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INTRODUCTION

Statement of the Problem

Despite current medical advances, diabetes mellitus remains one of the leading
causes of death. Millions of people are affected by diabetes and millions more are either
undiagnosed or pre-diabetic. It is well-documented that individuals with this condition
have delayed wound healing and an increased susceptibility to infections. Implicated in
the pathogenesis of impaired wound healing of diabetics is an abnormal angiogenic
response. 1 Diabetic patients have been shown to have less coronary collateral vessel
circulation compared to non-diabetic controls? One of the key factors associated with
successful wound healing in regenerative periodontal therapy is the ability to achieve an
adequate and functional blood supply. Much research has gone into analyzing factors
that may enhance the wound healing potential in diabetic patients.

However, the

underlying genetic basis of these differences in wound healing is still poorly understood.
Important questions to be answered in this study are 1) Is angiogenesis altered in diabetic
skin flap healing compared to non-diabetic controls; 2) Is the direction of change toward
greater or lesser angiogenesis, and 3) Importantly, what genes are most affected? The
modified McFarlane flap helps to generate a predictable skin flap model characterized by

1

2

areas of avascularity, which may also include avascular tissue, an area of stasis and an
area with blood flow, thereby allowing us to study the pattern of gene expression in these
three physiological zones over time, using a streptozotocin-induced type I diabetic rodent
model.

Significance

Angiogenesis, defined as the formation of new blood vessels from the pre-existing
blood supply, is a well-orchestrated event fundamental to many physiological and
pathological processes such as bone and tissue regeneration, diabetes, ischemic diseases
and chronic inflarnmation?· 4 Excessive angiogenesis is a part of the pathology of certain
diseases such as diabetic retinopathy and rheumatoid arthritis. Inadequate angiogenesis,
on the other hand, occurs in cardiac failure and tissue damage after reperfusion of
ischemic tissue. 5

The former group may benefit from therapeutic inhibition of

angiogenesis, whereas the latter may see improvement with an enhancement of factors
that promote angiogenesis. Anti-angiogenesis therapy is a promising focus of today's
research to battle pro-angiogenic diseases, such as in diabetic retinopathy, and is viewed
as a desperately needed breakthrough in treatment therapy. Recent studies have shown
that angiogenesis is genetically pre-determined. 6 Furthermore, it has been purported that
epigenetic changes caused by aberrant DNA methylation, or histone acetylation of antiangiogenic genes, may play an important role not only in angiogenesis but also in the
development of diabetes. 6"9 However, to date, no study has examined expression of
genes associated with angiogenesis in skin flap healing of diabetics and compared this to

3

controls.

Elucidation of the temporal and spatial expression of skin flap healing at the

genetic level may provide valuable information that will impact the effect of these genes
on a physiological level.

By examining the differential pattern of expression of

angiogenesis-associated genes in streptozotocin-induced diabetic rats compared to nondiabetic control rats, we identified key genes regulated in angiogenesis and this
knowledge can be used to propel future trials in drug-targeted therapies toward enhanced
wound healing.

REVIEW OF THE LITERATURE

Diabetes mellitus, an overview

Diabetes mellitus, commonly referred to as diabetes, is a metabolic disorder
affecting metabolism of carbohydrates, lipids and proteins. It is a major concern in this
world due to the widespread morbidity and mortality associated with this disease.
Diabetes affects about 21 million Americans and includes over 9% of the adult
population with greater than 6 million more undiagnosed and even more on the rise. 10• 11
Diabetes has been significantly associated with a negative prognosis for free flap head
and neck reconstructive operations (p<0.01). 12 Type 2 diabetes constitutes about 85-90%
of diabetic cases; type 1 diabetes makes up 5-10% of the group, whereas other forms of
diabetes, such as gestational diabetes, and those resulting from pancreatic disease, drug
therapies and endocrine disorders account for the remaining cases. 11
Diabetes is currently classified according to the pathophysiology of the disease.
The currently accepted diagnostic categories provided by the American Diabetes
Association in 2001 include: type 1 diabetes, type 2 diabetes, impaired glucose tolerance,
impaired fasting glucose, gestational diabetes, and other types of diabetes secondary to
diseases of the pancreas, drug therapy, endocrinopathies, infections and genetic disorders.

4

5

Type 1 diabetes, formerly known as insulin-dependent diabetes, is due to cellular
mediated autoimmune destruction of pancreatic

~-cells,

triggered by an event such as

viral infection, culminating in reduced, or loss of, insulin secretion.

The exact

mechanism by which genetic and environmental factors precipitate the development of
type 1 and type 2 diabetes is still largely unknown, although several candidate gene
polymorphisms have been linked to disease susceptibility. These polymorphisms have
been associated with regulatory regions of a gene sequence, and have served as a starting
point for investigation of epigenetic gene regulation in insulin signaling and
inflammation in the shared etiology of both type 1 and type 2 diabetes. 8• 13• 14
As its former name implies, type 1 patients require insulin to survive, and without
it, a life-threatening condition, known as ketoacidosis, could develop. Ketoacidosis is
characterized by increased acid in the bloodstream, accompanied by an accumulation of
ketone bodies that may lead to coma or death. Biomarkers of the autoimmune destruction
are usually present and include autoantibodies to pancreatic islet cells, insulin, glutamic
acid decarboxylase, or tyrosine phosphatases

IA-2/IA-2~.

Type 1 diabetes usually has an

abrupt onset in genetically predisposed individuals; it is often present in children and
adolescents, although 15% to 30% of all cases were diagnosed after 30 years of age. The
presence of a family history is more common and occurs predominantly in Whites; these
individuals are usually thin or of normal stature. Typical treatment regimens include
insulin, diet and exercise.
Type 2 diabetes, also known as non-insulin-dependent diabetes, is characterized
by insulin resistance, impaired insulin secretion, or increased liver glucose production.
Unlike in type 1 diabetes, autoimmune destruction of ~-cells does not occur in patients
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who have type 2 diabetes. Hence, these patients still retain the ability to produce insulin,
thereby lowering their chance for ketoacidosis unless the patient's immune system is
compromised, as with an infection or stress. Type 2 diabetes usually has a more gradual
onset compared to type 1, often being undiagnosed for many years because
hyperglycemia appears slowly and frequently without symptoms. In the early stages,
pancreatic insulin production is actually increased, to compensate for insulin resistance,
before diminishing over time due to the body's secretory demand caused by insulin
resistance. Type 2 diabetes more frequently affects the Black, Hispanic, American Indian
or Pacific Islanders populations. Obesity, or an increased percentage of body fat, is often
seen in patients with type 2 diabetes. Resistance to insulin is in part due to an elevated
level of circulating free fatty acids (FFA) derived from adipocytes, which inhibits glucose
uptake, glycogen synthesis and glycolysis by increasing hepatic glucose production.
Exercise, pharmacological therapy and diet modifications are seen to be beneficial in
lowering insulin resistance. Despite the fact that insulin is not required for survival in
type 2 patients, it is often administered as part of usual medical management in
conjunction with diet, exercise and oral agents.
The impaired glucose tolerance and impaired fasting glucose categories of
diabetes refer to metabolic states that fall between normal glycemia and diabetes and are
considered risk factors for the development of diabetes.

Those who have impaired

glucose tolerance usually have normal blood glucose levels most of the time, and
manifest hyperglycemia only after a challenge with a large glucose load. Individuals
with impaired fasting glucose have elevated fasting glucose levels but may be normal in a
fed state. The production of insulin is normal in a majority of the patients; however,
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about 30-40% of patients with either impaired fasting glucose or glucose tolerance
develop type 2 diabetes within 10 years after initial diagnosis. 15
Gestational diabetes refers to glucose intolerance during pregnancy, and is
strongly correlated with insulin resistance. It complicates about 4% of all pregnancies in
the United States and usually occurs during the 3'd trimester of pregnancy. For the
majority of women afflicted with gestational diabetes, a return to normoglycernic levels
takes place after parturition, but their risk for type 2 diabetes is significantly increased. 15
The prevalence of gestational diabetes is higher in women who have a family history of
diabetes, are over 25 years old, obese and members of the ethnic group showing a higher
prevalence for type 2 diabetes (Black, Hispanic, American Indian).
The remaining categories of diabetes may be associated with injuries to the
pancreas, and/or pancreatic disease induced by infection. They may also be related to
genetic defects in the function of pancreatic
disorders.

~-cells,

defects in insulin action or endocrine

Secondary diabetes may occur due to use of certain drugs such as

corticosteroids.
Classical signs and symptoms of diabetes mellitus are polyuria, polydipsia,
polyphagia and unexplained weight loss.

According to the American Diabetes

Association, there presently are 3 ways to establish a diagnosis of diabetes: 1) symptoms
of diabetes plus casual plasma glucose concentration ?:200 mg/dl (?:11.1 mmol/1), with
casual defined as any time of day without regard to last meal intake; 2) fasting plasma
glucose ?:126 mg/dl (?:7.0 mmol/1), with fasting defined as no caloric intake for at least 8
hours; and 3) 2-hour post-load glucose ?:200 mg/dl (?:11.1 mmol/1) during an oral glucose
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tolerance test, containing an equivalent of 75 g anhydrous glucose dissolved in water.
Normal fasting glucose level is <100 mg/dl (5.6 mmolll). Impaired fasting glucose is
diagnosed when the fasting plasma glucose level is ::::100 mg/dl but ::;125 mg/dl (5.6 and
6.9 mmol/1). Impaired glucose tolerance can usually be diagnosed only after an oral
glucose tolerance test, when the 2-hour post-load plasma glucose concentration is ::0:140
mg/dl but ::;199 mg/dl (between 7.8 and 11.1 mmol/l). The normal glucose level after an
oral glucose tolerance test is <140 mg/dl (7.8 mmol/l).
Another measure of glycemic control comes in the form of the hemoglobin Ale
(HbAlc) test.

In erythrocytes, the non-enzymatic reaction between glucose and the

hemoglobin protein forms glycohemoglobin. The binding of glucose to hemoglobin is
very stable and therefore, once bound, the red blood cell stays in its glycated form during
its entire life span of -123±23. days. Normal HbAlc level is <6%, reflecting the average
blood glucose level over the preceding 30 to 90 day period of the erythrocyte. The
treatment goal for diabetic patients is to attain a HbAlc level of <7%.

Physician

intervention is recommended when the HbAlc level is >8%. 11

Diabetes and its complications

Insulin is a hormone produced by the beta cells of the Islets of Langerhans in the
pancreas; this hormone enables glucose to be absorbed and converted to energy. In the
presence of diabetes, insulin resistance and hyperglycemia, inflammation is notably more
pronounced, as indicated by higher levels of inflammatory indices and adhesion
molecules. 16

Various studies have shown that an upregulation of pro-inflammatory

cytokines, such as tumor necrosis factor-a, interleukin-1, and interleukin-6, and vascular
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adhesion molecules, such as vascular cell adhesion molecule 1 and E-selectin, are what
account for the amplified inflammatory response. 17 Tumor necrosis factor-a exerts its
effect on inducing insulin resistance by preventing autophosphorylation of the insulin
receptor, which subsequently causes second messenger inhibition of the enzyme tyrosine
kinase.
Complications of diabetes are thought to arise from the formation of advanced
glycation end-products (AGE), or glycated proteins in individuals with sustained
hyperglycemia. At the macrovascular level, the deposition of advanced glycation endproducts on collagen, that comprises a large component of the extracellular matrix in the
body, causes an accumulation in the blood vessel wall, resulting in a thickening of blood
vessels and a narrowing of the lumen. Modified vascular collagen can also contribute to
atheroma formation by immobilizing and covalently cross-linking circulating low-density
lipoproteins. At the microvascular level, collagen alteration by AGE also occurs in the
basement membrane of small blood vessels, causing both an increase in the thickness of
the basement membrane and a disruption in the normal homeostatic transport across the
membrane.

These microvascular complications may manifest as retinopathy,

nephropathy or neuropathy.

Formation of AGE has been associated with increased

production of vascular endothelial growth factor (VEGF), a multifunctional cytokine that
induces neovascularization and plays a role in the microvascular complications of
diabetes, in serum levels and major organ tissues of diabetics. 18• 19 In human gingival
tissues, elevated VEGF expression was also found in diabetic subjects compared to nondiabetics, illustrating the similarity between the periodontium and other organs affected
by diabetes. 20
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At the cellular level, AGE may affect cell-cell, cell-matrix and matrix-matrix
interactions through the receptors for advanced glycation end-products (RAGE). RAGE
is found at various locations, such as the surface of smooth muscle cells, endothelial
cells, neurons, monocytes and macrophages. The mRNA levels for RAGE showed a
50% increase in gingival tissues of type 2 diabetic subjects compared to non-diabetic
controls.Z 1 In a hyperglycemic environment, an increase in vascular permeability and
thrombus formation is thought to be due to both the increased expression of RAGE and
the increased interactions between these receptors and their substrates on endothelium.
In addition to its effect on the endothelium, these interactions may also cause a change on
the cell surface of monocytes by induction of cellular oxidant stress and activation of the
transcription factor, nuclear factor kappa B (NF-KB). Consequently, tlie monocytes and
macrophages are altered; and pro-inflanunatory cytokines such as interleukin-1 {IL-l)
and tumor necrosis factor-a (TNF-a) are produced, contributing to the chronic
inflanunatory processes in formation of atheromatous lesions. A decreased alveolar bone
loss in response to Porphyromonas gingiva/is was shown upon blocking RAGE, resulting
in lower levels of TNF-a, IL-6, and matrix metalloproteinase (MMP) levels in the
gingival tissues and decreasing AGE accumulation in periodontal sites. 22

11

Association between diabetes mellitus and the periodontium

The magnitude of tissue destruction and inflammation caused by bacteria is
determined not only by the bacterial species themselves, but also can be attributed to the
patient's genetic and envirornnental factors. 23 Although it has long been known that
diabetics are more difficult to treat, it was only recently that evidence emerged
implicating diabetes as a significant risk factor for greater severity of periodontal disease
with a less predictable response to therapy. 24 "26 Periodontitis is an infection that has been
reported to be twice as prevalent in diabetic individuals compared to non-diabetics.27 In
fact, the strength of evidence linking diabetes as a risk factor for periodontal disease is so
strong that it has been suggested to be the sixth complication of diabetes, along with the
five classic complications which include retinopathy, nephropathy, neuropathy,
macrovascular disease and altered wound healing. 28
The association between type 1 diabetes and gingivitis/periodontal disease has
been demonstrated in several studies. In a study of 85 French adolescents, aged 12-18
years, with type 1 diabetes, and a similar age group serving as controls, it also was
demonstrated that in spite of similar plaque levels among the diabetic and the nondiabetic group, there were twice as many sites with gingival inflammation in children
with diabetes, compared to non-diabetic controls.29 In another study of 263 type 1
diabetic patients, compared to 59 non-diabetic siblings and 149 non-diabetic unrelated
controls, 13.6% of the diabetic group between 13 and 18 years of age had periodontitis,
with an even higher rate of 39% among those between 19 to 32 years of age. In contrast,
prevalence of periodontitis in the non-diabetic control subjects was <3%. A separate
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study showed that the prevalence of gingivitis was also higher in children with type 1
diabetes than in non-diabetic children with similar plaque levels. 30
Not only is type 1 diabetes purported to be linked to periodontitis, but type 2
diabetes also shows a similar association. A multivariate risk analysis showed that type 2
diabetics displayed 2.8- to 3.4-fold increased odds of having periodontitis compared to
non-diabetic subjects. 31 The Pima Indians from the Gila River Indian Community of
Arizona have the highest incidence of type 2 diabetes in the world. A longitudinal
research study found similar odds values in 2,273 Pima Indian subjects aged 15 years of
age or older.

The prevalence of periodontitis in this group was 60% in diabetic

individuals, compared to 36% in those without diabetes. The subjects were followed for
2.5 years, and the incidence of periodontitis was deemed to be 2.6-fold higher in the
diabetic subjects than in non-diabetic patients. 32 In a separate 2-year longitudinal study,
the odds of having an increased risk of progressive alveolar bone loss was four-fold
higher in subjects with type 2 diabetes compared to the non-diabetic group. 33
Studies pertaining to glycemic control and periodontitis have been largely
inconclusive, although one large epidemiologic study in the United States showed that
adults with poorly controlled diabetes had a 2.9-fold increased risk of having
periodontitis compared to non-diabetic adult subjects. In contrast, individuals with their
diabetes well-controlled had no significant increased risk of periodontitis. 34 However,
there are also well-controlled diabetics who maintain excellent periodontal health and
others who develop periodontitis, as well as some poorly controlled diabetics without any
major complications.35 In the 2-year longitudinal study of Pima Indians, individuals with
poor glycemic control of their type 2 diabetes had an 11-fold increased risk of
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progressive bone loss compared to non-diabetic controls whereas well-controlled diabetic
subjects did not show a significant increase in risk. 11

Altered immune function in diabetic patients

Despite the higher risk of periodontal disease in the diabetic population, the
subgingival microflora between the diabetic and non-diabetic patients with periodontitis
is remarkably similar. 36• 37 The similarity in the microflora suggests that the severity and
prevalence of periodontal disease in individuals with diabetes may instead be attributed to
differences in the host immunoinflarnmatory response rather than to differences in
bacterial species.
In diabetes, neutrophils, monocytes and macrophages have altered immune cell

function. 36 Thus, the usual defense mechanisms of neutrophil adherence, chemotaxis, and
phagocytosis, that would normally help combat periodontal destruction, are often
impaired. The altered function of these immune cells hinders bacterial killing in the
periodontal pocket and significantly increases periodontal destruction. 38 •

39

Although

neutrophil function is suppressed in diabetes, the monocyte/macrophage cell line shows a
hyper-responsiveness, resulting in significantly increased production of pro-inflammatory
cytokines and mediators. 40

The level of tumor necrosis factor-alpha (TNF-u) was

elevated in peripheral blood monocytes from diabetic subjects in response to antigens
from Porphyromonas gingivalis compared to monocytes from non-diabetic control
subjects. 40

14
Investigation of genetic biomarkers for periodontal disease

The relationship between genetics and the risk for periodontal disease is under
investigation although some studies show promise of using genotype to predict future
tooth loss. For instance, specific IL-l genotype positive individuals were shown to have
2.7 times greater likelihood of tooth loss than genotype negatives.41 Suggestive of such
studies is the potential to incorporate genetics and biomarkers into diagnosis to better
assess periodontal disease susceptibility in order to render appropriate treatment therapy.
Considering the association between diabetes and periodontal disease, a study of the
genetic profile of angiogenesis in diabetics may help us better understand why diabetes
may be a risk factor for periodontal disease.

Angiogenesis in diabetes mellitus

Angiogenesis is defined as the formation of new blood vessels from the preexisting blood supply. It is essential for supplying growing tissue with adequate blood
flow and oxygenation during wound healing, menstruation and embryogenesis. Aberrant
angiogenesis may lead to a variety of diseases. For example, excessive angiogenesis
contributes to diabetic retinopathy and nephropathy, whereas inhibited angiogenesis
contributes to impaired wound healing, impaired collateral vessel development,
embryonic vasculopathy in pregnancies complicated by maternal diabetes, as well as in
transplant rejection in diabetic recipients. In circumstances of deficient angiogenesis, as
in diabetic neuropathy, inducing blood vessel growth may help to improve symptoms. 5
The process of angiogenesis is a well-orchestrated event regulated by numerous
growth factors and cytokines. Enzymatic degradation of the basement membrane occurs
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first followed by chemotactic and mitogenic factors causing endothelial cells (EC) to
extend through the gaps, elongate, align and proliferate to form a capillary sprout.
Joining of two sprouts initiates blood flow in the newly formed loop, and the interaction
between EC and pericytes (single cell layers present on the walls of capillaries and fine
vessels) trigger the formation of a new basement membrane and leads to vessel
maturation and stabilization. 5•

42

Maintaining a delicate balance of stimulatory and

inhibitory factors is essential for the normal progression of angiogenesis. Pathological
consequences due to. aberrant vessel formation may occur with up- or down-regulation of
any of these factors.
Excessive angiogenesis, as occurs in diabetic retinopathy and diabetic
nephropathy, is detrimental and based on a well-established "ischemia-angiogenesis
hypothesis." This hypothesis states that hypoxia triggers release of vasoproliferative
substances in response to reduced blood supply and inadequate nourishment.

The

resulting newly formed vessels are malformed and show increased permeability to
albumin and fluorescein, due to a fragile basement membrane and the absence of tight
junctional proteins and pinocytes. Moreover, due to the fragility of the vessels, there is a
greater propensity for vessels to rupture, further conferring an enhanced angiogenic
response, almost in a vicious cycle. In a similar manner, excessive angiogenesis in
diabetic nephropathy causes an enlarged glomerular filtration surface, giving rise to an
increased glomerular filtration rate. Nyengaard et al. has shown that there was a 30-50%
increase in the surface area of capillaries per glomerulus in streptozotocin-induced
diabetic rats compared to age-matched controls, indicative of a heightened angiogenic
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response in the diabetic state, as both capillary diameter or glomeruli numbers remain
unchanged.43
Diminished wound healing capacity has been demonstrated in both clinical and
experimental diabetes.
hemostasis,

Normal healing of a wound proceeds through five phases:

inflammation and

debridement,

proliferation,

epithelialization and

remodeling. The non-healing nature of a diabetic wound was attributed to the second and
third phases: inflammation and debridement together with proliferation. 44 In a study
involving incisional skin-wound models made on the backs of db/db mice, delayed repair
was accompanied by reduced angiogenesis, delayed formation of granulation tissue,
decreased collagen content, and low breaking strength as compared with normal
littermates. The aberrant angiogenesis was further characterized as having decreased
arteriolar number and density, loss of vascular tone and a reduction in the cross-sectional
area of new vessel walls. 45

Molecular mechanisms for altered angiogenesis in diabetes mellitus

VEGF, a family of homodimeric heparin-binding proteins that plays a role in
regulating the proliferation and migration of endothelial cells forming the basis of any
vessel, is reported to have potent proangiogenic activity both in vitro and in vivo. 42 There
are four distinct isoforms ofVEGF generated by an alternative splicing mechanism of the
VEGF gene. 46 VEGF is regarded as an endothelial-cell-specific mitogen, a chemotactic
agent for endothelial cells and monocytes with a permeability factor that is 5 x 104 times
as strong as histamine. Intraocular injection of human recombinant VEGF in non-human
primates was reported to induce pathological vascular symptoms such as these seen in
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diabetic retinopathy characterized by vascular tortuosity, microaneurysm-like capillary
abnormalities, flame hemorrhages, capillary closure and leakage during angiography.47
In hypoxic conditions, upregulation of the hypoxia-inducible factor (HIF), a transcription
factor that binds to the promoter region of the VEGF gene, was observed.48 When VEGF
binds to its receptors FLT-1 and FLK-1/KDR on the surface of endothelial cells and to a
lesser extent on monocytes and macrophages, a signal transduction pathway is initiated
that culminates in an increase in vascular permeability and endothelial cell proliferation
and migration. 3 The expression of VEGF is also increased by epidermal growth factor
(EGF), transforming growth factors alpha and beta (TGFa and

TGF~),

insulin-like

growth factor 1 (IGF-1), fibroblast growth factor (FGF), platelet-derived growth factors
(PDGFs) as well as others by autocrine or paracrine regulation.42
Upregulation of FGF, a heparin-binding protein with mitogenic, chemotactic and
proangiogenic properties similar to VEGF has also been seen in diabetics.

FGF

activation is triggered by endothelial injury and exists in two forms: FGF-1 and FGF-2,
also known as aFGF and bFGF, respectively. 49 Inactive FGF is localized in capillary
basement membrane (BM) in a heparin-bound inactive state and can be rapidly released
in response to injury to stimulate neovascularization without the need to undergo a
lengthy transcription and translation process. Integrins are also essential in angiogenesis
as they mediate cell attachment to extracellular components (fibronectin, vitronectin,
laminin, collagen) and promote cellular migration and mobilization of growth factors
needed for angiogenesis. Factors that serve as positive regulators of angiogenesis include
FGF-1, FGF-2, TGFa and

TGF~,

hepatocyte growth factor (HGF), tumor necrosis factor

alpha (TNFa), angiogenin, interleukin-I and angiopoietins. 42
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Angiopoietin (ANGPT) ligands and their receptor, tyrosine kinase receptor,
TIE2ffEK also participates in the interaction between endothelium and surrounding cells.
Similar to VEGF and its receptor, the TIE/ANGPT signaling system is needed for
vascular system development during embryogenesis. Mice deficient in the TIE2 genes
through targeted gene mutation introduced by homologous recombination failed to
survive beyond day 9.5 to 10.5 of embryogenesis. 50

There are two angiopoietin

molecules, ANGPTI and ANGPT2, and although they show structural similarity, each
exhibits a different action on the TIE2-associated signaling cascade. 51 •

52

ANGPTI

stimulates TIE2 phosphorylation, but ANGPT2 does not result in activation of its
receptor, indicating that ANGPT2 is a competitive inhibitor of ANGPTI. 52
A deficiency in angiogenesis may be due to improper degradation of the basement
membrane, alterations in the balance of growth factors and cytokines that regulate
vascular stability or problems in signal transduction. Decreased levels of urokinase
plasminogen activator (uPA) appear to contribute to impaired degradation of the
basement membrane/extracellular matrix. uPA helps to convert plasminogen to plasmin,
which promotes angiogenesis by degrading fibronectin, laminin and the proteoglycan
protein core by activating matrix metalloproteinases (MMP) and by mobilizing bFGF
from the ECM pool.53 In the diabetic state, there is a decreased level of uPA and
supranormal levels of plasminogen activator inhibitor (PAI-l). As a result, collateral
circulation is impaired by hindering ECM degradation, consequently preventing the
outgrowth of capillaries from pre-existing ones. 54 Thrombospondins (THBS)-1 and -2
are known as anti-angiogenic agents that inhibit endothelial cell proliferation. 55 THBS-2
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was shown to help limit the extent and duration of edema formation, angiogenesis and
inflammatory cell infiltration during acute and chronic inflammation. 56

Surgical wound healing in skin vs. oral soft tissues

The healing of both surgical skin wounds and oral soft tissue injuries includes a
series of highly reproducible and rigidly controlled biologic cascades of events beginning
with the chemoattraction of cells that accumulate and debride the wound of injured tissue,
foreign material and microbial cells, and culminating with the formation and maturation
of a new extracellular matrix. The extracellular matrix serves to bridge wound margins,
support cells and regenerate vasculature and restore tissue resistance to functional stress.
The epithelial cells on the surface of the wound migrate from the wound margins over the
maturing fibrin clot in the wound space.

When the tissue is fully healed, the new

epithelium forms a protective and mechanically resistant barrier, not unlike its
predecessor.
It has been reported that a periodontal wound heals at a similar pace as a

epidermal wound, despite having a calcified, avascular and rigid root surface. However,
wound healing in a periodontal defect following flap surgery is more involved than in
healing of a dermal or mucosal wound. The reason for this is that the gingival flap is
seated against another vascularized wound margin which includes gingival connective
tissue and the alveolar process. Moreover, the avascular, calcified and rigid root surface
opposes the flap.

The other complicating factor is the presence of the tooth itself.

Healing of such a wound has been described as maturation of the gingival connective
tissue,

regeneration of alveolar bone and cementum and most importantly,
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epithelialization of root surface. Thus, it has been deduced that for successful healing of a
surgical mucosal flap, the epithelium must be prevented from early access to the root
surface to allow for connective tissue repair at the root surface-gingival flap interface.57
In spite of these differences, in both locations the healing of skin and oral soft tissue
wounds requires the presence of an adequate blood supply.

Angiogenesis in the modified McFarlane skin flap model

Many researchers have sought to uncover effective drug therapy to enhance the
salvage of skin flaps and grafts. Topical anti-ischemic agents such as nitroglycerin,
trolarnine salicylate and nifedipine, when applied on random skin-flaps of male SpragueDawley rats, produced significant improvements in flap survival. 58 Similarly, topical
drug application of two angiogenic substances, Nonivarnide and Nicoboxil, tested on a
random-pattern dorsal skin flap in Wistar rats also showed a significant decrease in skin
flap necrosis. 59 Tsai et a!. demonstrated that subdermal injections of Sildenafil given
alone results in a significant reduction in the avascular and stasis areas of treated rats. 60
Slower, but longer-releasing, site-specific delivery has also been explored with agents
such as fibrin glue in combination with Sildenafil, resulting in a highly significant
improvement in flap viability. 61

Calcium sulfate, a well-tolerated, biodegradable,

osteoconductive bone graft substitute was also observed to promote greater blood vessel
density compared to controls in rabbits. 62 Although certain angiogenic factors have been
shown to be regulated differently in diabetic individuals, the endogenous expression
patterns for these angiogenic factors in the diabetic skin flap model have not been well
characterized.
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The rat dorsal model was originally described by McFarlane for the study of flap
necrosis and its prevention. The modified McFarlane model is a caudally based, dorsal
flap model which is perfused through two constant sacral axial vessels. 63

The flap

consists of the skin, panniculus carnosus muscle and the submuscular areolar tissue.
Inadequate blood supply to the distal part of the flap, away from the pedicle base, creates
varying degrees of ischemia. The initial 6 to 12 hours of the flap's interaction with its
bed was deemed critical for optimal survival. 64 The distal necrosis rate using the
McFarlane model was found to fall between 25-50%. 65
The value of using this flap model to study angiogenesis is based on the fact that
the observed survival pattern seems to be based on flap circulation and not support from
the bed. 64 Hence, in an attempt to enhance flap survival, many growth factors have been
examined. For example, FGF and EGF have been shown to enhance skin flap survival. 6668

Previous studies have found that skin flap survival is significantly reduced in the

diabetic compared to the non-diabetics rats. 12• 69 By identifYing the pattern of expression
of angiogenesis-associated genes in streptozotocin-induced diabetic rats, we aim to
identifY key regulators in angiogenesis that are involved in the diminished wound healing
capacity of diabetics and use the knowledge to propel future trials in drug-targeted
therapies to enhance wound healing.

PURPOSE
The purpose of this study was to determine if a differential expression of
angiogenesis-associated genes exists between diabetic and non-diabetic rats as well as to
characterize those differences.

HYPOTHESIS
Within a surgically created skin flap model in rats, diabetic animals will show a greater
area of skin flap avascularity, which would be reflected by a significant down-regulation of
pro-angiogenic genes and a significant up-regulation of anti-angiogenic genes both temporally
and spatially.

SPECIFIC AIMS
1. To determine if there is a differential regulation of angiogenesis-associated genes
between diabetic and non-diabetic animals both temporally and spatially within a
surgically created skin flap model.
2. To characterize the differential gene expression between the two groups over time
and with respect to different regions of the flap, reflecting blood vessel flow,
stasis or avascularity.
3. To confirm the gene expression data of several candidate genes from microarray
analysis using Real-Time PCR.
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MATERIALS AND METHODS

Figure 1. Overview ofmethods
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All procedures were reviewed and approved by the Eisenhower Army Medical
Center Animal Care and Use Committee and were performed in a facility accredited by
the Association for the Assessment and Accreditation of Laboratory Animal Care,
International. Research was conducted in compliance with the Animal Welfare Act and
other federal statutes and regulations. An overview of the methods and materials used is
provided in Figure 1. A total of 30 male Streptozotocin-induced diabetic and 38 nondiabetic control Sprague-Dawley rats (Harlan Sprague-Dawley) weighing approximately
200-370 grams was used for this study (Taconic Labs, Hudson, NY).

Dr. Thomas

Johnson performed the experiment with 30 non-diabetic control rats that were previously
analyzed and 8 additional rats were used in this study to make up the baseline group. The
rats were verified to be diabetic based on a blood glucose test of greater than 250 mg/dl.
The rats were housed in an environmentally controlled room, on a 12-hour light-dark
cycle, and were fed standard rat chow and water ad libitum. Animals were housed in
pairs throughout a one-week acclimation period until surgery. Following surgery, the
animals were housed individually to prevent injury to skin flaps from cannibalism and
normal socialization activities.
Modified McFarlane flaps measuring 3 x 10 em were created on the dorsal skin of
the rats (Figure 2). The myocutaneous flaps were elevated from the underlying fascia,
then returned to their native positions and secured with staples. The rats were divided
into four groups based on a terminal evaluation interval of 0, 1, 3, or 7 days. Following
euthanasia, flaps were harvested, photographed and sectioned transversely into four 3 x
2.5 em zones and stored at -80°C (Figure 3).
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A.

B.
Figure 2. Surgical skin flap model measuring 3 x 10 em on a model rat (A) and with
actual surgery shown (B). Adapted from Yang and Morris 1998. 70

Figure 3. Division of the surgical flap into 4 equal zones measuring 3 x 2. 5 em

RNA isolation

Total RNA was isolated from the skin flaps, using a monophase phenol and
guanidine thiocyanate isolation reagent according to the manufacturer's instructions
(TriPure™, Boerhringer Mannheim: Indianapolis, IN). Briefly, 100 mg of tissue, was
immersed in 1 mL ofTriPure, homogenized, and centrifuged at 12,000 x g for 15 minutes
at 4°C (Figure 4a). Homogenized samples were incubated for 5 minutes at room
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temperature, followed by an addition of 0.5 mL of chloroform (Figure 4b). The mixture
was vigorously shaken and incubated for another 15 minutes. Samples were then
centrifuged at 12,000 x g for 15 minutes at 4°C. After centrifugation, the solution
contained three phases (Figure 4c). The upper aqueous phase contained the RNA, while
the lower organic phase and cloudy interphase contained DNA and proteins. Total RNA
was recovered from the upper phase by isopropanol precipitation (Figure 4d). The RNA
was resuspended in molecular biology grade water, and quantity and purity of the isolated
RNA was analyzed utilizing Bioanalyzer 2100 (Agilent Technologies), then stored at
-80°C until processed.

Only RNA samples displaying two sharp peaks on the

Bionanalyzer, without shoulders, for the 18S and 28S ribosomal RNA and showing high
grade RNA, were used for microarray analysis.

Figure 4. A. Small pieces of a 3 x 2. 5 em flap being harvested for RNA.
isolation C. RNA separation into 3 distinct layers and D. RNA pellet

B. RNA

RNA amplification and labeling

Total RNA (25-100 ng) was reverse transcribed into eDNA using the target Amp
1-Round Biotin-aRNA Amplification Kit 104 (Qiagen, Valencia, CA). The resulting
eDNA was then used to generate Biotin-aRNA (biotin-labeled cRNA) as instructed by
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the manufacturer (Epicentre, Madison, WI).

The Biotin-aRNA was purified using

Qiagen RNeasy Mini Kit according to the manufacturer's protocol (Qiagen, Valencia,
eA) and 2 J.lg of biotin-labeled cRNA was used to hybridize to the Angiogenesis specific
oligoDNA arrays.

oligoDNA microarray

Rat angiogenesis arrays (ORN24.2) containing 128 positions and 113 unique
angiogenesis-associated oligonucleotide probes, were obtained from SuperArray
(Frederick, MD), in the hybtube format, and were processed according to the
manufacturer's instructions (Figure 5). Briefly, the membrane was pre-wet with 5 mL
molecular biology grade water. The water was then replaced with 2 mL of pre-warmed
(60°C) GEAhyb hybridization™ solution. The membrane was incubated at 60°e for two
hours in a hybridization oven with gentle rotation (8 rpm). After two hours, the prehybridization solution was removed, and 0.75 mL of hybridization solution mix,
containing 2 J.lg of the biotin-labeled cRNA, was added. The membrane was returned to
the hybridization oven and incubated overnight (approximately 16 hours) at 60°e with
continuous rotation (8 rpm). The following day, the membrane was washed at 60°e for
15 min each, with 15 mL of wash solution I (2X sse, 1% SDS), followed by high
stringency, wash solution II (O.lX sse, 0.5% SDS). The membrane was then blocked
with GEAblocking Solution Q™, at room temperature for 40 min with continuous
agitation (30 rpm). After 40 min, the blocking buffer was replaced with an alkaline
phosphatase-conjugated streptavidin solution, and the membrane was incubated at room
temperature for 10 min with gentle rotation (8 rpm). The membrane was then washed
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four times for 5 min each, with 5 mL of Wash Buffer F™, then rinsed twice with 3 mL
Buffer G™. One mL of chemiluminescent substrate was then added to the membrane
and allowed to incubate for 5-7 min with gentle rotation (8 rpm). The resulting images
were captured using the Kodak ImageStation 2000MM system, using the time-lapse
image acquisition setting with an image capture every I 0 mins for a total of 40 mins.
(Kodak, New Haven, CT).
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Figure 5. A. The 128 angiogenic gene positions on an array B. Their corresponding
genes, where (_y) denotes a predicted gene.

Microarray distribution is shown in Table I and a sample of a developed
microarray is shown in Figure 6.

30

II
Ill
IV

Table 1. Microarray distribution showing 5 microarrays for Zone I-IV on days 1, 3 and
7 and 3 microarrays for Zone I-IV on day 0. Each zone represents 3 x 2.5 em of the flap.
(DB = diabetics; C = controls)

Figure 6. Sample of a developed microarray that was uploaded onto the GEArray
website for gene expression analysis.

Real-Time PCR

To validate the microarray analysis, quantitative two-step real time PCR was
performed on 3 genes using the IQ5 Real Time PCR System (Biorad, Hercules, CA). All
primers for the genes were purchased from Qiagen (Valencia, CA.). The primers used
were Angiopoietin 1 (ANGPTl), Thrombospondin 2 (THBS2) and Vascular endothelial
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growth factor A (VEGFA). One 11g of total RNA was reversed transcribed into eDNA
using the QuantiTech reverse transcription kit (Qiagen, Valencia, CA).

A ten-fold

dilution series of eDNA was done for each gene to determine PCR efficiency with a
standard curve. One hundred ng of the eDNA was used for each primer pair in the realtime PCR experiments, using the Quantifast SYBR Green PCR kit, according to the
manufacturer's protocol (Qiagen, Valencia, CA). Each sample was run in triplicate. The
cycling conditions were as follows: 5 minute initial PCR activation step at 95°C,
followed by an amplification step which included denaturation at 95°C for 10 sec
followed by annealing at 60°C for 30 sec (40 cycles). To verify that a single specific
product was amplified, melting curve analysis was done. Results were presented as a
ratio of each experimental gene to the expression of Hypoxanthine-guanine
phosphoribosyltransferase (HPRT) housekeeping gene.

Data and Statistical Analysis

Web-based software (GEArray Analysis Suite 2.0, SuperArray BioScience Corp.:
Frederick, MD) was used to analyze the signal intensity produced for each gene. To
account for background differences among microarrays, the lowest average density spot
on each array was determined and the average intensity across that spot was used as a
background correction factor.

Interquartile normalization of the signal intensity was

utilized, ranking the absolute intensity of each signal then dividing it by the mean
intensity of the genes that fell between the 25% and 75% quartile range.
All results were presented as mean values ± SEM. Differences among groups
were assessed by using Student's t-test or one-way analysis of variance (ANOVA).
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Measurements were analyzed usmg SigmaStat 3.5 (Systat, Point Richards, CA).
Statistical significance was accepted at p<O.OS and with a fold-change of 2 in either
direction compared to controls.

A sample volcano plot of the data generated is

represented by Figure 7.

Group 19 vs. Group 1
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Figure 7. Determination of gene significance: Genes in the green area are significantly
under-expressed, and genes in the red area are significantly over-expressed in the
diabetic, byafold-change of2 or more (p<0.05).

Orthogonal Polarization Spectral Imaging

Determination of the distance from the distal end of the flap to the areas of stasis
and avascularity on days 1, 3 and 7 was done through orthogonal polarization spectral
imaging using a cytoscan (Figure 8). The procedure has been previously described by
Tsai et al. 60 To better facilitate visualization of the blood vessels, a chemical depilatory
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(Nair) was used to remove hair on the dorsal skin of the rats prior to measurements. The
mean avascular lengths were measured from the base of the flap to the area devoid of
blood vessels, averaged over 3 measurements, 1 measured from the center of the flap and
2 measured from the left- and rightmost borders of the flap (Figure 9).

Similarly, the

mean static length was calculated as the distance from where the avascular area ends to
where blood vessels were intact but failed to display flow, averaged over the 3 regions.
The mean affected length was the sum of the mean avascular plus the mean static length,
otherwise known as the area without flow.
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A. Avascular
(Necrotic)

B. Stasis

C . Flow

Figure 8. Cytoscan analysis showing the images seen for a section of the flap displaying
avascularity (a), stasis (b) or flow (c).

Figure 9. The avascular and static lengths for each zone were determined by taking the
average of three measurements - two from the lateral and one from the centermost
portion of the flap using cytoscan analysis. For example, A, B and C represent the three
avascular lengths. Flow lengths were calculated by deducting the sum of the avascular
and static lengths from 10 as the remaining portion of the 10 em flap was comprised of
flow.

RESULTS

Visual inspection of all flaps showed that the mean avascular lengths increased
over time in both diabetic and non-diabetic rats. An overall view of the three zones over
7 days is shown in Figure 10. The mean avascular lengths increased over time from 1.81
to 2.91 em of the flap in the control animal over 7 days (Figure 11). In the diabetic rats,
the mean avascular lengths increased from 0.14 to 3.76 em of the flap. On baseline, day
0, no avascularity was noted among the two groups.

Figure 10. Bar graph of the avascular, static and flow zones in diabetics and controls on
days 1, 3 and 7 with a representative flap oriented to the right. Significant differences
were noted on days 1 and 7 (P < 0. 05; Fold-change 2::: 2).
35

36

Mean Avascular Lengths
4.50

e

*

*

4 .00

~ 3.50
;..

"

"0
;..

==
..

~;..

..

3.00
2.50
2.00

z"
E 1.50
...
....=

.

"= 1.00

~

.~

=

0.50
0.00
Day 1

Day 1
Day3
Dav7

Day3
Time

Controls
1.81
2.31
2.91

SEM
0.28
0.16
0.18

Day?

Diabetics
0.14
2.17
3.76

SEM
0.10
0.30
0.31

Figure 11. Mean total avascular lengths over time measured from the avascular border
(em) (Note : '*'indicates significant difference (p<0.05) between control and diabetic).

The mean total affected length (sums of avascular plus static lengths) was
consistently greater in the diabetic than in the controls (Figure 12). From day 1 to day 7,
the total affected length increased from 2.72 em to 3.43 em in the controls and from 3.90
em to 4.55 em in the diabetics. The changes were significant on both days 1 and 7
between the two groups.
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Figure 12. Mean total affected lengths (the sum ofavascular and static lengths) over
time measured from the avascular border (em) (Note: * indicates significant difference
(p<O. 05) between control and diabetic).

Photographs of representative skin flaps on days 0, 1, 3, and 7 are shown in
Figure 13 for both the diabetic and controls groups.
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Figure 13. Control vs. Diabetic Flaps on days 0, 1, 3 and 7.

Angiogenesis-associated gene expression profiles were generated for zones I-IV
at 0, 1, 3, and 7 days (Appendix A). Flow zone I is the zone closest to the avascular area
whereas flow zone IV is the zone closest to the pedicle flap. Volcano plots and scatter
plots were generated to illustrate the change in gene expression in the

diabe~ic

group

compared to the control group, at specified time intervals and tissue zones (Appendix B).
Angiogenesis-associated gene expression profiles for the diabetic and control groups
show unique expression profiles for all experimental groups compared to the control, at
all 4 time points following surgery.
Genes were separated into 5 maJor categories according to their function:
adhesion molecules, cytokines and chemokines, growth factors and receptors, protease
inhibitors and matrix proteins and transcription factors and other genes (Appendix C).
Only genes with a statistically significant (p<0.05) change in expression on days 0, 1, 3
or 7 days, and a 2-fold change in either direction post-surgery were examined. In all 4
zones, statistically significant genes were shown to be up-regulated and down-regulated
across all time points. The greatest number of significantly modulated genes occurred in
Flow Zone III (73 genes modulated), and the least in the avascular zone, Zone I (34 genes
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modulated) (Figure 14). The greatest number of up-regulated genes also occurred in
Zone III (44 genes) and the least number in Zone I (14) (Figure 14).

Gene regulation across zones
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Figure 14. Significant gene regulation seen across all zones in graphical and tabular
form. Order ofgreatest gene changes by zone: Zone Ill> Zone IV> Zone II> Zone 1

Further delineation showed that the greatest gene modulation occurred on day 3 in
the flow zone (Zone III), and the least on day 0 in the avascular zone (Zone I) (Figure
15).
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Significant gene regulation per day across each
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Figure 15. Significant gene regulation per day across zones I-IV according to whether
the gene was significantly up- or down-regulated in both graphical and tabular form.
Greatest up-regulation ofgenes was seen on day 3 Zone III (36 genes).

Angiogenesis-associated gene regulation in the Avascular Zone (Zone I)
A total of 34 genes were significantly modulated in Zone I (p<0.05 and foldchange of:::::2 in either direction) (Table 2). Expressions of six of the 34 modulated genes
were significantly changed on more than one day. Genes significantly down-regulated on
more than one day included the following: thrombospondin 2 (THBS2) and interferonalpha 1 (IFNA1) on days 0 and 1, and tumor necrosis factor ligand superfamily member
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12 (TNFSF12) and troponin Tl, skeletal, slow (TNNTI) on days 1, 3 and 7. The two
genes significantly up-regulated on more than one day included: angiopoietin 1
(ANGPTI) on days 3 and 7 and connective tissue growth factor (CTGF) on days 1 and 7
(Table 2).

Chemokine

motif) ligand 9

i i
lnterleukin 12a

I

U

II

I

·2.28

II

Table 2. Angiogenesis-associated gene regulation in the Avascular Zone (Zone I)
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Angiogenesis-associated gene regnlation in the Static Zone (Zone II)

Expression of a total of 39 genes were significantly modulated in Zone II (p<O.OS
and fold-change of 2:2 in either direction) (Table 3). The static zone had only one
significantly down-regulated gene on day 0, eleven on day 1, nine on day 3 and four on
day 7. No genes were significantly up-regulated on day 0, 13 genes were up-regulated on
day 1, and three genes were up-regulated on both days 3 and 7.
Eight genes were significantly modulated on more than one day.

Genes

significantly down-regulated on both days 1 and 3 include: cadherin 5 (CDHS), THBS2,
interleukin 12a (IL12a), neuropilin (NRPl), TNFSF12 and TNNTl, the latter which was
significant on 3 days - days 1, 3 and 7. The one significantly up-regulated gene that
occurred on more than one day was endothelial differentiation sphingolipid G-proteincoupled receptor 1 (EDGl) on days 1 and 3. One gene, platelet/endothelial adhesion
molecule (PECAM), made a switch from being significantly up-regulated on day 1 to
later being significantly down-regulated on day 7. The greatest gene fold-change in this
study was seen in this zone with TNFSF12 having a value of -44.64 down-regulation on
day 1.
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Table 3. Angiogenesis-associated gene regulation in the Static Zone (Zone II)

..

Angiogenesis-associated gene regulation in Flow Zone (Zone Ill)

A total of 71 genes, the greatest out of all 4 zones, were significantly modulated

in Zone III (p<O.OS and fold-change of 2 or greater) (Table 4). From all the genes that
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were significantly down-regulated in Flow Zone I (zone III) at p<0.05 with a fold-change
of 2, three were from day 0, ten were from day 1, 21 from day 3 and 15 from day 7.
There were four genes in this zone that were down-regulated on all 3 days, days 1, 3 and
7 and these include:

IL12A. NRPI, TNNTI and SH2 domain protein 2A (SH2D2A).

Nine genes were significantly down-regulated on more than one day: THBS2 on day 3
and 7, epiregulin (EREG) on days 3 and 7, jagged I (JAGI), natriuretic peptide receptor 1
(NPRI) on days 1 and 7, TNFSF12 on days 3 and 7, matrix metallopeptidase 9 (MMP9),
tissue inhibitor of metalloproteinase 2 (TIMP2) on days 3 and 7, tissue inhibitor of
metalloproteinase 3 (TIMP3) on days 0 and 3 and MAD homolog 5 (Drosophila)
(SMAD5) on days 3 and 7.
Three genes were significantly up-regulated on all3 days, days 1, 3, and 7, which
included: chemokine (C-X-C motif) ligand 10 (CXCLIO), fibroblast growth factor 1
(FGFI), and procollagen, type IV, alpha 3 (COL4A3).

Genes significantly down-

regulated on greater than one day include: chemokine (C-X-C motif) ligand 2 (CXCL2)
on days 3 and 7, interferon gamma (IFNG) on days 1 and 3, angiopoietin (ANGPT) 2 on
days 1 and 3, EDGI on days 3 and 7, fibroblast growth factor 6 (FGF6) on days 3 and 7,
hepatocyte growth factor (HGF) on days 1 and 3, thymoma viral proto-oncogene 1
(AKTI) on days 1 and 3, heart and neural crest derivatives expressed transcript 2
(HAND2) on days 3 and 7 and WAS protein family, member 2 (WASF2) on days 3 and
7. The greatest gene up-regulation was seen in this zone with ANGPT2 at a 16.86 foldchange on day 3.
ANGPTI showed a switch from baseline in being significantly down-regulated to
later being significantly up-regulated. A gene labeled as similar to tumor necrosis factor,
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alpha-induced protein 2 (LOC299339) was seen to be significantly down-regulated in this
zone across all 4 days.

46

supetfamily, member 21

Table 4. Angiogenesis-associated gene regulation in Flow Zone I (Zone III)
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Angiogenesis-associated gene regulation in the Flow Zone II (Zone IV)

A total of 51 genes were significantly modulated in Zone IV (p<0.05 and foldchange of 2 or greater) (Table 5). From all the genes that were down-regulated in Flow
Zone II (Zone IV), none were from baseline, 5 of them were from day 1, 5 from day 3
and 18 from day 7.
There were four genes in this zone that were down-regulated across on all 3 days,
days 1, 3 and 7,

IL12a, EREG, TNFSF12 and TNNTl. Three genes were down-

regulated on both days 3 and 7 which include the following: NRPl, tumor necrosis
factor-like, alpha induced protein 2 (LOC299339) and SAPSl. Two genes were downregulated on both days 1 and 7: THBS2 and TIMP2.

No genes were found to be

significantly down-regulated on days 1 and 3.
From the genes that were up-regulated in Flow Zone II (Zone IV), none were
from day 0, nine were from day 1, 19 from day 3 and 13 from day 7. Four genes were
up-regulated on all3 days, days 1, 3 and 7 which included: chemokine (C-C motif) ligand
2 (CCL2), VEGFA, COL4A3, AND EFNA2. Five genes were up-regulated on both days
3 and 7 which were IFNG, BAil, fibroblast growth factor receptor 3 (FGFR3), VEGFC
and WASF2. One gene was up-regulated on both days 1 and 3 which include: CXCL2.
Two genes were significantly up-regulated on days 1 and 7 and these were CXCL10 and
AK.Tl.
The pattern of expression of Transforming growth factor, beta receptor 1
(TGFBRl) shifted from being significantly up-regulated on day 1 to being significantly
down-regulated on day 7 in this zone. However, on day I, TGFBRl was also shown to
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alpha-induced protein 2 (LOC299339) was seen to be significantly down-regulated in this
zone across all 4 days.
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Angiogenesis-associated gene regulation in the Flow Zone II (Zone IV)

A total of 51 genes were significantly modulated in Zone IV (p<O.OS and foldchange of 2 or greater) (Table 5). From all the genes that were down-regulated in Flow
Zone II (Zone IV), none were from baseline, 5 of them were from day 1, 5 from day 3
and 18 from day 7.
There were four genes in this zone that were down-regulated across on all 3 days,
days 1, 3 and 7, IL!2a, EREG, TNFSF12 and TNNTI. Three genes were downregulated on both days 3 and 7 which include the following: NRPI, tumor necrosis
factor-like, alpha induced protein 2 (LOC299339) and SAPS!. Two genes were downregulated on both days 1 and 7: THBS2 and TIMP2.

No genes were found to be

significantly down-regulated on days 1 and 3.
From the genes that were up-regulated in Flow Zone II (Zone IV), none were
from day 0, nine were from day 1, 19 from day 3 and 13 from day 7. Four genes were
up-regulated on all 3 days, days 1, 3 and 7 which included: chemokine (C-C motif) ligand
2 (CCL2), VEGFA, COL4A3, AND EFNA2. Five genes were up-regulated on both days
3 and 7 which were IFNG, BAil, fibroblast growth factor receptor 3 (FGFR3), VEGFC
and WASF2. One gene was up-regulated on both days 1 and 3 which include: CXCL2.
Two genes were significantly up-regulated on days 1 and 7 and these were CXCLIO and
AKTl.
The pattern of expression of Transforming growth factor, beta receptor 1
(TGFBRl) shifted from being significantly up-regulated on day 1 to being significantly
down-regulated on day 7 in this zone. However, on day I, TGFBRI was also shown to
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be significantly down-regulated in the avascular zone but up-regulated in the two flow
zones on day 1 and 3.
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Table 5. Angiogenesis-associated gene regulation in Flow Zone II (Zone IV)
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Genes significantly modulated across all 4 zones
Seven genes were identified to be significantly down-regulated across all zones at
various time points and 4 genes were identified to be significantly up-regulated across all
time points (p<0.05; fold-change: 2 or greater) (Tables 6 and 7).

Genes significantly down-regulated across all 4 zones
THBS2 was significantly down-regulated across all 4 zones: Avascular zone days 0 and 1, Static zone- days 1 and 3, Flow zone I- days 1, 3 and 7 and also Flow
zone II - days 1 and 7.

IL12A was significantly down-regulated in the following:

Avascular- day 1, Static- days 1 and 3, Flow zones I and II- days 1, 3, and 7. EREG
was significantly down-regulated during the following times and regions: Avascular day 1, Static- days 1 and 3, Flow zone I- days 3 and 7, and Flow zone II- days 1, 3 and
7 (Table 6).
TNFSF12 was also significantly down-regulated across all time points: Avascular
-days 3 and 7, Static- days 1 and 3, Flow zone I- days 3 and 7, and Flow zone IIdays 1, 3 and 7. TNNTl was also significantly down-regulated on all 3 days (days 1, 3
and 7) across all zones (avascular, static and both flow zones).
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Table 6. Significantly under-expressed genes across all zones (p<O. 05; Fold-change: 2:2
or$2)

Significantly over-expressed genes across all zones
VEGFA was significantly up-regulated across all four zones: Avascular- day 1,
Static - days 1, Flow zone I - day 3 and also Flow zone II - days 1, 3 and 7. EFNA3 was
significantly down-regulated in the following: Avascular - day 1, Static - day 1, Flow
zones I -day 3 and Flow Zone 2 -day 1. PDGFB was significantly up-regulated during
the following time points: Avascular Zone- day 7, Stasis Zone- day 1, Flow Zone- day
3 and Flow Zone II- day 3 (Table 7).
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Table 7. Significantly over-expressed genes across all zones (p<O. 05; Fold-change: 2:2
or $2).
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Genes with altered modulation

Both endothelial cell growth factor l(ECGFI) and coagulation factor II (F2) were
both significantly altered across all zones at various time points. The shift in expression
occurred for both of these genes; ECGFI was expressed at a significantly higher level in
diabetic rats at baseline, then was significantly lowered after baseline. The opposite
occurred with F2, which was expressed at a significantly lower level in diabetic rats at
baseline and later up-regulated after baseline (Table 8).
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Table 8. Significantly altered genes across all zones (p<0.05; Fold-change: :::2 or 9).

Genes significantly up-regulated only in Zone I & II but not Zone III & IV

No gene was seen to be significantly up-regulated in only Zone I & II and not in
the two flow zones.
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Genes significantly down-regnlated only in Zone I & ll but not Zone m & IV

The only genes to be significantly down-regulated in only Zone I & II and not in
Zone III & IV were CDH5 (Zone I- day 1, Zone II- days 1 and 3), ITGAV (Zone Iday 1, Zone II- day 1) and TMPRSS6_PREDICTED (Zone I- day 7, Zone II- day 7)
(Table 9).

Table 9. -Significantly down-regulated genes in Zone I & II but not in Zone III & IV

Genes significantly down-regnlated in only the flow zones (Zone III & IV but not
Zone I & II)

Genes showing significant modulation in only the flow zones but not in the
avascular or static zones include: interleukin 18 (1118) (Flow Zone I - day 3 and Flow
Zone II- day 7), NPR1 (Flow Zone I- day 1 and 7, Flow Zone II- day 7}, MMP9 (Flow
Zone I - days 1 and 7 and Flow Zone II - day 7), TIMP2 (Flow Zone I - day 3 and 7;
Flow Zone II- days 1 and 7) and TIMP3 (Flow Zone I- days 0 and 3; Flow Zone IIday 7) (Table 10).

Table I 0. Genes significantly down-regulated in only the flow zones (Zone III & IV)
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Genes significantly up-regulated in only the flow zones (Zone III & IV but not Zone
I & II)

The following genes were significantly up-regulated in both the flow zones only
and not in the avascular or the static zones: CXCL2 (Flow Zone I - day 3 and 7; Flow
Zone II- day 1 and 3), fibroblast growth factor receptor 3 (FGFR3) (Flow Zone I- day 3
and Flow Zone II- day 3 and 7), VEGFC (Flow Zone I- day 3; Flow Zone II- day 3,
7), alanyl (membrane) aminopeptidase (ANPEP) (Flow Zone I & II - day 3), Tissue
inhibitor of metallopeptidase 1 (TIMP1) (Flow Zone I -day 3, Flow Zone II -day 7),
angiogenic factor with G patch and FHA domains 1 (AGGF1) (Flow Zone I & II on days
3), AKTl (Flow Zone I - days 1 and 3, Flow Zone II - days 1 and 7), HAND2 (Flow
Zone I- days 3 and 7, Flow Zone II- day 3), protein 0-fucosyltransferase 1 (POFUTl)
(Flow Zone I - day 3 and Flow Zone II - day 7) and WASF2 (Flow Zone I & II on day 3
and 7) (Table 11 ).
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Table 11. Genes significantly up-regulated in only the flow zones
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Angiogenesis-associated gene regulation differences during baseline

Nine genes were seen to be significantly different amongst the diabetics compared
to the controls at baseline (Table 12). Seven were significantly down-regulated and two
were significantly up-regulated. These nine genes included: THBS2 (-2.04 in Zone I),
CXCL4 (-2.12 in Zone II), IFNA1 (-2.58 in Zone I), ANGPTl (-2.24 in Zone III),
BAil _pREDICTED (-2.36 in Zone I), frizzled homolog 5 (Drosophila) (FZD5) (2.21 in
Zone III), ECGF1 (2.71 in Zone I), TIMP3 (-2.57 in Zone III) and LOC299339 (-2.28 in
Zone III).

i i

i

Table 12. - Significantly altered genes during baseline. Blue highlight
down-regulated genes; Red highlight =significantly up-regulated genes

=

significantly

Real-Time PCR

Real-Time PCR data verified that the diabetic group had a greater expression of
VEGFA, TGFBR1 and ANGPTl on day 3 Zone III as seen with microarrays and a lesser
amount of TNFSF12 on day 0 Zone I and IV in the pattern similar to the others time and
zones (Figures 16 and 17).
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Figure 16. Real-Time PCR results of significantly up-regulated genes relative to HPRT
housekeeping gene (p<0.05).

60

Average RT-PCR Expression of
VEGF

-~
c

-'-"

1.60
1.40

"c

-

1.20

'"'"

I. CO
0.80
0.60
0.40
020

c

.5!!'

.."
::E

"'c

c

.5!!'

~

::E

o.oo
CONTROL

"'c

1.2

-=

0.8

-"

'.5!!'"c

.

-

'.5!!'"

.

"
::E

-=

'"
c

.5!!'

"'~
::E

1.00
050
000

1.2

15

>S
LS
OS
0

·~
5

1.6
1.4

0.8

]

1.2
1

0.6

.ell

0.8

tf.)

0.6

~

0.2

0.2
CONTROL

D.

"8

jM

0.4

c.

P-<ON

Average Pooled RT-PCR
Expression of ANGPTl

E

A.

P·OB

Average Pooled RT-PCR
Expression ofTGFBRl

<.S

DIABETIC

Average RT-PCR Expression of
ANGPTl

c

LSD

c

CONTROL

"

>SO

zoo

c

00

0.2

a
·;;;

.£

"
-=

0.4

"
::E

100

P-CON

"'c

0.6

"'c

150

DIABETIC

Average RT-PCR Expression of
TGFBRl

.£

.£
"'c
c"

Average Pooled RT-PCR
Expression ofVEG F

DIABETIC

Average RT~PCR Expression of VEGF
Average RT·PCR Expression of TGFBR1
Average RT-PCR Expression of ANGPT1

Average RT..PCR Expression of VEGF
Average RT-PCR Expression of TGFBR1
Average RT-PCR Expression of ANGPT1

B.

P-DB

P.CON

AVERAGES
CONTROL
DIABETIC
0.13
1.11
0.36
0.91
0 58
0.95

SEM
CONTROL
DIABETIC
0.00
0.32
0.12
0.20

AVERAGES
CONTROL
DIABETIC
0.13
1.11
0.36
0.91
0.58
0 95

SEM
CONTROL
DIABETIC
0.00
0.32
0.12
0.20

0.08

0.08

0.18

0.18

Figure 17. Gene expressions of VEGFA, TGFBRJ and ANGPT1 verified using RealTime PCR in an un-pooled (A) and pooled sample (B) with their respective values (C
&D).

DISCUSSION

Monitoring of blood flow in diabetic and control rats

Diabetics are known to have compromised wound healing, and angiogenesis plays
an important role in the healing process. In our study, we attempted to uncover, through
microarray analysis, how genes that have been reported to play a role in angiogenesis are
modified in uncontrolled diabetics compared to normal controls using a rodent model.
Microarray analysis has served as a very useful tool for helping to dissect the biological
.
.
. 71
mechamsms
of angiogenesis.

An understanding of the angiogenesis-related gene

profile differences between the two groups would enable us not only to identifY genes of
interest that may account for the compromised wound healing state in diabetics but also
guide us in a direction toward new therapies aimed at reducing these differences.
Using orthogonal polarization, the three different zones in the flap were
characterized: flow (area with red blood cell movement), stasis (area with cessation of red
blood cells) and avascularity (area devoid of blood vessels). It was shown by Olivier that
orthogonal polarization is a direct, non-invasive modality to reliably measure
microcirculation in random pattern skin flaps and that the complete absence of blood
flow may predict future necrosis.

Hence, the area of stasis may be amenable to

therapeutic intervention before necrosis occurs. 72 Tsai et al. showed that the area of stasis
61
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showed that the area of stasis is responsive to phannacological intervention. 60 If no
phannacological intervention was rendered the area of avascularity will increase at the
expense of the stasis area.

Temporal and spatial characterization of flaps

In the diabetic modified McFarlane skin flaps, within the first 24 hours, the
avascular portion of the flap was significantly smaller than that seen in the normal animal
(0.14 em in diabetics vs. 1.81 em in normal controls). By day 3, the mean length of
avascularity in diabetics approached that seen in the controls and surpassed it by day 7
(3.76 em in diabetics vs. 2.91 em in normal controls). The significantly lower amount of
avascularity in diabetics within the first 24 hours may be suggestive of diabetics
displaying a heightened pro-angiogenic state at baseline that favors blood vessel
formation. This observation is supported by a significantly higher expression of genes
that promote angiogenesis (VEGFA) and significantly lesser amount of expression in
genes that suppress blood vessel formation (THBS2, TNNTI) as seen on day 1, which is
at first seen to be protective at the initial stages with lesser avascularity noted but is later
shown to be incapable of sustaining flap viability at later stages as demonstrated by the
increased amount of avascularity by day 7.
The avascular area located at the distal-most portion of the flap was next to an
area of stasis exhibiting vessels without flow, and an unaffected area clearly showing
vessels with blood flow. The total affected length, which is the sum of the static plus the
avascular length, was greater in the diabetic group on all 3 days, and the difference was
significant on both days 1 and 7. The mean total affected length was less than 5 em for
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both groups. Similarly, the avascular or static areas of the flap, on average, did not
exceed more than the first 5 em of the flap. Hence, a large majority of the flap, as
depicted by the last two zones (Zone III and IV), exhibited flow across all time points.
Assimilating gene expression data from the microarrays together with flap physiology
attained from cytoscans, suggests that the combination seen in the latter half of the flap
closest to the pedicle may represent a successful balance of factors that helps to promote
angiogenesis and increase flap survival. In contrast, gene expression seen in the first half
of the flap may represent a combination of factors that fails to promote flap survival,
particularly in the avascular region of Zone I. Factors such as hypoxia and distance of
the flap from the blood source must also be taken into consideration as well.

Genes displaying the greatest up- and down-regulation

The greatest up-regulation of a gene was seen with Angiopoietin-2, (ANGPT-2
with 16.86 fold-change on day 3 Zone III; p<O.OS), a member of the angiopoietin family
which plays an important role in angiogenesis. There are four ligands to the angiopoietin
family (ANGPT-1, -2, -3 and -4) and two corresponding tyrosine kinase receptors (TIEl
and TIE2). 73 Both ANGPT-1 and -2 bind to the TIE2 receptor with similar affinity.
ANGPT-1 is a ligand for TIE2 and has been shown to induce formation of capillary
sprouts, promote survival of endothelial cells and also be essential for blood vessel
maturation and stabilization. 74

ANGPT-1 acts as a paracrine agonist by inducing

phosphorylation ofTIE2 and subsequent vessel stabilization. 73
ANGPT-2 is produced by endothelial cells and acts as an autocrine antagonist of
ANGPT-1 mediated TIE2 activation. Recent evidence showed that overexpression of
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ANGPT-2 results in vascular defects, presumably through inhibition of ANGPT-1
function and that ANGPT-2 may in fact be an antagonist for ANGPT-1. 74 Glomerular
ANGPT-2 expression was shown to increase in diabetic glomerulopathy and immunemediated glomerulonephritis. 75 ANGPT-2 is thought to act by priming the vascular
endothelium to exogenous cytokines and to induce vascular destabilization at higher
concentration.

ANGPT-2 has also been suggested to act synergistically with other

cytokines such as VEGF to promote tumor-associated angiogenesis and tumor
progression and is currently a target for cancer suppression. 73 A more recent study shows
that human ANGPT-2 mRNA was highly overexpressed in retinas of streptozotocininduced diabetic animals, indicating that ANGPT-2 overexpression in the retina enhances
vascular pathology and may play an essential role in diabetic vasoregression via
destabilization of pericytes. 76
In our study, we have up-regulation of VEGFA through all zones at various time
points. At the mRNA level, we have significantly increased expression of ANGPT-2 as
well as VEGFA. Hence, at the genetic level, these two combinations would appear to
enhance angiogenesis, but as angiogenesis results from a cascade of cellular and
molecular events, defective events occurring downstream of these genetic signaling
factors may be what contributes to poor angiogenesis in diabetics.
The factor with the greatest significant down-regulation was seen with Tumor
necrosis factor ligand superfamily member 12 (TNFSF12 with -44.64 fold downregulation on day 1 Zone II). The significant down-regulation was observed in all zones
on day 1, 3 and 7. TNFSF12, a cytokine of the TNF family, is also known as Tumor
necrosis factor-like weak inducer of apoptosis (TWEAK) and is involved in cellular
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proliferation, angiogenesis, inflammation and apoptosis. TWEAK was first discovered
by Chicheportiche and others in 1997 in a search for erythropoietin-related mRNAs in
macrophages. 77 It has been shown to be capable of inducing cell death via endogenous
TNF and TNF receptor. 78 TWEAK and its receptor fibroblast growth factor-inducible 14
(FN14) mRNA and protein were expressed in periodontally diseased tissues, suggesting
its role in the exacerbation of periodontal disease through induction of proinflammatory
cytokines. 79 It has also been found to induce skeletal muscle atrophy through activation
of the ubiquitin-proteasome and NF-kB system and inhibition of the PBK/AKT signaling
pathway. 80 TWEAK has been known to induce a strong angiogenic response when
implanted as pellets in rat comeas. 81

Another group has found that TWEAK can

potentiate FGF-2 and VEGF-A activity in endothelial cell proliferation, suggesting a role
in regulating the physiology and pathological process of angiogenesis. 82
The circulating soluble tumor necrosis factor-like weak inducer of apoptosis
(sTWEAK) was introduced as a potential biomarker that is down-regulated in
atherosclerosis. TWEAK was also found to have a dual role in angiogenic regulation
depending on the angiogenic context in that TWEAK was a potent inducer of endothelial
cell survival and cooperates with basic fibroblast growth factor to induce proliferation
and migration of human endothelial cells and morphogenesis of capillary lumens.
However, TWEAK antagonizes the morphogenic response of endothelial cells to VEGF
without inhibiting VEGF-induced survival or proliferation. 83
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Baseline Changes
In terms of changes in gene expression between diabetics compared to controls on
day 0, microarray analysis reveals nine genes to be significantly different (THBS2,
CXCL4,

IFNAl,

ANGPTl,

BAil_FREDICTED,

FZDS,

ECGF,

TIMP3

and

LOC299339). Moreover, none of these genes were up- or down-regulated in greater than
one zone. Hence, further investigation should be performed, perhaps with Real-Time
PCR to determine whether or not these baseline differences are valid.

Genes changes that may be pertinent to disease entity
Three genes were significantly up-regulated across all zones at different time
points: VEGFA, EFNA3 and PDGFB. The source ofblood vessels originate from
endothelial cell tubes which secrete PDGFB. Although PDGFB has been proposed to
drive the formation of surrounding muscular wall by nearby mesenchymal cells, it was
found that targeted inactivation of the PDGFB gene or the PDGF receptor beta gene by
homologous recombination does not prevent the development of normal large arteries
and connective tissue, possibly due to masking of homeostatic mechanism. 84 However, a
more recent study showed that murine (m) VEGF-164 induces malignant and invasive
tumor growth of keratinocytes, which showed ulceration, disorganized epithelium
interrupted by lacunae with limited basement membrane and endothelial cell coverage,
but with the addition of human platelet-derived growth factor (hPDGF)-B the tumor and
vessel morphology improved markedly. 85 The authors emphasized the need for
multifactorial therapy in formation of functional vasculature. In addition, it was found
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that overexpression ofPDGF-B in rats receiving intraperitoneal injection ofadenoviral
vector expressing PDGF-b had significant angiogenesis. 86
In terms of diabetic status, PDGFB levels were over-expressed in diabetic
retinopathy and diabetic nephropathy patients. 87• 88 Some groups have suggested that
protective treatment such as ACE inhibitors and inhibitors of advanced glycation endproduct formation on diabetic vascular complications is associated with reduced
expression ofcytokines such as PDGF. 89 • 90
VEGF is one of the most powerful angiogenic cytokines and promotes all steps in
the cascade of angiogenesis. 91 More specifically, it induces degeneration of the
extracellular matrix by proteases, causes endothelial cell migration and proliferation, as
well as determines tube proliferation of endothelial cells.92 VEGFA is thought to be the
single most important angiogenic factor. 93
It was shown that hypoxia up-regulates not only HIF-la but also VEGF and
ephrin A2 and B subclasses at the gene and protein level in mouse skin. 94 Eph receptors
have emerged as critical regulators of angiogenesis in vivo to the level ofVEGF and
angiopoietins. The Eph receptors are expressed mostly in endothelial cells from
embryonic stages to adulthood. 95 The ephrins of the A subclass are tethered to the cell
membrane through glycosylphosphatidylinositol (GPI) whereas the B ephrins are
transmembrane proteins. 96 There are many Eph receptors (EphAI-8 and EphBI-6),
named according to their affinity to specific ephrin ligands. In the adult, they have been
shown to be up-regulated in some tumor tissues and implicated in its pathogenic
neovascularization. 97 • 98 Further, it was discovered that the EphA2 receptor stimulation
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by ephrinAl in bovine retinal endothelial cells inhibits VEGF-induced phosphorylation
of the principal receptor ofVEGF (VEGFR2) and its subsequent downstream signaling
cascade, include PKC-ERKl/2 and. Moreover, inhibition of the receptor-associated
signal cascade resulted in reduction of both VEGF-induced angiogenesis and
vasopermeability in vivo. 99 Gale discussed the role of three different growth factorsVEGF, ANGPT and ephrins- that act via endothelial cell-specific receptor tyrosine
kinases. 95 VEGF was noted to be absolutely required for the early stages of
vasculogenesis and critical for subsequent angiogenesis; ANGPTl, unlike VEGF is
unable to promote mitogenic responses or tubule formation, rather it comes into play after
VEGF by acting to elicit the branching and remodeling of vessels as well as to promote
maturation and vessel stabilization. The natural antagonist of ANGPTl is ANGPT2,
which blocks the stabilizing effect of ANGPTl, thereby allowing vessels to revert to a
more plastic state where they are more responsive to VEGF but at the same time also
subject to regression in the absence ofVEGF. Ephrins also appear to function during the
later stages of vascular development. The role of ephrinA3 in the process of
angiogenesis has not been very well covered in literature but may be a good future focus
and as Gale predicted in 1999, "the precise understanding of the interaction in these
various growth factors is certain to keep biologists enthralled for years to come", a
prediction that is apparently still holding.
Retrovirally transfected gene expression ofPDGFB was found to accelerate
diabetic wound healing in fibroblasts as well as when applied to diabetic ulcers. 100• 101 It
may be that at the genetic level we have an increased expression ofPDGFB mRNA that
is not translated to the protein level. Immunohistochemistry staining of the highlighted
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markers seen in the study would yield further insight into the molecular mechanism of
compromised wound healing in diabetics and guide us in the right direction toward using
a combination therapy of significant growth factors to promote better wound healing.

Correlating gene expression with flap physiology

In spite of up-regulation of pro-angiogenic factors (VEGFA, ANGPT-1, ANGPT-

2) and down-regulation of anti-angiogenic factors, diabetic rats appear to have nonfunctional angiogenesis as depicted by the increase in stasis area in diabetics over 7 days.
Our observation of increases in VEGFA and ANGPT-2 mRNA is in agreement with
another study noting that the angiogenic mRNA expression of these genes was increased
in the experimentally induced diabetic rats although the group noticed a decrease in
ANGPT-1 (which was noted during baseline in our study in Zone III). 102 The study
found that application of Enalapril prevented an increase in mRNA expression of these
angiogenic factors in the retinas of experimentally induced diabetic rats. Further, in
another study using immunohistochemistry and testing of vitreous samples with Enzymelinked immunosorbent assay (ELISA), VEGFA and ANGPT-2 were found to be equally
important in the neovascular process in both type 1 and type 2 diabetes whereas VEGFD
was abundantly present in type 2 diabetes.

Nuclear factor kappa B (NFKB) and

macrophages were also found, indicating the presence of an inflammatory process in the
neovascular tissues. It was concluded by the authors that in order to achieve better
control of diabetic retinopathy, it may be beneficial to develop treatment that prevents the
actions of ANGPT-2 and VEGFD. 103
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Based on our study, the pathology of skin flap healing shares some similarity to
that of diabetic retinopathy/nephropathy and research in one area may shed light on the
other. The application of pro-angiogenic factors may not be appropriate for skin flap
healing in diabetics and instead, administration of anti-angiogenic agents in skin flap
healing may promote a better outcome. Our results suggest that significant gene downregulation of TWEAK combined with a significant gene up-regulation ofVEGFA may be
a novel biomarker for risk of type 1 diabetes and compromised flap healing.
Furthermore, investigation of the role in ANGPT-1/TIE-2 and ANGPT-2 signaling may
yield new fmdings in improving wound healing in diabetics. However, investigation of
whether changes we see at the genetic level translate to the protein level should be carried
out.
Genes that were seen to be significantly up-regulated in the flow zone but not
significantly modulated in the control zone consisted of: CXCL2, FGFR3, VEGFC,
ANPEP, TIMP1, AGGFl, HAND2, POFUTl AND WASF2. Genes showing significant
down-regulation in only the flow zones but not in the avascular or static zones include:
ILlS, NPR1, MMP9, TIMP2 AND TIMP3.
In the present study, the diabetic group shows a delay in flap avascularity
compared to the control group as depicted by the significantly smaller zone of
avascularity at 24 hours. However, there was a large increase in total affected area from
day 1 to day 3, indicating that although the avascular zone may be smaller, skin flap
survival in the diabetic group during this early time period may be due to the significant
over-expression of pro-angiogenic factors such as rnidkine, vascular endothelial growth
factor A (VEGFA), ephrin A2, ephrin A3, and platelet derived growth factor, B
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polypeptide (PDGFB), as well as an under-expression of anti-angiogenic factors such as
thrombospondin I (THBSl) and troponin I (TNNTl).
Over-expression of midkine, a heparin-binding growth factor, caused an increase
in the angiogenic activity of human bladder cancer cells due to vascular endothelial cell
growth produced by secretion of interleukin-8. 104 In addition, we observed the underexpression of anti-angiogenenic genes such as thrombospondin 2 and troponin Tl.
Thrombospondin 2 (THBS2), a matricellular glycoprotein involved in the regulation of
proliferation, adhesion and migration of a number of normal and transformed cell types.
Just like thrombospondin-1 (THBS 1), THBS2 is highly expressed in developing blood
vessels, indicating a potential role in the regulation of primary angiogenesis. Mice that
lacked the THBS2 protein demonstrated an increase in vascular density, abnormal
collagen fibrils, and dermal fibroblasts that were defective in adhesion.

It was

hypothesized that THBS2 may play a critical part in the organization and vascularization
of the granulation tissue during healing, possibly by modulating fibroblast-matrix
interactions in early wounds and controlling the extent of angiogenesis in late wounds. 105
In another study using human A431 squamous cell carcinoma cells, THBS2 was shown

to act as an inhibitor of angiogenesis, as demonstrated in a murine model where the areas
of avascularity in THBS2 expressing tumors were significantly reduced despite high
levels of VEGF. 106

Furthermore, mice lacking THBS2 displayed a significantly

enhanced inflammatory response with increased angiogenesis, edema formation and
inflammatory infiltration, with greater microvascular leakage in inflamed skin of THBS2
deficient mice. The study revealed an important role of THBS2 in limiting the extent and
the duration of edema formation, angiogenesis and inflammatory cell infiltration during
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acute and chronic inflammation. 56 The mechanism of inhibition by THBS2 may be due
to its activity in matrix modulation. 107 The endothelial cell receptor for THBS 1 and -2
was identified as CD36 due to its ability to activate a specific signaling cascade that
results in diversion of a pro-angiogenic response to an apoptotic response. 108
Troponin I is a newly discovered cartilage-derived inhibitor which inhibits
endothelial cell proliferation and angiogenesis both in vivo and in vitro. Along with
tropomyosin, Troponin I is responsible for the calcium-dependent regulation of striated
muscles. TNNT1 is capable of inhibiting actomyosin ATPase, which may explain its role
in angiogenesis, tumor growth and metastasis-inhibitory activity. 109• 110
Pulsed electromagnetic fields accelerated wound closure in both diabetic and
control mice through up-regulation ofFGF-2 although the mechanism of its action is still
unknown. 111 FGF-1 and FGF-2 are both potent inducers of endothelial cell migration,
proliferation and tube formation in vitro and are highly angiogenic in vivo. 112
Interestingly, at baseline, the diabetic group had a significantly decreased amount of
FGF-1 in our study (-1.8 fold change).

However, after surgery, the diabetic rats

compensated by over-expressing FGF-1 on subsequent days in various zones, illustrating
that factors from the fibroblast growth family may take on an important role early on in
diabetic skin flap healing.
Cellular and molecular mechanisms by which the pedicle skin flaps survive
without collateral circulation from the intact vessels in the flap base are not well
elucidated. 113 Our data suggests that skin flap survival observed during the early time
period may be due to tight regulation of pro- and anti-angiogenic factors. This initial
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difference between diabetic and· normal skin flaps was no longer observed 3 days
following surgery. The increased zone of avascularity observed in diabetic rats at 3 days
post-surgery may be due to reduced gene regulation of both of pro- and anti-angiogenic
factors. Furthermore, at 7 days post-surgery the diabetic group had a significantly larger
area of avascularity. The healing of the area closest to the pedicle may be due to the
regulation of pro-angiogenic factors combined with under-expression of anti-angiogenic
factors which lead to enhanced survivability in this zone. Enhanced angiogenesis could
be initiated and successful in the early stages of wound healing, thus explaining less
avascularity at the beginning, but which is unable to be sustained at later time points,
giving rise to an increase in avascular and static zones of the flap by day 7.

Limitations
The limitations of this study included being unable to more definitively correlate
the specific flap region displaying avascularity, stasis or flow with its gene expression. If
we were able to identify the cells that display these traits and harvest mRNA for
processing, we would be able to better ascertain that the gene expression is related to the
particular trait. Another limitation of this study was that we were unable to determine if
the specific gene expression properly translates to protein expression.

In addition,

rnicroarray analysis takes on more of a shotgun approach to genetic screening and thus
may not be as specific in measuring gene expression as with Real-Time PCR.
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Future directions
Future directions should include further verification of selected candidate genes
using Real-Time PCR as well as determining whether gene expression patterns of those
candidate genes correlate with protein expression with the goal of being able to enhance
skin flap healing in diabetics.

CONCLUSIONS

In our study, diabetic rats mounted an exaggerated angiogenic response to skin

flap healing manifested by a significant up-regulation of pro-angiogenic genes (VEGFA,
ANGPT) and a significant down-regulation of anti-angiogenic genes (THBS2, TNNTI).
Poor skin flap healing in diabetics may be due to an over-expression of pro-angiogenic
factors and an under-expression of anti-angiogenic genes. Multifactorial therapy aimed
to increase anti-angiogenic mediators and lower pro-angiogenic mediators may lessen
inflannnation, reduce vascular permeability and edema to further enhance skin flap
healing. In closing, the following are the conclusions drawn from this study:
1. Significant differences in angiogenesis-associated gene expression levels were

found between diabetic and non-diabetic animals, both temporally and spatially in
a surgically created skin flap model.
2. Several pro-angiogenic genes were significantly up-regulated in diabetic animals,
such as Vascular endothelial growth factor a (VEGFA), and angiopoietin 1
(ANGPTI). Several anti-angiogenic genes were significantly down-regulated in
diabetic samples, which included thrombospondin 2 (THBS2) and troponin I
(TNNTl).
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3. RT-PCR data confirmed the results from microarray analysis in a few selected
candidate genes, such as VEGF A, transforming growth factor beta receptor 1
(TGFBRI) and ANGPTI.
4. Diabetic animals appeared to mount a hyper-angiogenic response, characterized
by enhanced but inefficient angiogenesis. Continued investigation into the altered
gene state in diabetic animals will further enhance therapeutic approaches and
provide new directions for adjunctive pharmacologic therapies.
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Appendix A: Cumulative Changes of Significant Gene Changes across all zones and days. Note:
yellow =significantly down-regulated across all zones; beige =significantly up-regulated
across all zones; blue =significantly up/down regulated across all zones.

79

80

Appendix B: Volcano plots and scatter plots across all time points (Day 0, 1, 3 and 7)
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Appendix C: Table ofangiogenesis-associated genes grouped by JUnction
Five jUnctional groups groups: I. Adhesion Molecules (A) 2. Cytokines and
Chemokines (B) 3. Growth Factors and Receptors (C) 4. Protease Inhibitors and Matrix

A.

B.

c.
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D.

E.
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Appendix D: Genes significantly modulated across all time points
Note: Green colored genes were significantly down-regulated across all 4 zones and red
colored genes were significantly up-regulated across all 4 zones at various times points
except Ecg/1 and F2 (p<0.05;fold-change 2-fold dif.forence in either direction)

.
I mo d u Iated across a II t1me
POintS (p< 005
; ; F0 ld -c h ange: <: 2 or :!02 )
Genes s1gn1'fi1cant1y
Adhesion Molecules
Thbs2
Cytokines and Chemokines
1112a

Thrombospondin 2
lnte~eukin

12a

Growth Factors and Receptors
Ereg

Epiregulin

Pdgfb
Tnfsf12

Platelet derived growth factor, B polypeptide
Tumor necrosis factor.ligand superfamily member 12

Tnnt1

Troponin T1, skeletal, slow

Vegfa

Vascular endothelial growth factor A

Protease Inhibitors and Matrix Proteins
Ecgft*

Endothelial cell growth factor 1 (platelet-deriwd)

F2*

Coagulation factor II

Transcription Factors and Other Genes
Ema2

Ephrin A2

Efna3
Pofut1
Sh2d2a
Smad5

Ephrin A3
Protein 0-fucosyltransfemse 1
SH2 domain protein 2A
MAD homolog 5 (Drosophila)

* Ecg/1 was significantly up-regulated on Day 0 Zone I but significantly down-regulated
across all other zones (//, III, IV)

! F2 was significantly down-regulated on Day 0 Zone I but significantly up-regulated
across all other zones (/, II, III, IV)
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Appendix D: RNA Checklist
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z.n!ill'
FlawronrU

zs

ASH2
ASH9
CB-Sham

C9-Sham
ST!O-

3

I
CZB
CZ19
CZ21
CZ20
CZ26

C2
C7
ST6Sham
51'7-Sham
STB Sham

I

Sham

Diabetic
Sham

Z13
Z14
ZIS
CZ28
CZ29

AB-Sham
A9-Sham
51'9
ASO
CZ34

FIS
F27
F30
F31
F32

33

I

I
F3
F6
F15
F27
F30

11

I
Z13
Z14
Z15
CZ2B
CZ29

15

23

I
51'2-Sham
AB-Sham
51'10CZ34
CZ35

27

I

I

5
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9
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Appendix E: Gene modulation across all zones over 7 days
Figures a-c ofgenes significantly down-regulated/up-regulated and up/down-regulated
genes.
a. Bar graphs of significantly down-regulated genes
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b. Bar graphs of significantly up-regulated genes
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c. Bar graphs of significantly up/down-regulated genes
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Appendix F. A. Surgical skin .flap model, B. Division of.flap into 4 segments, C. View of
flap using orthogonal polarization D. Blue region = Total affected length (avascular +
static lengths) E. Microarray layout

B.

c.

D.

E.
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