelerated with NTX
administration to wounds of T1D rats. At 20 days post-wounding, T1D vehicle-treated
wounds had approximately 2% mature collagen in the wound bed. Normal vehicle-treated
and NTX-treated diabetic wounds had 20-30% mature collagen. After 60 days of healing
and 20 days of topical NTX therapy, T1D wounds had less than 10% mature collagen
whereas normal and NTX-treated diabetic wounds possessed greater than 40% mature
collagen. This histological observation was consistent with tensile strength testing of
normal and diabetic wounds. NTX-treated diabetic wounds had comparable tensile
strengths to normal wounds. Topical NTX treatment allowed the remodeling phase of
wound healing to begin earlier (Figure 2).

6.3 Diabetes Impairs Early Proliferative Events to Delay Later Phases of Healing
Evaluation of wounds from Type 1 diabetic animals on days 15 and 20 following
surgery showed that the number of blood vessels with FGF-2, VEGF and #-SMA positive
staining returned to levels comparable to normal, control-treated wounds. This suggests
that there are initial delays in the proliferative phase of wound healing in the diabetic
animals but there appears to be an eventual compensation. This finding is consistent with
results from specific aims 3 and 4. Epithelial and fibroblast cells, cell types that are
capable of proliferation within the initial days of healing (8,15,16), could be the specific
cell types altered by impaired diabetic growth pathways. The delayed onset and
decreased expression of angiogenesis markers, potentially due to an antiproliferative
effect on epithelial and fibroblast cells under diabetic conditions, appears to invoke
complications in the angiogenesis and the remodeling process. Early impairments in
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healing associated with diabetes stall the entire continuum of healing and data suggest
NTX normalizes these changes.
It was demonstrated that Type 1 and Type 2 diabetic wounds have decreases in
proliferative indices of the basal epithelium during reepithelialization. Topical NTX
elevated the BrdU labeling index in the basal epithelium over the wound site by 85-147%
in the STZ-injected Type 1 diabetic rat model (1). In the Type 2 diabetic db/db mouse
model, NTX increased the BrdU labeling index by approximately 33% in the basal
epithelium over the wound site. This increase produced an epithelium that was
approximately 1.5 times thicker than diabetic vehicle-treated epithelium. In tissue culture
studies, NTX was capable of increasing proliferation of NIH 3T3 fibroblasts by 18-35%
and primary fibroblasts by 33-39% over 72 hr. The proliferation and action of these cell
types are dysregulated in diabetic conditions and these findings suggest that epithelial
cells and fibroblast cells are key cell types associated with NTX’s mechanism of action
(38-42). Differences in normal and diabetic proliferation, as determined by BrdU or Ki67
labeling, were not observed in inflammatory cell types or cell types associated with
angiogenesis (i.e. endothelial cells, smooth muscle cells).

6.4 Naltrexone’s Potential as a Clinical Therapy
To date there are no therapies for impairments in wound healing that are
efficacious in the entire diabetic population. Even the most superficial wounds are
difficult to treat, have high rates of complication and poor healing outcomes (24). Many
advanced technologies have been developed and trialed yet they have proven to be no
more beneficial than basic care consisting of debridement and off loading (24-26).
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Topical application of the opioid receptor antagonist NTX to non-healing wounds,
especially diabetic foot ulcers (DFUs), could accelerate the proliferation of epithelial and
fibroblast cells to accelerate angiogenesis, remodeling and overall, the healing of diabetic
wounds.

6.4.1 Lack of Toxicity
NTX has been shown to be non-toxic in clinical and laboratory trials. In 1984, the
FDA approved oral administration of NTX for individuals with alcohol and opiate
addiction (27). Low dose naltrexone (LDN) was approved and utilized orally in clinical
trials for several diseases. In a trial to determine if NTX would be an effective oral
therapy for Crohn’s disease there were no noted laboratory abnormalities. Patients also
reported improvements in quality of life surveys, implying there were no serious side
effects or discomfort. A 6 month clinical trial of orally delivered LDN in the treatment of
primary progressive multiple sclerosis was completed in 2007. Out of the 35 patients that
completed the study, only 2 had severe adverse effects that were presumably due to
preexisting conditions and smoking. Of the remaining participants, the most common
adverse events were minor and included irritability, hematological abnormalities and
urinary infection. These side effects were tolerated and disappeared at treatment
termination (29). Although these trials utilized NTX in a low dose by oral administration
it does not imply that a high dose, topical expose to the drug would be deleterious to a
patients health.
Animal studies on corneal wound healing suggest that a high dose or continuous
expose to NTX would be non-toxic to human patients. When NTX was applied in a high
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dose to normal rodent and rabbit eyes with corneal abrasions there were no impairments
in healing (30-34). Diabetic rats can display lesions after corneal wounding represented
by exuberant granulation tissue and neovascularization. NTX prevented the presentation
of these lesions and did not generate pathology in the cornea or sclera (35). Intraocular
pressure, corneal thickness, endothelial cell number, epithelial apoptosis/necrosis and
corneal organization were not altered with topical NTX therapy (36). A phase I clinical
trial was completed at Milton S. Hershey Medical Center’s Ophthalmology Department
using NTX as a therapy for dry eye. Topical NTX was approved by the FDA as an eye
drop for dry eye; no complications were noted with use during the trial (in press, 2014).
Animal studies on cutaneous wound healing suggest that high dose NTX would
be non-toxic if utilized as a therapy for diabetic ulcers. Continuous NTX has not been
shown to slow wound closure, reepithelialization, angiogenesis or wound remodeling
(1,19,37). Following a 20-day treatment period with high dose NTX, there were no
alterations to the skin’s integrity after two months of healing. The tensile strength and
collagen maturation of the wound bed was enhanced. After healing for 2 months, animals
then received a second wounding surgery directly on the original wound site. These
wounds healed at the same rate as the control-treated wounds from the first surgery
implying NTX did not create a permanent change in the skin after 20 days of use.
Wounds treated with NTX during the first healing period were allowed to heal without
therapy during the second healing period. Secondary wounds did not have accelerations
or decelerations in wound closure suggesting that NTX’s action is reversible and nontoxic (19).
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6.4.2 Efficacy
Topical treatment of full-thickness wounds with NTX appears to enhance
proliferative events on a number of levels in Type 1 diabetes and potentially in normal
healing processes. In animal studies, NTX has been shown to be efficacious in
accelerating wound closure in the cornea and in the skin. Wound area was decreased with
topical NTX administration as early as 24 hr in the cornea and day 2 in the skin (1,19,3037). In the STZ-injected rat model, topical application of NTX to full-thickness wounds
was capable of accelerating wound closure in normal and diabetic animals. There was a
6-26% reduction in wound size for normal animals treated topically with NTX compared
to animals receiving control treatments. This reduction was even larger in diabetic
animals. Diabetic NTX-treated wounds displayed a 5-88% reduction in wound size
compared to control-treated wounds between days 2 and 16. NTX was the most
efficacious in diabetic animals: diabetic NTX-treated wounds were significantly small
than normal, vehicle-treated wounds on days 4 and 8. Diabetic vehicle-treated wounds
did not reach closure until day 18. With NTX therapy, wounds closed at approximately
day 14, similar to normal wounds treated with either NTX or control therapy. This
suggests that pathways associated with opioid receptors and growth regulation are altered
in the diabetic state and NTX is able to normalize these signaling pathways to improve
wound healing outcomes.
Histologically, these studies show that NTX was efficacious in normalizing
diabetic wound repair. Not only was gross wound closure accelerated with NTX
treatment but alterations to angiogenesis in the granulation tissue were also noted.
Angiogenesis was initiated earlier in the healing process in diabetic NTX-treated wounds
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compared to diabetic, control-treated wounds. On day 3, there was a 4-fold increase in
FGF-2 positive blood vessels in the granulation tissue of diabetic NTX-treated wounds
compared to diabetic wounds treated with control therapy. On days 3, 8 and 10, the
diabetic NTX-treated wounds did not differ in their degree of vascularization compared
to normal wounds treated with control and NTX therapy. On day 5, diabetic NTX-treated
wounds had a significant increase in FGF-2 positive blood vessels compared to normal,
control-treated wounds. Blood vessel content did not differ from normal, NTX-treated
blood vessel content and this increase did not produce any notable gross or histological
pathology. Overall, NTX normalized the initiation of angiogenesis in diabetic wounds
and ameliorated the lag in vascular development seen in diabetic, control-treated wounds.
Over the first 10 days of histological analysis, the expression of VEGF and the
number of #-SMA positively stained blood vessels were reduced in diabetic, controltreated wounds. By day 3, VEGF positive endothelial cells were noted in approximately
45 vessels per area examined in both the normal and diabetic NTX-treated wounds in
comparison to the 14 VEGF positive vessels per area examined in the diabetic vehicletreated animals. By day 8, normal and diabetic NTX-treated wounds all had comparable
amounts of VEGF positive blood vessels in the granulation tissue. Diabetic, controltreated wounds did not reach the level of VEGF expression seen in normal animals within
the 10-day time frame analyzed. On days 3, 5, 8 and 10, there were as many as 2-fold
more #-smooth muscle actin positive blood vessels in diabetic wounds treated with NTX
compared to control cream. These findings support the fact that diabetic animals have
alterations to proliferative pathways and NTX is capable of normalizing these
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impairments to allow diabetic granulation tissue to develop and remodel similarly to
normal wounds.
Studies on the remodeling phase determined that reorganization of the wound bed
was enhanced with NTX therapy yet the integrity of the skin was not compromised. At
day 20, diabetic, control-treated wounds had less than 2% mature collagen in the
granulation tissue. Normal and NTX-treated, diabetic wounds had approximately 20-30%
mature collagen. At day 60, diabetic wounds had less than 10% mature collagen whereas
normal and NTX-treated, diabetic wounds had greater than 40% mature collagen. By
correcting early proliferative impairments in diabetic full-thickness wound healing,
remodeling was shifted back towards normal progression.

6.4.3 Naltrexone Fills an Unmet Need for an Effective Topical Therapy
The rise in diabetes and lower limb amputations worldwide emphasizes the need
for developing new therapies for diabetic healing complications. There are many
treatment options that have not been thoroughly proven efficacious or are not successful
therapies for the whole population. Therapy development is complicated because
treatment regiments are dependent on the cause of the ulcer. Neuropathy, external
trauma, peripheral vascular disease and abnormal foot biomechanics are typical causal
agents. For “low grade” ulcers, debridement, dressings and off-loading along with broadspectrum antibiotics are the typical treatment regiment. Methods to promote skin closure
such as skin grafts, wound bed modulators, new debridement and off-loading techniques,
various dressings and growth factor application are at the forefront of medical research
(43).
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The value of many experimental therapeutics currently in use is unclear.
Promogran™, a collagen/oxidized regenerated cellulose dressing modifies the wounded
site by reducing protease activity that is typically elevated with diabetes. A recent clinical
trial comparing Promogran™ to standard diabetic ulcer treatment showed the dressing to
be “comparable to moistened gauze in promoting wound healing” (43). There is no
consistent or reliable evidence that hyperbaric oxygen aids in wound healing (44).
Clinical trials using subatmospheric pressure dressings and alginate dressings had low
participation and were overall poor evidence for the efficacy of these therapies. Only
when applied to small, non-ischemic, non-infected wounds were cultured human dermis
(Dermagraft™) and bioengineered skin substitutes (Apligraf™/Graftskin™) effective at
closing non-healing diabetic ulcers (43).
Many of these therapies would be difficult for patients to manage themselves.
Some subatmospheric pressure dressings and hyperbaric oxygen therapy must be
maintained at the clinic and can become ineffective due to patient compliance.
Unfortunately, diabetic patients are known to miss visits to the clinic and dressing
changes and will ignore the need for off-loading practices (43). There is an unmet need
for a therapy that is easy to use, cost efficient and can be maintained outside of the clinic.
Topical NTX has been shown to be efficacious in a moisturizing cream vehicle, does not
require a dressing and could easily be reapplied by patients throughout the day.

6.5 Future Directions
All specific aims of this thesis work could be elaborated on for a more complete
understanding of the role of opioid receptors in diabetic wound healing. Preliminary
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studies on angiogenesis were performed that warrant continuation. Western blot analysis
revealed that VEGF was present in greater quantity in the wound site of diabetic rats at
23 days post-wounding compared to normal rats. VEGF is expressed early in the
proliferative phase and its presence at day 23 confirms the lag in angiogenesis seen in
diabetic healing. As a future direction, western blot analysis of protein extracted from rat
wounds should be performed to determine the amount of angiogenic markers in normal
and diabetic wounds treated with NTX and control therapy. Based on histological
evaluations, expression of markers such as FGF-2 and VEGF would presumably be
comparable in NTX-treated, diabetic wounds and normal wounds between days 3 and 10
of the healing process.
The remodeling process studied in specific aim 2 can be evaluated by several
other techniques. Endogenous proteases, specifically matrix metalloproteinases (MMPs),
are responsible for pruning the extracellular matrix for ingrowth of new vessels. To date,
our laboratory’s study of MMPs in full-thickness diabetic wound healing is minimal and
limited to histological evaluation. Gel zymography can be performed to determine the
activity of MMPs in animal wound samples. Based on preliminary histological
experiments, diabetic wounds treated with NTX should have comparable levels of
enzyme expression as normal specimens. It has been published that remodeling is
enhanced at day 20 post-wounding with NTX treatment (20) but this change could be
evoked earlier in the healing process. Similar analyses of collagen maturation and tensile
strength should be completed at days 10 and 15 to determine how quickly NTX is
capable of enhancing the reorganization of the granulation tissue. If the enhanced
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remodeling can be achieved with fewer treatment days, this could increase the likelihood
for future patient compliance.
Specific aim 3 determined that proliferation of fibroblast cells is capable of being
altered by NTX therapy. This in vitro work should be elaborated on using animal studies
to determine if fibroblast proliferation is altered with topical NTX treatment in vivo.
Double-labeling histological studies utilizing antibodies for Ki67 and Vimentin should be
completed in the early phases of healing. This will determine if fibroblasts in the
granulation tissue are proliferating at an accelerated rate compared to wounds treated
with control therapy.
Specific aim 4 utilized db/db mice as an animal model for diabetic wound healing
and could be expanded on to include an analysis of angiogenesis. The same histological
continuum of vascular development implemented in rat studies can be completed in
mouse tissue. Although this animal model looks more closely at the reepithelialization
process, angiogenesis is potentially altered. If histological evaluation proves to be similar
to the results seen in specific aim 1, western blot analysis for angiogenic markers should
be completed. Analysis of the protein content for specific markers such as FGF-2 and
VEGF will lead to a better understanding of the spatial and temporal course of
angiogenesis in Type 2 diabetes. NTX-treated wounds will presumably have elevated
levels of signaling proteins associated with angiogenesis compared to control-treated
wounds.
In the majority of wound healing studies performed by our laboratory, cutaneous
full-thickness wounds were placed on the dorsum of the animal. Typically, individuals
with diabetes acquire non-healing wounds on their lower limbs, especially on the foot. In
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1996, our laboratory completed a study in normal rats where wounding was surgically
performed on the dorsal and plantar surface of the foot. Only closure rates and epithelial
proliferative indices were determined. This wounding model is closely related to the
clinical presentation of diabetic foot ulcers. Sprague Dawley rats injected with STZ are
known to experience peripheral neuropathy (20-22). Peripheral neuropathy increases the
likelihood of re-injury and abrasion of diabetic foot ulcers. Diabetic rats with plantar
wounds will mimic diabetic patients in the sense that their wounds will be on a weightbearing appendage, they will be prone to epithelial erosion and delayed healing and will
have neuropathy in the foot. If diabetic wounds display closure delays and NTX is shown
to be an effective way to ameliorate these impairments, histological evaluation of
reepithelialization and vascularization is the next sensible step.
Given there is no perfect model to simulate a human disease state, it is important
to utilize multiple models to elicit potential drug complications. To date, our laboratory
has only experimented with NTX therapy in full-thickness wounds of the skin. There are
many ways a patient with diabetes can experience cutaneous injury. Administration of
NTX to incisional, radiation and burn wounds could be investigated. It is estimated that
there are over 450,000 burn injuries that require medical treatment per year in the U.S.
and a subset of these individuals have diabetes (23). Diabetic patients with burn injury
can experience the same delays in healing associated with full-thickness wounds but
occurrence of this injury is more prevalent.
Patient compliance is a major obstacle in the treatment of non-healing diabetic
wounds and stringent therapy regimens are unlikely to be carried out properly without
hospital aid. Based on current knowledge, NTX must be administered 3x/day to achieve
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acceleration of wound healing. Our laboratory has completed preliminary studies using
bandages impregnated with NTX on Type 1 diabetic full-thickness rat wounds. These
patches deliver a continuous supply of NTX and would theoretically only require a
bandage change once a day. A full-scale study on closure, reepithelialization,
angiogenesis and remodeling in diabetic wounds bandaged with NTX-impregnated
patches warrants completion due to the large patient benefit. Prior to clinic trial, OGFr
expression in human diabetic ulcer tissue should be verified by immunofluorescence and
western blotting techniques.
In summary, topical NTX accelerates proliferation of many cell types. In animal
models of full-thickness diabetic wound healing, epithelial and fibroblast cells appears to
be the major targets. This dissertation determined epithelial and fibroblast cells were
specific targets of NTX therapy and represent a mechanism to its action in full-thickness
diabetic wounds. By accelerating early proliferative events, such as replication of the
epithelium and connective tissue, healing of diabetic wounds was normalized. Increasing
proliferation of the basal epithelial cells allows the wound to close quicker, reducing the
chance of infection. Accelerating the proliferation of fibroblast cells increases contraction
of the wound, deposition of new stroma and remodeling. Having such a large role in
cutaneous wound healing, fibroblasts are most likely the critical cell type involved in
accelerating wound healing with NTX therapy. These early increases in proliferation
during healing accelerate the wound healing continuum (Figure 1) allowing for
angiogenesis to be initiated and completed earlier in the healing process. The early
completion of angiogenesis produced a more remodeled wound bed with greater amounts
of collagen maturation. Developing therapies that accelerate the healing process in
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diabetic patients are crucial due to the lack of an efficacious treatment for non-healing
diabetic wounds. With further study, NTX could be an easy and affordable topical
treatment for full-thickness diabetic wounds and could relieve a lot of morbidity and
mortality associated with the complications of diabetes mellitus.
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