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ABSTRACT 

 

Cardiovascular disease (CVD) is the leading cause of death in the United States, and the 

risk and severity of CVD are increased with type 2 diabetes. However, the exact 

mechanisms that result in the enhanced association between CVD and type 2 diabetes 

have not been clearly elucidated. Inflammation and oxidative stress are strongly 

implicated in both diseases. In type 2 diabetes, there is a dysregulation of inflammatory 

mediators where an anti-inflammatory molecule adiponectin and a pro-inflammatory 

cytokine TNF-α are reduced and increased, respectively. Even lower plasma adiponectin 

concentrations are associated in type 2 diabetic patients with cardiovascular disease. 

Thus, adiponectin may be a significant link between the two diseases. The studies in this 

dissertation examined the in vivo cardioprotective actions of adiponectin and apocynin, a 

NADPH oxidase inhibitor, in the Zucker diabetic fatty (ZDF) type 2 diabetic model. A 

model of coronary artery occlusion was utilized to induce myocardial ischemia-

reperfusion (I/R) injury. The mechanisms of protective actions were assessed by 

measures of inflammation, oxidative stress and DNA damage. Further, in vitro actions of 

adiponectin in human whole blood were investigated. We found that in vivo treatments of 

adiponectin and apocynin significantly reduced myocardial infarction in the type 2 

diabetic heart by 40% and 68%, respectively. The cardioprotective action of adiponectin 

was associated with 2 to 4 fold significant attenuations in several inflammatory 

characteristics, such as neutrophil adhesion molecule CD11b expression, myocardial 

adhesion molecule ICAM-1 expression, myocardial neutrophil accumulation and plasma 
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TNF-α concentration. The cardioprotective action of apocynin was associated with a 

significant reduction in myocardial oxidative stress by 25%. In vitro adiponectin actions 

demonstrated the ability of adiponectin to reduce neutrophil ROS production in human 

whole blood. These studies were the first to report the cardioprotective action of 

adiponectin in the type 2 diabetic heart. In addition, adiponectin was found to modulate 

neutrophil-mediated myocardial I/R injury. Collectively, these findings indicate the 

significant role of adiponectin in inflammation and oxidative stress in type 2 diabetes. 

Further, it can be concluded that inflammation and oxidative stress significantly 

contribute to the enhanced severity of injury observed in the type 2 diabetic heart. 
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CHAPTER 1. INTRODUCTION 

 

Type 2 Diabetes and Cardiovascular Disease 

Currently, 24 million people in the United States are afflicted with diabetes. Type 2 

diabetes accounts for ninety percent of the diabetic population (1). The prevalence is 

escalating, not only in the U.S. but also globally, with a projected 366 million people 

worldwide with diabetes in the year 2030 (2). The onset of type 2 diabetes predominately 

occurs in adulthood, but in recent years, the prevalence of children diagnosed with type 2 

diabetes has increased (3;4). As in adults, children with type 2 diabetes have been 

observed with obesity, hyperglycemia, dyslipidemia and a low-grade inflammatory state 

(3). Type 2 diabetes, accompanied by multiple metabolic and inflammatory pathologies, 

is significantly associated with chronic complications, where diabetic individuals have a 

2- to 4-fold increased risk of cardiovascular mortality (1). The magnitude of 

cardiovascular complications is intensified not only by the overall increased prevalence 

of type 2 diabetes, but also by the significance of diagnosis at earlier years of age. The 

associated cardiovascular complications are significant health and economic concerns to 

both the individual and society, as cardiovascular disease is the primary cause of death in 

the United States.  

Although the cardiovascular mortality rate may have decreased in both non-

diabetic and diabetic populations due to advanced cardiac treatment in the past decades, 

the increased risk of cardiovascular events with diabetes has not changed (5;6). The 

prevalence for both macrovascular and microvasular complications are elevated in 
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diabetic patients compared to those with normal blood sugar concentrations (7). The 

population percentage with macrovascular complications, including coronary artery 

disease, congestive heart failure and stroke, range from 6.6% to 9.8% in type 2 diabetic 

patients, compared to 1.1 to 2.1% in non-diabetic individuals (7). More alarming is that 

Haffner et al. (8) found type 2 diabetic patients without a prior myocardial infarction 

were at a similar risk for a cardiovascular event as non-diabetic patients with prior 

myocardial infarction. It is therefore important to elucidate the mechanisms underlying 

the apparently strong association of type 2 diabetes and cardiovascular disease.  

The multiple metabolic and inflammatory abnormalities associated with diabetes 

are recognized to contribute to the enhanced association between type 2 diabetes and 

cardiovascular disease. The Steno-2 Study found that a multi-factorial intervention 

targeting hyperglycemia, hypertension, dyslipidemia and microalbumineria in type 2 

diabetic patients with microalbumineria was associated with decreased cardiovascular 

mortality compared to a conventional intervention (9). More recently, inflammation was 

recognized as a significant link between type 2 diabetes and cardiovascular disease, 

which was not targeted by the Steno-2 Study. Thus, further investigations elucidating 

how the multiple aspects of diabetes interact with one another and contribute to the 

increased risk of cardiovascular disease will be beneficial in developing the most 

effective multi-factorial intervention.  

 

In this chapter, the pathogenesis of type 2 diabetes will be discussed with a focus on 

factors that are associated with the increased risk of cardiovascular disease. Secondly, 
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mechanisms of myocardial ischemia-reperfusion injury will be presented with emphasis 

on inflammatory aspects enhanced in type 2 diabetes. Then, actions of adiponectin will 

be presented, concluding with its potential role in linking cardiovascular disease and type 

2 diabetes. Lastly, the rationale and specific aims of the dissertation project will be 

presented. 

 

Type 2 Diabetes: A Multifaceted Disease 

 

Insulin Resistance 

Diabetes mellitus is a metabolic disorder that is diagnosed based on the following clinical 

assessments: 1) plasma glucose concentration ≥ 200 mg/dL and 2) fasting plasma glucose 

concentration ≥ 126 mg/dL or 3) two-hour plasma glucose concentration ≥ 200 mg/dL 

during an oral glucose tolerance test (10). The reduced clearance of plasma glucose is 

indicative of insulin dysfunction, which is central to the pathogenesis of type 2 diabetes. 

Lack of insulin action is caused by dysfunctions in insulin release from pancreatic β-cells 

and insulin sensitivity in tissues, such as skeletal muscle, liver and adipose. Pancreatic β-

cell dysfunction results in an abnormal response of insulin production and secretion to 

changes in blood glucose. A potential cause of β-cell dysfunction is decreased β-cell 

mass, possibly due to inflammatory-mediated β-cell apoptosis (11). The causes of insulin 

resistance are also unclear. Inflammation and circulating free fatty acids have been 

implicated in insulin resistance (12). However, several factors, such as genetics, lifestyle 

and obesity, are also associated with insulin resistance (13). 
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Insulin is a hormone that promotes the storage of circulating nutrients.  Insulin 

activates processes such as glycogen synthesis, protein synthesis and lipogenesis, and 

inhibits processes such as glycogenolysis, protein breakdown and lipolysis. Insulin is a 

key hormone in plasma glucose regulation. In response to an increase in plasma glucose 

concentration, insulin is released to induce glucose uptake in tissues by increasing the 

expression of glucose transporters (14). Further, the inhibition of lipolysis in adipose 

tissue results in reduced free fatty acids in the circulation. The absence of proper insulin 

action, observed in type 2 diabetes, results in hyperglycemia and dyslipidemia. The 

abnormal metabolic profile is associated with increased inflammation and oxidative stress 

in type 2 diabetes, which appear to exacerbate the associated acute and chronic 

complications.  

 

Obesity 

Type 2 diabetes is significantly associated with obesity, which generally is an existing 

condition prior to the diagnosis of diabetes. The National Health and Nutrition 

Examination Survey (NHANES) reported during years 1999-2002, 85.2% of type 2 

diabetic patients were overweight or obese, in which 54.8% were obese (15). Body 

weight was classified using the body mass index (BMI), where normal weight is BMI of 

18.5 - 24.9, overweight is BMI of 25 - 29.9 and obese is BMI ≥ 30 (16). Increased 

adiposity is significantly associated with multiple abnormalities, such as impaired 

glucose tolerance, hyperlipidemia, inflammation and oxidative stress (17;18). 

Specifically, central obesity or visceral adipose tissue has been implicated in insulin 
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resistance (13;19). Thus, clinically, the waist circumference (WC) and waist-to-hip ratio 

(WHR) are also assessed as additional risk factors of type 2 diabetes. Visceral adipocytes 

have increased activity of lipolysis (20), and contributes to increases in circulating free 

fatty acids, which are suggested to have a causative role in insulin resistance (12;21). 

Additionally, with chronically high intake of calories, the increased triglyceride 

accumulation in adipocytes results in alterations in morphological and cellular 

composition of adipose tissue. Adipose tissue in obesity is associated with increased 

infiltration of macrophages (22;23), which are considered to be major sources of 

inflammatory mediators in type 2 diabetes (22;23). The altered adipose tissue is 

associated with a dysregulation of adipocyte-released factors or adipocytokines, 

rendering an inflammatory profile in type 2 diabetes. 

 

Inflammation 
  
Localized inflammation is a physiological response to tissue injury. Inflammation is 

classified into two categories: acute and chronic. Acute inflammation is identified with 

the following characteristics: 1) redness, 2) swelling, 3) heat, 4) pain and 5) loss of 

function. These signs are due to physiological actions of vasodilatation, increased 

vascular permeability and stimulation of nerve endings (24). Chronic inflammation 

involves tissue damage and the process of wound healing. The two inflammatory 

classifications also differ on the primary active immune cell involved in the inflammatory 

response.  
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The predominant blood cell involved in acute inflammation is the neutrophil. The 

primary function of the neutrophil is to kill microorganisms and phagocytize injured 

tissue (25). Neutrophils, also known as polymorphonuclear cells, are sources of 

proteases, reactive oxygen species (ROS), lysozymes and cytokines that destroy 

microorganisms. These products can also cause damage to uninjured tissue. Proteases, 

including myeloperoxidase, neutrophil elastase and metallomatrixproteases, reside within 

cytoplasmic granules that are emptied by activated neutrophils. The nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase enzyme complex is the major enzyme that 

produces ROS. The NADPH oxidase system is a complex composed of cytosolic 

subunits: p47phox and p67phox and membrane-associated subunits: p22phox and 

gp91phox. When activated, the cytosolic subunits localize to the membrane and bind to 

the membrane-associated units to assemble the enzyme system (26). Reacting with the 

NADPH substrate, superoxide anion radicals are produced. ROS lack specificity of their 

target molecules, resulting in alterations in various proteins, lipids and DNA. In the acute 

inflammatory response, cells at the site of injury releases chemokines or chemoattractants 

that recruit neutrophils. Adhesion molecules expressed on neutrophils allow localization 

of the neutrophils and act as signaling molecules with immune and endothelial cells. 

Neutrophil-endothelial cell interaction and subsequent tissue infiltration are sites where 

neutrophils can secrete their products and induce microorganism and tissue damage. 

Neutrophils also promote wound healing by releasing chemokines and cytokines, which 

recruit and activate monocytes and progress the inflammatory response to chronic 

inflammation (25).  
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Monocytes, which mature into macrophages within tissues, are the active immune 

cells in a chronic inflammatory response. Once recruited to the injured tissue, 

mononcytes are involved in simliar leukocyte-endothelial cell interactions as the 

neutrophil and subsequent tissue infiltration. Within the tissue, monocytes mature into 

macrophages, which phagocytize pathogens and tissue debris to promote wound healing. 

Additionally, macrophages are significant sources of the pro-inflammatory cytokine 

tumor necrosis factor (TNF)-α, which induce expressions of additional inflammatory 

mediators. Extensive research has described the role of monocytes in the chronic 

inflammatory disease of atherosclerosis (27). The process of atherogenesis is an example 

of a localized chronic inflammatory response due to the chronic presence of pro-

inflammatory mediators, such as TNF-α, oxidized LDL molecules and chemokines. In 

addition to cardiovascular disease, type 2 diabetes is recognized as a state of chronic 

inflammation with elevated inflammatory mediators. 

Inflammation is believed to occur in the early stages of the development of type 2 

diabetes, as systemic inflammatory markers are observed pre-diagnosis and associated 

with impaired glucose tolerance (28). Acute-phase reactants are known markers of 

inflammation. Acute phase reactants, such as C-reactive protein (CRP), serum amyloid A 

and complement factors, are synthesized primarily by the liver and stimulated by the pro-

inflammatory cytokines TNF-α  and interleukin (IL)-6 (24). C-reactive protein, IL-6 and 

TNF-α are elevated in type 2 diabetes (28-31) and are all positively correlated with 

insulin resistance (31;32). Elevated inflammatory markers are also observed in the 

Zucker diabetic fatty type 2 diabetic model (28;33;34). The elevated pro-inflammatory 
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cytokines in type 2 diabetes are produced by both peripheral blood mononuclear cells 

(PBMCs) (29) and altered adipose tissue in type 2 diabetes (23). 

Other indices of the inflammatory state in type 2 diabetes are the altered actions 

of immune cells. Not only is type 2 diabetes associated with increased whole blood 

leukocyte counts (35), neutrophils and monocytes are more activated in type 2 diabetes 

(29;35-37). Diabetic neutrophils and monocytes, of both human and rodent models, have 

increased expression of the adhesion molecule CD11b, a marker of activation (35;38). 

Advanced glycated-end products (AGEs), produced in hyperglycemia, and TNF-α 

significantly contribute to the activation of neutrophils (32;39;40). Further, studies 

demonstrate that diabetic neutrophils are primed or produce an enhanced response to a 

stimulus. Lipopolysaccharide (LPS)-stimulated diabetic neutrophils released greater 

concentrations of cytokines TNF-α, IL-1β and IL-8 (37), ROS (36;41) and are less 

deformable (42) compared to non-diabetic neutrophils. Further, our laboratory also found 

diabetic neutrophils of a type 1 diabetic model produce more ROS and are less 

deformable than those of non-diabetic (43). The primed and activated neutrophils are 

implicated in endothelial damage in diabetes (32).  

Expression of endothelial cell adhesion molecules is indicative of endothelial cell 

activation, and increased expression at basal conditions would suggest endothelial 

dysfunction. Thus, soluble forms of endothelial adhesion molecules are assessed in the 

plasma as markers of endothelial dysfunction and inflammation. Normally, endothelial 

cells express adhesion molecules E-selectin, vascular adhesion molecule (VCAM)-1 and 

intercellular adhesion molecule (ICAM)-1 to promote leukocyte-endothelial cell 
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interaction in an inflammatory response. Studies demonstrate elevated circulating 

concentrations of E-selectin, VCAM-1 and ICAM-1 in type 2 diabetes (44-46), and that 

they are predictors of type 2 diabetes (47). Some studies have found the soluble form of 

ICAM-1 is not elevated in type 2 diabetes (45;48), but is suggested that elevated 

concentrations are indicative of the development of microvacsular complications, such as 

nephropathy (48). A possible explanation of the discrepancy is that soluble forms of 

ICAM-1 are present in the circulation at later stages of diabetes, when the risk of 

microvascular complications is greater. Concentrations of E-selectin and VCAM-1 were 

correlated with the degree of hyperglycemia and insulin sensitivity (45). Additionally, 

oxidative stress has been implicated in the increased adhesion molecule expressions, as a 

chronic vitamin E treatment of 3 months in type 2 diabetic patients reduced plasma 

ICAM-1 and VCAM-1 concentrations (46). Pro-inflammatory cytokines are known to 

induce endothelial ROS and expression of adhesion molecules (40;49-51). TNF-α 

directly activates NF-kB signaling in endothelial cells and indirectly by inducing ROS 

production by neutrophil NADPH oxidase activation, which activates NF-kB signaling 

(40;52). Activation of NF-kB induces the expression of endothelial cell adhesion 

molecules (40;52). Thus, the increased pro-inflammatory cytokines and oxidative stress 

probably contribute to the elevated adhesion molecule expression in type 2 diabetes. The 

increased leukocyte and endothelial cell adhesion molecules increase the likelihood of 

leukocyte-endothelial cell interactions and adhesion in the diabetic microcirculation, as 

observed in the type 1 diabetic microcirculation in response to injury (53). The increased 
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leukocyte-endothelial cell interaction may also be present in type 2 diabetes, contributing 

to the exacerbated response to a stimulus or tissue injury. 

The elevated concentrations of the inflammatory markers and presence of primed 

and activated immune cells illustrate a chronic low-grade inflammatory profile in type 2 

diabetes (24;54). Inflammatory markers are elevated in cardiovascular disease and, 

specifically, CRP is an independent risk factor of cardiovascular disease (55). The 

presence of inflammation in type 2 diabetes and cardiovascular disease suggest a 

significant role of inflammation linking the two diseases. 

 
 
Oxidative Stress 
 
ROS are produced by several sources. The main endogenous sources of ROS are the 

mitochondrial electron transport chain and cellular enzyme systems, including NADPH 

oxidase (56). Glucose metabolism generates substrates that drive the mitochondrial 

electron transport chain. Thus, excess glucose will directly result in increased superoxide 

generation, which is a byproduct of oxidative phosphorylation. The NADPH oxidase 

enzyme system is present in various cells, including neutrophils, endothelial cells, 

skeletal muscle and smooth muscle cells (26;57-62), and is activated by several factors, 

such as TNF-α, angiotensin II, hyperglycemia and oxided LDL (26;40;50). ROS are 

substances that oxidize or remove an electron from other molecules. Physiological 

actions of ROS are involved in microbial killing, breakdown of injured tissue and 

initiating signaling processes, such as apoptosis and proliferation. The oxidizing action of 

ROS on proteins, lipids and DNA results in disrupted protein function, breakdown of the 
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lipid plasma membrane and genetic mutations, respectively. Endogenous antioxidants 

exist to counteract the high reactivity of ROS and prevent unwanted damage to self-

tissue. However, in an imbalanced state where ROS is in excess and available 

antioxidants are reduced, a state of oxidative stress is promoted. Oxidative stress is 

closely associated with several diseases, including type 2 diabetes. 

 Oxidative stress is commonly assessed by the measurement of byproducts of ROS 

reactions. Lipid peroxides, isoprostanes, protein carboxylation and DNA damage 

products are elevated in the plasma or urine of type 2 diabetic patients and animals 

(33;63-65). The hyperglycemic state is implicated in the increased ROS production. High 

circulating glucose concentrations create excess substrate availability for the 

mitochondrial electron transport system, producing high amounts of ROS byproducts. 

Also, glucose reacts non-enzymatically with proteins to produce advanced glycation end-

products (AGEs) (66), which bind to its receptors (RAGE) to elicit several actions. One 

of the actions is to produce ROS by endothelial cells and neutrophils (39;41).  

 Type 2 diabetic neutrophils are significant sources of ROS, mainly by the activity 

of the NADPH oxidase system. Studies have found that type 2 diabetic neutrophils 

produce more stimulus-induced ROS than non-diabetic neutrophils (36;41). 

Hyperglycemia and AGE are believed to prime neutrophils by inducing the assembly of 

NADPH oxidase subunits (41). In addition, activity and expression of NADPH oxidase in 

endothelial cells is increased in obese and diabetic animal models (18;50;67-70). To 

further contribute to the imbalanced state of ROS and antioxidants, the activity and 

production of antioxidants are reduced in type 2 diabetes (36;67;71). 
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 Antioxidants glutathione, superoxide dismutase and catalase quench the highly 

reactive oxygen radicals by donating an electron or promoting the formation of less 

reactive ROS products and water. Neutralizing the activity of ROS prevents the oxidation 

of other molecules. However, in type 2 diabetes, the consumption of excess ROS and 

glycated enzymes of antioxidant synthesis limit antioxidant availability (36;71;72). 

Studies have demonstrated the beneficial effects of antioxidants Vitamins E and C in 

alleviating oxidative stress and metabolic and cardiovascular outcomes in type 2 diabetic 

animal models (65). While Vitamin E treatment reduced markers of oxidative stress and 

inflammation in type 2 diabetic patients (73), the protective antioxidant actions on 

cardiovascular mortality demonstrated in animal models have not been translated to 

humans (74;75). The significant role of oxidative stress in the pathogenesis of type 2 

diabetes and associated complications is not diminished; however, a better understanding 

of the mechanisms of Vitamins C and E in type 2 diabetic patients is required. Further, 

targeting specific sources of ROS production that are over-active in type 2 diabetes may 

prove to be more effective in reducing oxidative stress and associated cardiovascular 

complications.  

 

Zucker Diabetic Fatty (ZDF) Rat: A Type 2 Diabetic Rodent Model 

The Zucker Diabetic Fatty (ZDF) rat is an inbred rat model of type 2 diabetes that was 

first described by Clark et al. (76). A genetic mutation of the leptin receptor results in a 

nonfunctional shortened receptor (77). The lack of leptin actions promotes hyperphagia-

induced obesity. Male ZDF rats develop obesity-induced insulin resistance when fed on a 
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6% fat diet (Purina 5008, Richmond, IN) by the age of 12 weeks. Between 7 to 10 weeks, 

the blood insulin concentration is elevated and subsequently reduced due to pancreatic 

beta-cell dysfunction (78). Independent of the mutation in the leptin receptor, the ZDF rat 

has a genetic defect in beta-cell transcription that contribute to the inadequate beta-cell 

compensation (79). Further, hyperlipidemia is present in the ZDF rats (80;81). The 

metabolic abnormalities of hyperglycemia, hyperlipidemia, hyperinsulinemia and insulin 

resistance in the ZDF rats (34;76;80) are all definitive characteristics of type 2 diabetes in 

humans. 

The ZDF rat also demonstrates basal states of inflammation and oxidative stress. 

Pro-inflammatory markers CRP and TNF-α are elevated, whereas adiponectin is reduced 

in the ZDF (33;34). Our research group demonstrated neutrophil adhesion molecule 

CD11b expression is increased at baseline in the ZDF compared to their lean controls 

(38). Systemic oxidative stress, measured by lipid peroxidation, is increased in the ZDF 

rat compared to lean controls (33;81). Further, NADPH oxidase activity, assessed by 

serine phosphorylation of the p47phox subunit, is significantly elevated in the ZDF aorta 

compared to lean controls, which was associated with increased vascular ROS (81). 

Regarding cardiovascular injury, our research group reported, in agreement with 

Yue et al. (82), that the ZDF heart demonstrates an enhanced injury in response to 

ischemia (38). The increased myocardial ischemia-reperfusion (I/R) injury was attributed 

to increased cardiomyoctye apoptosis (82), increased neutrophil adhesion molecule 

CD11b expression, elevated myocardial ICAM-1 expression and increased complement 

deposition in the myocardium (38). 
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The ZDF is a widely utilized and accepted model of type 2 diabetes and several 

studies have characterized additional pathological parameters observed similarly in 

humans. However, in addition to the leptin receptor mutation, there are characteristics in 

the ZDF rat that are generally not observed in type 2 diabetic humans. Glycogen 

concentration in the skeletal muscle and liver were found to be significantly greater in the 

ZDF rats compared to their lean controls (80), which is the opposite to the reduced 

glycogen stores observed in type 2 diabetic humans. Further, the pathology of pancreatic 

beta-cells in the ZDF rat does not demonstrate islet amyloid deposition as observed in the 

type 2 diabetic human pancreas (83). Thus, utilizing the ZDF type 2 diabetic model to 

investigate glycogen and pancreatic beta-cell dysfunction should be used with caution. 

 
 
The type 2 diabetic factors mentioned above are interrelated and all contribute to the 

increased risk of cardiovascular disease. It appears that insulin resistance and 

inflammation occur at earlier stages of diabetes. Whether insulin resistance causes 

inflammation or vice versa is yet to be determined and proves difficult to elucidate since 

each appear to induce and exacerbate the other. Insulin resistance, inflammation and 

oxidative stress are all implicated to cause endothelial dysfunction in type 2 diabetes. 

Endothelial dysfunction is known as an underlying mechanism in cardiovascular 

diseases, including atherosclerosis and microvascular complications associated with type 

2 diabetes (84). Additionally, insulin resistance, inflammation and oxidative stress are all 

independent risk factors of cardiovascular disease (85-87). Thus, the degree and presence 
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of the multiple facets of diabetes significantly contribute to the enhanced association with 

cardiovascular morbidity and mortality. 

 
 
Myocardial Ischemia-Reperfusion (I/R) Injury  
 

 
 
Approximately 1 in 3 adults in the United States has at least one type of cardiovascular 

disease (5). Coronary artery disease is the second most prevalent cardiovascular disease 

(5), which increases the risk of a myocardial ischemic event. Immediate reperfusion or 

restoration of blood flow is required to salvage myocardial tissue and function post-

ischemia. However, reperfusion results in death or damage of cells that were viable 

immediately prior to reperfusion. Extensive research on ischemia-reperfusion (I/R) injury 

has suggested inflammation and oxidative stress as significant mediators of I/R injury 

(57;88-90).  

 

Leukocyte-Endothelial Cell Interaction 

Acute inflammatory responses are initiated by hypoxia. The initial step of the 

inflammatory response involved in I/R injury is endothelial dysfunction. Hypoxia is a 

stimulus that activates the endothelium, which is now prone to interact with cellular 

components of the blood such as leukocytes with their influx during reperfusion (91;92). 

When endothelial cells are ischemic or injured, the normal functions of the endothelial 

cells are altered. In ischemic conditions, endothelial cells produce less nitric oxide (NO) 

and prostacyclin and increase production of ET-1, rendering a reduced vasodilatory state. 
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In addition to the alterations in vasoactive tone, ischemia induces the increased 

expression of adhesion molecules E-selectin, P-selectin, VCAM-1 and ICAM-1 in 

endothelial cells (93). Further, pro-inflammatory cytokines such as TNF-α, IL-β and IL-6 

upregulate endothelial cell adhesion molecules and activate neutrophil function (51). 

Activated neutrophils also express adhesion molecules PSGL-1 and β2 integrin 

CD11b/CD18. The normal actions of prostacyclin and NO to inhibit neutrophil adherence 

and activation (93) are removed due to their decreased levels in ischemia, which only 

augment neutrophil-endothelial cell interactions. Further, due to hemodynamic forces as 

blood exits the capillaries in reperfusion, leukocytes are displaced along the venular wall, 

which increases the likelihood of leukocyte-endothelial cell interaction (51). In addition 

to interaction via adhesion molecules, neutrophils have morphological changes due to an 

ischemic event, where the activated neutrophils are more rigid and are less likely to 

deform to easily pass through the microcirculation and are found sequestered in 

capillaries and postcapillary vessels (43;94;95). Leukocyte adhesion and accumulation is 

observed in the first minutes of reperfusion (96;97). The leukocyte-endothelial cell 

interaction precedes subsequent leukocyte infiltration and accumulation within the 

ischemic tissue. As mentioned above, neutrophils are the principal leukocytes involved in 

an acute inflammatory response and are the primary effector immune cell in early 

reperfusion. Thus, many studies, including those from our laboratory, have investigated 

the role of neutrophils in I/R injury (43;90;92;98). Our research group demonstrated the 

perfusion with blood components of an isolated heart prior to 30 minutes of ischemia 

resulted in impaired cardiac contractile function compared to perfusion with a modified 
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Krebs-red cell solution (43). The action of neutrophils was implicated in the reduced 

cardiac contractile function after I/R (43). 

The process of neutrophil-endothelial interaction occur in stages of neutrophil 

rolling and firm adhesion and migration (99). The activated endothelial cells release a 

potent neutrophil chemoattractant IL-8, which binds to the CXCR1 and CXCR2 receptors 

on the neutrophils (93;94). Interleukin-8 mediates the directional movement of the 

neutrophils and can activate rolling. P- and E-selectins are involved in early and late 

phases of neutrophil rolling. Firm adhesion of the activated neutrophils occurs through 

the interactions between the β2 integrin CD11b/CD18 expressed on neutrophils and 

ICAM-1 on the endothelial cells (93). VCAM-1 is the primary adhesion molecules for 

monocytes and lymphocytes. The significant role of the β2 integrin-ICAM-1 interaction 

in I/R injury has been demonstrated using knockout mice. Mice deficient in neutrophil β2 

integrin expression or ICAM-1 have reduced neutrophil infiltration and infarction in 

myocardial I/R injury (100). After achieving firm adhesion, neutrophils migrate across 

three barriers: endothelium, interstitial tissues, and the epithelium to infiltrate and 

accumulate within the injured tissue (94). Chemoattractants direct neutrophil migration 

into the tissue. At stages of neutrophil-endothelial cell interaction and subsequent tissue 

infiltration, the neutrophil can release ROS, proteolytics enzymes and cytokines that 

contribute to the tissue injury observed in reperfusion (94). There is evidence to support 

the significant contribution of neutrophils in myocardial I/R injury, as the lack of 

neutrophils in reperfusion reduces infarction (101;102). 
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Oxidative Stress 

Several sources of ROS contribute to the oxidative stress in I/R injury. Reactive oxygen 

species are generated by mitochondrial electron transport chain in cardiomyocytes, 

neutrophil NADPH oxidase and xanthine and NADPH oxidases in endothelial cells 

(90;103). Further, it is believed that ROS production promotes further ROS production 

(57). Duilio et al. (104) reported that activated neutrophils are the main source of ROS 

during reperfusion. Neutrophils can release ROS at stages of endothelial cell interaction, 

as granulocyte-macrophage colony stimulating factor (GM-CSF) and PAF released by 

activated endothelial cells activate neutrophil ROS production (105). ROS is released 

while adhered neutrophils are intravascular. Once neutrophils infiltrate into the 

myocardium, ROS produced by neutrophils can cause myocyte injury. Entman et al. 

(106) found that adherence of neutrophils to myocytes via β2 integrin-ICAM-1 binding 

activated neutrophil ROS production, which lead to myocyte contracture. 

ROS can react with molecules or induce signaling mechanisms to contribute to 

myocardial I/R injury. ROS react with proteins, lipids and DNA to result in altered 

protein function, lipid peroxidation and DNA mutations, respectively. In addition, ROS 

can induce myocardial apoptosis (103;107;108). The lack of oxygen and nutrient delivery 

to the tissues in ischemia results in necrosis, which was once regarded as the only cell 

death process in myocardial I/R injury. However, cardiomyocyte apoptosis is now 

acknowledged to be a significant process that contributes to I/R injury (103;108-110). 

Neutrophil and macrophage ROS production have been implicated in the induction of 

myocardial apoptosis. Zhao et al (111) found that in early reperfusion the amount of 
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infiltrated neutrophils was significantly correlated with apoptotic cell death, whereas in 

late reperfusion, infiltrated macrophages were significantly correlated with apoptosis. 

ROS is believed to indirectly activate both the extrinsic and intrinsic apoptotic pathways. 

ROS-induced intracellular calcium overload activates the intrinsic pathway by promoting 

the opening of the mitochondrial membrane permeability transition pore (103). The 

release of mitochondrial proteins, such as cytochrome c and apoptosis-inducing factor, 

promote the assembly of complexes that activate caspase-3, a downstream apoptotic 

enzyme. ROS is suggested to activate the extrinsic pathway by promoting NF-kB 

activation to induce TNF-α mRNA expression (103). TNF-α binds to membrane-

associated receptors to activate caspase-8, which, in turn, results in caspase-3 activation. 

Caspase-3 reacts with DNA to promote fragmentation, inducing cell death. 

 

Type 2 Diabetes and Myocardial I/R Injury 

All patients with prior myocardial infarction have an increased risk of additional 

cardiovascular events and mortality, however, type 2 diabetic patients have a 

significantly higher mortality rate than non-diabetic cardiovascular patients (8;112). 

Enhanced in type 2 diabetes, inflammation and oxidative stress may play significant roles 

in the exacerbation of myocardial I/R injury that contribute to the increased risk of 

cardiovascular mortality. The enhanced myocardial I/R injury have been demonstrated in 

a type 2 diabetic model (38;82). Further, the enhanced myocardial infarction was 

associated with increased inflammation, assessed by neutrophil adhesion molecule 

CD11b, myocardial ICAM-1 expression and neutrophil accumulation (38). The increased 
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expression of adhesion molecules suggests enhanced leukocyte-endothelial cell 

interaction in response to myocardial I/R. In the type 1 diabetic model, leukocyte-

endothelial cell interactions in the coronary microcirculation were enhanced in 

reperfusion (53). This finding has yet to be investigated in type 2 diabetes. Algenstaedt et 

al. (113) demonstrated that high blood glucose concentrations correlated with increased 

leukocyte rolling and adhesion density in the diabetic mouse microcirculation, which 

suggests type 2 diabetes is associated with enhanced leukocyte-endothelial interactions at 

baseline. The potential combination of primed neutrophils (35;36;41) and enhanced 

neutrophil-endothelial cell interaction in the type 2 diabetic heart may significantly 

contribute to the enhanced myocardial I/R injury observed in diabetes. Further, increased 

cardiomyocyte apoptosis was associated with the enhanced myocardial I/R injury in the 

type 2 diabetic model (82), which may be induced by enhanced myocardial oxidative 

stress.  

 

Uncovering mechanisms that induce inflammation and oxidative stress in type 2 diabetes 

may elucidate the enhanced association with cardiovascular disease. Bioactive molecules 

from adipose tissue have been implicated in linking type 2 diabetes with inflammation. 

The adipocytokine adiponectin is reduced in type 2 diabetes and involved in the 

modulation of inflammation and oxidative stress. The focus of this dissertation is 

investigating the role of adiponectin in the enhanced I/R injury in the type 2 diabetic 

heart.  
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Adipose Tissue as an Endocrine Organ 

 

Adipose tissue is comprised primarily of adipocytes. The key function of adipocytes is to 

store energy in the form of triglycerides, which prevents excess amounts of circulating 

triglycerides and free fatty acids. The important metabolic role of adipocytes was 

demonstrated as the lack of adipose tissue resulted in insulin resistance (114;115). 

Another role of adipose tissue in metabolism was elucidated in recent years. Adipose 

tissue is now recognized as an organ that produces and releases several bioactive 

molecules, some which affect insulin sensitivity. The molecules are collectively known 

as adipocytokines, which include leptin, TNF-α, adiponectin, resistin and vaspin. Current 

research has identified adipocytokines to mediate actions of both metabolic and 

inflammatory (12;31;116). 

 
 
Adipocytokine Dysregulation in Obesity and Type 2 Diabetes 
 
Leptin is one of the most abundant proteins secreted by adipocytes. The discovery of 

leptin initiated the recognition of adipose tissue as an endocrine organ. Initially, leptin 

was known to function as a satiety factor, linking the adipocytokine with obesity. Thus, 

genetically altered diabetic models can be produced by knocking out the leptin (ob) or 

leptin receptor (db) genes. Due to its neuroendocrine function on feeding behavior, leptin 

was considered as a therapeutic for hyperphagia-induced obesity and type 2 diabetes. 

However, plasma concentrations of leptin is proportional to adiposity, therefore, 

generally, type 2 diabetes is associated with increased leptin concentrations (31). In 
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addition, recent research has identified leptin as a pleiotropic molecule, with actions in 

inflammation, atherogenesis, endothelial nitric oxide release, angiogenesis and 

thrombosis (31;117). It was concluded that leptin is not a promising therapeutic for obese 

and diabetic individuals who do not have leptin deficiencies (118).  

 Several pro-inflammatory factors are proportionally increased with adiposity, as 

well. The alterations in adipocytokine production and secretion in obesity and type 2 

diabetes are due to the hypertrophy of adipocytes with triglyceride accumulation. The 

increase in adiposity influences the normal endocrine functions of adipose tissue. 

Expressions of a chemokine, monocyte chemoattractant protein-1 (MCP-1), and pro-

inflammatory cytokine TNF-α are increased in obese adipocytes (12;28;31). Monocyte 

chemoattractant protein-1 acts to promote macrophage infiltration. Macrophages within 

adipose tissue augment TNF-α released from adipose tissue (23). The number of 

infiltrated macrophages is proportional to body weight and adipocyte size in mice and 

humans (22). In obesity and type 2 diabetes, the majority of TNF-α secreted by adipose 

tissue is from infiltrated macrophages (22;23).  

Studies have implicated TNF-α as a causative factor in insulin resistance (12). 

TNF-α acts to increase circulating free fatty acid concentrations as it stimulates lipolysis 

and decreases triglyceride synthesis. The circulating free fatty acids deposit in non-

adipose tissue sites, such as the pancreas, skeletal muscle and liver. This ectopic fat 

storage is believed to contribute to beta-cell dysfunction and insulin resistance (12). A 

direct action of TNF-α in decreased insulin sensitivity has also been demonstrated. TNF-

α inhibited insulin signaling in skeletal muscle by Ser/Thr phosphorylation on insulin 
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receptor substrate (IRS) proteins (119). However, a 4-week treatment with anti-TNF-α 

antibody had no effect on insulin resistance in humans (120). Thus, the direct actions of 

TNF-α on insulin signaling molecules in human skeletal muscle are unclear. Studies with 

larger samples and longer treatment duration may better elucidate the role of TNF-α in 

insulin resistance in humans. 

Resistin is another pro-inflammatory adipocytokine. Resistin was initially linked 

to insulin resistance, where administration of recombinant resistin in normal mice 

induced insulin resistance (121). Elevated resistin concentration was detected in obese 

mouse models (121), however, the increased expression and significance of resistin in 

obese and type 2 diabetic humans is questioned (122). There are several sources of 

resistin, including adipose tissue, mononuclear cells, hypothalamus, adrenal gland and 

skeletal muscle tissue (31). Pro-inflammatory actions of resistin have been demonstrated, 

including the upregulation of TNF-α, IL-6 and IL-1 by activation of NF-kB transcription 

factor (123;124). Further, the pro-inflammatory cytokines were found to increase resistin 

mRNA expression in human peripheral blood mononuclear cells (PBMCs) (124). 

 Whereas several pro-inflammatory molecules that promote insulin resistance are 

upregulated in adipose tissue in obesity and type 2 diabetes, an anti-inflammatory and 

insulin-sensitizing adipocytokine, adiponectin, is reduced (31;125;126). As with leptin, 

adiponectin is one of the most abundantly released peptides from adipose tissue, but in 

contrast, is inversely correlated with adiposity. Adiponectin is mainly synthesized by 

adipocytes, and possibly by differentiating adipocytes (127). Both TNF-α and IL-6 

inhibit transcription of adiponectin in adipocyte cell lines (128;129). Thus, the reduced 
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mRNA expression of adiponectin in diabetic adipocytes (34;130) may be due to the 

elevated pro-inflammatory cytokine concentrations. To further support an interdependent 

relationship between TNF-α and adiponectin, adiponectin knockout mice have increased 

adipocyte TNF-α mRNA expression and plasma TNF-α concentrations (128). 

 A newly discovered adipocytokine, named VASPIN (visceral adipose-tissue-

derived serine protease inhibitor), was demonstrated to improve insulin sensitivity in a 

type 2 diabetic rodent model (131). Similar to adiponectin, VASPIN may have anti-

inflammatory effects. In contrast, VASPIN concentrations are elevated in obese and type 

2 diabetic individuals (132). The elevated VASPIN concentrations are suspected to be a 

compensatory response to the reduced insulin sensitivity in type 2 diabetes (133). Due to 

its recent discovery, further research is needed to identify the role of VASPIN in type 2 

diabetes. 

 

In type 2 diabetes, the altered cellular components and morphology of adipose tissue 

results in a dysregulation of released adipocytokines. These bioactive molecules have 

both autocrine and paracrine actions, where TNF-α and adiponectin concentrations are 

inversely correlated. Adipose tissue in type 2 diabetes secretes greater concentrations of 

TNF-α and IL-6 and reduced concentration of adiponectin significantly contributing to 

the low-grade inflammation observed in type 2 diabetes. 
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Adiponectin: A Pleiotropic Adipocytokine 

 
 
Oligomers and Receptors of Adiponectin 

Adiponectin was identified as a protein, primarily synthesized by adipocytes, of 30 kDa 

with 247 amino acids (127). In both mouse and humans, adiponectin exists in the 

circulation in three major oligomers: trimer (low molecular weight, LMW), hexamer 

(middle molecular weight, MMW) and high molecular weight (HMW) (134-136). The 

isoforms are present in human plasma at high concentrations, ranging 1.9-17.0 μg/ml 

(125). Obesity, type 2 diabetes and cardiovascular disease have all been associated with 

reduced concentrations of adiponectin (126). As a monomer, adiponectin consists of a C-

terminal globular domain, a collagen domain, a variable region and an N-terminal signal 

sequence (127;137). The globular fragment can be cleaved, potentially by leukocyte 

elastase (138). However, globular adiponectin has not been detected in the circulation 

(134-136). Studies have proposed that the high-order oligomers may be reserved sources 

that are cleaved to produce lower-order biologically active isoforms at the site of action 

(135;138). Alternatively, the HMW form has been suggested to be the most biological 

active, as its concentration was more tightly correlated with glucose intolerance (136). 

The different oligomers of adiponectin have distinct biological actions (137), and this 

may due to their specificity for different receptors. 

 Currently, there are three known adiponectin receptors. Much of the literature 

consists of research regarding 2 seven-transmembrane domain receptors termed 

adiponectin receptor 1 and 2 (AdipoR1 and AdipoR2) (139). The relative expressions of 
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AdipoR1 and AdipoR2 depend on the tissue type. AdipoR1 is more abundant in skeletal 

muscle, cardiac muscle and leukocytes, whereas AdipoR2 expression predominates in the 

liver (139-141). The binding affinities for these receptors depend on the adiponectin 

isoform, where globular and HMW forms have higher affinities for AdipoR1 and 

AdipoR2, respectively (139;142). Using knockout mice, Yamauchi et al. (143) 

demonstrated the primary signaling mechanisms of AdipoR1 is AMPK activation and for 

AdipoR2 is through PPARα signaling. Mice lacking both receptor types did not 

demonstrate adiponectin actions, thus it was suggested these receptors are the 

predominant receptors of adiponectin (143). More recently, Hug et al. (144) identified T-

cadherin, a glycosylphosphatidylinol-linked cell surface molecule, as the another receptor 

for adiponectin, specifically for the hexameric and HMW forms. T-cadherin is expressed 

in endothelial cells, smooth muscle cells, skeletal muscle and cardiac muscle (144;145) 

and may have a significant role in vascular actions of adiponectin (145). T-cadherin 

expression is yet to be investigated in obesity or type 2 diabetes. Although, AdipoR1 and 

AdipoR2 expressions were found to be reduced in adipose tissue of diabetic mice and 

severely obese human (146;147), expression of both receptors was unaltered in skeletal 

muscle of type 2 diabetes (148). Further, the expression of AdipoR1 and AdipoR2 are not 

altered in skeletal and liver tissues in a type 2 diabetic rodent model (149). Alterations in 

adiponectin receptor expression in type 2 diabetes and obesity may be tissue-specific.  
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Metabolic Actions 

Adiponectin was demonstrated to modulate the metabolic abnormalities observed in type 

2 diabetes. Further analysis of hypoadiponectinemia in obese and type 2 diabetic 

individuals demonstrated the specific association of adiponectin and insulin resistance, 

independent of obesity (126;150;151). The inverse correlation of plasma adiponectin 

concentrations and insulin resistance was demonstrated to be closer than that with 

adiposity (150). Several animal and human studies have demonstrated the effects of 

adiponectin in improving insulin sensitivity. 

 Adiponectin treatment in type 2 diabetic mice significantly attenuated insulin 

resistance (152). Adiponectin was found to increase insulin-induced tyrosine-

phosphorylation of the insulin receptor, promoting its signaling activity, in skeletal 

muscle in mice and humans (152;153). Adiponectin-knockout mice develop moderate 

insulin resistance, although not as severe as in diabetic mice (154). Even the 

heterozygous adiponectin-knockout mice were more insulin-resistant than the wild-type 

mice (154). When on a high-fat diet, adiponectin-knockout mice are severely insulin 

resistant and is associated with increased plasma TNF-α (128). TNF-α inhibits insulin 

receptor signaling by phosphorylating insulin receptor subtrate (IRS)-1 on its serine 

residues (119). Due to the inverse relationship between adiponectin and TNF-α, insulin 

resistance in type 2 diabetes may be contributed by the reduction of adiponectin 

concentrations due to elevated TNF-α. Further, thiazolidinediones (TZDs), PPARγ 

agonists, were found to inhibit TNF-α suppression of adiponectin mRNA expression 

(155). And, in vivo treatment with thiazolidinediones (TZDs) in glucose intolerant 
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humans and type 2 diabetic animal models improved insulin sensitivity, which was 

associated with increased plasma adiponectin concentrations (155-157).  

 The insulin-sensitizing actions of adiponectin are attributed by its modulation on 

lipid and glucose metabolism (158). Fruebis et al (159) found adiponectin administration 

in wild-type mice after a high-fat/sucrose meal decreased plasma glucose, free fatty acid 

and triglyceride concentrations. These actions were attributed to the activation of fatty 

acid oxidation and AMPK in skeletal muscle by globular adiponectin, but not full-length 

adiponectin (159). Full-length adiponectin treatment was found to decrease plasma 

glucose concentrations by another group (160). The differences in isoform action 

between the two studies may be due to different production methods of recombinant 

adiponectin. However, the more potent actions of globular adiponectin in inducing fatty 

acid oxidation are supported by Yamauchi et al (152). The reduced glucose 

concentrations can also be explained by the inhibition of hepatic glucose production. 

Acutely increasing plasma adiponectin concentrations inhibited hepatic glucose output, 

which was associated with reduced expression of gluconeogenic enzymes PEPCK and 

glucose-6-phosphatase (161).  

 

Anti-Inflammatory Actions 

In addition to its actions on insulin-sensitive tissues, adiponectin elicits multiple actions 

on leukocytes and endothelial cells. Several studies have demonstrated that adiponectin is 

a significant modulator of inflammation (116;162). Plasma adiponectin concentrations 

are negatively correlated with pro-inflammatory marker CRP (33;163). There is an 
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inverse association between adiponectin and TNF-α protein and mRNA expressions in 

human plasma and adipose tissue, respectively (130). Adiponectin-knockout mice also 

express increased TNF-α mRNA in adipose tissue and plasma TNF-α concentrations 

(128). Additionally, adiponectin has been demonstrated to inhibit the pro-inflammatory 

transcription factor NF-kB (52). It should be noted, that studies have also found 

adiponectin to activate NF-kB (137;164). The differences in results may be due to the use 

of different adiponectin oligomers and experimental conditions (134;165-167). 

Several studies have reported that adiponectin modulates cytokine production 

from monocytes and macrophages (166;168-170). Adiponectin was found to reduce the 

production of pro-inflammatory cytokines interleukin (IL)-6 and TNF-α (168;169) and 

promote the release of anti-inflammatory cytokine IL-10 (169;170). However, other 

studies have found adiponectin induces pro-inflammatory cytokine production 

(165;171;172). Tsatsanis et al. (165) found adiponectin can elicit both pro- and anti-

inflammatory actions. Pre-exposure of macrophages to adiponectin initially activated NF-

kB, but with further adiponectin treatment, tolerance to additional adiponectin- or 

lipopolysaccharide (LPS)-induced NF-κB activation was achieved (165). Additionally, 

the acute activation of the TNF-α promoter by adiponectin was required to induce anti-

inflammatory cytokine IL-10 production from RAW264.7 macrophages to promote 

tolerance to later LPS stimulation (172). The differences in cytokine production may also 

be explained by the distinct signaling activation that is dependent on the adiponectin 

isoform. Tsao et al. (137) found that globular and trimer forms of adiponectin activated 

AMPK in C2C12 myotubes. Hexameric and HMW forms did not activate AMPK, but did 
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induce NF-kB activation (137). Neumeier et al. (166) found isoform-dependent actions in 

the THP-1 monocytic cell line, as well. The HMW form induced pro-inflammatory 

cytokine IL-6 release and did not suppress LPS-induced IL-6 secretion. However, LMW 

adiponectin did reduce LPS-induced IL-6 release and stimulated the anti-inflammatory 

IL-10 secretion. The anti-inflammatory action of LMW adiponectin is attributed by its 

inhibition of NF-kB activation (166). These findings suggest adiponectin can be either 

anti- or pro-inflammatory depending upon experimental condition and adiponectin 

isoform. 

There are few data on known actions of adiponectin on neutrophils. Magalang et 

al. (173) was the first to report direct effects on adiponectin on neutrophils. The HMW 

form of adiponectin reduced phorbol myristate acetate (PMA)-induced superoxide anion 

production by isolated human neutrophils. The amount of inhibition with adiponectin 

treatment was similar to that with diphenylene iodonium (DPI), an NADPH oxidase 

inhibitor. Thus, it was proposed that adiponectin might reduce ROS production via 

inhibition of NADPH oxidase activity (173). 

Adiponectin has been demonstrated to modulate the interactions between 

leukocytes and endothelial cells. Adiponectin treatment dose-dependently reduced TNF-

α-induced adhesion molecules E-selectin, VCAM-1 and ICAM-1 expression in human 

aortic endothelial cells via PKC-dependent NF-kB inhibition (HAECs) (49;52). The 

adhesion of the THP-1 monocytic cell line to HAECs was also dose-dependently reduced 

by adiponectin (49). Ouedraogo et al. (174) found leukocyte-endothelial cell interaction 

was increased in the peri-intestinal microcirculation of adiponectin-knockout mice with 
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increased E-selectin and VCAM-1 expressions. Administration of globular adiponectin 

attenuated adhesion molecule expressions and both leukocyte rolling and adhesion. 

Additionally, adiponectin attenuated TNF-α-induced increases in leukocyte rolling and 

adhesion (174). Collectively, these findings reiterate the reciprocal actions of adiponectin 

and TNF-α and the role of adiponectin on leukocyte-endothelial cell interactions. 

 

Adiponectin and Oxidative Stress 

Adiponectin and oxidative stress are inversely correlated in normal, obese and type 2 

diabetic individuals (175;176). Plasma and urine concentrations of 8-epi-prostaglandin 

F2α (8-epi-PGF2α), a measurement of systemic oxidative stress, were inversely 

correlated with plasma adiponectin (175;176). The mechanisms involved in the 

relationship between adiponectin and oxidative stress are unclear. However, studies have 

demonstrated the ability of adiponectin and oxidative stress to modulate each other. 

Oxidative stress was proposed to be a causative factor in the adipocytokine 

dysreguation in adipose tissue (18). 3T3-L1 adipocytes incubated with 0.1 mM of 

hydrogen peroxide for 24 hours reduced adiponectin mRNA expression (18) and 

increases in TNF-α mRNA expression (18). Hattori et al. (177) found angiotensin II-

induced oxidative stress reduced plasma adiponectin and adiponectin mRNA expressions. 

In the same study, exposing 3T3-L1 adipocytes to hydrogen peroxide derived from 50 

mU/ml of glucose oxidase for 16 hours significantly reduced adiponectin mRNA 

expression (177). In addition, in vivo treatment with an NADPH oxidase inhibitior, 
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apocynin, increased plasma adiponectin and mRNA concentrations in an obese mouse 

model (18).  

Adiponectin was demonstrated to reduce ROS production by endothelial cells and 

neutrophils. Exposure of bovine aortic endothelial cell (BAECs) with globular 

adiponectin significantly attenuated basal and oxided LDL-induced superoxide anion 

production (142). Ouedraogo et al. (178) found both globular and full-length adiponectin 

reduced hyperglycemia-induced ROS production from human umbilical vein endothelial 

cells (HUVECs) in an AMPK independent, cAMP/PKA-dependant signaling mechanism. 

As stated above, adiponectin reduced stimulus-induced neutrophil ROS production (173).  

 

As insulin resistance, inflammation and oxidative stress are strongly implicated in 

cardiovascular disease, the modulation of these factors by adiponectin would suggest 

adiponectin plays a significant role in cardiovascular disease. Several epidemiological 

and experimental studies have suggested the cardioprotective role of adiponectin. 

 

Adiponectin and Cardiovascular Disease 

 

Endothelial Dysfunction 

Endothelial dysfunction is an underlying mechanism of cardiovascular disease and 

adiponectin has been implicated in the modulation of endothelial function (179-181). 

Plasma adiponectin concentrations was positively correlated with endothelial function, 

assessed by acetylcholine-induced change in coronary blood flow and coronary artery 
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diameter in normal and mildly diseased coronary arteries (179). The positive correlation 

of adiponectin and endothelial function was independent of insulin resistance (179;180). 

In addition, vasodilation in response to acetylcholine was significantly reduced in 

adiponectin-knockout mice compared with wild-type mice (181). 

 

Atherosclerosis 

Hypoadiponectinemia was found to be independently associated with the prevalence of 

coronary artery disease (CAD) in men, where plasma concentration < 4.0 μg/ml was 

associated with a 2-fold increase in CAD prevalence (182). Further, hypoadiponectinemia 

is associated with the development of atherosclerosis (183). In walls of injured vessels, 

the accumulation of adiponectin was observed, but not in intact walls (184). In the same 

study, adiponectin was able to bind to subendothelial collagens, which was suggested as a 

mechanism of adiponectin entering the endothelium to elicit its actions (184). The 

extensive research on the actions of adiponectin on monocytes and macrophages were 

focused on its role in the pathogenesis of atherosclerosis. The findings of adiponectin on 

the inhibition of endothelial cell adhesion molecule expression, monocyte adherence, 

macrophage class A scavenger receptor expression and foam cell production (49;129) all 

demonstrate anti-atherogenic properties on monocytes and macrophages. Kubata et al. 

(154) found adiponectin knockout mice have a two-fold increase in neointimal formation 

in response to an external vascular cuff injury. Further, mice bred from globular 

adiponectin transgenic mice and apoE-deficient mice had reduced atherosclerosis 

compared to the atherosclerosic murine model of apoE-deicient mice (185). In the same 
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study, the attenuation was associated with decreased class A scavenger receptor and 

TNF-α expressions in the atherosclerotic lesions (185).  

 

Adiponectin and Myocardial Ischemia-Reperfusion Injury 

A reduced risk of myocardial infarction was associated with high plasma adiponectin 

concentrations (186). Further, plasma adiponectin concentrations are reduced after the 

onset of myocardial infarction (187). These clinical findings suggest a role for 

adiponectin in myocardial I/R injury. Experimental studies on adiponectin-knockout mice 

have supported the significant role of adiponectin in I/R (188;189). 

In response to myocardial I/R, adiponectin-knockout mice had a significantly 

greater infarction compared to wild-type mice and the enhanced injury was associated 

with increased apoptosis and plasma TNF-α concentrations (188). When administered 

adiponectin via an adenovirus-mediated expression, attenuations in myocardial infarction, 

apoptosis and plasma TNF-α concentration were observed (188). The mechanisms of 

adiponectin actions were proposed to be an AMPK-dependent and a COX-2-dependent 

signaling pathways (188). Further, Tao et al. (189) found administration of globular 

adiponectin 10 minutes before reperfusion significantly reduced the enhanced superoxide 

and peroxynitrite generation and increased NADPH oxidase subunit expression in 

adiponectin-knockout mice in response to myocardial I/R. These findings strongly 

suggest the ability of adiponectin to modulate inflammation and oxidative stress in 

cardiovascular disease. 
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Adiponectin, Type 2 Diabetes and Cardiovascular Disease 

The reduced plasma adiponectin concentrations associated with type 2 diabetes (125;126) 

and further reduced values in type 2 diabetic patients with cardiovascular disease (126) 

suggest a significant link of adiponectin between the two diseases. High plasma 

adiponectin concentration was associated with a reduced risk for cardiovascular disease 

in type 2 diabetic men (190). The insulin-sensitizing and anti-inflammatory actions of 

adiponectin may be mechanisms of modulation in the development of cardiovascular 

disease in type 2 diabetes. As mentioned above, adiponectin treatment was found to 

attenuate mechanisms in myocardial I/R injury that are observed to be elevated in the 

ZDF type 2 diabetic model. Yue et al. (82) demonstrated increased cardiomyocyte 

apoptosis in I/R injury in the ZDF type 2 diabetic heart. Apoptosis was modulated by 

adiponectin treatment in the adiponectin-knockout mice in myocardial I/R (188). Further, 

increased TNF-α and oxidative stress are associated with type 2 diabetes, and the 

attenuation in myocardial infarction with adiponectin treatment in adiponectin-knockout 

mice was associated with reductions in plasma TNF-α and oxidative stress (188;189). 

The ability of adiponectin to modulate several facets of the pathogenesis of type 2 

diabetes, suggest a central role of adiponectin in type 2 diabetes. Thus, it would be 

valuable to determine if restoring adiponectin concentrations in type 2 diabetes would 

alleviate the enhanced severity of cardiovascular injury, which would suggest adiponectin 

as a significant link between the two diseases. 
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Specific Aims and Rationale of Dissertation 

 

The long-range goal of our laboratory is to determine the roles of inflammation and 

oxidative stress in the increased susceptibility of ischemia-reperfusion (I/R) injury in the 

diabetic heart.  The objective of this proposed study is to specifically investigate the role 

of adiponectin, an adipocytokine, in inflammatory injury and its potential 

cardioprotective role in diabetes. Low levels of adiponectin are associated with type 2 

diabetes in humans and in type 2 diabetic rodent models. The central hypothesis is that 

the measured severity of I/R injury in the type 2 diabetic heart is due to the reduction of 

adiponectin, resulting in an amplified inflammatory response (Figure 1.1). We 

hypothesize that adiponectin supplementation will decrease the enhanced I/R injury in the 

diabetic heart based on a study that demonstrated adiponectin reduced myocardial I/R 

injury in the adiponectin-knockout mouse. Further, we will investigate the potential 

mechanisms of adiponectin in the heart by investigating neutrophils, oxidative stress and 

cardiomyocyte apoptosis in I/R injury. A recent study found adiponectin inhibited 

superoxide generation by stimulated neutrophils. Neutrophils are known to play a crucial 

role in I/R injury and we hypothesize that adiponectin also regulates neutrophils in I/R 

injury. We will elucidate whether anti-inflammatory mechanisms of adiponectin also 

involve reductions in neutrophil activation, its production of reactive oxygen species 

(ROS) and neutrophil adhesion molecule CD11b expression. The rationale for the 

proposed research is that these studies will enhance the understanding of the relationship 

among inflammation, diabetes and cardiovascular disease, and may propose a potential 
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treatment to reduce the severity of cardiovascular disease associated with diabetes. We 

propose the following specific aims:  

 

1) Determine if adiponectin affects the severity of myocardial I/R injury in a 

type 2 diabetic model. 

The working hypothesis is that the reduced concentrations of adiponectin 

associated in type 2 diabetes contribute to the increased severity of 

myocardial I/R injury. 

 

2) Determine if adiponectin regulates oxidative stress and cardiomyocyte 

apoptosis in I/R injury in the type 2 diabetic heart. 

The working hypothesis is that oxidative stress and cardiomyocyte 

apoptosis are significantly increased in the type 2 diabetic heart in I/R 

injury, partially due to reduced adiponectin concentrations. 

 

3) Determine if adiponectin modulates neutrophil activity, by altering its 

expression of adhesion molecule and ROS production. 

The working hypothesis is that adiponectin attenuates neutrophil 

activation. 

 

4) Determine if treatment with apocynin, a NADPH oxidase inhibitor, is 

cardioprotective in myocardial I/R injury in type 2 diabetes.  
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The working hypothesis is that apocynin treatment will reduce oxidative stress 

in the type 2 diabetic heart, significantly reducing myocardial infarction. 

 

The proposed studies are innovative because the actions of adiponectin in myocardial I/R 

injury in the diabetic model are unknown. In addition, to date, there is only one study that 

has investigated the actions of adiponectin on neutrophils, specifically measuring ROS 

production. We will further investigate the effects of adiponectin on ROS production and 

the adhesion properties in both non-diabetic and diabetic neutrophils. We expect to 

demonstrate cardioprotective effects of adiponectin in the diabetic heart and to elucidate 

other anti-inflammatory actions of adiponectin through its regulation of neutrophils and 

neutrophil and endothelial cell adhesion molecule expression. The outcome of these 

studies will provide further knowledge into the mechanisms behind the relationship 

between inflammation, diabetes and cardiovascular disease. 
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Figure 1.1. Proposed Relationship Among Adiponectin, Type 2 Diabetes and 

Neutrophil-Mediated Myocardial Ischemia-Reperfusion Injury. A chronic, low-grade 

inflammatory state exists in type 2 diabetes, where TNF-α and adiponectin (APN) 

concentrations are elevated and reduced, respectively. TNF-α and adiponectin inhibit 

mRNA and protein expressions of the other. TNF-α induces pro-inflammatory actions, 

including the activation of neutrophils (PMN) and endothelial cells (EC), whereas 

adiponectin inhibits these actions. In myocardial ischemia-reperfusion, an acute 

inflammatory response is induced, where plasma TNF-α is increased and neutrophils and 

endothelial cells are activated. The inflammatory state of type 2 diabetes is amplified in 

myocardial ischemia-reperfusion. The activation of neutrophil and endothelial cells 

promotes their interaction and subsequent myocardial neutrophil accumulation. 

Neutrophils release reactive oxygen species (ROS), which causes cellular injury. The 

elevated TNF-α concentration and reduced APN are believed to promote PMN-EC 

interaction and ROS production, which contribute to myocardial infarction. Myocardial 

infarction in type 2 diabetes is enhanced due to the existing chronic inflammatory state 

prior to myocardial ischemia-reperfusion. 
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CHAPTER 2. ACTIONS OF ADIPONECTIN TREATMENT IN MYOCARDIAL 

ISCHEMIA-REPERFUSION IN TYPE 2 DIABETES 

 

ABSTRACT 

Type 2 diabetes and cardiovascular disease cardiovascular disease are associated with 

low plasma concentrations of adiponectin, an adipocytokine with anti-inflammatory 

actions. Adiponectin may modulate the enhanced severity of cardiovascular disease 

observed in type 2 diabetes. A cardioprotective effect of adiponectin has not been 

demonstrated in the type 2 diabetic heart. In this study, we examined if adiponectin 

treatment was cardioprotective in an animal model of type 2 diabetes. The Zucker 

Diabetic Fatty (ZDF) rats (n=14) and their lean controls, Zucker Lean Control (ZLC, 

n=13), were subjected to 30 minutes of coronary artery occlusion and 120 minutes of 

reperfusion. Animals were treated thirty minutes prior to myocardial ischemia with either 

vehicle or recombinant globular adiponectin (1.0 μg/g of body weight). At the end of 

reperfusion, the extent of myocardial infarction was measured. Inflammatory 

mechanisms in myocardial ischemia-reperfusion (I/R) injury were investigated using 

flow cytometric, histological and plasma TNF-α analyses. Myocardial lipid peroxidation 

was measured by myocardial malondialdehyde (MDA) concentrations. Myocardial DNA 

damage was assessed by TUNEL-positive cells. Adiponectin treatment significantly 

attenuated the enhanced myocardial infarction in the ZDF rats by 40% (p < 0.05). In 

addition, the 2-5 fold increased inflammatory response observed in the ZDF rats, assessed 

by neutrophil adhesion molecule (CD11b) expression, myocardial adhesion molecule 
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ICAM-1 expression, myocardial neutrophil accumulation and plasma TNF-α, was 

significantly attenuated with adiponectin treatment by 40-75% (p < 0.05). Myocardial 

lipid peroxidation and DNA damage was significantly increased by 2-fold in the type 2 

diabetic heart compared to that of the non-diabetic (p < 0.05). Adiponectin treatment did 

not modulate myocardial lipid peroxidation, but did reduce myocardial DNA damage by 

24 % (p < 0.05). These findings suggest that adiponectin treatment protects against I/R 

injury in the type 2 diabetic heart. The cardioprotective action was associated with 

marked anti-inflammatory actions, including the regulation of microvascular adhesion 

molecules involved in the early steps of the neutrophil-endothelial cell interaction and 

subsequent neutrophil tissue infiltration. 

 

INTRODUCTION 

 

Type 2 diabetes is associated with low concentrations of the adipocytokine, adiponectin 

(150). Adiponectin is a pleiotropic hormone with both metabolic and anti-inflammatory 

actions. Several anti-inflammatory actions of adiponectin are observed in the vasculature, 

including inhibitions in monocyte adherence to endothelial cells (49), cytokine 

production by macrophages (168) and neutrophil oxidant production (166). The 

concentration of adiponectin is further reduced in those who have type 2 diabetes and 

cardiovascular disease (126). It is well known that mortality from cardiovascular disease 

is markedly enhanced in type 2 diabetes. The association of both diseases with 

inflammation and a reduction in adiponectin suggests a link of adiponectin among type 2 
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diabetes, cardiovascular disease and inflammation. Determining the role of adiponectin in 

ischemic disease in the type 2 diabetic heart may help elucidate the underlying 

mechanisms involved in the increased risk of ischemic heart disease in type 2 diabetes. 

A cardioprotective role of adiponectin has been demonstrated in the non-diabetic 

heart. Adiponectin-knockout mice experienced greater injury after myocardial ischemia-

reperfusion (I/R) compared to wild-type mice and transduction of recombinant 

adiponectin encoding adenovirus attenuated the enhanced injury. The cardioprotective 

effect of adiponectin was attributed to its actions on tumor necrosis factor (TNF)-α, 

apoptosis and oxidative stress (188;189). However, no studies have investigated the 

effect of adiponectin in myocardial I/R injury in type 2 diabetes. Further, the regulation 

of adiponectin on neutrophil-mediated myocardial I/R injury has not been reported. 

Neutrophils circulate in a chronic, low level activated state in type 2 diabetes, as 

demonstrated by a chronic increase in the expression of CD11b, a subunit of the β2 

integrin, on neutrophils (35;38). CD11b specifically binds to the ligand, intercellular 

adhesion molecule-1 (ICAM-1), expressed on activated endothelial cells. During 

neutrophil adhesion to the coronary microcirculation and subsequent tissue infiltration are 

opportunities for neutrophils to produce and release reactive oxygen species (ROS) 

causing reperfusion injury (90;104).  

Adiponectin has direct effects on both endothelial cells and neutrophils. Ouchi et 

al. reported that adiponectin suppressed the expression of ICAM-1, vascular cell adhesion 

molecule (VCAM-1) and E-selectin on endothelial cells in vitro (49). The inhibitory 

effect of adiponectin on endothelial adhesion molecules was also observed in vivo in the 
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intestinal microcirculation (174). Magalang et al. (173) found adiponectin inhibited 

activator-induced oxidant production by neutrophils. However, no studies have reported 

that adiponectin modulates CD11b expression on neutrophils. 

In the present study, the Zucker Diabetic Fatty (ZDF) rat was used as a model of 

type 2 diabetes. Our laboratory reported, in agreement with Yue et al. (82), that the ZDF 

heart demonstrates an enhanced injury in response to ischemia (38). The ZDF rat is well 

characterized to exhibit type 2 diabetic features: obesity, hyperglycemia, 

hyperinsulinemia, a hypercoagulable state and chronic, low-level inflammation 

(34;76;80;191). A chronic inflammatory state is indicated by activated neutrophils (38), 

increased serum C-reactive protein (CRP) (33) and reduced adiponectin concentrations 

(33;34). In this study, we examined: 1) whether supplementing the low concentrations of 

adiponectin in type 2 diabetes would decrease the severity of myocardial infarction, 2) 

the effects of in vivo adiponectin treatment on neutrophil and endothelial cell adhesion 

molecule expression, 3) a potential role of adiponectin on myocardial neutrophil 

accumulation after I/R injury and 4) adiponectin actions on oxidative stress and DNA 

damage in the type 2 diabetic heart. We found that adiponectin treatment attenuated the 

enhanced myocardial I/R injury in type 2 diabetes. The cardioprotection in the ZDF was 

associated with reduced expressions of adhesion molecules CD11b and ICAM-1, 

attenuation in myocardial neutrophil accumulation and reduced plasma TNF-α. These 

findings suggest that adiponectin is an important component of the link among diabetes, 

ischemic heart disease and inflammation. 
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RESEARCH DESIGN AND METHODS 

 

Animal Model 

All animal procedures were approved by the Institutional Animal Care and Use 

Committee and were in compliance with the Guide for the Care and Use of Laboratory 

Animals. Twelve- to fourteen-week old male Zucker Lean Control (ZLC/Gmi:fa/?) and 

Zucker Diabetic Fatty (ZDF/Gmi:fa/fa) rats were obtained from Charles River 

Laboratories (Wilmington, MA). The animals were maintained on a 12-hour light-dark 

cycle and fed 6% fat chow (Purina 5008). Four groups were studied (n=6-8/group). Both 

ZLC and ZDF rats were treated with either 1) phosphate buffered saline (PBS)-vehicle 

(ZLC-PBS, ZDF-PBS) or 2) recombinant globular adiponectin (1.0 µg/g of body weight) 

(ZLC-APN, ZDF-APN). Previous in vivo adiponectin treatment in myocardial I/R injury 

treated non-diabetic animal models with the same adiponectin dose and demonstrated 

significant attenuations in myocardial I/R injury (188;189). Recombinant globular 

adiponectin was expressed in E. coli and purified as previously described (137). The 

adiponectin was diluted in PBS and administered intra-arterially thirty minutes prior to 

the induction of ischemia-reperfusion injury. 

 

Myocardial Ischemia-Reperfusion Injury Model 

The myocardial ischemia-reperfusion protocol was previously reported by us (38). 

Briefly, the animals were anesthetized with sodium pentobarbital (50 mg/kg, IP). The 

right femoral artery was cannulated to monitor blood pressure. Electrocardiogram 
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readings were also recorded (PowerLab 4/30, ADInstruments). The animals were 

intubated and connected to a small animal respirator (model 683, Harvard Apparatus, 

Cambridge, MA). The tidal volume was set at 2.5 ml/stroke and the rate at 75 

strokes/min. The tidal air was supplemented with 100% oxygen. A window was created 

between the left third and fourth ribs. The left anterior descending coronary artery (LAD) 

was occluded using a 5-0 silk suture and PE-tubing to form a snare. After 30 minutes of 

occlusion, the clamp was removed to allow reperfusion for 120 minutes.  

 

Measurement of Area at Risk and Infarct Area 

At the end of reperfusion, the LAD was re-occluded and 1.0% Trypan blue dye was 

administered through the femoral catheter to determine the area-at-risk (38). The heart 

was then excised and the left ventricle was sliced into 2 mm sections. To illustrate the 

infarct area, the slices were incubated at 37ºC in 1.0% 2,3,5-triphenyl-tetrazolium 

chloride (TTC) for 30 minutes, followed by an overnight incubation in 4% buffered 

formalin. Scanned images of the heart sections were analyzed by planimetry using Adobe 

Photoshop 7.0.  

 

Blood Collection and Analyses 

Arterial blood samples were drawn in sodium citrate at three time points throughout the 

surgical procedure: before ischemia (PRE), after 15 minutes of reperfusion (R15) and 

after 120 minutes of reperfusion (R120) for blood gas measurements (ABL 5 Radiometer, 

Copenhagen) and flow cytometric analysis. 
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Plasma TNF-α was measured at PRE and R120 using an ultrasensitive rat ELISA 

kit (ALPCO Diagnostics, Salem, NH). The protocol followed the manufacturer’s 

instructions. The assay is a sandwich-based ELISA where TNF-α molecules in the 

plasma binds with a monoclonal anti-rat TNF-α antibody coated on the wells of a 

microtiter plate and with a biotinylated anti-TNF-α antibody added to the wells. Plasma 

samples were diluted 1:2 with an incubation buffer prior to incubation with the antibodies 

for 2 hours at room temperature. After a wash step to remove excess biotinylated 

antibodies, samples were incubated with streptavidin-peroxidase, which binds to the 

biotinylated antibody. After incubation for 30 minutes at room temperature, another wash 

step was performed to remove unbound enzymes. A stabilized chromogen substrate 

solution was then added, which reacts with the bound enzyme to produce a color. After a 

20 minute incubation with the substrate solution, a solution was added to stop further 

reaction. The absorbance was measured at 450 nm using a spectrophotometer 

(SpectraMax2, Molecular Devices). The intensity of color is directly proportional to 

TNF- α concentration. The standard concentration ranged from 2.3 to 150 pg/ml. High 

and low quality controls of recombinant rat TNF-α were assayed along with the samples 

and were found within the ranges indicated by the manufacturer.  

 

Flow Cytometric Analyses for Neutrophil Adhesion Molecule CD11b Expression 

and ROS Production 

Flow cytometry was utilized to measure the adhesion molecule CD11b expression on 

neutrophils in whole blood, as described previously by our laboratory (38;192). Briefly, 
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whole blood was incubated with PE-Cy5-conjugated CD45 monoclonal antibody (BD 

Biosciences, San Jose, CA) and FITC-conjugated CD11b monocloncal antibody (BD 

Biosciences, San Jose, CA) to label all leukocytes and CD11b expression, respectively. 

FITC-conjugated IgA isotype was used to control for the background FITC fluorescence. 

Samples were incubated at 37°C for 15 minutes and later fixed in 1% paraformaldehye. 

Neutrophil CD11b expression was measured using a FACSCaliber flow cytometer (BD 

Biosciences, San Jose, CA). Data are expressed as total fluorescence intensity (TFI, % 

positive cells x mean channel fluorescence (43).  

 

ICAM-1 Immunohistochemistry 

A 2 mm heart slice was prepared for histological analyses. The tissue section was molded 

in frozen tissue matrix (OCT), frozen in pre-chilled 2-methylbutane and stored at -70°C. 

The ICAM-1 protein was identified using a monoclonal anti-CD54 antibody (BD 

Biosciences, San Jose, CA), as previously described by our laboratory (38). Briefly, five 

micron cryosections were thawed and fixed in cold acetone. After blocking in 0.6% H2O2 

and 3% BSA, the tissue sections were incubated with the anti-CD54 antibody overnight. 

The detection of the antigen-antibody complex was performed with an anti-mouse HRP-

DAB Kit (BD Biosciences, San Jose, CA). After incubation periods with an anti-mouse 

biotinylated anti-Ig antibody and streptavidin-HRP, the DAB substrate reacted with the 

HRP enzyme to visualize ICAM-1 as brown tissue. The slides were then dehydrated and 

mounted in a toluene-based solution. The staining was analyzed using an Olympus IMT2 

microscope with a 20x objective lens and a 1.5 optivar. Digital images were captured 
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using a Hamamatsu ORCA 100 CCD camera and Simple PCI software (Version 5.2, 

Compix, Inc, Sewickley, PA). Myocardial ICAM-1 expression was analyzed as the 

percent immuno-stained area (brown-stained tissue area/total tissue area in microscopic 

field). Fifty fields per animal (n=6/group) were examined. 

 

Measurement of Myocardial Neutrophil Accumulation 

Five micron myocardial sections were stained for granulocytes using the Naphthol AS-D 

Chloroacetate Esterase Staining Kit (Sigma-Aldrich, St. Louis, MO) following the 

manufacturer’s instructions. Briefly, myocardial tissue sections were fixed in a citrate-

acetone-methanol solution. The sections were incubated in the Naphthol ASD 

Chloroacetate Staining Solution, composed of TRIZMAL 6.3 Dilute Buffer Solution and 

Fast Corinth V Salt. Values are expressed as number of neutrophils per field 

(approximately 450 μm) at 40x magnification. Twenty-five fields per animal (n=6/group) 

were examined. 

 

Measurement of Myocardial Oxidative Stress 

Myocardial tissue was homogenized in radio immunoprecipitation assay (RIPA) buffer 

(Cat No. R0278, Sigma) with a protease inhibitor cocktail (Cat No. P8348, Sigma). After 

a 5 minute incubation period on ice, the homogenates were centrifuged at 1,600 x g for 

10 minutes at 4ºC. The supernatant was removed, aliquoted and stored at -80ºC for later 

analysis. A commercially available thiobarbituric acid reactive substances (TBARS) 

assay kit (Cayman Chemical, Ann Arbor, MI) was used to measure myocardial lipid 



 

60

peroxidation. Lipid peroxidation occurs when ROS oxidize phospholipids, and the lipid 

peroxides form carbonyl compounds, such as malondialdehyde (MDA). At high 

temperatures, MDA forms adducts with thiobarbituric acid (TBA). Samples were mixed 

with a sodium dodecyl sulfate (SDS) solution and a color reagent, which consisted of 

TBA, acetic acid and sodium hydroxide. The samples were then placed in boiling water 

for 1 hour. Further reactions were stopped as samples were placed on ice for 10 minutes. 

After centrifugation for 10 minutes at 1,600 x g at 4ºC, the supernatant was removed and 

warmed to room temperature. The MDA-TBA adducts or TBARS were measured 

colorimetrically at 530 nm using a spectrophotometer (SpectraMax2, Molecular 

Devices).  

 

Measurement of Myocardial DNA Damage 

Five micron cryosections were used for terminal deoxytransferase nick end-labeling 

(TUNEL) staining using Apoptag Peroxidase In Situ Apoptosis Detection Kit 

(Chemicon). The protocol followed the manufacturer’s instructions with some 

modifiations. After equilibrating tissue sections to room temperature (RT), the sections 

were fixed in 1% paraformadehyde (PFA) for 10 minutes. After wash steps in After 

phosphate buffered saline solution (PBS), sections were permeablized with Proteinase K 

(200 μg/mL in PBS; 50 μL/section) and then with 0.2% Triton-X 100 in PBS for 30 min 

at RT. After wash steps, endogenous peroxidase activity was quenched by adding excess 

3% hydrogen peroxide to each section. After wash steps, sections were incubated in an 

equilibration buffer for at least 20 seconds. Positive control sections were incubated with 
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DNase I for 10 minutes. All sections, excluding the negative control sections, were 

incubated in terminal deoxynucleotidyl transferase (TdT) Enzyme Solution for 1 hour in 

a humidified chamber at 37ºC. TdT adds nucleotides to the free 3’OH DNA termini, 

which are indicative of the DNA strand breaks associated with DNA damage. After wash 

steps, the sections were incubated with an anti-digoxigenen peroxidase conjugate solution 

for 30 minutes at RT. The previously added nucleotides bind to the anti-digoxigenein 

peroxidase antibody. After wash steps to remove unbound antibodies, a diamino 

benzidine (DAB) peroxidase substrate solution was added for 10 minutes at RT. 

Peroxidase catalyzes the oxidation of DAB to produce a brown-colored precipitate. After 

wash steps to remove excess DAB solution, the sections were counterstained with methyl 

green for 10 minutes at RT. Methyl green stains non-DNA-damaged nuclei a blue-green 

color. Slides were then dipped in milliQ water, followed by 100% N-Butanol. Sections 

were dehydrated in xylene, and then mounted in a toluene-based liquid medium. The 

DNA-damaged nuclei, stained with a brown color, and non-DNA-damaged nuclei, 

stained with a blue-green color, were counted at 400x magnification on a microscope. A 

total of approximately 2,000 nuclei were counted per myocardial section and data is 

presented as the percentage of DNA-damaged nuclei of the total counted nuclei (82). 

 

Statistical Analyses 

Data are presented as mean ± SEM. Analyses were conducted using Sigma Stat 

3.0. The unpaired t-test was used to determine differences between baseline ZLC and 

ZDF characteristics. Differences among experimental groups were analyzed by one-way 
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ANOVA with Student Newman-Keuls post-hoc test. A repeated measures ANOVA was 

used in the flow cytometric and plasma TNF-α analyses to determine differences among 

the groups at different time points. Statistical significance was accepted as a p-value ≤ 

0.05. 

 

RESULTS 

 

Baseline Characteristics of Zucker Lean Control and Zucker Diabetic Fatty Rats.   

As is characteristic of type 2 diabetes, the ZDF rats (n=14) had increased body weight 

and blood glucose concentrations compared to the ZLC rats (n=13) (Table 1). In addition, 

the baseline inflammatory and oxidative stress characteristics of the ZDF were assessed 

by several measurements (Table 1). Although, the total blood cell counts were not 

significantly different between the ZLC and ZDF. However, the ZDF had a 1.5-fold 

significantly greater percentage of neutrophils compared to the ZLC. In addition, the 

neutrophils were more activated, measured by the expression of adhesion molecule 

CD11b and ROS production in the ZDF. The greater percentage of neutrophils and 

increased baseline CD11b are indicative of a chronic inflammatory state observed in the 

ZDF model of type 2 diabetes.  
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Table 2.1. Baseline Characteristics of Zucker Lean Control (ZLC) and Zucker 

Diabetic Fatty (ZDF) Groups. 

 ZLC  ZDF  p-value 

  (n=13)   (n=14)   

 Mean SEM Mean SEM  

Age (weeks) 12.5 0.18 12.7 0.18 0.46 

Weight (g) 313.8 5.58 381.9* 11.51 <0.0001

Blood Glucose (mg/dl) 133.5 3.74 368.9* 6.43 <0.0001

Blood Cell Counts      

WBC (103 cells/μl) 7.5 0.18 7.1 0.20 0.12 

RBC (103 cells/μl) 7.1 0.15 7.2 0.10 0.79 

HCT (%) 37.2 0.70 37.1 0.55 0.93 

PLT (103 cells/μl) 608.4 19.59 604.1 17.42 0.87 

WBC Differential Counts      

NE (%) 18.8 1.14 28.9* 3.14 0.02 

LY (%) 80.8 1.23 68.6* 3.35 0.004 

MO (%) 1.4 0.32 2.1 0.40 0.18 

Neutrophil CD11b (TFI) 5.35 0.63 10.6* 0.75 <0.0001

 

WBC, white blood cell; RBC, red blood cell; HCT, hematocrit; PLT, platelet; NE, 

neutrophil; LY, lymphocyte; MO, monocyte; and TFI, total fluorescence intensity. 
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Adiponectin Treatment Attenuates the Enhanced Myocardial Infarction in the 

Zucker Diabetic Fatty Rat.  

All groups received a similar myocardial ischemic insult, as indicated by the similar 

areas-at-risk within the left ventricle (AAR/LV) (Figure 2.1). The AAR/LV for the four 

groups were: ZLC-PBS: 46.87 ± 2.11, ZLC-APN: 47.63 ± 2.64, ZDF-PBS: 45.41 ± 4.40 

and ZDF-APN: 46.21 ± 1.77, %. However, the infarction area within the area-at-risk 

(IA/AAR) was significantly greater in the ZDF-PBS group compared to all other groups: 

ZLC-PBS: 27.57 ± 7.31, ZLC-APN: 25.30 ± 6.06, ZDF-PBS: 50.32 ± 3.18 and ZDF-

APN: 30.02 ± 2.99, % (p < 0.05). The ZDF-PBS group had a 2-fold greater size of 

myocardial infarction. Adiponectin significantly reduced myocardial infarction by 40% in 

the ZDF.  
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Figure 2.1. Area-at-Risk and Myocardial Infarction. The percentages of area-at-risk 

within the left ventricle (AAR/LV) did not differ among the four groups. However, the 

infarction area (IA/AAR) was significantly greater in the ZDF-PBS group compared to 

all other groups (n=6-8/group). * p < 0.05. 

 

 

 

 



 

66

 

Neutrophil Adhesion Molecule CD11b Expression is Attenuated in the ZDF with 

Adiponectin Treatment.   

Flow cytometry was used to measure neutrophil CD11b expression in whole blood at 

three time points: PRE, baseline before ischemia; R15, after 15 minutes of reperfusion; 

and R120, after 120 minutes of reperfusion. Data were collected as percent positive cells 

expressing CD11b above a threshold (marker 2 or M2 region) created by the FITC-IgA 

isotype control and the mean channel of fluorescence (Figures 2.2A and 2.2B). There was 

a significant temporal increase in CD11b expression with reperfusion (Figures 2.2.A and 

2.2.C). Significant increases in CD11b expression at R120 compared to PRE values were 

demonstrated in the ZLC-PBS (PRE: 4.07 ± 0.26, R120: 34.10 ± 10.41, TFI, p < 0.05), 

ZDF-PBS (PRE: 10.74 ± 1.34, R120: 66.83 ± 10.82, TFI, p < 0.05) and ZDF-APN (PRE: 

10.43 ± 0.93, R120: 41.29 ± 8.72, TFI, p < 0.05) groups (Figure 2.2.C). Although CD11b 

expression at R120 tended to increase in the ZLC-APN group, it was not significant. 

Further, within the ZDF-PBS and ZDF-APN groups, the increase at R120 was 

significantly greater than their respective R15 values. At R120, the ZDF-PBS group 

expressed significantly greater CD11b expression compared to all other groups (Figures 

2.2.B and 2.2.C). Adiponectin treatment in the ZDF reduced the elevated neutrophil 

CD11b expression at R120. 
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Figure 2.2. Neutrophil Adhesion Molecule CD11b Expression. (A) Flow cytometry 

histogram representing the temporal increase in neutrophil CD11b expression in the 

ZDF-PBS group at PRE or baseline (light black line), R15 (thick gray line) and R120 

(thick black line). Marker 1 (M1) region is designated by the fluorescence produced by 

the isotype IgA control. Cells within the marker 2 (M2) region are analyzed for positive 

CD11b expression. (B) Flow cytometry histogram representing neutrophil CD11b 

expression at R120 in the ZLC-PBS (thin black line), ZDF-APN (thick gray line) and 

ZDF-PBS (thick black line). The histogram for the ZLC-APN group was similar to the 

ZLC-PBS group and was omitted in Figure 2.2.B for figure clarity. (C) Neutrophil 

CD11b expression is measured in total fluoresecence intensity (TFI) units, which 

incorporates both percent positive cells and mean channel fluorescence. The ZLC-PBS, 

ZDF-PBS and ZDF-APN groups express significantly greater neutrophil CD11b at R120 

compared to PRE values. At R120, the ZDF-PBS group has significantly greater CD11b 

expression compared to all other groups (n=6-8/group). 1 p < 0.05 vs. PRE, 2 p < 0.05 vs. 

R15 and 3 p < 0.05 vs. all other groups at R120. 
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Myocardial ICAM-1 Expression is Attenuated in the ZDF with Adiponectin 

Treatment. 

ICAM-1 is the key adhesion protein expressed on endothelial cells which binds to CD11b 

on neutrophils, achieving firm adhesion of the neutrophil to the endothelium. Expression 

of ICAM-1 in myocardial tissue was significantly greater in the ZDF-PBS group 

compared to all other groups at R120 (ZLC-PBS: 0.91 ± 0.13, ZLC-APN: 0.80 ± 0.13, 

ZDF-PBS: 4.33 ± 0.63, ZDF-APN: 1.59 ± 0.32, % immno-stained area, p < 0.001) (Fig. 

3E). Myocardial ICAM-1 expression in the ZDF-PBS groups was 4.7-fold greater than 

that in the ZLC-PBS group. Adiponectin treatment in the ZDF significantly reduced 

myocardial ICAM-1 expression by 63%. 

 

Neutrophil Accumulation is Reduced in the ZDF with Adiponectin Treatment. 

Histological staining of granulocytes was used to identify neutrophils within myocardial 

tissue after I/R injury. At R120, myocardial neutrophil accumulation was significantly 

greater in the ZDF-PBS group compared to all other groups (ZLC-PBS: 24.79 ± 2.90, 

ZLC-APN: 19.57 ± 2.53, ZDF-PBS: 49.02 ± 5.55 and ZDF-APN: 29.19 ± 3.48, 

cells/field, p < 0.001) (Figure 2.4). Myocardial neutrophil accumulation was 2-fold 

greater in the ZDF-PBS group compared to the ZLC-PBS group. Adiponectin treatment 

significantly reduced myocardial neutrophil accumulation in the ZDF by 40%. 
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Figure 2.3. Myocardial ICAM-1 Expression. Immunohistochemistry in myocardial 

tissue at R120 illustrate darkly stained tissue, indicated by arrows, as the area of ICAM-1 

expression in the experimental groups: (A) ZLC-PBS, (B) ZLC-APN, (C) ZDF-PBS and 

(D) ZDF-APN (n=6/group). Scale Bar = 50 μm. (E) The percent of immuno-stained area 

within a microscopic field was significantly greater in the ZDF-PBS group compared to 

all groups. * p < 0.001. 
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Figure 2.4. Myocardial Neutrophil Accumulation. The number of neutrophils present 

in a microscopic field at 400x magnification was significantly greater in the ZDF-PBS 

group compared to all groups at R120 (n=6/group). * p < 0.001. 
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Adiponectin Treatment Reduces Plasma TNF-α in the ZDF.  

Baseline plasma TNF-α concentrations were not detectable using an ultrasensitive EIA 

kit. Plasma TNF-α at baseline for all the groups were lower than 4.6 pg/ml, the minimum 

standard of the ELISA kit with necessary sample dilutions. However, at R120, plasma 

TNF-α in the ZDF-PBS group was significantly greater compared to all groups (ZLC-

PBS: 12.14 ± 2.90, ZLC-APN: 9.11 ± 3.50, ZDF-PBS: 60.18 ± 13.03 and ZDF-APN: 

15.00 ± 2.23, pg/ml, p < 0.001) (Figure 2.5). The ZDF-PBS group had a 5-fold greater 

plasma TNF-α concentration at R120. Adiponectin treatment significantly reduced the 

increase in plasma TNF-α in the ZDF in response to myocardial I/R by 75%.  
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Figure 2.5. Plasma TNF-α Concentration at Baseline and R120. Using an ELISA, 

plasma TNF-α concentrations were not detectable at PRE (baseline) among all groups. At 

R120, plasma TNF-α concentration was significantly greater in the ZDF-PBS group 

compared to all other groups (n=6/group). * p < 0.001. 
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Elevated Myocardial Lipid Peroxidation in the ZDF. 

At R120, myocardial lipid peroxidation, assessed by myocardial MDA concentrations, 

was significantly greater in the ZDF-PBS group compared to both ZLC groups (ZLC-

PBS: 59.2 ± 3.3, ZLC-APN: 55.2 ± 10.8, ZDF-PBS: 108.7 ± 21.5 and ZDF-APN: 92.6 ± 

10.7, MDA uM/mg protein, p < 0.05) (Figure 2.4). The ZDF-PBS group had a 2-fold 

greater myocardial lipid peroxidation than the ZLC in response to I/R. However, 

adiponectin treatment had no effect on either ZLC or ZDF hearts in myocardial I/R 

injury. 

 

Adiponectin Treatment Attenuates the Enhanced DNA Damage in the ZDF. The 

DNA damage was assessed by TUNEL staining. The ZDF-PBS group had a 1.5-fold 

significantly higher percentage of DNA-damaged nuclei compared to their lean controls 

(ZLC-PBS: 10.9 ± 1.1% and ZDF-PBS: 17.0 ± 0.8%; p < 0.05). With adiponectin 

treatment myocardial DNA damage was significantly decreased in the ZDF by 24% 

(ZDF-APN: 12.9 ± 0.8%; p < 0.05 vs. ZDF-PBS), indicating a role of adiponectin on the 

modulation of DNA damage in the type 2 diabetic heart. However, adiponectin treatment 

did not significantly reduce myocardial DNA damage in the ZLC heart. The lack of 

significance may primarily be due to a lower number of animals analyzed in the ZLC 

groups (n=3) compared to the ZDF groups (n=5). An unpaired t-test performed between 

the ZLC groups did result in a significant decrease in apoptotic nuclei with adiponectin 

treatment (p < 0.05). 
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Figure 2.6. Myocardial Lipid Peroxidation. Myocardial lipid peroxidation was 

significantly increased in the ZDF-PBS group (n=4) compared to both ZLC-PBS (n=5) 

and ZLC-APN (n=5) groups. Adiponectin treatment had no effect on myocardial lipid 

peroxidation in both the ZLC and ZDF (n=5/group).  * p < 0.05 vs. ZLC groups. 
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Figure 2.7. Myocardial Nuclei with DNA Damage. Percent of DNA-damaged nuclei, 

assessed by TUNEL staining, was significantly greater in the ZDF-PBS group (n=5) 

compared to the ZLC-PBS groups (n=3). Adiponectin significantly attenuated percent of 

DNA-damaged nuclei in the ZDF-APN groups (n=5), however, a significant reduction 

was not observed in the ZLC-APN group (n=3). * p < 0.05 vs. all groups.   
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DISCUSSION 

To our knowledge, this study is the first to report that the enhanced severity of 

myocardial ischemia-reperfusion (I/R) injury in the ZDF model of type 2 diabetes is 

significantly reduced with an acute, in vivo treatment of adiponectin. Clinical associations 

of adiponectin concentration with type 2 diabetes and cardiovascular disease suggests 

that adiponectin is a significant link between the two diseases. Hotta et al. (126) found 

type 2 diabetic individuals have significantly lower concentrations of plasma adiponectin, 

which is further reduced in type 2 diabetic individuals with cardiovascular disease. 

Further, Schulze et al. (190) found higher adiponectin concentrations are associated with 

a reduced risk of cardiovascular disease in type 2 diabetes. The ZDF rats also 

demonstrates the reduced adiponectin concentrations at baseline compared to ZLC rats 

(33;34). The finding that acute treatment with adiponectin in type 2 diabetes can attenuate 

myocardial ischemic injury is a promising notion, suggesting further applied studies.  

 Although several cardioprotective mechanisms of adiponectin in myocardial I/R 

injury in the non-diabetic heart have been investigated, the modulation of neutrophil 

functions has not been explored. Shibata et al. (188) and Tao et al. (189)found that 

attenuations in myocardial infarction were associated with reduced myocardial apoptosis, 

oxidative stress and plasma concentration of tumor necrosis factor (TNF)-α. (189). We 

found a modulation of neutrophil adhesion molecule CD11b expression with adiponectin 

treatment. CD11b is the α subunit of the β2 integrin heterodimer expressed on the surface 

of neutrophils. The CD11b on neutrophils is activated and its expression increased with 

stimuli such as formyl-methionyl-leucyl-phenylalanine (fMLP) and TNF-α via the 
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activation of nuclear factor-kappa B (NF-κB), a transcription factor involved in 

inflammation (193). Further, not only is TNF-α known as a strong activator of NF-κB 

signaling in neutrophils (193;194), but β2 integrins are co-stimulatory signals in NF-κB 

activation (193). Activated β2 integrins mediate neutrophil adhesion to the endothelium 

via interaction with the endothelial intercellular cell adhesion molecule (ICAM-1). We 

found that myocardial I/R injury significantly increased neutrophil CD11b expression 

with reperfusion time in both the ZLC and ZDF animals, the greatest increase observed at 

the end of the 2-hour reperfusion. Adiponectin significantly reduced the temporal 

increase in neutrophil CD11b expression in type 2 diabetes. As indicated in Table 1, type 

2 diabetes is associated with an increased neutrophil count and increased neutrophil 

CD11b expression, which is in agreement with earlier studies (35;38). The finding that 

adiponectin treatment attenuated CD11b expression in this study suggests that 

supplemental adiponectin may alleviate the basal chronic-inflammatory state in type 2 

diabetes by reducing neutrophil activation.  

In addition to the effect of adiponectin on neutrophil CD11b expression, we found 

adiponectin treatment significantly attenuated the increased cardiac ICAM-1 expression 

in the ZDF model in myocardial I/R injury. Ouchi et al. (49;52) demonstrated the direct 

inhibitory effect of the in vitro treatment of adiponectin on TNF-α-induced endothelial 

ICAM-1 expression via the inhibitory action on NF-κB activation. Ouedraogo et al. (174) 

found adiponectin attenuated endothelial cell adhesion molecules E-selectin and VCAM-

1 expression in vivo in adiponectin knockout mice, but did not report an assessment of 

ICAM-1. Our finding is important because ICAM-1 specifically binds to the activated β2 
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integrin on neutrophils and is involved in neutrophil adhesion under the conditions of 

ischemia-reperfusion (195). Our laboratory and others have demonstrated the significant 

contribution of neutrophil adhesion in I/R injury in both diabetic and non-diabetic hearts, 

brains and livers (53;196-198). In addition, adiponectin knockout mice exhibited an 

increase in leukocyte-endothelial cell interaction in the intestinal microcirculation (174). 

Thus, the ability of adiponectin treatment to attenuate neutrophil adhesion may explain 

the reduced myocardial neutrophil accumulation and infarction in the type 2 diabetic 

heart.  

When activated, neutrophils have a remarkable ability to produce significant 

reactive oxygen species (ROS) via the NADPH oxidase enzyme. In myocardial I/R 

injury, ROS contributes to damage by reacting with proteins, nucleic acids and membrane 

lipids (90). Neutrophils have been found to be key sources of oxidant production early in 

reperfusion (104). In addition, Magalang et al. (173) demonstrated the direct action of 

adiponectin on non-diabetic neutrophils. Adiponectin pre-treatment inhibited activator-

induced ROS production from isolated neutrophils. Reducing neutrophil accumulation in 

the myocardium will likely reduce the myocardial oxidative stress associated with I/R. In 

addition, Fan et al. (40) found ROS produced by neutrophils via the NADPH oxidase 

enhance the TNF-α induced endothelial cell ICAM-1 upregulation via NF-κB activation. 

Because of the known ability of TNF-α to induce adhesion molecule expression on both 

neutrophil and endothelial cells, TNF-α may be a common target to reduce neutrophil-

endothelial cell interaction and subsequent neutrophil tissue accumulation.  
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Adiponectin and TNF-α have opposing actions and it has been suggested that the 

dysregulation of these adipocytokines is integrally involved in the pathophysiology of 

obesity and type 2 diabetes (12;31;199). In this study, the plasma TNF-α concentrations 

in the ZLC and the ZDF animals were within normal limits before myocardial I/R. 

Plasma TNF-α concentrations increase in response to myocardial I/R and contribute to 

endothelial dysfunction (200-202). We found TNF-α tended to increase in all groups in 

response to I/R but markedly increased in the ZDF-PBS group (Fig. 5). Macrophages and 

mast cells are key sources of TNF-α in I/R (195;203). Adiponectin inhibits TNF-α 

production by macrophages (168), and in our study, adiponectin treatment significantly 

prevented the exaggerated increase in TNF-α concentration in the type 2 diabetic model 

in response to I/R. This finding implies that the lack of adiponectin in type 2 diabetes 

results in the disinhibition of TNF-α production when subjected to an insult. A possible 

interpretation of the 4-fold attenuation with adiponectin treatment is that the lower 

adiponectin concentrations in type 2 diabetes contribute to the priming of inflammatory 

cells. Type 2 diabetes is associated with primed cells where type 2 diabetic human 

neutrophils produce greater ROS (36), express more CD11b (35) and produce more TNF-

α (37) when exposed to a stimulus compared to those without diabetes. Further, 

stimulated macrophages from a mouse model of type 2 diabetes produced more TNF-α 

compared to those of a non-diabetic model (204). Therefore, the presence of higher 

circulating adiponectin concentrations may suppress the reactivity of inflammatory cells, 

which is removed in type 2 diabetes where plasma adiponectin concentrations are lower. 

The amplified production and release of TNF-α by primed neutrophils and macrophages 
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in type 2 diabetes likely contribute to the enhanced inflammatory response to I/R, 

including the increased adhesion molecule expression and myocardial neutrophil 

accumulation observed in the current study.  

Further, we found the ZDF heart to have significantly elevated myocardial lipid 

peroxidation compared to that of the lean control. This finding illustrates the enhanced 

oxidative stress in type 2 diabetes. Adiponectin treatment had no effect on myocardial 

lipid peroxidation in either ZLC or ZDF. However, Tao et al. (189) did find a reduction 

in superoxide generation with an acute globular adiponectin treatment prior to 

reperfusion. Explanations of the difference between the studies may be the timing of 

treatment administration and different methods to measure oxidative stress.  

Adiponectin treatment was found to significantly reduce myocardial DNA 

damage in the ZDF. Myocardial DNA damage was reduced with adiponectin treatment in 

the ZLC, however the attenuation was not significant. Thus may be explained by the 

smaller number of animals that were analyzed in the ZLC groups (n=3) compared to the 

sample size analyzed for the ZDF (n=5). An unpaired t-test conducted between the ZLC 

groups did indicate a significant reduction. These findings suggest that adiponectin can 

modulate myocardial DNA damage, a potential mechanism that contributes to the 

reduced myocardial infarction. 

There are limitations to this study, including the use of the ZDF as a model of 

type 2 diabetes. The ZDF is an inbred rat model produced by a mutation in the leptin-

receptor gene, which promotes hyperphagia. The human development of type 2 diabetes 

is not predominantly due to leptin-receptor deficiencies. However, the increase in food 
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intake in the male ZDF model does result in obesity, hyperglycemia, hyperlipidemia, 

hyperinsulinemia and insulin resistance (34;76;80), which are all definitive characteristics 

of type 2 diabetes in humans. The ZDF is a widely utilized and accepted model of type 2 

diabetes and several studies have characterized additional pathological parameters 

observed similarly in humans. To answer the questions of this study, the ZDF was 

determined to be an appropriate model as previous studies demonstrated the enhanced 

myocardial I/R injury (38;82) and basal chronic inflammation, assessed by elevated CRP 

and reduced adiponectin concentrations in the ZDF rat (33;34;80). 

Current discoveries illustrate the complexity in determining the anti-inflammatory 

mechanisms of adiponectin. Many studies have demonstrated the anti-inflammatory 

actions of adiponectin in reducing the production of pro-inflammatory cytokines 

interleukin (IL)-6 and TNF-α (168;169), promoting the release of anti-inflammatory 

cytokine IL-10 (169;170) and suppressing endothelial adhesion molecule expression (49). 

The recombinant globular adiponectin used in this study did not activate NF-κB in 

myotubes (134). However, several studies have found both globular and high molecular 

weight forms of adiponectin inhibit or activate NF-κB, indicating an anti- or pro-

inflammatory role, respectively (52;134;166;205;206). While for years these paradoxical 

findings made it difficult to understand the physiological function of adiponectin, results 

from more recent studies indicate that these opposing findings may be reconcilable. For 

example, Tsatsanis et al. (165) found pre-exposure of macrophages to adiponectin 

promoted tolerance to further adiponectin- or lipopolysaccharide (LPS)-induced NF-κB 

activation. Similarly, adiponectin-mediated suppression of LPS-induced TNF-α 
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production from RAW264.7 macrophages was associated with acute activation of TNF-α 

promoter by adiponectin (172). These findings suggest adiponectin can be either anti- or 

pro-inflammatory depending upon experimental context, and that chronic exposure to 

adiponectin in vivo has an anti-inflammatory effect. Clearly, the mechanisms involved in 

adiponectin actions are complex, but several in vivo studies, including ours, have 

demonstrated the protective effects of adiponectin (174;188;189). We found treatment of 

globular adiponectin elicited beneficial actions in myocardial tissue and neutrophils after 

myocardial I/R injury in type 2 diabetes. The protective effects may be attributed to anti-

inflammatory actions of adiponectin.  

In summary, we demonstrated the cardioprotective role of adiponectin in type 2 

diabetes and additional cardioprotective mechanisms via the modulation of neutrophil 

adhesion molecule expression and neutrophil tissue accumulation. The increased 

expression of adhesion molecules after I/R injury in the type 2 diabetic heart indicates 

there is significantly greater neutrophil-endothelial cell interaction in the coronary 

microcirculation, as we observed earlier in the type 1 diabetic heart (53). Further studies 

are required to elucidate the actions of adiponectin in neutrophil-endothelial cell 

interaction in type 2 diabetes. In summary, the findings from this study suggest a 

potential therapeutic use of adiponectin in attenuating the increased severity of ischemic 

heart disease in type 2 diabetes.  
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CHAPTER 3. ADIPONECTIN ACTIONS IN NEUTROPHILS IN HUMAN 

WHOLE BLOOD 

 

ABSTRACT 

Type 2 diabetes and cardiovascular disease are associated with chronic inflammation. 

One consequence of chronic inflammation is the priming of neutrophils. Neutrophils are 

activated in an inflammatory response and are potent sources of reactive oxygen species 

(ROS) and proteases. Adiponectin, whose concentrations are reduced in type 2 diabetes 

and cardiovascular disease, has several anti-inflammatory actions. The reduced 

concentration of adiponectin may contribute to the increased neutrophil priming and 

activation observed in type 2 diabetes. Several studies have found that adiponectin 

modulates macrophages, another significant immune cell involved in the inflammatory 

response. However, little research has investigated actions of adiponectin on neutrophils. 

This study examined whether adiponectin modulates diabetic neutrophil activation in 

whole blood of humans. Whole blood from type 2 diabetic patients (n=7) and age-

matched controls (n=11) were assessed for neutrophil adhesion molecule CD11b 

expression and ROS production using flow cytometric analysis. Whole blood was 

incubated with adiponectin (10 μg/ml) 30 minutes prior to ROS and CD11b activation 

with phorbol myristate acetate (PMA) and formyl-methionyl-leucyl-phenylalanine 

(fMLP), respectively. The fold-change increase in CD11b expression with fMLP 

activation was 3 times greater in diabetic neutrophils compared to those of non-diabetic 

(p < 0.001). The fold-change increase in ROS production with PMA activation was 2 
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times greater in type 2 diabetic neutrophils, but not significantly. In vitro adiponectin 

treatment significantly attenuated PMA-induced ROS production by 18% in the control 

neutrophils (p < 0.05). The magnitude of adiponectin’s actions in ROS production was 

associated with serum adiponectin concentrations. In vitro adiponectin treatment did not 

affect fMLP-induced CD11b expression in both non-diabetic and diabetic neutrophils. 

These findings suggest adiponectin modulates neutrophil ROS production but does not 

affect CD11b expression in vitro experimental conditions. Further studies are required to 

increase the sample size in order to draw clearer conclusions.  

 

INTRODUCTION 

Primed neutrophils are associated with both type 2 diabetes and cardiovascular disease 

(32;35-37;41;156;207). Primed cells are cells that produce a faster or greater response to 

a stimulus compared to a non-primed cell. Neutrophils are granulocytic leukocytes, part 

of the innate immune system, and are significant sources of proteolytic enzymes and 

reactive oxygen species (ROS) (25;208). These factors produced and released by 

activated neutrophils function to kill microorganisms. However, in diseased states, the 

primed neutrophils are believed to exacerbate tissue injury (156;209). 

Type 2 diabetic neutrophils release ROS significantly faster and in greater 

amounts in the presence of a stimulus compared to non-diabetic neutrophils (36;41;210). 

Activation of ROS production by hyperglycemia and advanced glycation end products 

(AGEs) contribute to the elevated neutrophil respiratory burst (39;41). AGEs are believed 

to induce the preassembly of NADPH oxidase subunits (41). The NADPH oxidase is the 
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primary source of ROS produced by neutrophils. Adiponectin, which is reduced in type 2 

diabetes (126), was found to attenuate hyperglycemia-induced ROS production by 

endothelial cells (178). Thus, the lack of adiponectin in type 2 diabetes may contribute to 

the priming of diabetic neutrophils and the resulting increased ROS production. 

In addition, neutrophil adhesion molecule CD11b expression is chronically 

increased in type 2 diabetic neutrophils, indicating an activated state (35;38). CD11b is 

the α subunit of the β2 integrin heterodimer expressed on the surface of neutrophils. 

Activated β2 integrins mediate neutrophil adhesion to the endothelium via interaction 

with the endothelial intercellular cell adhesion molecule (ICAM-1). Adiponectin was 

found to reduce the expression of endothelial cell adhesion molecules (49). Adiponectin 

may modulate neutrophil adhesion molecule expression, which may contribute to the 

increased expression observed with type 2 diabetes. 

Several studies have investigated the actions of adiponectin on monocytes and 

macrophages (49;165;168-170;172). Adiponectin has been found to reduce pro-

inflammatory cytokine production (168;169), promote anti-inflammatory cytokine 

production (169;170), reduce monocyte adhesion to the endothelium (49), alter 

macrophage phagocytosis (168;211) and reduce class A scavenger receptor expression by 

macrophages (129). However, only one recent report has found adiponectin reduces ROS 

production by neutrophils (173). No studies have investigated the significance of 

adiponectin on type 2 diabetic neutrophils and whether adiponectin affects neutrophil 

adhesion molecule CD11b expression. 
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In the present study, actions of adiponectin on neutrophil activation in whole 

blood from non-diabetic and type 2 diabetic subjects were investigated. We examined: 1) 

the effects of in vitro adiponectin treatment on neutrophil ROS production and 2) the 

effects of in vitro adiponectin treatment on neutrophil adhesion molecule CD11b 

expression. We found that in vitro adiponectin treatment attenuated the PMA-induced 

ROS production in both non-diabetic and type 2 diabetic neutrophils, but had no effect on 

fMLP-induced CD11b expression in both groups. These findings suggest that adiponectin 

does elicit actions on neutrophils. However, further studies are required to investigate the 

mechanisms of adiponectin on neutrophils. 

 

RESEARCH DESIGN AND METHODS 

 

Human Subjects 

This study was approved by the Institutional Review Boards at the University of Arizona. 

Subjects older than 50 years of age were recruited to participate in this study. Written 

informed consent was provided by all subjects. Twenty subjects volunteered for the 

study. There were 7 self-reported type 2 diabetic subjects, 1 insulin-resistant subject, who 

was not diagnosed with type 2 diabetes, 1 self-reported type 1 diabetic subject and 11 

non-diabetic age-matched controls in this study. Data reporting all subjects include data 

from all 20 subjects. However, when comparing data between type 2 diabetic and control 

subjects, data from the insulin-resistant and type 1 diabetic subjects were not included. 
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Subjects taking glucose-lowering agents were the following: 4 type 2 diabetic subjects 

were taking metformin and the insulin-resistant subject was on rosiglitazone. 

 

Blood Collection, Whole Blood Counts and Serum Preparation 

Peripheral venous blood was collected in sodium citrate. Whole blood counts were 

collected in duplicate using a hematology analyzer (Beckman Coulter). Serum was 

prepared from blood collected without anti-coagulant. Whole blood was allowed to clot 

at room temperature for 30 minutes. Afterwards, the blood was centrifuged at 2,000 x g 

for 15 minutes at 4°C. The top serum layer was removed, aliquoted and stored at -80°C 

for later analysis. 

 

Flow Cytometric Analyses for Neutrophil Adhesion Molecule CD11b Expression 

and ROS Production 

Flow cytometry was utilized to measure the adhesion molecule CD11b expression and 

ROS production on neutrophils in whole blood. The whole blood was incubated with PE-

Cy5-conjugated CD45 monoclonal antibody (BD Biosciences, San Jose, CA) and FITC-

conjugated mouse anti-human CD11b monocloncal antibody (AbD Serotec, Raleigh, NC) 

to label all leukocytes and CD11b expression, respectively. FITC-conjugated mouse IgG1 

isotype was used to control for the background FITC fluorescence. To detect ROS 

production, samples were incubated with 2’7’-dichlorofluorescein diacetate (DCFH-DA) 

(Molecular Probes, Eugene, OR). Samples were incubated at 37°C for 15 minutes. The 

samples were then incubated with adiponectin (10 μg/ml) or a phosphate saline buffered 
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solution (PBS)-vehicle at 37°C for 30 minutes. The concentration of adiponectin was 

chosen as 10 μg/ml is a physiologically concentration of circulating adiponectin, which 

exists in the range of 1.9-17.0 μg/ml (125). Blood samples were then incubated on a 

rocker with formyl-methionyl-leucyl-phenylalanine (fMLP), phorbol 12-myristrate 13-

acetate (PMA) or a PBS-vehicle at 37°C for 10 minutes on a rocker. All samples were 

fixed with 1% paraformaldehye. Neutrophil CD11b expression and ROS production was 

measured using a FACSCaliber flow cytometer (BD Biosciences, San Jose, CA). Data 

are expressed as total fluorescence intensity (TFI, % positive cells x mean channel 

fluorescence (43). 

 

Serum Adiponectin Measurement 

A commercially available ELISA kit was used to measure serum adiponectin 

concentrations (Linco Research). The protocol followed the manufacturer’s instructions. 

The measurement was a Sandwich ELISA where adiponectin in the serum bound to 

monoclonal anti-human adiponectin antibodies, which were coated on the wells of a 

microtiter plate, and to biotinylated monoclonal anti-human antibodies. The serum and 

the antibodies were incubated for 2 hours at room temperature on a plate shaker at 

approximately 600 rpm. After the incubation period, the wells were washed with a 

horseradish peroxidase wash buffer. The wells were then incubated with a streptavidin-

horseradish peroxidase solution for 30 minutes at room temperature on a plate shaker at 

approximately 600 rpm. After another wash step, a substrate solution containing 

3,3’,5,5’-tetramethylbenzidine was added to the wells and mixed on the plate shaker for 
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10 minutes. A blue color developed, whose intensity was proportional to adiponectin 

concentrations. A solution was added to stop further reaction and the microtiter plate was 

read at 450 nm and 590 nm using a spectrophotometer (SpectraMax M2, Molecular 

Devices). The difference of absorbance measurements was calculated from a 

standardized curve to determine serum adiponectin concentrations. Two quality controls 

containing diluted human serum at two different concentrations of adiponectin were also 

measured, and the values were found within the ranges provided by the manufacturer.  

 

Statistical Analyses 

Data are presented as mean ± SEM. Analyses were conducted using Sigma Stat 3.0. An 

unpaired t-test was used to determine differences between non-diabetic and diabetic 

subjects. The paired t-test was used to determine significant differences in treatment 

within the subjects. A simple linear regression was used to determine the correlation 

between serum adiponectin concentrations and fold-change of PMA-induced ROS 

production with adiponectin pretreatment. Statistical significance was accepted as a p-

value ≤ 0.05. 

 

RESULTS 

 

Baseline Characteristics of Type 2 Diabetic Subjects and Age-Matched Controls. 

There was no significant difference in age between the type 2 diabetic (65.5 ± 2.7) and 

control (61.4 ± 2.3) subjects (Table 3.1). Type 2 diabetic subjects were overweight with a 
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BMI of 31.7 ± 1.2, but the mean BMI was not significantly greater than that of the non-

diabetic subjects (26.0 ± 2.0). The causal blood glucose concentrations of both groups 

were within normal ranges. Casual blood glucose concentrations were not significantly 

greater in the type 2 diabetic subjects compared to the age-matched controls. The mean 

HbA1C of the type 2 diabetic subjects was 6.6 ± 0.3 %, a value within the treatment goal 

(HbA1C < 7.0 %) recommended by the American Diabetes Association (10). Although, 

total white blood cell and percent neutrophils tended to be higher in the type 2 diabetic 

subjects, the increase was not significant. Neutrophil counts have been demonstrated to 

be elevated in type 2 diabetes (36) where the sample size was greater compared to that of 

this study. The significant difference that was observed between the two groups was 

serum adiponectin concentrations. One value of 23.53 μg/ml in the type 2 diabetic group 

was omitted for analysis as it was over 2 standard deviations from the mean. The range 

for the 6 other type 2 diabetic subjects was 2.86 – 7.95 μg/ml. Serum adiponectin 

concentrations was significantly lower in the type 2 diabetic patients than those of the 

age-matched control (Controls vs. Type 2 Diabetic Patients: 12.6 ± 1.3 vs. 5.0 ± 0.9, 

pg/ml). 
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Table 3.1. Baseline Characteristics of Type 2 Diabetic Patients and Age-
Matched Controls 
      

 
Age-Matched 
Controls 

Type 2 Diabetic 
Patients  

  (n=11)   (n=7)     
      
  Mean SEM Mean SEM p-value
Age (years) 65.5 2.7 61.4 2.3 0.32 
BMI (kg/m2) 26.0 2.0 31.7 1.2 0.15 
Blood Glucose (mg/dl) 92.6 6.0 100.9 6.4 0.40 
Whole Blood Cell Counts     
WBC (103/ul) 5.3 0.3 6.1 0.3 0.12 

   NE (%) 46.2 3.9 56.9 6.1 0.15 
   LY (%) 33.4 2.8 30.0 5.3 0.55 
   MO (%) 9.4 0.6 9.0 1.1 0.73 

RBC (106/ul) 4.1 0.1 4.1 0.1 0.61 
HCT (%) 34.5 2.1 36.6 0.8 0.51 
PLT (103/ul) 201.3 25.2 212.8 14.8 0.75 
Plasma Adiponectin (μg/ml) 12.6 1.3 5.0* 0.9 < 0.01 

 

BMI, body mass index; WBC, white blood cell; NE, neutrophil; LY, lymphocyte; MO, 

monocyte; RBC, red blood cell; HCT, hematocrit; PLT, platelet. 

 

Neutrophil PMA-induced ROS Production.  

Phorbol 12-myristrate 13-acetate (PMA) is a potent activator of neutrophils, which was 

illustrated by a significant increase in ROS production from baseline value in all subjects 

(Figure 3.1). Pretreatment with adiponectin (10 µg/ml) for 30 minutes significantly 

attenuated the PMA-induced increase in ROS production. 

 

Neutrophil ROS Production in Type 2 Diabetic and Non-Diabetic Groups.  
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The baseline ROS production by diabetic neutrophils (4.4 ± 1.8 TFI) was not 

significantly different from control neutrophils (9.2 ± 2.8 TFI). The ROS production was 

lower in the type 2 diabetic neutrophils, which is not in agreement with previous studies 

(36;210). The discrepancy in our findings may be due to the variability within both 

groups was great. The range for baseline ROS production in diabetic neutrophils was 

0.82 – 13.48 TFI, whereas, the range for non-diabetic neutrophils was 0.97 – 38.61 TFI. 

The high variability among all subjects is shown in Figure 3.2, where the type 2 diabetic 

subjects are indicated in red.  

To normalize for the high variability, the fold-change from baseline ROS 

production in PMA-induced ROS production with and without adiponectin pretreatment 

were analyzed between the type 2 diabetic and control subjects (Figure 3.3). The fold-

change increase in PMA-induced ROS production by diabetic neutrophils was enhanced 

compared to that of control neutrophils; however, it was not significant (p = 0.10). 

Adiponectin pretreatment attenuated PMA-induced ROS production, but again, only 

significantly reduced in the non-diabetic neutrophils.
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Figure 3.1. Adiponectin Attenuates PMA-Induced Neutrophil ROS Production. 

Neutrophil ROS production, measured by DCF expression using flow cytometry, was 

significantly increased with PMA stimulation in all subjects (n=20). Pre-treatment with 

adiponectin (10 μg/ml) significantly reduced neutrophil ROS production. * p < 0.001 vs. 

Baseline. # p < 0.05 vs. PMA.  
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Figure 3.2. Individual Subject Values of Neutrophil ROS Production. Whole blood 

was activated with PMA without (PMA) or with adiponectin pretreatment (APN+PMA). 

Neutrophil ROS production values were highly variable. Data from age-matched controls 

(A) and type 2 diabetic subjects (B) are illustrated in the figures.  
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Figure 3.3. PMA-Induced Neutrophil ROS Production in Type 2 Diabetic Subjects. 

The magnitude of change or fold-change was calculated from baseline neutrophil ROS 

production with PMA activation (PMA) and pretreatment with adiponectin (APN+PMA). 

The fold-change increase in ROS production with PMA activation was greater in type 2 

diabetic neutrophils, although not significant (p = 0.10). Pre-treatment with adiponectin 

did significantly reduce the increased PMA-induced ROS production in control 

neutrophils. * p < 0.05 vs. PMA. 
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Association Between Magnitude of Adiponectin Effects and Serum Adiponectin. 

Adiponectin pretreatment significantly reduced PMA-induced ROS production within the 

control subjects, but had less of an effect on diabetic neutrophils. Due to significantly 

reduced serum adiponectin concentrations in the type 2 diabetic subjects (Table 1), there 

may be an association of how effective adiponectin can elicit its actions and the 

circulating amounts of adiponectin. A simple linear regression was performed on the 

magnitude of change or fold-change with adiponectin pretreatment and serum 

adiponectin concentrations (Figure 3.4). The regression included data from all subjects: 

type 2 diabetic (red), insulin-resistant (green), type 1 diabetic (blue) and controls (black). 

Although small, there was a significant correlation with a coefficient value of 0.545 and 

R squared value of 0.297 (p < 0.05). On the other hand, the correlation can be skewed 

due to a single subject with an elevated adiponectin concentration of 42.50 µg/ml 

compared to other subjects in the range of 2.86 to 23.53 µg/ml. The elevated adiponectin 

concentration in the single subject is most likely due to the subject taking rosiglitazone, a 

PPARγ agonist, which has been found to increase adiponectin and adiponectin receptor 

mRNA and protein expressions (155;212-214).
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Figure 3.4. Association Between Magnitude of Adiponectin Effects and Serum 

Adiponectin. Data from all subjects are plotted in the figure: age-matched controls 

(circle), type 2 diabetic subjects (triangle), insulin-resistant subject (diamond) and type 1 

diabetic subject (square). 
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fMLP-Induced Neutrophil CD11b Expression.  

Formyl-methionyl-leucyl-phenylalanine (fMLP) acts through specific receptors expressed 

on the surface of neutrophils to induce CD11b expression. Neutrophil CD11b expression 

in all subjects was significantly increased with fMLP stimulation (Figure 3.5). However, 

adiponectin pretreatment (10 µg/ml) had no significant effect on fMLP-induced CD11b 

expression. 

 

Neutrophil ROS Production in Type 2 Diabetic and Non-Diabetic Groups.  

The baseline CD11b expression by diabetic neutrophils (17.1 ± 5.4, TFI) was not 

significantly greater than that of control neutrophils (30.8 ± 3.1, TFI) as demonstrated in 

other studies (35), but significantly lower (p = 0.03). As in baseline neutrophil ROS 

production, the variability within both groups was high. The range for baseline CD11b 

expression in diabetic neutrophils was 5.6 – 36.1 TFI, whereas, the range for control 

neutrophils was 6.9 – 46.1 TFI. A probable cause of lower values observed in some of the 

type 2 diabetic subjects may be due to technical error where a new set of antibodies were 

used to detect CD11b expression for a time period where 4 type 2 diabetic patients and 

only 1 control were recruited. The high variability among all subjects is shown in Figure 

3.6, where the type 2 diabetic subjects are indicated in red. There is one set of individual 

data below 12.0 TFI, which were all within the same period when the new set of 

antibodies were used. 

To normalize for the high variability and high possibility of technical error, the 

magnitude of change from baseline CD11b expression or fold-change differences in 
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fMLP-induced CD11b expression with and without adiponectin pretreatment were 

analyzed between the type 2 diabetic and control subjects (Figure 3.7). The fold-change 

increase in fMLP-induced CD11b expression by diabetic neutrophils was significantly 

greater than that of control neutrophils. Adiponectin pretreatment had no effect on fMLP-

induced CD11b expression in either diabetic or control groups. 
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Figure 3.5. Adiponectin Did Not Attenuate fMLP-Induced Neutrophil CD11b 

Expression. Neutrophil CD11b expression, assessed by a FITC-conjuated monoclonal 

antibody using flow cytometry, was significantly increased with fMLP stimulation in all 

subjects (n=20). Pre-treatment with adiponectin (10 μg/ml) had no effect on fMLP-

induced neutrophil CD11b expression. * p < 0.001 vs. Baseline. 
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Figure 3.6. Individual Subject Values of Neutrophil CD11b Expression. Whole blood 

was activated with fMLP without (fMLP) or with adiponectin pretreatment 

(APN+fMLP). Baseline neutrophil CD11b expression values were highly variable. Data 

from age-matched controls (A) and type 2 diabetic subjects (B) are illustrated in the 

figures. 
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Figure 3.7. fMLP-Induced Neutrophil CD11b Expression in Type 2 Diabetic 

Subjects. The magnitude of change or fold-change was calculated from baseline 

neutrophil CD11b expression with fMLP stimulation (fMLP) and pretreatment with 

adiponectin (APN+fMLP). The increase in fold-change in CD11b expression with fMLP 

stimulation was significantly greater in type 2 diabetic neutrophils. Pre-treatment with 

adiponectin did not effect fMLP-induced CD11b expression. * p < 0.01 vs. Control 

Subjects. 
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DISCUSSION 

Adiponectin has been demonstrated to have several anti-inflammatory actions on 

monocytes and macrophages (49;165;168-170;172). However, studies regarding the 

action of adiponectin on neutrophils are limited. Only one recent report found that 

adiponectin inhibits activator-induced ROS production in isolated neutrophils (173). We 

found that adiponectin pretreatment similarly attenuated PMA-induced ROS expression 

in whole blood. The effect of adiponectin was reduced in type 2 diabetes. No studies have 

investigated the effects of adiponectin on neutrophil adhesion molecule CD11b 

expression. In this study, we found that in vitro adiponectin treatment had no effect on 

either control or type 2 diabetic fMLP-induced neutrophil CD11b expression. 

Although the attenuation with adiponectin in ROS production is in agreement 

with Magalang et al. (173), we observed a lower magnitude of attenuation. Magalang et 

al. (173) demonstrated a > 50% reduction in PMA-activated ROS production with lower 

concentrations of adiponectin, whereas we observed an 18% reduction in PMA-induced 

neutrophil ROS production in all subjects and a 17% reduction in control subjects. In 

addition to the difference in isolated neutrophils vs. whole blood, the measurement of 

ROS production was different. Magalang et al. (173) measured ROS production by non-

flow cytometric methods. The nonfluorescent molecule 2’,7’-dichlorofluorescin diacetate 

(DCFH-DA) probe used in flow cytometry measures H2O2 production. DCFH-DA 

crosses the plasma membrane and once inside the cell, cytosolic enzymes produce 

DCFH, a polarized molecule that is now trapped within the cell or in myeloperoxidase 

(MPO) containing granules. The DCFH is oxidized by H2O2 to DCF, which emits a green 
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fluorescence that is measured at 525 nm. The amount of measured DCF is proportional to 

H2O2 production. Magalang et al. (173) used several ROS measurements to measure both 

H2O2 and O2
•- production, and some of the methods used are more sensitive, such as the 

electron paramagnetic resonance spectroscopy. Our flow cytometric measurement of 

ROS may not have been as sensitive, thus, not able to capture the complete effect of 

adiponectin actions. Another possible explanation for the difference between the studies 

is the age of subjects, whose neutrophils were collected. Magalang et al. (173) did not 

specify the age of the volunteers, whose neutrophils were isolated. The age of the 

population in this study was focused on those over the age of 50 years. Age is associated 

with various physiological changes, which may have contributed to the reduced response 

to adiponectin treatment in this study.  

Further, we report that the action of adiponectin on neutrophil ROS production is 

reduced in the type 2 diabetic subjects. The lack of significant reduction in ROS 

production with adiponectin treatment in the diabetic neutrophils (p = 0.11) may be due 

to the small sample size. Interestingly however, the magnitude of adiponectin actions was 

correlated with serum adiponectin concentrations. The type 2 diabetic subjects had a 

significantly reduced serum adiponectin concentrations compared to that of age-matched 

controls. The insulin-resistant subject had the highest serum adiponectin concentration of 

all the subjects with 42.50 µg/ml. Although, insulin-resistance is negatively correlated 

with adiponectin, this high adiponectin concentration is most likely due to the subject 

taking rosiglitazone, a PPARγ agonist, which has been found to increase adiponectin and 

adiponectin receptor mRNA and protein expressions (155;212-214). The greatest 
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reduction with adiponectin treatment was also observed in this subject. The reduced 

response to adiponectin in diabetic neutrophils suggests a possible state of adiponectin 

resistance or reduced adiponectin signaling mechanisms. Some studies have reported 

adiponectin receptor expression is decreased in adipose tissue in obese humans and 

animals (146;147), whereas other studies did not find altered adiponectin receptor 

expression in skeletal muscle and liver tissues (148;149). Thus, it may be possible that 

there is a cell-specific reduction of adiponectin receptor expression in diabetic 

neutrophils. On the other hand, receptor expression may not be altered, but presence of 

other signaling factors in type 2 diabetes may affect signaling mechanisms downstream 

from the receptor. For instance, TNF-α is a known strong activator of nuclear factor-

kappa B (NF-κB) signaling in neutrophils (193;194), which induce pro-inflammatory 

actions. Thus, the presence of elevated pro-inflammatory factors in type 2 diabetes may 

mask the effects of adiponectin, if the treatment concentrations are not large enough to 

overcome the antagonistic actions. Type 2 diabetic neutrophils may need to be treated 

with a greater concentration of adiponectin to elicit similar reductions in ROS production 

of that in non-diabetic neutrophils. 

Adiponectin pretreatment had no effect on fMLP-induced neutrophil CD11b 

expression of both control and type 2 diabetic subjects. CD11b is the α subunit of the β2 

integrin heterodimer expressed on the surface of neutrophils. The CD11b on neutrophils 

is activated and its expression increased with fMLP and TNF-α via the activation of NF-

κB (193). Activated β2 integrins mediate neutrophil adhesion to the endothelium via 

interaction with the endothelial intercellular cell adhesion molecule (ICAM-1). 
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Adiponectin knockout mice exhibited an increase in leukocyte-endothelial cell interaction 

in the peri-intestinal microcirculation (174). In this study, endothelial adhesion molecule 

expressions were increased in adiponectin-knockout mice, but adhesion molecule 

expression on the leukocytes was not reported (174). It would be valuable to note if 

leukocyte adhesion molecules are altered in the adiponectin-knockout mice model. It may 

be possible that adiponectin has no actions on neutrophil CD11b expression or larger 

adiponectin concentration or treatment duration is required to elicit a potential effect. 

Priming of neutrophils is observed in type 2 diabetes and cardiovascular disease 

(35-37;41;156;207). A mechanism of priming has been suggested to be the pre-assembly 

of the NADPH oxidase enzyme complex (41). Adiponectin has been suggested to inhibit 

endothelial cell ROS production via NADPH oxidase (142). If adiponectin modulates 

NADPH oxidase activity in neutrophils, it is possible that the lack of adiponectin in type 

2 diabetes results in increased activator-induced ROS production in type 2 diabetic 

neutrophils (36;41;156). In this study, we also found that type 2 diabetic neutrophils were 

more responsive to PMA and fMLP stimulation. Thus, it is possible that the reduced 

serum adiponectin concentrations in the type 2 diabetic subjects resulted in the priming of 

neutrophils. 

There are several limitations in this study. First, is the small sample size. With 

increased type 2 diabetic subjects, significant differences may be observed in BMI, white 

blood cell counts and percent of neutrophils in whole blood, as the p-values for 

significance were are close to significance in these characters. In addition, the increased 

sample size would mask any technical errors that may have been very possible in 
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neutrophil CD11b measurements. Significant decreases in neutrophil C11b expression in 

all subjects were observed in the same period when new sets of IgG1 and CD11b 

antibodies were used. Unfortunately, most of the subjects studied in that time period were 

type 2 diabetic subjects, thus skewing the data. In the case of technical error, data were 

analyzed based on fold-changes with activation, which demonstrated diabetic neutrophils 

had a greater response to a stimulus or were primed. In addition, the classification of type 

2 diabetes was based on self-reported diagnosis. 

These findings do suggest that adiponectin attenuates neutrophil ROS production, 

which is in agreement with Magalang et al. (173). Further, this study also suggests that 

type 2 diabetic neutrophils may be adiponectin resistant and potentially need greater 

concentrations of adiponectin to elicit the same magnitude of beneficial effects of 

adiponectin. 
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CHAPTER 4. ACTIONS OF APOCYNIN TREATMENT IN MYOCARDIAL 

ISCHEMIA-REPERFUSION IN TYPE 2 DIABETES 

 

ABSTRACT 

Type 2 diabetes is associated with elevated oxidative stress and increased severity of 

myocardial ischemia-reperfusion (I/R) injury. Neutrophils and reactive oxygen species 

(ROS) play a significant role in myocardial I/R injury. Neutrophils have been 

demonstrated to be a primary source of ROS in reperfusion. The NADPH oxidase is the 

major source of ROS from neutrophils. In this study, we examined if apocynin treatment, 

an inhibitor of NADPH oxidase, was cardioprotective in an animal model of type 2 

diabetes. Zucker Diabetic Fatty (ZDF) rats were subjected to 30 minutes of coronary 

artery occlusion and 120 minutes of reperfusion. Animals were treated fifteen minutes 

prior to myocardial reperfusion with either vehicle (n=7) or apocynin (75 mg/kg) (n=7). 

At the end of reperfusion, the extent of myocardial infarction was measured. Myocardial 

oxidative stress was assessed by the amount of thiobarbituric acid reactive substances 

(TBARS), a measurement of lipid peroxidation. Inflammatory mechanisms in myocardial 

I/R injury were investigated using flow cytometric, histological and plasma analyses. 

Apocynin treatment significantly attenuated the enhanced myocardial infarction in the 

ZDF by 68% (p < 0.05). The attenuation in infarction was associated with reduced 

myocardial lipid peroxidation by 25% (p < 0.05). Apocynin treatment also significantly 

reduced myocardial ICAM-1 expression by 30% (p < 0.05). Plasma TNF-α and 

adiponectin concentrations were not altered with apocynin treatment. However, plasma 
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adiponectin concentrations were significantly reduced in response to myocardial I/R. 

These findings suggest that oxidative stress plays a significant role in I/R injury in the 

type 2 diabetic heart and that apocynin is cardioprotective in the type 2 diabetic heart. 

 

INTRODUCTION 

Oxidative stress has been implicated in the progression of several diseases, including 

cardiovascular disease and type 2 diabetes. In animals models, antioxidant treatments 

have cardioprotective actions (75;215-217). However, these beneficial results have not 

been translated to clinical efficacy (75;215;216). Clinical trials mostly involved the use of 

Vitamins C and E as non-specific antioxdiant treatments for cardiovascular outcomes. 

The lack of benefit from these treatments progressed research to identify other 

antioxidants or treatments that target specific sources of oxidant production.  

Reactive oxygen species (ROS) contribute significantly to myocardial ischemia-

reperfusion injury (57;90). Duilio et al (104) found neutrophils to be the primary source 

of ROS in reperfusion. In addition, significant leukocyte adhesion and accumulation is 

observed within the first minutes of reperfusion (96;97). The interaction of neutrophils 

and endothelial cells is a significant site of ROS production and release by both cells 

types, which further contribute to activated neutrophils and endothelial dysfunction. 

Neutrophil produced ROS was found to activate intercellular adhesion molecule-1 

(ICAM-1) expression in endothelial cells (40), further contributing to increased 

neutrophil-endothelial cell interactions. In addition, the firm adhesion achieved through 
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neutrophil adhesion molecule CD11b and endothelial cell ICAM-1 promotes endothelial 

cell ROS production (218).  

The NADPH oxidase is recognized as a significant source of reactive oxygen 

species (ROS) generation (75). NADPH oxidase was originally identified in phagocytic 

cells, such as neutrophils and monocytes. The NADPH oxidase complex is a multi-

subunit system composed of both cytosolic subunits: p47phox and p67phox and 

membrane-associated subunits: p22phox and p91phox or Nox2. When activated, the 

cytosolic subunits are translocated to the membrane to bind with the membrane-

associated subunits. As an activated and assembled unit, the enzyme system reacts with 

NADPH to produce the superoxide anion radical, which can quickly oxidize proteins, 

lipids and genetic components to induce cellular injury or alterations. It is now known 

that NADPH oxidase is widely expressed in other cells including endothelial (57-59), 

smooth muscle cells (60;61), skeletal muscle (62) and cardiomyocytes (219). 

Targeting NADPH oxidase activity with apocynin, a specific inhibitor, has proven 

to be protective in I/R injury in the normal heart (220) and in other organs, such as the 

brain (221-223) and lung (224). Apocynin is a methoxy-catechol (4-hydroxy-3-methoxy-

acetophenone), derived from plant sources. Although the exact mechanism of apocynin 

on the inhibition of NADPH oxidase is unclear, it is believed that the mechanism of 

apocynin requires the oxidation by peroxidases. Myeloperoxidase (MPO) from 

neutrophils reacts with apocynin to produce a dimer, which prevents the translocation of 

the cytosolic p47phox subunit to the membrane (225).  
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Antioxidant treatment that targets NADPH oxidase may be significantly 

beneficial in type 2 diabetes. The expression and activity of NADPH oxidase subunits are 

increased in endothelial, islet and monocytic cells of type 2 diabetes (68-70;81). Omori et 

al. (41) did not find diabetic neutrophils to have increased expression of cytosolic subunit 

p47phox, but found an enhanced association of the p47phox with the membrane, 

indicating a primed state of NADPH oxidase activity in type 2 diabetes. Apocynin 

treatment in type 2 diabetic and obese animal models were found to decrease the 

oxidative stress, implicating a significant role of NADPH oxidase in the elevated 

oxidative stress observed in type 2 diabetes and obesity (226). Matsuzawa-Nagata et al. 

(227) reported that oxidative stress induces insulin resistance via increased NAPDH 

oxidase expression in adipose tissue that preceded increases in plasma TNF-α 

concentrations. Further, Furukawa et al. (18) found attenuation in oxidative stress with 

apocynin altered adipocytokine concentrations, where TNF-α and adiponectin 

concentrations were decreased and increased, respectively. These findings suggest 

apocynin, by reducing oxidative stress and inflammation, may be cardioprotective in type 

2 diabetes. To date, no studies have investigated the actions of apocynin in myocardial 

I/R injury in type 2 diabetes. 

In the present study, the Zucker Diabetic Fatty (ZDF) rat was used as a model of 

type 2 diabetes. The ZDF rat demonstrates increased myocardial I/R injury (38;82). In 

addition, states of oxidative stress, indicated by elevated systemic lipid peroxide 

concentrations (33;81), and chronic inflammation, indicated by activated neutrophils 
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(38), elevated pro-inflammatory cytokines, reduced adiponectin concentrations (33;34) 

and increased C-reactive protein (33), are present in the ZDF model. 

In this study, we examined: 1) whether apocynin treatment in a type 2 diabetic 

rodent model would be cardioprotective, 2) the in vivo effects of apocynin treatment on 

neutrophil and endothelial cell adhesion molecule expression and 3) the in vivo effects of 

apocynin treatment on plasma concentrations of adipocytokines. We found that apocynin 

treatment attenuated the myocardial I/R injury in a type 2 diabetic model. The 

cardioprotection in the ZDF was associated with reduced myocardial oxidative stress, 

assessed by myocardial lipid peroxidation. Apocynin treatment had no effect on 

inflammation, assessed by neutrophil adhesion molecule CD11b expression, myocardial 

ICAM-1 expression and plasma TNF-α and adiponectin concentrations, in response to 

myocardial I/R. These findings suggest that targeting oxidative stress with apocynin, an 

inhibitor of NADPH oxidase, can alleviate the myocardial I/R injury in type 2 diabetes. 

However, further studies are needed to identify the mechanism of apocynin.  

 

RESEARCH DESIGN AND METHODS 

 

Animal Model and Treatment 

All animal procedures were approved by the Institutional Animal Care and Use 

Committee and were in compliance with the Guide for the Care and Use of Laboratory 

Animals. Twelve- to fourteen-week old male Zucker Diabetic Fatty (ZDF/Gmi:fa/fa) rats 

were obtained from Charles River Laboratories. The animals were maintained on a 12-
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hour light-dark cycle and fed 6% fat chow (Purina 5008). Two groups were studied 

(n=7/group). The ZDF rats were treated with either 1) ethanol-vehicle (ZDF-VEH) or 2) 

apocynin (Sigma) (75 mg/kg) (ZDF-APO). The dose of 50 mg/kg was used in a previous 

study investigating apocynin treatment in I/R injury in the brain (222). However, using 

50 mg/kg in the ZDF rat (n=1) did not demonstrate effects on myocardial infarction. 

Thus, the dose of treatment was increased to 75 mg/kg, where the modulation of 

myocardial infarction was observed. Apocynin was dissolved in ethanol, diluted in 

phosphate buffered solution (PBS) and administered intra-arterially fifteen minutes prior 

to reperfusion. 

 

Myocardial Ischemia-Reperfusion Injury Model 

The myocardial ischemia-reperfusion protocol was previously reported by our research 

group (38). Briefly, the animals were anesthetized with sodium pentobarbital (50 mg/kg, 

IP). The right femoral artery was cannulated to monitor blood pressure. 

Electrocardiogram readings were also recorded (PowerLab, ADInstruments). The animals 

were intubated and connected to a small animal respirator (model 683, Harvard 

Apparatus, Cambridge, MA). The tidal volume was set at 2.5 ml/stroke and the rate at 75 

strokes/min. The tidal air was supplemented with 100% oxygen. A window was created 

between the left third and fourth ribs. The left anterior descending coronary artery (LAD) 

was occluded using a 5-0 silk suture and PE-tubing to form a snare. After 30 minutes of 

occlusion, the clamp was removed to allow reperfusion for 120 minutes.  
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Measurement of Area at Risk and Infarct Area 

At the end of reperfusion, the LAD was re-occluded and 1.0% Trypan blue dye was 

administered through the femoral catheter to determine the area-at-risk (38). The heart 

was then excised and the left ventricle was sliced into 2 mm sections. To illustrate the 

infarct area, the slices were incubated at 37ºC in 1.0% 2,3,5-triphenyl-tetrazolium 

chloride (TTC) for 30 minutes, followed by an overnight incubation in 4% buffered 

formalin. Scanned images of the heart sections were analyzed by planimetry using Adobe 

Photoshop 7.0.  

 

Blood Collection and Analyses 

Arterial blood samples were drawn in sodium citrate at three time points throughout the 

surgical procedure: before ischemia (PRE), after 15 minutes of reperfusion (R15) and 

after 120 minutes of reperfusion (R120) for blood gas measurements (ABL 5 Radiometer, 

Copenhagen) and flow cytometric analyses.  

Plasma TNF-α was measured at PRE and R120 using an ultrasensitive rat ELISA 

kit (ALPCO Diagnostics, Salem, NH). The protocol followed the manufacturer’s 

instructions. The assay is a sandwich-based ELISA where TNF-α molecules in the 

plasma binds with a monoclonal anti-rat TNF-α antibody coated on the wells of a 

microtiter plate and with a biotinylated anti-TNF-α antibody added to the wells. Plasma 

samples were diluted 1:2 with an incubation buffer prior to incubation with the antibodies 

for 2 hours at room temperature. After a wash step to remove excess biotinylated 

antibodies, samples were incubated with streptavidin-peroxidase, which binds to the 
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biotinylated antibody. After incubation for 30 minutes at room temperature, another wash 

step was performed to remove unbound enzymes. A stabilized chromogen substrate 

solution was then added, which reacts with the bound enzyme to produce a color. After a 

20 minute incubation with the substrate solution, a solution was added to stop further 

reaction. The absorbance was measured at 450 nm using a spectrophotometer 

(SpectraMax2, Molecular Devices). The intensity of color is directly proportional to 

TNF- α concentration. The standard concentration ranged from 2.3 to 150 pg/ml. High 

and low quality controls of recombinant rat TNF-α were assayed along with the samples. 

The values of the quality controls were found within the ranges indicated by the 

manufacturer.  

Plasma adiponectin concentration was measured at PRE and R120 using an 

ELISA kit (LincoResearch). The protocol followed the manufacturer’s instructions. The 

measurement was a Sandwich ELISA where adiponectin in the plasma bound to 

monoclonal anti-rat adiponectin antibodies, which were coated on the wells of a 

microtiter plate. After a 2 hour incubation period on a plate shaker at approximately 600 

rpm, the wells were washed with a horseradish peroxidase wash buffer to remove 

unbound molecules. The samples were then incubated with biotinylated monoclonal anti-

adiponectin antibodies. After an hour incubation period on a plate shaker, the wells were 

washed again to remove unbound antibodies. The wells were then incubated with a 

streptavidin-horseradish peroxidase solution for 30 minutes at room temperature on a 

plate shaker at approximately 600 rpm. After another wash step, a substrate solution 

containing 3,3’,5,5’-tetramethylbenzidine was added to the wells and mixed on the plate 
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shaker for 10 minutes. A blue color developed, whose intensity was proportional to 

adiponectin concentration. A solution was added to stop further reactions and the 

microtiter plate was read at 450 nm using a spectrophotometer (SpectraMax2, Molecular 

Devices). The difference of absorbance measurements was calculated from a 

standardized curve to determine serum adiponectin concentrations. Two quality controls 

containing diluted serum adiponectin were also measured and the values were found 

within the ranges provided by the manufacturer.  

 

Measurement of Myocardial Oxidative Stress 

Myocardial tissue was homogenized in radio immunoprecipitation assay (RIPA) buffer 

(Cat No. R0278, Sigma) with a protease inhibitor cocktail (Cat No. P8348, Sigma). After 

a 5 minute incubation period on ice, the homogenates were centrifuged at 1,600 x g for 

10 minutes at 4ºC. The supernatant was removed, aliquoted and stored at -80ºC for later 

analysis. A commercially available thiobarbituric acid reactive substances (TBARS) 

assay kit (Cayman Chemical, Ann Arbor, MI) was used to measure myocardial lipid 

peroxidation. Lipid peroxidation occurs when ROS oxidize phospholipids, and the lipid 

peroxides form carbonyl compounds, such as malondialdehyde (MDA). At high 

temperatures, MDA forms adducts with thiobarbituric acid (TBA). Samples were mixed 

with a sodium dodecyl sulfate (SDS) solution and a color reagent, which consisted of 

TBA, acetic acid and sodium hydroxide. The samples were then placed in boiling water 

for 1 hour. Further reactions were stopped as samples were placed on ice for 10 minutes. 

After centrifugation for 10 minutes at 1,600 x g at 4ºC, the supernatant was removed and 
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warmed to room temperature. The MDA-TBA adducts or TBARS were measured 

colorimetrically at 530 nm using a spectrophotometer (SpectraMax2, Molecular 

Devices).  

 

Flow Cytometric Analyses for Neutrophil Adhesion Molecule CD11b Expression 

and ROS Production 

Flow cytometry was utilized to measure the adhesion molecule CD11b expression on 

neutrophils in whole blood, as described previously by our laboratory (38;192). Briefly, 

whole blood was incubated with PE-Cy5-conjugated CD45 monoclonal antibody (BD 

Biosciences, San Jose, CA) and FITC-conjugated CD11b monocloncal antibody (BD 

Biosciences, San Jose, CA) to label all leukocytes and CD11b expression, respectively. 

FITC-conjugated IgA isotype was used to control for the background FITC fluorescence. 

Samples were incubated at 37°C for 15 minutes and later fixed in 1% paraformaldehye. 

Neutrophil CD11b expression was measured using a FACSCaliber flow cytometer (BD 

Biosciences, San Jose, CA). Data are expressed as total fluorescence intensity (TFI, % 

positive cells x mean channel fluorescence (43). 

 

ICAM-1 Immunohistochemistry 

A 2 mm heart slice was prepared for histological analyses. The tissue section was molded 

in frozen tissue matrix (OCT), frozen in pre-chilled 2-methylbutane and stored at -70°C. 

The ICAM-1 protein was identified using a monoclonal anti-CD54 antibody (BD 

Biosciences, San Jose, CA), as previously described by our laboratory (38). Briefly, five 
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micron cryosections were thawed and fixed in cold acetone. After blocking in 0.6% H2O2 

and 3% BSA, the tissue sections were incubated with the anti-CD54 antibody overnight. 

The detection of the antigen-antibody complex was performed with an anti-mouse HRP-

DAB Kit (BD Biosciences, San Jose, CA). After incubation periods with an anti-mouse 

biotinylated anti-Ig antibody and streptavidin-HRP, the DAB substrate reacted with the 

HRP enzyme to visualize ICAM-1 as brown tissue. The slides were then dehydrated and 

mounted in a toluene-based solution. The staining was analyzed using an Olympus IMT2 

microscope with a 20x objective lens and a 1.5 optivar. Digital images were captured 

using a Hamamatsu ORCA 100 CCD camera and Simple PCI software (Version 5.2, 

Compix, Inc, Sewickley, PA). Myocardial ICAM-1 expression was analyzed as the 

percent immuno-stained area (brown-stained tissue area/total tissue area in microscopic 

field). Fifty fields per animal (n=6/group) were examined. 

 

Statistical Analyses 

Data are presented as mean ± SEM. Analyses were conducted using Sigma Stat 3.0. The 

unpaired t-test was used to determine differences between the 2 groups. The paired t-test 

was used to determine differences in adiponectin concentration in all animals before and 

after I/R. A repeated measures ANOVA was used in the flow cytometric analysis to 

determine differences between the groups at different time points. Statistical significance 

was accepted as a p-value ≤ 0.05. 
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RESULTS 

 

Hemodynamic Parameters 

There were no significant differences in heart rate or blood pressure values between the 

two treatment groups throughout the experimental procedure (Table 1).  

 

Table 4.1. Hemodynamic Parameters of Zucker Diabetic Fatty 
(ZDF) Rats with or without Apoycnin Treatment 
 ZDF-VEH  ZDF-APO  
  (n=8)   (n=8)   
     
  Mean SEM Mean SEM 
Heart Rate 330.5 9.7 338.9 7.3 
Blood Pressure (mmHg)    

Systolic 115.5 7.0 117.8 5.8 
Diastolic 74.2 5.3 73.7 5.0 

Mean Arterial 88.0 5.7 88.4 5.3 
 

 

Myocardial Infarction 

All groups received a similar myocardial ischemic insult, as indicated by the similar 

areas-at-risk within the left ventricle (AAR/LV) (Fig. 4.1). The AAR/LV for the groups 

were: ZDF-VEH: 45.71 ± 2.06 and ZDF-APO: 44.65 ± 3.84, %. However, the infarction 

area within the area-at-risk (IA/AAR) was significantly attenuated with apocynin 

treatment: ZDF-VEH: 42.78 ± 4.51 and ZDF-APO: 15.99 ± 4.25, % (p < 0.05).  
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Myocardial Oxidative Stress 

Apocynin has been demonstrated to decrease NADPH oxidase activity and oxidative 

stress at resting states and in myocardial I/R injury (18;69;220;226). In this study, acute 

apocynin treatment, administered fifteen minutes before reperfusion, significantly 

reduced the amount of myocardial malondialdehyde (MDA), a byproduct of lipid 

peroxidation, in the ZDF (Figure 4.2). The MDA concentration was measured in 

myocardial homogenates and normalized to protein concentration. The values for the two 

groups were the following: ZDF-VEH: 0.20 ± 0.02 and ZDF-APO: 0.15 ± 0.01, µM/µg 

of protein). 
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Figure 4.1. Area-at-Risk and Myocardial Infarction. The percentages of area-at-risk 

within the left ventricle (AAR/LV) did not differ between the two groups. However, the 

infarction area (IA/AAR) was significantly attenuated with apocynin treatment 

(n=7/group). * p< 0.01. 
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Figure 4.2. Myocardial Lipid Peroxidation. Oxidative stress was assessed by the 

amount of MDA, a byproduct of lipid peroxidation, in myocardial homogenates at 120 

minutes after reperfusion. Apocynin treatment significantly reduced myocardial lipid 

peroxidation in the ZDF-APO group (n=7) compared to the ZDF-VEH group (n=4). * p < 

0.05. 
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 Neutrophil Adhesion Molecule CD11b Expression with Apocynin Treatment.   

Flow cytometry was used to measure neutrophil CD11b expression in whole blood at 

three time points: PRE, baseline before ischemia; R15, after 15 minutes of reperfusion; 

and R120, after 120 minutes of reperfusion. Data were collected as percent positive cells 

expressing CD11b above a threshold created by the FITC-IgA isotype control and the 

mean channel of fluorescence. There was a significant temporal increase in CD11b 

expression with reperfusion (Figure 4.3). Significant increases in CD11b expression at 

R120 compared to PRE and R15 values were demonstrated in both the ZDF-VEH (PRE: 

11.94 ± 0.66, R15: 15.53 ± 1.46, R120: 26.34 ± 3.12, TFI) and ZDF-APO (PRE: 11.44 ± 

0.36, R15: 13.13 ± 0.49, R120: 23.75 ± 2.31, TFI) groups. However, apocynin treatment 

had no effect on neutrophil CD11b expression at R15 or R120. Even an unpaired t-test 

performed at R120 found no difference between the two groups (p=0.53). 

 

Myocardial ICAM-1 Expression with Apocynin Treatment. 

ICAM-1 is the key adhesion protein expressed on endothelial cells which binds to CD11b 

on neutrophils, achieving firm adhesion of the neutrophil to the endothelium. Apocynin 

treatment significantly reduced ICAM-1 expression in myocardial tissue in response to 

I/R (ZDF-VEH: 1.9 ± 0.2, ZDF-APO: 1.3 ± 0.1, % immno-stained area, p < 0.05) (Figure 

4.4).  
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Figure 4.3. Neutrophil Adhesion Molecule CD11b Expression. Neutrophil CD11b 

expression, measured by flow cytometry significantly increased throughout three time 

points in the experimental procedure: baseline or pre-ischemia (PRE), 15 minutes after 

reperfusion (R15) and 120 minutes after reperfusion (R120). There were no significant 

differences between the treatment groups at any time point. * p < 0.001 vs. PRE and # p 

< 0.001 vs. R15. 
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Figure 4.4. Myocardial ICAM-1 Expression. The percent of immuno-stained area 

within a microscopic field was significantly reduced with apocynin treatment (ZDF-

APO) compared to the vehicle-treated (ZDF-VEH) after myocardial I/R (n=6/group). * p 

< 0.05. 
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Plasma TNF-α Concentrations with Apocynin Treatment 

Previous experiments indicated baseline plasma TNF-α concentrations were not 

detectable using an ultrasensitive ELISA kit. Thus, plasma TNF-α concentrations were 

only measured at R120 in this study (Figure 4.5). At R120, apocynin treatment had no 

effect on plasma TNF-α (ZDF-VEH: 32.58 ± 18.17 and ZDF-APO: 13.61 ± 4.47, pg/ml, 

p=0.31). Within the ZDF-VEH group, plasma TNF-α concentration of 2.48, 5.08, 6.19, 

8.22, 63.5 and 110.02 pg/ml resulted in the large variability. 

 

Plasma Adiponectin Concentrations in Response to Myocardial I/R 

Apocynin treatment had no effect on plasma adiponectin concentrations at 120 minutes 

after reperfusion in the ZDF (Figure 4.6). Analysis of the two groups indicated that 

adiponectin concentrations were reduced due to ischemia-reperfusion within each groups 

(ZDF-VEH: PRE, 8.12 ± 0.59; R120, 7.23 ± 0.57, µg/ml; ZDF-APO: PRE, 9.83 ± 0.95, 

R120, 7.67 ± 0.54, µg/ml). To determine if plasma adiponectin concentrations were 

reduced in response to myocardial I/R within the ZDF, a paired t-test comparing PRE and 

R120 plasma adiponectin concentrations was performed. Plasma adiponectin 

concentrations was significantly reduced at R120 compared to that at baseline (All ZDFs: 

PRE, 9.10 ± 0.62; R120, 7.48 ± 0.38, µg/ml, p < 0.05) (Figure 4.7).  
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Figure 4.5. Plasma TNF-α Concentration. At 120 minutes after reperfusion (R120), 

plasma TNF-α concentration, measured by an ultrasensitive EIA, was not significantly 

different with apocynin treatment in the ZDF (n=6/group). 
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Figure 4.6. Plasma Adiponectin Concentration. At 120 minutes after reperfusion 

(R120), plasma adiponectin concentration, measured by ELISA, was not significantly 

different with apocynin treatment in the ZDF (n=7/group). 
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Figure 4.7. Plasma Adiponectin Concentration in Response to Myocardial I/R. In all 

ZDF animals (n=14), plasma adiponectin concentration, measured by ELISA, was 

significantly reduced at 120 minutes after reperfusion (R120) compared to that at baseline 

(PRE). * p < 0.05. 

 



 

134

DISCUSSION 

In this study, we found that apocynin treatment is cardioprotective in a type 2 diabetic 

rodent model. An acute apocynin treatment was associated with significantly reduced 

myocardial lipid peroxidation, measured by MDA concentrations. A immediate increase 

in ROS is observed in the early minutes of reperfusion (57;104). To target the 

reperfusion-induced increase in ROS, apocynin was administered 15 minutes before 

reperfusion, the same time of antioxidant administration used in a previous study (228). 

Apocynin elicits its effects through a dimer that is formed by peroxidase activity. The 

apocynin dimer interferes with the assembly of the NADPH oxidase complex (225). The 

time required to produce the apocynin dimer and for it to induce actions is believed to 

cause a lag time of minutes before attenuations in oxidant production is observed in 

leukocytes (229). Thus, in this study, the time of apocynin administration minutes prior to 

reperfusion was deemed appropriate.  

The attenuation in myocardial lipid peroxidation with apocynin treatment 

indicates decreased amounts of available ROS to oxidize lipids. The reduction in ROS 

can be explained by reduced ROS production by the inhibition of NADPH oxidase 

activity. Although studies have suggested apocynin is a specific inhibitor of NADPH 

oxidase, a more recent study suggested actions of apocynin is cell-specific. Heumuller et 

al. (229) found apocynin inhibited NADPH oxidase activity in neutrophils, however, 

found it to reduce ROS production by endothelial cells independent of NADPH oxidase 

activity. Without the presence of myeloperoxidase (MPO) in endothelial and smooth 

muscle cells, apocynin dimers that interfere with NADPH oxidase assembly are not 
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formed. However, apocynin was found to prevent ROS-induced signaling mechanisms in 

endothelial and smooth muscle cells (229). Thus, in an in vivo treatment of apocynin, the 

actions of reduced oxidative stress may be due to a combination of both NADPH oxidase 

inhibition and antioxidant abilities of apocynin. 

At R120, apocynin treatment did significantly decrease myocardial ICAM-1 

expression. Apocynin was demonstrated to reduce endothelial cell adhesion molecule E-

selectin mRNA expression in human umbilical vein endothelial cells (HUVECs) 

subjected to I/R (230). Further, Fan et al. (40) found endothelial cell ICAM-1 expression 

can be induced by ROS produced by neutrophil NADPH oxidase. Thus, apocynin may 

act indirectly by inhibiting neutrophil NADPH oxidase activity to reduce endothelial cell 

ICAM-1 expression. However, apocynin treatment did not affect neutrophil CD11b. 

Neutrophil CD11b increased throughout reperfusion in both groups; however, apocynin 

had no effect at R15 or R120. It is unclear why apocynin did not modulate neutrophil 

CD11b expression, inhibiting neutrophil NADPH oxidase may not have intrarelated 

signaling mechanisms that affect neutrophil CD11b expression. 

Although Furukawa et al. (18) found apocynin treatment in obese mice reduced 

TNF-α mRNA and protein expressions and increased adiponectin mRNA and protein 

expressions, in our study, apocynin treatment did not affect adipocytokine concentration. 

Most likely, the difference in modulation of adipocytokine concentration with apocynin 

treatment is the duration of treatment, where Furukawa et al. treated the obese mouse 

model for 6 weeks. In the same study, the chronic apocynin treatment increased 

adiponectin concentration in the obese model and not in controls (18). Plasma TNF-α 



 

136

tended to decrease with apocynin treatment at R120, but due to high variability within the 

ZDF-VEH group, no significance was found. No difference in plasma adiponectin 

concentrations was observed with or without apocynin treatment.  However, plasma 

adiponectin concentration was decreased in all groups in response to I/R. This finding is 

similar to that in a clinical study that found a reduction in plasma adiponectin 

concentration at the onset of myocardial infarction (187). Adipocytes incubated with 

hydrogen peroxide were found to reduce adiponectin mRNA concentration (18). 

Myocardial I/R injury is associated with increased ROS production, which may have 

contributed to the reduced adiponectin plasma concentration. The attenuation in oxidative 

stress with the acute apocynin treatment in this study was most likely not sufficient 

enough to alter adiponectin concentration. 

The inflammatory measurements of adhesion molecule expression and 

adipocytokine concentration were not altered by the apocynin treatment in myocardial 

I/R. However, reduced myocardial oxidative stress was associated with a significant 

attenuation in myocardial infarction. These findings suggest oxidative stress plays a 

significant role in myocardial I/R injury and may have modulated other mechanisms in 

I/R injury. Besides aggravating inflammation, ROS activates apoptosis, which 

significantly contributes to myocardial I/R injury (103;108-110). Further, apocynin 

treatment was demonstrated to reduce myocyte apoptosis (220), which may have been a 

significant mechanism attenuating myocardial infarction in this study.  

There are limitations to this study, including the use of only one dose and duration 

of apocynin treatment. A greater concentration or a chronic treatment may have affected 
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the inflammatory parameters measured in this study. Another limitation is the use of the 

ZDF as a model of type 2 diabetes. The ZDF is an inbred rat model produced by a 

mutation in the leptin-receptor gene, which promotes hyperphagia. The human 

development of type 2 diabetes is not predominantly due to leptin-receptor deficiencies. 

However, the increase in food intake in the male ZDF model does result in obesity, 

hyperglycemia, hyperlipidemia, hyperinsulinemia and insulin resistance (34;76;80), 

which are all definitive characteristics of type 2 diabetes in humans. The ZDF is a widely 

utilized and accepted model of type 2 diabetes and several studies have characterized 

additional pathological parameters observed similarly in humans. To answer the 

questions of this study, the ZDF was determined to be an appropriate model as previous 

studies demonstrated the enhanced myocardial I/R injury (38;82), increased oxidative 

stress, assessed by plasma lipid peroxides (33;81), and basal chronic inflammation, 

assessed by elevated CRP and reduced adiponectin concentrations in the ZDF rat 

(33;34;80). 

In summary, we demonstrated the cardioprotective role of apocynin in type 2 

diabetes, which was associated with reduced myocardial oxidative stress. Additionally, 

the beneficial effects of the acute apocynin treatment were not due to changes in adhesion 

molecule expression and adipoctykoine concentrations, suggesting a significant role of 

oxidative stress in myocardial I/R injury. These findings suggest a value in targeting 

specific sources of ROS production to elicit cardioprotective actions. 
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CHAPTER 5. DISCUSSION AND CONCLUSIONS 
 
 

Type 2 diabetes is significantly associated with enhanced cardiovascular morbidity and 

mortality. An improved understanding of the mechanisms that link the two diseases will 

lead to the development of preventative and treatment strategies to alleviate the increased 

risk and injury in type 2 diabetic patients. Reduced plasma concentration of the 

adipocytokine adiponectin in type 2 diabetic patients and even lower values in patients 

with cardiovascular disease (126) suggests that investigations of this molecule may be 

worthwhile. Adiponectin is a pleiotropic molecule with insulin-sensitizing and anti-

inflammatory actions. As inflammation is linked to both type 2 diabetes and 

cardiovascular disease, adiponectin may be a significant factor that contributes to the 

enhanced association of type 2 diabetes and cardiovascular disease. In this dissertation 

project, we were the first to report that an in vivo adiponectin treatment significantly 

reduced ischemia-reperfusion (I/R) injury in the ZDF type 2 diabetic rat heart. This 

finding suggests that the lack of adiponectin significantly contributes to the enhanced 

severity of cardiovascular injury in type 2 diabetes, which is schematically illustrated in 

Figure 5.1. 

We found that adiponectin treatment reduced processes in the neutrophil-

mediated I/R injury in the ZDF type 2 diabetic heart. Adiponectin treatment reduced the 

enhanced acute inflammatory response, assessed by plasma TNF-α, neutrophil adhesion 

molecule CD11b and myocardial ICAM-1 expressions, in the type 2 diabetic ZDF model 

(Figure 5.1). Further, we found adiponectin treatment reduced myocardial neutrophil  
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accumulation and DNA-damaged nuclei in the type 2 diabetic heart. Myocardial lipid 

peroxidation was reduced with adiponectin treatment in the type 2 diabetic heart, but not 

significantly. These findings indicate a role of adiponectin to attenuate neutrophil-

mediated myocardial I/R injury. The reduced concentration of adiponectin in type 2 

diabetes removes the protective actions in neutrophil-mediated myocardial I/R injury. 

Thus, the reduced concentration of adiponectin present in type 2 diabetes may explain the 

enhanced neutrophil-mediated I/R injury in the type 2 diabetic heart. 

In this dissertation, the novel findings of adiponectin in myocardial I/R injury are 

indicated by numbers in Figure 5.2: 1) in vivo reduction in neutrophil CD11b expression, 

2) attenuation in ICAM-1 expression in myocardial tissue and 3) reduction in myocardial 

neutrophil accumulation. We also did find that adiponectin treatment attenuated plasma 

TNF-α concentration and apoptotic nuclei in the type 2 diabetic heart. Previous studies 

demonstrated cardioprotective actions of adiponectin in myocardial I/R injury to include 

attenuations in plasma TNF-α, myocardial apoptosis, and myocardial oxidative and 

nitrate stress (188;189). However, we are the first to report the role of adiponectin in 

neutrophil-mediated I/R injury. 

We found that adiponectin treatment did not attenuate myocardial oxidative 

stress, measured by lipid peroxidation, whereas Tao et al. (189) demonstrated a reduction 

in oxidative stress with an acute adiponectin treatment in adiponectin-knockout mice 

subjected to myocardial I/R. The discrepancy may be due to different timing of treatment 

administration, measurement of oxidative stress and different animal models. In type 2  
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diabetes, oxidative stress is elevated due to several sources, especially hyperglycemia and 

advanced glycated end products (AGEs), thus, a higher concentration of adiponectin may 

be required to overcome the additional sources contributing to ROS production and 

demonstrate significant attenuations in oxidative stress. 

In human whole blood, adiponectin was demonstrated to attenuate PMA-induced 

neutrophil ROS production. When the type 2 diabetic subjects were compared to their 

age-matched controls, the significant attenuation in ROS production with adiponectin 

was lost in the type 2 diabetic neutrophils. A correlation showed that the magnitude of 

adiponectin actions was associated with circulating serum adiponectin concentrations. 

This association suggests a potential state of adiponectin resistance. There is a 

discrepancy in the current literature of whether the expression of adiponectin receptors is 

reduced in non-adipose tissues. Thus, further studies are needed to examine whether 

diabetic neutrophils have reduced expression of adiponectin receptors. This correlation 

also raises questions of why a significant attenuation in myocardial I/R injury was not 

observed in the ZLC rats treated with adiponectin. A possible explanation is that in an in 

vivo model of injury there are other factors, independent of adiponectin mechanisms, that 

contribute to injury. Thus, the normal circulating adiponectin concentrations may have 

maximally elicited its protective actions in the ZLCs, indicating further increases in 

adiponectin concentration would not affect the non-adiponectin dependent-induced 

injury. Additionally, the ZDF was found not to have reduced expression in adiponectin 

receptors in skeletal muscle and liver tissues (149). Although, adiponectin receptor 

expression in cardiac muscle and endothelial cells were not investigated, it may be 
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possible that at these tissue sites, adiponectin receptor expression is not reduced in the 

ZDF. On the other hand, adiponectin resistance may be cell-specific, where reduced 

adiponectin receptors are observed in the diabetic neutrophils. Thus, the reduced action of 

adiponectin on type 2 diabetic neutrophil ROS production may partially explain why the 

in vivo adiponectin treatment was not associated with reduced myocardial lipid 

peroxidation, despite significant reductions in neutrophil accumulation in the ZDF. 

Another discrepancy between the human whole blood and the in vivo adiponectin 

treatment studies is the difference observed in neutrophil adhesion molecule CD11b 

expression. A significant reduction in the circulating neutrophil CD11b expression was 

observed at 120 minutes after reperfusion in the ZDF, whereas in vitro adiponectin 

treatment in whole blood did not affect on fMLP-induced CD11b expression. A possible 

explanation for this discrepancy is that adiponectin does not have direct actions on 

modulating neutrophil CD11b expression. Ouchi et al. (49;52) demonstrated adiponectin 

reduced TNF-α-induced endothelial cell adhesion molecule expression by inhibiting NF-

kB activation by TNF-α. Thus, the signaling mechanism was interrelated, and 

adiponectin may not affect fMLP-induced signaling in the neutrophil. As TNF-α is a 

known activator of neutrophil CD11b expression, although not as potent as fMLP, in 

vitro studies examining adiponectin treatment before TNF-α-induced neutrophil CD11b 

expression may elucidate if adiponectin reduces CD11b via a TNF-α-dependent 

mechanism. The interdependent relationship of TNF-α and adiponectin is indicated by 

the reduction in plasma TNF-α concentration with in vivo adiponectin treatment, which 

was associated with the observed attenuation in neutrophil CD11b expression. 
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 Oxidative stress has been implicated in altering adipocytokine concentrations 

(18). However, with an acute in vivo apocynin treatment in the ZDF rats, no changes 

were observed in plasma TNF-α and adiponectin concentrations. The in vivo apocynin 

treatment did significantly attenuate myocardial infarction, which was associated with a 

reduction in myocardial lipid peroxidation and myocardial ICAM-1 expression, but not 

with an attenuation in neutrophil CD11b expression. In contrast, adiponectin treatment 

did significantly reduce neutrophil CD11b, myocardial ICAM-1 expression and plasma 

TNF-α in the ZDF. The differences observed with the adiponectin and apocynin 

treatments may be due to different times of treatment administration. Adiponectin was 

administered 30 minutes prior to ischemia to examine the notion whether acutely 

restoring the reduced adiponectin concentration in type 2 diabetes prevents the 

exacerbation of injury. The apocynin treatment was administered 15 minutes prior to 

reperfusion, to target the immediate elevation of ROS in the first minutes of reperfusion. 

Thus, adiponectin may have alleviated ischemia-induced injury, in addition to 

reperfusion-induced injury, whereas, apocynin only targeted reperfusion-induced injury. 

However, the size of myocardial infarction was reduced more with apocynin treatment 

than with adiponectin treatment (16.0 ± 4.2 vs. 30.0 ± 3.0 %). This finding suggests 

myocardial oxidative injury may play a greater role in myocardial I/R injury than 

adiponectin. The significant role of ROS in myocardial infarction may be downstream 

from inflammation and actions of adiponectin or act as a final common cause of injury. 

Thus, targeting ROS may be more effective in reducing myocardial I/R injury than 

targeting inflammation in the type 2 diabetic heart.   
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 Collectively, these studies demonstrate the significant contribution of 

inflammation and oxidative stress in the enhanced I/R injury in the type 2 diabetic heart. 

Specifically, the restoration of circulating adiponectin concentrations in type 2 diabetic 

patients may prove to prevent an exacerbated cardiovascular injury. Additionally, as 

apocynin is known to inhibit NADPH oxidase, targeting specific sources of ROS 

production may provide greater cardioprotective actions than non-specific antioxidants. 

These studies also suggest the need to include inflammation and oxidative stress in the 

multi-factorial intervention in type 2 diabetes to reduce cardiovascular morbidity and 

mortality. 
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Future Studies 

 
Adiponectin was found to reduce PMA-activated ROS production; however, the 

mechanism of action is unknown. Adiponectin receptor protein and mRNA expression 

should be determined in both non-diabetic and diabetic neutrophils. This experiment 

would determine whether neutrophils express adiponectin receptors and if diabetic 

neutrophils have altered expression concentrations. Low adiponectin receptor expression 

in diabetic neutrophils would indicate a potential state of adiponectin resistance. In 

addition, adiponectin may act to reduce NADPH oxidase subunit expression, as it was 

demonstrated in aortic segments and myocardial tissue (189;231). The NADPH oxidase 

activity and subunit expression should be quantified in neutrophils with or without 

adiponectin pretreatment with PMA stimulation. Further, the NADPH oxidase activity 

and subunit expression of neutrophils treated with apocynin and stimulated with PMA 

should be compared with the adiponectin treated neutrophils. These experiments would 

indicate whether adiponectin reduces neutrophil ROS production via NADPH oxidase 

activity.  

 Adiponectin did not affect fMLP-induced CD11b expression. Further studies 

should be conducted to determine whether adiponectin affects CD11b expression via a 

TNF-α-dependent mechanism. Adiponectin was found to attenuate TNF-α-induced 

adhesion molecule expression in endothelial cells (49). Neutrophils would be pretreated 

with adiponectin and stimulated with TNF-α. Using flow cytometry, neutrophil CD11b 

expression would be measured. Adiponectin may have no effect on TNF-α-induced 
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CD11b expression. If adiponectin did attenuate TNF-α-induced CD11b expression, 

possible mechanisms affecting NF-kB signaling should be investigated. The reduction in 

TNF-α-induced adhesion molecule expression was due to reduced phosphorylation of 

IkB and activation of NF-kB (52). In addition, TNF-α is known to activate NF-kB in 

neutrophils (194). Thus, the activity of pro-inflammatory transcription factor NF-kB and 

phosphorylation of IkB should be measured in the neutrophil with or without adiponectin 

pretreatment and TNF-α stimulation. 

 Our laboratory observed significantly greater leukocyte adhesion and 

accumulation in the type 1 diabetic heart compared to that in controls, in response to 

myocardial I/R (53). Further studies should be performed to identify whether leukocyte 

adhesion and accumulation is greater in the type 2 diabetic coronary microcirculation 

compared to the non-diabetic microcirculation. Additionally, adiponectin-knockout mice 

had increased leukocyte rolling and adhesion at basal conditions (174). Thus, the reduced 

adiponectin concentration in type 2 diabetes may explain a possible increased in 

leukocyte adhesion and accumulation in the type 2 diabetic coronary microcirculation in 

response to I/R. Studies investigating adiponectin treatment in leukocyte adhesion and 

accumulation in the type 2 diabetic coronary microcirculation should be conducted. The 

in vivo adiponectin treatment, in the studies of this dissertation, was found to significantly 

attenuate neutrophil adhesion molecule CD11b and myocardial ICAM-1 expressions. 

Reductions in the key adhesion molecules involved in neutrophil adhesion to the 

endothelium further suggest a possible reduction in leukocyte adhesion and accumulation 

in the diabetic coronary microcirculation with adiponectin treatment.  
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The findings of this study indicate oxidants cause significant injury in myocardial 

I/R. It would be worthwhile to determine whether reducing oxidative stress can modulate 

adipocytokine concentration in the ZDF type 2 diabetic model prior to and after 

myocardial I/R. A chronic apocynin treatment would be administered and plasma 

measured for adiponectin and TNF-α concentrations. Further, additional inflammatory 

measurements, such as neutrophil and myocardial adhesion molecule expressions, in 

myocardial I/R would be measured. The findings of this dissertation did not demonstrate 

modulation of inflammation with an acute in vivo apocynin treatment in response to 

myocardial I/R. Further, it would be interesting to observe whether chronic apocynin 

treatment modulates morphology and function of adipose tissue. Furukawa et al. (18) 

found in vivo apocynin treatment reduced oxidative stress in adipocytes and increased 

TNF-α and reduced adiponectin mRNA expressions. Adipose tissue of the ZDF should 

be examined for oxidative stress and adipocytokine mRNA expression, as well. In 

addition, histological analysis of adipose tissue should be performed to observe whether 

macrophage infiltration is altered with a chronic apocynin treatment. The quantity of 

macrophage infiltration into adipose tissue was proportional to the secreted TNF-α 

concentration (22). Thus, quantifying macrophage infiltration could determine whether 

reduction in TNF-α expression with apocynin treatment is due to the modulation of 

macrophage infiltration by oxidative stress. 

Finally, in vivo studies of TNF-α inhibition in I/R injury in the type 2 diabetic 

heart should be conducted. These experiments would further support the significant role 

of the interdependent relationship of adiponectin and TNF-α in inflammation, type 2 
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diabetes and cardiovascular disease. Zhang et al. (202) found inhibiting TNF-α actions 

with administration of an anti-TNF-α antibody significantly reduced endothelial 

dysfunction and ROS production via xanthine oxidase in non-diabetic mice in response to 

myocardial I/R. Further studies should examine whether adiponectin protein and mRNA 

expressions are altered in the type 2 diabetic model with anti-TNF-α antibody in baseline 

and myocardial I/R injury. Plasma adiponectin concentration after a treatment period with 

the anti-TNF-α antibody and after reperfusion in I/R would be measured. In addition, 

adipose tissue mRNA expression of adiponectin would be quantified, as studies have 

found TNF-α to reduce adiponectin mRNA expression in adipocyte cell lines (128;129). 

Potential findings that an anti-TNF-α antibody treatment in the ZDF significantly 

attenuates myocardial I/R injury by modulating adiponectin would support the findings of 

this dissertation. Further, these studies would suggest the importance in targeting the 

relationship of adiponectin and TNF-α in the enhanced association of type 2 diabetes and 

cardiovascular disease. 
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