
The Role of Complement in Ischemic
Heart Disease in Type 2 Diabetes Mellitus

Item Type text; Electronic Dissertation

Authors La Bonte, Laura

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:10:16

Link to Item http://hdl.handle.net/10150/193747

http://hdl.handle.net/10150/193747


THE ROLE OF COMPLEMENT IN ISCHEMIC HEART DISEASE IN TYPE 2 
DIABETES MELLITUS  

 
by 
 

Laura Rhea La Bonte 
 
 
 

_____________________ 
 
 
 

A Dissertation Submitted to the Faculty of the 
 

GRADUATE INTERDISCIPLINARY PROGRAM IN PHYSIOLOGICAL 
SCIENCES 

 
In Partial Fulfillment of the Requirements 

For the Degree of 
 

DOCTOR OF PHILOSOPHY 
 
 

In the Graduate College 
 

THE UNIVERSITY OF ARIZONA 
 
 
 
 
 
 
 
 

2008 
 



 2

THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

 
As members of the Dissertation Committee, we certify that we have read the 
dissertation  
 
prepared by LAURA RHEA LA BONTE 
 
entitled THE ROLE OF COMPLEMENT IN ISCHEMIC HEART DISEASE IN 
TYPE 2 DIABETES MELLITUS 
 
and recommend that it be accepted as fulfilling the dissertation requirement for 
the  
 
Degree of Doctor of  Philosophy 
 
 
_______________________________________________ Date: April 11th, 2008 
Paul F. McDonagh, Ph.D.    
 
_______________________________________________ Date: April 11th, 2008 
Robert W. Gore, Ph.D.    
    
_______________________________________________ Date: April 11th, 2008 
Erik J. Henriksen, Ph.D.    
 
_______________________________________________ Date: April 11th, 2008 
Leslie S. Ritter, Ph.D.    
    
 
Final approval and acceptance of this dissertation is contingent upon the 
candidate’s submission of the final copies of the dissertation to the Graduate 
College.   
 
I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement. 
 
 
_______________________________________________ Date: April 11th, 2008 
Dissertation Director:  Paul F. McDonagh, Ph.D.    

 



 3

STATEMENT BY AUTHOR 
 
This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at the University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of the Library. 
 
Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgment of source is made. Requests for 
permission for extended quotation from or reproduction of this manuscript in 
whole or in part may be granted by the head of the major department or the Dean 
of the Graduate College when in his or her judgment the proposed use of the 
material is in the interests of scholarship. In all other instances, however, 
permission must be obtained from the author. 
 
 
 

                        SIGNED: Laura Rhea La Bonte 

 



 4

ACKNOWLEDGEMENTS 

It is hard for an empty bag to stand upright.  ~Benjamin Franklin 

First and foremost, my thanks and deep appreciation go to my mentor, Dr. Paul 
F. McDonagh for persevering with me throughout the time it took me to bring this 
research project to fruition. This graduate experience has been of the most important 
and formative experiences in my life, and the lessons that you have taught me extend 
well beyond the laboratory. It has truly been an honor to work with you these years. I am 
eternally grateful Grace Davis-Gorman, first for coordinating and overseeing the 
administrative concerns that made it possible for me to complete my degree, but most 
importantly for being an amazing teacher and friend. This research could not have taken 
place without you.   

To the members of my dissertation committee, Dr. Leslie Ritter, Dr. Robert Gore, 
Dr. Erik Henriksen, Dr. Douglas Larson, and Dr. Gregory Stahl, who have generously 
given their time and expertise to not only question and critique my findings, but also to 
provide direction and support when I encountered obstacles. Thank you for believing in 
me and in this work.   

I must acknowledge as well the many friends, colleagues, and students who 
assisted, advised, and supported my research efforts over the years. My gratitude and 
deep appreciation go out to my preceptor, Jennifer (Wright) Bea and co-worker Betsy 
Dokken whose friendship, knowledge, and wisdom have supported, enlightened, and 
entertained me over the many years. Thank you for always lending an ear and offering 
me the right advice, not only in pursuit of my doctorate, but in life as well.  I am forever 
grateful to the other lab members and colleagues who played an enormous role in the 
completion of this research, especially Garrett Pacheco, Corrine Walker, Norma Seaver, 
Doug Cromey, and Andrea Grantham. 

I owe my sanity and success to Heather Spellman and Kate Lindborg. They have 
consistently helped me keep perspective on what is important in life and shown me how 
to deal with reality. They have stood tight by me during the highest highs and lowest 
lows, unwavering in their friendship and support. I can’t imagine how different my years 
in Tucson would have been if Heather and Kate were not part of my life.  To Girls & 
Grapes, my monthly support group, for making each month more fabulous and delicious 
than the last. To my best-friends Natalie Villani, Jodie Moore, and Molly Brunjes, who 
loved me enough to tell me I was making the right decision to move across the country 
from them and pursue my doctorate. I am blessed to have had the influence of these 
intelligent, mature, kind and strong women. Their friendship makes me more complete, it 
doubles my joys, and divides my sorrows, and is the best gift they could ever give me. 

To my endless family members, who enthusiastically supported me throughout 
all of my life’s decisions.  And to my “second” family, The Haselton’s, I’ll always be your 
1st daughter. To Dr. William Guilford, who took a chance on an inexperienced scientist.  
To the Southern Arizona Roadrunners and WOG, for giving me years of friendship, 
health, and a sense of community purpose. Finally, I’d like to thank the American Heart 
Association, Dr. and Mr. Eller, and the ARCS Foundation for their generosity and 
financial support.   

 



 5

DEDICATION 
 

To my father, Richard Lawrence La Bonte 
 

For these distinct, influential, and formative memories: 
 

1) 8 yrs old – rebuilding the engine in BattleCat, our Ford pick-up truck 
2) 10 yrs old – teaching me to shovel, pour concrete, and ultimately build 

a garage 
3) 12 yrs old – telling me that boys were better at math than girls 
4) 17 yrs old – encouraging me to apply to top colleges, including UVa’s 

School for Engineering and Applied Science (referencing my 
displeasure for memory #3)  

 
Thank you for being an unbelievable father, mentor, friend, and Sophist.  Thank 

you for teaching me to think outside the box, to rationalize, to question, to 
problem-solve, and mostly, to believe in myself. 

 
 

And 
 

To my Grandmother, Lorraine Devol 
 

For your unconditional love, support, and encouragement.  
I have and will always admire you for your honesty, generosity, and humility. 

 



 6

TABLE OF CONTENTS 
 

PAGE 
 

LIST OF FIGURES............................................................................................. 10 
 
LIST OF TABLES .............................................................................................. 12 
 
ABSTRACT........................................................................................................ 13 
 
CHAPTER 1 ....................................................................................................... 15 
 

INTRODUCTION 
 

The Vascular Complications of Type 2 Diabetes ..................................... 15 
 
The Complement System ........................................................................ 25 

Complement Receptors...................................................................... 28 
Complement Regulatory Proteins....................................................... 36 
Complement Inhibitors (Potential Therapeutic Strategies) ................. 37 

 
The Complement System in I/R Injury ..................................................... 45 
 
The Complement System in Diabetes...................................................... 50 
 
The Complement System in Diabetic I/R Injury ....................................... 57 
 
Perspective .............................................................................................. 64 

Specific Aims...................................................................................... 65 
 
CHAPTER 2 ....................................................................................................... 67 
 

COMPLEMENT INHIBITION REDUCES INJURY IN THE TYPE 2 DIABETIC 
HEART FOLLOWING ISCHEMIA AND REPERFUSION 
 

Abstract.................................................................................................... 67 
Introduction .............................................................................................. 69 
Materials and Methods............................................................................. 73 
Results..................................................................................................... 77 
Discussion ............................................................................................... 93 
 

 
 
 



 7

TABLE OF CONTENTS - Continued 
 

PAGE 
 
CHAPTER 3 ..................................................................................................... 103 
 

NAFAMOSTAT MESYLATE (FUT-175) INHIBITS LECTIN PATHWAY 
COMPLEMENT ACTIVATION IN MYOCARDIAL ISCHEMIA-
REPERFUSION INJURY 
 

Abstract.................................................................................................. 103 
Introduction ............................................................................................ 105 
Materials and Methods........................................................................... 108 
Results................................................................................................... 113 
Discussion ............................................................................................. 127 

 
CHAPTER 4 ..................................................................................................... 134 
 

MANNOSE-BINDING LECTIN PATHWAY IS A SIGNIFICANT REGULATOR 
OF ISCHEMIC INJURY IN THE TYPE 2 DIABETIC HEART 
 

Abstract.................................................................................................. 134 
Introduction ............................................................................................ 136 
Materials and Methods........................................................................... 140 
Results................................................................................................... 143 
Discussion ............................................................................................. 152 

 
CHAPTER 5 ..................................................................................................... 162 
 

PRELIMINARY RESULTS: PRO-INFLAMMATORY MECHANISMS 
UNDERLYING THE EXACERBATED RESPONSE TO ISCHEMIC INJURY 
IN TYPE 2 DIABETES 

 
Abstract.................................................................................................. 162 
Introduction ............................................................................................ 164 
Materials and Methods........................................................................... 168 
Results................................................................................................... 174 
Discussion ............................................................................................. 183 

 
CHAPTER 6 ..................................................................................................... 192 
 

CONCLUSIONS 
 

Complement Activity is Enhanced in T2DM I/R Injury............................ 194 



 8

TABLE OF CONTENTS - Continued 
 

PAGE 
 
Complement Inhibition with FUT-175 Reduces I/R Injury ...................... 195 
The Lectin Pathway is Primarily Responsible for I/R Injury in T2DM ..... 195 
Pro-inflammatory State May Lead to Enhanced Complement Activity in 
T2DM..................................................................................................... 196 
Limitations.............................................................................................. 201 
Future Investigations ............................................................................. 202 

 
APPENDIX A.................................................................................................... 210 

 
METHODS 
 

Animals (Rattus Norvegicus) ................................................................. 210 
Zucker Strain .................................................................................... 210 
Sprague-Dawley Strain..................................................................... 210 

In-Vivo, Left Anterior Descending (LAD) Coronary Artery Occlusion-
Reperfusion Protocol ............................................................................. 211 
Myocardial Infarct Size Determination ................................................... 211 
FACS Measurement of Phagocyte CD11b and CD88 Expression......... 212 

PMN CD11b ..................................................................................... 212 
PMN CD88 ....................................................................................... 213 

Immunostaining for C3 in Myocardial Tissue ......................................... 214 
Immunostaining for PMN Accumulation in Myocardial Tissue ............... 215 
Immunostaining for ICAM-1 Expression in Myocardial Tissue ............... 215 
mRNA Isolation from Cardiac Tissue..................................................... 216 
Microarray Protocol for Analyzing Gene Expression.............................. 217 
Quantitative RT-PCR ............................................................................. 218 
Rat IL-6 ELISA....................................................................................... 219 
Rat MBL-Dependent C3/C4 Deposition FLISA ...................................... 220 
Nylon-Column PMN Adhesion Assay .................................................... 221 
Statistical Analysis ................................................................................. 222 

 
APPENDIX B.................................................................................................... 223 
 

COMPLETE MICROARRAY GENE LISTS 
 

ZLC non-ischemic LV vs ZLC ischemic LV ............................................ 223 
ZLC non-ischemic LV vs ZDF ischemic LV............................................ 228 

 
 
 



 9

 
TABLE OF CONTENTS - Continued 

 
PAGE 

 
APPENDIX C.................................................................................................... 233 
 

IACUC APPROVAL 
 
REFERENCES ................................................................................................. 234 
 
 



 10

LIST OF FIGURES 
 

PAGE 
 
Figure 1.1 Schematic describing cellular components and molecules     
synthesized by adipocytes in obesity.................................................................. 20 
 
Figure 1.2 Schematic illustrating the effects of obesity/diabetes on systemic 
inflammation ...................................................................................................... 24 
 
Figure 1.3 Activation pathways and components of the complement system.... 26 
 
Figure 1.4 Role of C5a in effective function of the innate immune response ..... 33 
 
Figure 1.5 Intracellular signaling involved in PMN C5aR activation ................... 35 
 
Figure 1.6 Dissertation theoretical framework.................................................... 63 
 
Figure 2.1 FUT-175 treatment decreases the enhanced infarct size in the 
diabetic heart ...................................................................................................... 80 
 
Figure 2.2 C3 deposition is increased in the type 2 diabetic heart..................... 82 
 
Figure 2.3 Leukocyte accumulation is increased in the type 2 diabetic  
heart ................................................................................................................... 84 
 
Figure 2.4 C3 deposition and PMN accumulation are associated with  
increased infarct size.......................................................................................... 85 
 
Figure 2.5 Granulocyte percentages are increased in type 2 diabetic  
blood................................................................................................................... 87 
 
Figure 2.6 CD11b surface expression is increased on type 2 diabetic  
neutrophils ......................................................................................................... 89 
 
Figure 2.7 ICAM-1 expression is increased in the vasculature of the type 2 
diabetic heart ...................................................................................................... 92 
 
Figure 3.1 FUT-175 inhibits MBL-dependent C4/C3 deposition....................... 114 
 
Figure 3.2 Infarct size is decreased in FUT-175 and anti-MBL treated  
hearts ............................................................................................................... 116 
 
Figure 3.3 FUT-175 and anti-MBL treatment decreases C3 deposition........... 118 



 11

 
LIST OF FIGURES - Continued 

 
PAGE 

 
Figure 3.4 PMN accumulation is decreased with FUT-175 and anti-MBL 
treatment .......................................................................................................... 120 
 
Figure 3.5 CD11b surface expression is decreased during reperfusion  
following FUT-175 treatment ............................................................................ 123 
 
Figure 3.6 Anti-MBL decreases fMLP-stimulated CD11b surface  
expression ........................................................................................................ 124 
 
Figure 3.7 ICAM-1 expression is decreased in the vasculature of the  
FUT-175 and anti-MBL treated hearts .............................................................. 126 
 
Figure 4.1 Anti-MBL-A (P2D5) treatment attenuates infarct size in the  
diabetic rat heart............................................................................................... 144 
 
Figure 4.2 P2D5-treatment decreases C3 deposition ...................................... 146 
 
Figure 4.3 P2D5-treatment decreases neutrophil accumulation ...................... 148 
 
Figure 4.4 P2D5-treatment decreases ICAM-1 expression ............................. 150 
 
Figure 5.1 Expression of the C5a complement receptor is increase on  
PMNs from diabetic blood ................................................................................ 175 
 
Figure 5.2 Changes in mRNA gene expression in the ZDF heart .................... 179 
 
Figure 5.3 Plasma IL-6 cytokine concentration in type 2 diabetic rats ............. 182 
 
Figure 6.1 Ischemia and reperfusion in the non-diabetic heart ........................ 199 
 
Figure 6.2 The role of complement in ischemia/reperfusion injury in T2DM .... 200  
 
 



 12

LIST OF TABLES 
 

PAGE 
 
Table 2.1 Physical and hemodynamic characteristics........................................ 78 
 
Table 5.1 RT-PCR primers............................................................................... 172 
 
Table 5.2 Complete list of genes changed – ZLC ischemic vs ZDF  
ischemic LV ...................................................................................................... 177 
 
Table B.1 ZLC non-ischemic – ZLC ischemic .................................................. 223 
 
Table B.2 ZLC non-ischemic – ZDF ischemic .................................................. 228 
 
 



 13

ABSTRACT 

 

The mechanisms responsible for the enhanced inflammatory response in type 2 

diabetes (T2DM) and its contribution to the severe ischemia/reperfusion (I/R) 

injury observed in the T2DM heart are unclear. I/R is associated with an acute 

inflammatory response recognized by reactive oxidant production, complement 

activation, and leukocyte-endothelial cell adhesion, among others.  Complement 

activation plays an important role in the inflammatory response and is involved in 

the manifestation of I/R injury in the non-diabetic heart, and is a potent 

chemoattractant for circulating neutrophils (PMNs). The purpose of this 

dissertation research was to test the hypothesis that the complement system, 

predominantly the lectin pathway, is a significant contributor to the excessive 

response of the Zucker Diabetic Fatty (ZDF), a rat model of T2DM, to myocardial 

I/R injury.  Following 30min of coronary artery occlusion and 120min of 

reperfusion we measured C3 deposition, PMN accumulation, PMN CD11b 

expression, and ICAM-1 expression. We found significantly more C3 deposition, 

PMN accumulation, ICAM-1 and PMN CD11b expression in diabetic samples 

compared to non-diabetic samples.  To elucidate a role for complement system 

activation, we treated animals with FUT-175, a broad complement inhibitor.  In 

vivo, FUT-175 treatment significantly decreased complement deposition (66%), 

PMN accumulation (59%), and infarct size (55%) compared to untreated animals 

in both non-diabetic Sprague-Dawley and diabetic ZDF rats.  To specifically 
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examine the role of the lectin pathway, we selectively inhibited rat MBL-A prior to 

myocardial I/R in ZDF rats.  Anti-MBL treatment significantly decreased infarct 

size, C3 deposition and PMN accumulation in the ZDF post-ischemic left 

ventricle (LV). Genomic analysis revealed that gene expression of the pro-

inflammatory cytokines IL-6 and IL-1α was enhanced in the ZDF heart following 

reperfusion, and quantitative RT-PCR results confirmed IL-6 upregulation.  We 

found significantly increased complement C5a receptor (CD88) expression on 

diabetic neutrophils prior to ischemia, suggesting that diabetic PMNs are 

“primed” to respond to complement activation.  Taken together, these results 

provide evidence that 1) the ZDF rat is a good model for chronic inflammation in 

the setting of T2DM, 2) lectin pathway activation plays a significant role in the 

inflammatory response to I/R injury in the ZDF heart, and 3) anti-complement 

therapy may be particularly cardio-protective in T2DM. 
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CHAPTER 1: INTRODUCTION 

THE VASCULAR COMPLICATIONS OF TYPE 2 DIABETES 

 

The epidemic of type 2 diabetes mellitus (T2DM) has led scientists and clinicians 

to ask what the threads are that tie together the seemingly diverse manifestations 

of this disease.  The defining characteristics of obesity and insulin resistance are 

well described and are being used to elucidate the mechanisms that underlie the 

increase in cardiovascular disease among this population. It has been known for 

years that obesity and T2DM are associated with hyperinsulinemia and 

dyslipidemia, which result from pancreatic β-cell failure and increased triglyceride 

synthesis and release, respectively.   

 

Traditional thought has attributed much of the cardiovascular complications of 

diabetes to accelerated atherogenesis. The majority of T2DM patients are 

overweight/obese, have an expanded fat cell mass, and adipocytes that are 

resistant to the anti-lipolytic effects of insulin 141.  Obese individuals diagnosed 

with T2DM can be characterized by visceral adipocity and elevations in plasma 

free fatty acid (FFA) concentrations, a result of a high lipolytic rate within visceral 

fat cells that is refractory to insulin 10.  Elevated plasma FFA levels are linked to 

insulin resistance since insulin is a potent inhibitor of hormone sensitive lipase, 

the enzyme responsible for hydrolyzing fatty acids in tri- and diacylglycerols in 

adipose fatty acid mobilization.  In addition, studies have demonstrated a link 
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between chronically increased FFA concentrations and impairments in insulin 

secretion from β-cells 137. 

 

Recently, atherosclerotic lesions have been recognized as focal points of 

inflammation 176. Hypercholesterolemia is commonly associated with T2DM, and 

may be responsible for the increase in lipid deposition, macrophage recruitment 

and phagocytic activity that ultimately results in “fatty streak” formation. Following 

fatty streak development, the typical atherosclerotic lesion is characterized by the 

presence of foam cells, extracellular lipid droplets, and debris, surrounded by a 

cap of vascular smooth muscle and endothelial cells, and a collagen-rich matrix. 

Within these sites, activated immune cells are abundant, producing numerous 

inflammatory molecules and proteolytic enzymes that can weaken the cap and 

activate immune cells within the lipid core, transforming the stable plaque into a 

vulnerable, unstable structure. Specifically, activated foam cells may begin to 

secrete matrix metalloproteinases (MMPs), which make the plaque unstable by 

lysing the fibrous cap of the atheroma.  Interestingly, the expression of MMPs is 

regulated by the proinflammatory transcription factor AP-1, a subtle link between 

atherosclerotic complications and inflammation 37.  

 

Hypercholesterolemia causes focal activation of endothelium in large and 

medium-sized arteries in both animal models of T2DM and diabetic humans 152. 

In this way, diabetes impairs endothelial function, which can be considered a 
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hallmark event in the development of cardiovascular disease.  In the normal 

atherosclerotic process, the infiltration and accumulation of LDL in the arterial 

neointimal layer initiates an inflammatory response within the arterial wall. 

However, hyperglycemia increases lipoprotein glycation, and glycated LDL is 

significantly more atherogenic once it is taken up by macrophages 40. Increased 

levels of oxidative stress due to activation of immune cells within the atheroma 

lead to increases in free radical generation in T2DM 16 40.  Thus, free-radical 

mediated LDL oxidation (ox-LDL) is likely accelerated in T2DM as well, leading to 

the release of phospholipids and activation of endothelial cells following plaque 

rupture, especially at sites of hemodynamic stress.  Flow patterns which exhibit 

low average shear but high-oscillatory shear stress cause endothelial cells to 

increase expression of adhesion molecules and inflammatory genes and are 

therefore highly prone to atherosclerotic plaque development 206 19 144. Hence, 

hemodynamic strain as well as the accumulation of lipids may initiate 

inflammatory processes in the arterial wall. Activation of the endothelium permits 

circulating monocytes to adhere and transmigrate into the subendothelial space, 

where they act as scavengers of the ox-LDL, forming “foam cells,” further 

promoting an atherogenic state 25.   

 

Evidence is steadily mounting that platelets play an important role not only in 

hemostasis and thrombosis, but in diabetic vascular disease as well.  In many 

cases, platelets are one of the first cell types to interact with activated endothelial 
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cells.  Tailor et al demonstrated that platelets play a role in plaque formation, and 

inhibition of platelet adhesion using hypercholesterolemic, P-selectin null mice 

reduced leukocyte infiltration and atherosclerosis 192.  These findings match 

theories regarding increased platelet reactivity and sensitivity in T2DM subjects 

43, and suggest that T2DM patients have an enhanced thrombotic potential.  

 

Hokama et al demonstrated that not only do platelet-leukocyte interactions exist, 

but that increased conjugation of platelets to polymorphonuclear cells (PMNs) in 

T2DM blood is highly correlated to the degree of PMN reactive oxygen species 

(ROS) production 87.  Thus, one may speculate that interactions between 

platelets and PMNs in diabetic blood increases ROS production.  In addition to 

increasing PMN reactivity, activated platelet-monocyte conjugates increase gene 

expression of proinflammatory cytokines 67. The expression and secretion of 

MCP-1 and interleukin-8 (IL-8) are enhanced following platelet-monocyte 

interaction 211. These findings suggest that activated platelets regulate 

chemokine secretion by monocytes in inflammatory lesions in vivo and provide a 

model for the study of gene regulation in cell-cell interactions. 

 

In atherosclerosis, the balance between inflammatory and anti-inflammatory 

activity controls disease progression.  Metabolic factors, especially those 

frequently observed in diabetic individuals, may influence atheroma development 

in various ways. Clearly, hyperlipidemia and hypercholesterolemia contribute 
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significantly to lipid accumulation within the arterial wall, initiating immune-cell 

recruitment, as described previously.  As such, many researchers have begun 

focusing on the significant role of adipose tissue as an inflammatory player and 

active endocrine organ, responsible for the production and secretion of a variety 

of cytokines and transcription factors involved in inflammatory and thrombotic 

pathways, including tumor necrosis factor-alpha (TNF-α), leptin, interleukin-6 (IL-

6), adiponectin, resistin, peroxisome proliferator-activated receptor-gamma 

(PPARγ), and plasminogen activator inhibitor-1 (PAI-1).  Obese animal models 

and human subjects have demonstrated elevated TNF-α expression in adipose 

tissue 220 and since a majority of T2DM patients are overweight/obese, TNF-α 

has been implicated as a key player in the development of insulin resistance 

(refer to Figure 1.1). 
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Figure 1.1. Schematic describing cellular components and molecules 

synthesized by adipocytes in obesity 

The growth of adipose tissue during weight gain leads to the release of various 

cytokines and chemokines that may contribute to local and systemic 

inflammation. 199 
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There is a more recently described inflammatory pathway in diabetes that 

focuses on the blood constituents themselves rather than the vascular 

endothelium (i.e. atherosclerosis). Clinically, increased inflammation in T2DM 

blood has been identified by increased levels of plasma IL-6, TNF-α, IL-1β, and 

PAI-1, to name a few 203 102. PAI-1 is considered an inflammatory product 

because it is regulated by the proinflammatory transcription factors nuclear 

factor-κB (NF-κB) and Egr-1.  T-cell cytokines cause the production of large 

amounts of molecules downstream in the cytokine cascade. As a result, elevated 

levels of IL-6 and C-reactive protein (CRP) can be detected in the peripheral 

circulation of T2DM patients 158 203.  Thus, one major benefit and detriment of the 

cytokine cascade is that the activation of a limited number of immune cells can 

initiate a potent inflammatory response, both locally and systemically.  In fact, 

plasma CRP levels are used as a diagnostic tool and predictor of cardiovascular 

disease activity and effectiveness of treatments.  Baseline levels of pro-

inflammatory cytokines are elevated in T2DM patients, supporting a role for 

inflammation in the pathogenesis of diabetes and diabetic complications 203 158.  

Indeed, Tuttle et al reported that women with diabetes, with or without 

cardiovascular disease, demonstrated a significant increase in plasma IL-6 203.  

The authors suggest that as women develop diabetes and cardiovascular 

disease, there is an increase in inflammatory stimuli in the blood, exacerbating 

vascular dysfunction and atherosclerosis. 
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Inflammatory cytokines also play a significant role in the hepatic synthesis and 

secretion of most blood glucose and plasma proteins.  In fact, most complement 

components are mainly produced in the liver in response to pro-inflammatory 

cytokines such as IL-6 and IL-1 147. In addition, complement activation and free 

radical generation appear to be important factors in triggering the cytokine 

cascade following myocardial infarction. Stapp et al 189 recently reported that IL-

1β, IL-6, and IFN-γ specifically increase the quantity of complement component 

C3 mRNA and secreted C3 protein, an observation consistent with reports that 

C3 is an acute phase protein in the rat.  Compared to untreated control cells, rat 

hepatoma H-35 cells treated with IL-1β, IL-6, and IFN-γ increased C3 secretion 

approximately 10-, 4-, and 2-fold, respectively. For IL-1β and IL-6 individually, the 

increase in secreted C3 was significant 12 hours after the cytokine treatment, but 

a significant rise in C3 mRNA was not evident until 36 hours after the treatment, 

suggesting that the early C3 response to these cytokines is regulated, at least in 

part, at the translational level. In contrast, a combination of IL-1β and IL-6 

induced increases in C3 secretion and mRNA expression that were both evident 

12 hours after the treatment. Moreover, the cytokine combination evoked a 

maximum quantity of C3 mRNA that exceeded the sum of maximum quantities 

induced by the individual cytokines, suggesting a synergistic relationship.  These 

findings provide evidence that in a chronically pro-inflammatory state, such as 

T2DM, complement protein generation and secretion may be upregulated, which 



 23

under certain conditions of an acute inflammatory response, could lead to 

damaging consequences. 

 

In summary, it is now understood that inflammation plays a significant role in the 

manifestation of diabetic complications such as insulin resistance 73, 

atherogenesis, and cardiovascular disease 203 121.  Pro-inflammatory cytokines 

directly regulate complement protein generation, suggesting a heightened 

complement system response in type 2 diabetes (refer to Fig. 1.2). 
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Figure 1.2. Schematic illustrating the effects of obesity/diabetes on 

systemic inflammation. 

Obesity and type 2 diabetes are associated with an expanded fat cell mass that 

significantly contributes to chronic, low-level inflammation in these patients.  

Chronic inflammation may lead to enhanced atherogenesis, neutrophil activation, 

and complement generation in type 2 diabetes. 

Acute phase protein secretion 
Complement secretion 

Dyslipidemia 
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THE COMPLEMENT SYSTEM 

 

The complement system is a phylogenically ancient component of the innate 

defense system traditionally responsible for the elimination of invading foreign 

cells and initiation of inflammation. In recent years, however, it’s been recognized 

that there are a variety of mechanisms that can lead to activation of the 

complement system, which in toto, allow the system to be potentially activated in 

many pathological conditions.  Thus, understanding the role of complement in 

disease and the mechanisms by which it is activated will be critical to the 

development of novel therapeutics. 

 

There are three independent pathways which can initiate the complement 

cascade: the classical, alternative, and lectin pathways (Fig. 1.3. 45).  
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Figure 1.3. Activation pathways and components of the complement 

system.   

A simplified schematic figure depicting the antigen/antibody-dependent classical 

pathway and the antibody-independent alternative and lectin complement 

pathways.  Note that activation of the classical or lectin complement pathway is 

C2-dependent. 45 

 

Classical pathway 

Traditionally, activation of the classical pathway is initiated following binding of 

C1q to foreign antigens and the subsequent auto-cleavage of C1r and C1s.  C1s 

then sequentially cleaves C4 and C2, generating the C3 convertase, C4b2a.  

Classical pathway activation can also occur via antibody-independent 
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mechanisms including association with serum acute phase reactants CRP, and 

serum amyloid P (SAP), intracellular chromatin and ribonuclear proteins released 

from necrotic cells, mitochondrial membranes, and endothelial neoepitopes in 

ischemic tissue. 

 

Alternative pathway 

The alternative pathway is activated by cleavage of factor B by factor D and the 

formation of a C3 convertase, C3bBb, which is stabilized by the addition of factor 

P.  The alternative pathway can also be initiated by substances such as 

repeating polysaccharides, endotoxin, virally infected cells, yeast cell wall 

extracts (zymosan), and cobra venom factor.  There is an amplification loop in 

which classical pathway activation leads to activation of the alternative pathway 

since deposited C3b forms a site for factor B binding and C3bBb generation. 

 

Lectin pathway 

Activation of the lectin pathway is antibody-independent, beginning with the 

binding of mannose-binding lectin (MBL) to repeating carbohydrate structures 

typically present on the surface of bacteria and other parasites. MBL is 

associated with two proteins designated MBL-associated serine proteases 

(MASP-1 and -2).  Activation of these two proteins, of the same family as C1r 

and C1s, results in cleavage of C4 and C2, and subsequent generation of the C3 

convertase. 
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The downstream pathway from C3 convertase formation is the same for all three 

pathways, ultimately leading to formation of the lytic membrane-attack complex 

(MAC, C5b-9). The MAC is a circular polymer of 12-18 monomers of the C9 

complement protein with the capacity to insert in to cell membranes and form a 

transmembrane pore of an effective internal radius of 5-7nm. The resulting 

membrane depolarization and influx of salt and water induces colloidosmotic 

swelling and lysis. The initiation pathways of complement activation have 

important amplification and pro-inflammatory functions, however, the “so-called” 

terminal complement components play a significant role in neutrophil recruitment, 

cellular apoptosis and necrosis 204.   

 

Complement receptors 

Following complement system activation, either in the solution phase or on 

exogenous targets, complement receptors form the critical interface between 

activated components and interacellular signal transduction pathways. 

 

Complement Receptor type 1 

Complement receptor type 1 (CR1, CD35) is the most polymorphic among all 

known complement receptors and is expressed on erythrocytes, B- and T-

lymphocytes, mononuclear phagocytes, eosinophils, glomerular podocytes, and 

follicular dendritic cells 112.  The CR1 is primarily responsible for clearance of 
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immune complexes and phagocytosis through binding of C3b, iC3b, and C4b, 

with C3b being the primary ligand.  There is wide variability, about 10-fold, of 

CR1 expression on human erythrocytes, where it binds large circulating immune 

complexes and transports them to the liver and spleen for further processing 81.   

 

Complement Receptor type 2 

The second complement receptor (CR2, CD21) recognizes C3b, iC3b, and C3dg 

cleavage fragments and is mainly expressed on B-lymphocytes, B cell lines, T 

cell lines, thymocytes, and follicular dendritic cells.  Approximately 40% of 

peripheral blood T cells express CR2 receptors, however the level of expression 

in roughly 10-fold lower than that found on peripheral B cells 61.  Other reported 

ligands for CR2 include the Epstein-Barr virus, the immunomodulatory protein 

CD23, and interferon α 205.  Functionally, when B-cell CR2 interacts with antigen-

bound C3dg, the result is enhanced proliferation, Ca++ flux, and c-fos mRNA 

increases.   

 

Complement Receptors type 3 

Complement receptor type 3 (CR3, CD11b/CD18, Mac-1) is expressed solely on 

leukocytes, particularly activated granulocytes, and iC3b is the only complement 

component it associates with, however it is also a receptor for coagulation factor 

X, fibrinogen, lipopolysaccharide (LPS), zymosan, CD16, and ICAM-1 205.  As 

can be inferred from its various ligands, CR3 exhibits many biologically functional 
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roles including mediated-phagocytosis of C3-bound particles and stimulation of 

the respiratory burst.   

 

Complement Receptor type 4 

The 4th type of complement receptor (CR4, CD11c/CD18) is primarily located on 

myeloid cells, and membrane expression is rapidly upregulated in response to 

myeloid cell activation. iC3b is the primary ligand for CR4, but some binding 

affinity exists for fibrinogen, LPS, CD16, and CD23.  The physiological 

consequences of these interactions have not been fully elucidated; however, a 

known role for CR4 is neutrophil spreading and the respiratory burst 205. 

 

Complement Receptor C1qRp 

The C1qRp receptor can be found on neutrophils, monocytes, macrophages, 

endothelial cells, and platelets.  The C1qRp interacts with C1q, MBL, and 

surfactant protein A and functionally acts to enhance Fc receptor and CR1-

mediated phagocytosis.  C1q receptor binding on endothelial cells can mediate 

the expression of adhesion molecules and has been reported to enhance 

phagocytosis by neutrophils and macrophages, increase oxygen radical 

generation by neutrophils, activate platelets, promote immunoglobulin production 

by activated B cells, and facilitate neutrophil-endothelial cell binding by 

increasing E-selectin, ICAM-1, and VCAM-1 expression 161. 
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Anaphylatoxin (C3a, C5a) Receptors 

During complement activation, small molecular weight anaphylatoxin by-products 

are released, including C3a and C5a.  The C5a receptor (C5aR, CD88) 

expressed on a variety of cell types including neutrophils, monocytes, 

macrophages, eosinophils, hepatocytes, lung vascular smooth muscle cells, 

bronchial and alveolar epithelial cells, vascular endothelium, salivary gland, 

astrocytes, and cardiomyocytes 4 222. In addition, the C5aR is expressed on 

hepatic parenchymal cells, thereby mediating changes in acute phase protein 

production.  The C3a receptor is similar to the C5aR and is expressed on 

neutrophils, monocytes, and basophils.   

 

When C5a binds to its receptor, it activates a pertussis toxin-sensitive G-protein 

coupled receptor, ultimately leading to activation of mitogen-activated protein 

(MAP) kinase, specifically ERK 1/2 222.  Reports exist demonstrating that 

following binding, the C5a-C5aR complex is internalized 66 85.  However, once 

internalized by neutrophils, the ligand is not efficiently degraded intracellularly 

and can be exocytosed or carried back to the cell surface by the receptor where 

extracellular degradation can take place 85.   

 

Although C5a is conventionally thought of as a potent anaphylatoxin and 

chemoattractant for circulating neutrophils (PMNs), it is also capable of activating 

non-myeloid cells (i.e. endothelial cells) by upregulating secretion of cytokines, 
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chemokines, and acute phase proteins, and enhancing expression of adhesion 

molecules.  Thus, activation of C5 is particularly important in the inflammatory 

response.  Figure 1.4 reveals the various outcomes following cleavage of 

complement component C5. 
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Figure 1.4. Role of C5a in effective function of the innate immune response.  

Under physiological conditions, regulated production of C5a has a positive effect 

on host defenses by “priming” neutrophils.  Thus, neutrophils will be more 

responsive to a second stimulus.  Endothelial cells can also be stimulated to 

produce a pro-inflammatory response following C5a exposure. 209 
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Expression of the C5aR is regulated by pro-inflammatory cytokines, specifically 

IL-6 166.  When C5a binds to its receptor, it activates a pertussis toxin-sensitive 

G-protein coupled receptor, leading to activation of adenylate cyclase to form 

cyclic AMP (cAMP).  This, in turn, results in activation of phospholipase C (PLC), 

phosphokinase A (PKA) which has some inhibitory actions against RAF1 and B-

RAF.  Subsequent activation of MEK1 results in the phosphorylation of the p42 

and p44 subunits of extracellular signal-regulated kinase ½ (ERK1/2).  This is an 

important step in the activation cascade since it leads to phosphorylation of the 

cytosolic subunits of NADPH oxidase, p40phox, p47phox, and p67phox, the final 

outcome of which is translocation of these components to the cell membrane and 

assembly of NADPH oxidase (Fig. 1.5), followed by production of ROS. 
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Figure 1.5. Intracellular signaling involved in PMN C5aR activation.  

Binding of complement cleavage product C5a with its receptor (C5aR, CD88) on 

circulating neutrophils results in the G-protein mediated activation of various 

intracellular signaling pathways, ultimately leading to assembly of NADPH 

oxidase and release of arachidonic acid, leukotriene B4 and thromboxane4. 209 
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Complement Regulatory Proteins 

Understandably, complement activation is tightly controlled by a variety of 

endogenous membrane and soluble regulatory proteins, to prevent the potentially 

deleterious result should complement act upon self tissues.    

 

Membrane 

There are two basic types of membrane-bound complement inhibitors.  The first 

is CD59, a universally distributed glycan phosphatidylinositol-linked membrane 

protein with intrinsic activity against both the initial insertion of C9 into the MAC 

as well as the subsequent polymerization of C9 on host cells. The second class 

of membrane-bound inhibitors acts at the crucial step of C3 activation by 

targeting C3 convertase.  These include decay-accelerating factor (DAF, CD55) 

and membrane cofactor protein (MCP, CD46).  Both DAF and MCP are widely 

distributed and expressed on most cell types, with the exception that MCP is 

absent on erythrocytes. MCP is an intrinsic cofactor for factor-I mediated 

cleavage of C3b (to iC3b) and C4b (to C4c and C4d) that have deposited on host 

cells. DAF functions as a C3/C5 convertase inhibitor, and serves to enhance 

dissociation of convertases rather than regulate via proteolytic cleavage 205.   

 

Soluble 

There are many different types of soluble complement regulatory proteins.  A 

critically important serum complement inhibitor is C1-INH, which acts as a suicide 
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inhibitor of C1r and C1s in the classical pathway.  Two large soluble proteins, 

factor H and C4-binding protein (C4-bp), inhibit C3 and C4, respectively, acting 

as both a decay-accelerators and as co-factors for factor I. Factor I is a serum 

protease with known specificity for C3b and C4b, and as mentioned earlier, 

works in conjunction with other co-factors including MCP. Carboxypeptidase N 

(CPN) is another regulatory protein that acts by inactivating C3a and C5a 

through cleavage of their C-terminal arginine.  Finally, there are two regulatory 

proteins that act by interfering with MAC formation - S-protein (vitronectin) and 

clusterin. 

 

Complement Inhibitors (Potential Therapeutic Strategies) 

Cobra venom factor 

Perhaps the earliest indication that controlling complement activation might have 

therapeutic benefits came from studying the effects of complement depletion with 

cobra venom. The anti-complement activity of cobra venom was first described 

over a century ago, but the active element, cobra venom factor (CVF), was not 

isolated until the late-1960s 143.  When administered in vivo, CVF acts as a 

replacement for activated factor B and after cleavage of factor B by factor D 

forms non-degradable alternative pathway C3 convertase that is stable (half-life 

of several hours in plasma) and resistant to the fluid phase regulators 143. The 

CVF-Bb convertase consumes all plasma C3, thereby depleting functional 

complement in the animal by interfering with the upstream part of the 
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complement cascade 69. A single injection of CVF can eliminate complement 

activity for 24 to 72 hours in experimental animals and, with multiple dosing, can 

be maintained for up to a week. However, the multiple dosing regimes are 

ultimately ineffective due to a strong immune response leading to the generation 

of neutralizing antibodies in the recipient 143. CVF has been used in experimental 

models of complement-mediated pathologies including transplantation 63, 

autoimmune diseases, and ischemia/reperfusion injury 129, providing a proof-of-

concept that complement activation is a significant contributor in many diverse 

pathologies. However, studies using CVF in bacterial and viral infections, tumor 

models and in studies examining the immune response revealed the negative 

side of a loss of complement activity, since it is an important player in immune 

surveillance. Unfortunately, it appears that CVF will likely have no direct role in 

mediating human disease because the strong antibody response ensures that 

any benefit would be short lived and the uncontrolled complement activation that 

accompanies CVF could exacerbate some conditions. 

 

Another result of CVF injection and widespread complement activation is a 

transient activation of circulating neutrophils 132. However, some studies reported 

complement depletion with CVF before coronary artery occlusion reduced 

neutrophil infiltration and the extent of tissue necrosis in murine and primate 

experimental myocardial infarction models 129 157.  It is difficult to control the 

effects of CVF on neutrophil depletion and therapeutic uses for CVF are doubtful. 
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Serine protease inhibitors 

All eight complement enzymes, C1r, C1s, factor B, Factor D, factor I, MASP1, 

MASP2, and C2, are chymotrypsin-like serine proteases with trypsin-like 

specificity for arginine bonds.  Since these serine proteases are critically 

important to complement activation and amplification, they represent logical 

pharmacological targets. 

 

The major endogenous serine protease inhibitor effective against complement 

activation is C1-inhibitor (C1-INH). C1-INH inhibits proteases by binding to the 

active site of the protease yielding stable complexes that are then cleared from 

the circulation within 20-47min via specific hepatocyte receptors 112. C1-INH is an 

acute phase protein and plasma levels may increase up to 2-fold during 

infections and synthesis of C1-INH can be upregulated in certain chronic 

inflammatory conditions such as uncomplicated bacteremia and rheumatoid 

arthritis 100 214.  Since T2DM is also a chronic inflammatory condition, one would 

question whether C1-INH levels are elevated in diabetic blood.  Indeed, research 

identified elevated C1-INH in diabetic angiopathy and vasculopathy patients 113 

41, however C1-INH was also elevated in vasculopathy patients without diabetes, 

suggesting that the increase may be due more to vascular dysfunction than a 

diabetic state. In support, recently a novel role was found for C1-INH as an 

inhibitor of vascular endothelial activation 223. Since endothelial cell dysfunction is 
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a hallmark of atherosclerosis and T2DM, C1-INH may be a particularly effective 

therapy for diabetic vascular complications.  Buerke et al (1995) reported that 

treatment with C1-INH was cardioprotective in a rat model of myocardial 

ischemia and reperfusion 28.  However, no studies have examined C1-INH as a 

therapy for T2DM myocardial I/R injury. 

 

Among the synthetic molecules, the serine protease inhibitor nafamostat 

mesylate (futhan, FUT-175) stands out. FUT-175 effectively inhibits C1r, C1s, 

factor B, factor D and the C3/C5 convertases 65 143, as well as many coagulation 

factors.  So far, FUT-175 has not been reported to have activity against the MBL-

associated serine proteases (MASPs) that are essential for MBL-pathway 

activation. Treatment with FUT-175 prevents complement activation in in vitro 

models 94 156 8 and decreased complement-mediated I/R injury in the rabbit heart 

90 184. FUT-175 is effective in numerous animal models of complement-mediated 

disease, including porcine hemorrhagic shock 53 and discordant xenograft 

rejection 139.  In a contradictory study, Blum et al (1998) found no benefit in 

prolonged graft survival when they tested FUT-175 in a pig-to-human lung 

xenotransplantation model 22. In human studies, FUT-175 was found to be an 

effective therapy in patients with glomerulonephritis 143. Despite mostly promising 

results, there is understandable concern that clinical use of a non-specific 

protease inhibitor might result in unforeseen and detrimental consequences for 

the patient.  
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As such, researchers have focused on the development and identification of 

more specific protease inhibitors.  A synthetic inhibitor of C1s (C1s-INH-248) was 

shown to block classical pathway activation in vitro and inhibit pathology 

(necrosis and creatine kinase release) in vivo in a rabbit myocardial infarct model 

29. However, since researchers have identified a critical role for the lectin 

pathway in the manifestation of reperfusion injury and inflammation 99 207, 

inhibition of the classical pathway alone using C1s-INH-248, may have limited 

utility in the setting of an enhanced acute inflammatory response, seen in type 2 

diabetic I/R injury.  Recently the serine protease inhibitor BCX-1470 was 

synthesized and found to have potent activity against both C1s and factor D of 

the classical and alternative pathways, respectively.  BCX-1470 is an effective 

inhibitor of the dermal passive Arthus reaction in rats, is non-toxic in experimental 

animals, and has been tested in healthy human volunteers 112.  As such, BCX-

1470 is an ideal candidate for acute, planned indications such as 

cardiopulmonary bypass and coronary artery bypass graft (CABG) surgery, 

conditions known to be associated with complement activation.  

 

Specific mAbs and recombinant soluble regulators 

sCR1: The primary recombinant complement regulatory protein, and the only one 

to have been tested in man, is soluble CR1 (sCR1; TP10). This reagent inhibits 

the formation of C3/C5 convertase enzymes, preventing C3b opsonisation, C5a 
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generation and MAC formation 210. Initial reports found sCR1 effectively inhibits 

cardiac damage in a rat model of myocardial infarction 210. Subsequently, sCR1 

has been extensively tested in diverse animal models of disease including 

cardiopulmonary bypass 36 and LPS-induced shock 140. There are limited reports 

of sCR1 treatment in human studies, except one trial adult respiratory distress 

syndrome and one in patients on cardiopulmonary bypass 143. Although the agent 

proved non-toxic, the outcomes were less than expected and further drug 

development was halted. 

  

Anti-C5: To determine the specific role of the terminal complement components, 

specific antibodies against C5 were developed for use in porcine and rat models 

7 204.  Vakeva et al (1998) reported decreased myocardial I/R-induced infarct 

size, cellular necrosis, apoptosis, and PMN infiltration 204.  The authors conclude 

that inhibition of the complement system at the level of C5 is an effective therapy 

for myocardial I/R injury that also allows for an intact response by early 

complement components, especially the immunoprotective effects of C3b.    

 

Due to the success of these original studies in decreasing I/R injury, clinical trails 

were begun to test the efficacy of anti-C5 therapy (pexelizumab) in CABG 

surgery.  Pexelizumab is a recombinant, humanized single-chain antibody 

fragment that targets and binds to human C5 with high affinity, thereby blocking 

the cleavage of C5-by-C5 convertase generated by all three activation pathways 
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62.  In this way, pexelizumab blocks the generation of C5a and MAC, but permits 

the generation of C3b, the critical mediator of bacterial opsonization and immune 

complex solubilization 204.  Pexelizumab treatment before CABG was associated 

with a statistically significant improvement in survival and reduction in 

inflammation as measured by IL-6 and CRP 197. 

 

Anti-MBL: The lectin pathway has recently been recognized to play an important 

role in mediating the innate immune response.  A human cytokeratin peptide 

SFGSGFGGGY was identified as a molecular mimic of N-acetyl-D-glucosamine 

(GlcNAc), a known ligand of MBL.  As such, SFGSGFGGGY specifically binds 

and inhibits purified recombinant MBL as well as lectin pathway activation on 

endothelial cells following oxidative stress 142.  Subsequent studies using 

monoclonal antibodies against rat MBL found that blockade of the lectin pathway 

is cardioprotective following I/R by reducing neutrophil infiltration and attenuating 

pro-inflammatory gene expression 99.  Additionally, echocardiographic analysis of 

cardiac function in MBL-null mice following myocardial I/R resulted in improved 

LV function, as measured by ejection fraction, compared to both wild-type and 

C1q-null mice 207.  Together, these data demonstrate a significant contribution of 

MBL to cellular injury and left ventricular function in post-ischemic myocardial 

tissues. 
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Other inhibitors: Another recently developed anti-complement drug is compstatin, 

a peptide inhibitor that reversibly binds to native C3 to inhibit its activation, 

however this inhibition is not due to sterically hindered access to the C3a/C3b 

cleavage site 145.  Instead, recent work by Janssen et al (2007) presented the 

crystal structure of compstatin in complex with C3c, a major proteolytic fragment 

of C3 96. Compstatin therapy resulted in positive outcomes in kidney 

xenotransplantation and extracorporeal circulation models 112.  Taken together, 

these results indicate that compstatin may have beneficial effects in acute 

inflammatory cases. 

 

The small molecule termed K-76COOH, isolated from cultures of the fungus 

Stachybotrys complementi, inhibits complement activity at the C5 stage in vitro 

143. In vivo, K-76COOH inhibited disease pathologies in several complement-

dependent models in guinea pigs and mice, such as ischemia/reperfusion, 

hyperacute lung rejection, and anaphylactic shock 143. Rosmarinic acid, extracted 

from the common shrub Rosemary, widely used as a culinary herb, was also 

found to efficiently inhibit complement in vitro by covalently binding activated C3b 

in the forming convertase 143.  Finally, an extract of the Chinese medicinal herb, 

Ephedra, inhibited complement in the early and terminal pathways but the active 

component was not well characterized 143. 

http://books.google.com/�
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THE COMPLEMENT SYSTEM IN I/R INJURY 

 

The complement system plays an integral role in the manifestation of reperfusion 

injury.  Complement activation contributes to tissue injury in human myocardial 

infarctions, as well as damaged hearts in animal models of ischemia 218. The 

lectin pathway of complement activation is the most recently described 

contributor to tissue injury following oxidative stress 48.  Several reports have 

suggested an association between MBL and vascular events 48 207. Fiane et al 

(2003) revealed that MBL-deficient patients undergoing thoracic abdominal aortic 

aneurism repair had less pro-inflammatory markers following surgery 59. Ischemic 

injury in a variety of vascular beds has been found to initiate lectin-complement 

pathway activation, and pretreatment with anti-MBL antibody reduced post-

ischemic myocardial reperfusion injury in a rat model of I/R 99.  

 

Ischemia and reperfusion are associated with an acute local and systemic 

inflammatory response that is recognized by reactive oxidant production, 

complement activation, leukocyte-endothelial cell adhesion, leukocyte 

diapedesis, platelet-leukocyte aggregation, increased vascular permeability, and 

decreased endothelium-dependent relaxation 31.  Heijnen et al (2005) found that 

administration of the classical pathway inhibitor C1-INH prior to hepatic ischemia 

decreased alanine aminotransferase levels, a measure of hepatocellular injury, 

and increased bile secretion following 24 hours of reperfusion 82.  They also 
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report co-localization of activated C3 and MAC on injured hepatocytes following 

I/R, suggesting that those hepatocytes probably die through MAC-mediated cell 

lysis. A number of pro-inflammatory and lytic mechanisms have been identified 

by which complement exacerbates reperfusion injury. As mentioned earlier, 

formation of the lytic membrane-attack complex (MAC, C5b-9) is the terminal 

effect of complement activation by all three pathways.  MAC is a circular polymer 

of C9 proteins that inserts into cell membranes and forms a transmembrane 

pore. This disruption of cell membrane integrity leads to membrane 

depolarization, electrolyte imbalance, colloidosmotic swelling and lysis. 

Studies performed in the isolated heart and in neutrophil-depleted animal models 

found that complement activation is a significant regulator of I/R injury in the 

absence of neutrophils 90 51.  MAC formation on post-ischemic endothelial cells 

may result in increased rates of cellular activation, apoptosis, and necrosis 3. 

MAC-mediated endothelial cell activation likely results in adhesion molecule 

expression and ROS production, thereby enhancing leukocyte accumulation. In 

support of a role for MAC-mediated myocardial injury following I/R, Ito et al 

(1996) reported that C6-deficient rabbits had significantly decreased infarct size 

and increased area of reflow, suggesting that by enhancing endothelial-cell 

activation, the terminal complement components may contribute to the “no-

reflow” phenomenon. 
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In the presence of an intact complement system, C1q begins to concentrate in 

ischemic tissues soon after coronary occlusion 177 and C5a induces the 

accumulation of PMNs in the ischemic tissue 54. Atsuumi et al found consistent 

results with the induction of PMN chemotaxis into the ischemic myocardium by 

activation of the complement cascade 13. Neutrophil infiltration and accumulation 

in post-ischemic tissues are significant contributors to myocardial 186 169, cerebral 

171 188 225, and renal 167 reperfusion injury.    

Neutrophil accumulation depends on CD11b/CD18 receptor adhesion to 

endothelial cells via ICAM-1 (CD54).  CD11b is a beta-2 integrin constitutively 

present on the surface on neutrophils but transformed to an active conformation 

and quantitatively upregulated during neutrophil activation 9. Neutrophil beta-2 

integrins play a vital role for the full expression of complement-dependent and 

oxygen radical-mediated injury of the lung and dermal vasculature 149. 

Neutrophils are able to adhere to venular endothelium, platelets, and probably 

myocytes. Ross et al found that iC3b is an important ligand for CD11b-mediated 

neutrophil adherence 175. Additionally, complement component C5a is the 

principal chemotactic factor for circulating neutrophils and increases neutrophil 

adhesion to the endothelium by mobilizing internal stores of neutrophil CR1, 

CD11b/CD18, and CD11c 200.  Sacks et al demonstrated that C5a is also capable 

of stimulating neutrophils to produce and release ROS, proteolytic enzymes, and 

leukotrienes thereby affecting platelet and endothelial function, inducing 

vasoconstriction and platelet aggregation 178.  
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Activated neutrophils, in their role as phagocytes, can produce a vast amount of 

ROS via the NADH/NAD(P)H oxidase system. Unchecked, ROS can have toxic 

effects, which are manifested by the presence of superoxide (O2
-), peroxynitrite 

(ONOO-), and hydroxide (OH-) anions. Once produced, ROS are highly unstable 

molecules and highly effective oxidizers for a variety of molecules including 

lipids, proteins, nucleic acids and anti-oxidants. A secondary effect of ROS 

production is that it can bind endogenous nitric oxide (NO), decreasing NO 

bioavailability.  Decreased NO impairs the vasodilator response, potentially 

enhancing reperfusion injury.  In addition to the deleterious effects of decreased 

NO availability on impaired vasodilatation, Kubes et al found that inhibition of NO 

production resulted in a 15-fold increase in neutrophil adherence to feline 

mesenteric venules 105.  Lefer et al reported that the presence of NO reduced 

neutrophil accumulation in an acute model of canine myocardial I/R injury 119. 

 

In addition to recruiting and activating neutrophils within the ischemic 

myocardium, complement-derived products exacerbate ischemic tissue injury 

and cardiac dysfunction by neutrophil-independent mechanisms such as 

anaphylatoxin production (C3a, C4a, and C5a), increase vascular permeability, 

and induce smooth muscle contraction.  Also, C3a initiates decreases in left 

ventricular force and coronary flow, induces tachycardia, and impairs atrio-

ventricular conduction 52.  Finally, the terminal, cytolytic MAC can assemble on 
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myocytes, generating hydrophilic channels with the subsequent deleterious influx 

of extracellular calcium, causing or at least contributing to ischemic contracture.  

 

Complement activation in conjunction with ischemia and reperfusion indirectly 

induces the production of chemokines, cytokines, and other pro-inflammatory 

mediators 179 103, providing yet another link between complement activation, 

inflammation, and impaired vascular function following I/R injury.  Collectively, 

these findings strongly argue for the need to develop novel pharmaceutical 

interventions targeting complement activation in the setting of ischemia and 

reperfusion. 
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THE COMPLEMENT SYSTEM IN DIABETES 

 

As mentioned, type 2 diabetes and visceral adiposity invoke a low-level, chronic 

inflammation.  Diabetic patients are also hyperinsulinemic for a significant period 

during the disease, as the pancreas attempts to handle the high glucose load. 

Interestingly, adipocytes increase C3 production in response to insulin 181 182, and 

serum C3 levels correlate strongly with fasting insulin levels 150.  Hansen et al 78 

found that MBL levels are increased by insulin, and Engstrom et al 57 reported a 

significant association between complement component C3 and diabetes, 

concluding that the risk of developing T2DM is related to levels of complement 

C3. McMillan (1980) reported that C3 and C4 components were positively 

correlated with fasting plasma glucose in patients with type 2 diabetes 138. The 

simultaneous development of complement elevation and glucose intolerance 

strongly suggests a metabolic basis for increased complement expression. 

Interestingly, the increased C3/C4 appeared unrelated to the presence or 

severity of diabetic microvascular complications. 

 

Glycation reactions are considered a major pathophysiological mechanism by 

which tissue damage occurs in diabetic patients. Glycation involves the reaction 

of glucose and/or other reducing sugars with amino groups in proteins. The 

function of glycated proteins may be impaired if the affected amino group lies in 

proximity to the protein’s active site.  Early glycosylation products are reversible 
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and tending toward equilibration, thus the total amount of glycated regions, even 

on very long-lived proteins, reaches a steady-state plateau within a short period 

of time 27.  However, some of the glycated products that accumulate on collagen 

or other long-lived proteins constituting vessel walls do not dissociate and 

instead undergo a slow, complex series of chemical rearrangements to form 

irreversible advanced glycation end-products (AGEs). 

 

 Hyperglycemia, a defining characteristic of T2DM may therefore directly 

influence the activation and regulation of the MBL pathway of complement 

activation via increased glycation of plasma and endothelial proteins. Recent 

reports indicate that AGEs upregulate the expression of IL-6, VCAM-1, and MCP-

1 mRNAs 224, possibly leading to a pro-inflammatory phenotype.  Qin et al 159 

reported that diabetic subjects had significantly increased glycation of the 

complement regulatory protein CD59, causing inactivation of the protein and 

increased membrane attack complex (MAC) deposition.   

 

There in no direct evidence indicating that MBL binds endothelial cells, 

specifically glycated endothelial matrix proteins; however, we hypothesize that in 

the setting of diabetes, MBL may be activated by increased carbohydrate 

structures (AGEs) present within the diabetic vasculature.  In support of this 

hypothesis, Oroszlan et al 153 reported that pre-incubation of human umbilical 

vein endothelial cells with MBL inhibited the binding of C1q and vice-versa, 
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suggesting that MBL and C1q bind to a shared receptor.  Yin et al 219 found 

classical complement activation on endothelial cells is mediated by the C1q 

receptor (C1qR).  These reports propose that MBL may bind the C1qR on human 

vascular endothelial cells.   

 

Many ischemic events are perpetuated by atherosclerotic plaque rupture. Upon 

rupture, a bolus of activated macrophages and T-cells is released, leading to 

initiation of the thrombotic process. Tissue factor is expressed on the surface of 

foam cells, and following plaque rupture becomes exposed to the bloodstream.  

Tissue factor activates Factor VII, eventually leading to thrombin formation. 

Thrombin catalyzes the conversion of fibrinogen to fibrin, thus activating platelet 

aggregation and initiating thrombosis. It is worth mentioning that expression of 

tissue factor is regulated by the transcription factor Egr-1 as well as other pro-

inflammatory factors 127. Thus, inflammation triggered by pro-inflammatory 

transcription factors may account for the accelerated growth of atheromas, 

plaque rupture, and the thrombotic process. Elevated levels of PAI-1 are also 

devastating in this situation since PAI-1 decreases fibrinolysis 130, thus increasing 

thrombosis. 

 

Activation of the endothelium and circulating leukocytes is an important step in 

the development of atherosclerosis. Additionally, diabetes is associated with 

increased endothelial dysfunction that can be measured by increased adhesion 
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molecule expression including intercellular adhesion molecule-1 (ICAM-1), 

vascular cell adhesion molecule-1 (VCAM-1) and the endothelial-leukocyte 

adhesion molecule-1 (ELAM-1).  These adhesion molecules all play an essential 

role in the sequestration and chemotaxis of circulating neutrophils 176.  Although 

the exact mechanisms of diabetes-induced endothelial dysfunction are unknown, 

pathological elevation of glucose levels has been shown to induce various effects 

at the cell level either directly 196 or through the formation of intermediate 

products such as AGEs 58. ICAM-1 expression increases when the vascular 

endothelium is exposed to elevated glucose concentration in vitro 15 193. 

Furthermore, Matsumoto et al. (2000) reported that serum concentrations of 

soluble adhesion molecules (sVCAM-1, sE-selectin) are elevated in patients with 

type 2 diabetes 131. Elevated glucose concentrations are also associated with an 

alteration in nitric oxide (NO) synthesis 187 and endothelium-induced 

vasodilatation 212.   

 

It is known that several pro-inflammatory proteins, including IL-6, circulate at 

chronically increased levels in T2DM 203.  Albrecht and colleagues 5 166 reported 

that complement component C5a increases IL-6 gene expression, and their data 

suggest that IL-6 plays an important role in the increased expression of C5a 

receptor (C5aR, CD88) in the heart and other tissues.  Akatsu et al (2002) found 

that C5aR expression is up-regulated in the rat liver in acute inflammatory states 

4.  In a mouse model of cecal ligation and puncture C5aR expression was 
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increased in heart, lung, liver, and kidney 165.  C5aR protein expression is 

enhanced following exposure to LPS, IL-6, or IFN-γ in vitro on mouse dermal 

microvascular endothelial cells and in vivo in small pulmonary vessels and 

capillaries 114.  Interestingly, IL-6 and C5a are both required to enhance release 

of MCP-1 and MIP-2 114, supporting the hypothesis that IL-6, which is released 

early during acute inflammation, induces changes that cause endothelial cells to 

become hyper-responsive to C5a.   

 

The results from studies on C5aR expression indicated that chronic inflammation 

in T2DM may alter the expression of other complement receptors as well.  

Granulocyte complement receptor 1 (CR1, CD35) expression was significantly 

increased by 367, 175 and 336% following incubation with C5a, TNF-α, and IL-8, 

respectively 66.  Furebring et al 66 reported that incubation of whole blood or 

isolated cells with C5a led to increased CD11b expression on granulocytes. 

Although no studies have directly examined C5aR expression on diabetic 

neutrophils, we can hypothesize that chronic low levels of complement activation 

and/or pro-inflammatory cytokines may play a role in the “priming” of circulating 

neutrophils in diabetic blood. 

 

Not only are diabetic neutrophils “primed” but they produce increased amounts of 

ROS and contribute to mechanical plugging in ischemia 89 134 164. Using intra-vital 

fluorescence microscopy, Hokama et al observed increased neutrophil 
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accumulation in both the coronary capillaries and post-capillary venules in the 

STZ-induced diabetic heart 88.  Increased neutrophil accumulation may result in 

enhanced tissue damage in diabetes due to ROS and proteolytic enzyme 

release.  Additionally, neutrophils contribute to the “no-reflow” phenomenon via 

mechanical plugging of coronary capillaries. 

 

ROS specifically upregulate complement gene expression in the isolated rat 

heart 195. Collard et al reported that intracellular oxidative stress is necessary for 

complement activation and deposition on human endothelial cells 44. Reperfusion 

of a previously ischemic myocardium delivers neutrophils to the post-ischemic 

tissues, also termed the area-at-risk, that upon sequestration release cytotoxic 

ROS, which has direct, detrimental consequences on cardiac function 126. Since 

the diabetic heart is exposed to chronic oxidative stress, in the setting of an acute 

inflammatory response such as I/R, ROS released by sequestered neutrophils 

likely contribute to enhanced complement activity in the area-at-risk, furthering 

tissue damage. 

 

Together, these reports indicate a potentially significant relationship between 

hyperglycemia, inflammation and complement activation. Little research has 

directly examined the activation and contribution of complement to diabetic 

complications, specifically with respect to neutrophil-mediated reperfusion injury. 

The following section will attempt to demonstrate how chronic inflammation may 
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exacerbate ischemia and reperfusion injury in the T2DM heart by priming 

circulating neutrophils, heightening the acute phase response, and enhancing 

complement activity. 
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THE COMPLEMENT SYSTEM IN DIABETIC I/R INJURY 

 

In recent years inflammation and oxidative stress have been recognized as 

significant contributors to the development of cardiovascular complications in 

T2DM.  Thus, a new area of research has emerged focusing on reducing 

inflammation as a preventative measure and/or treatment for 

ischemia/reperfusion injury in T2DM. Oxidative stress is present in diabetic 

patients prior to the appearance of overt chronic complications 70. In diabetes, it 

is unclear whether oxidative stress is a cause or consequence of the disease, 

however the level of oxidative stress in diabetic tissues could result from an 

increased generation of ROS 16. Unpaired electrons from these free radicals can 

bind to and modify the function of proteins, DNA, fatty acids, and lipids. 

 

Impairments in NO-mediated pathways have been implicated in the pathogenesis 

of cardiovascular disease in diabetes 191. Bitar and colleagues demonstrated a 

marked reduction in aortic NO bioavailability in a genetic model of type 2 

diabetes, resulting from increased oxidative stress 21. They concluded that the 

development of endothelial dysfunction in the aortic tissue of diabetic rats was 

linked to an exaggerated production of superoxide anion, resulting in inactivation 

of NO and impaired NO-dependent vasorelaxation.  They also found increased 

activity of the NADH/NAD(P)H oxidase system and uncoupling of endothelial 

nitric-oxide synthase (eNOS).   
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Muscari et al 150 reported a significant association between C3, myocardial 

infarction, and insulin resistance, suggesting that C3 is a marker of a pro-

atherogenic metabolic imbalance partly coinciding with insulin resistance.  

Among risk factors, insulin is the one most strongly associated with C3, however 

other acute phase proteins such as PAI-1, fibrinogen, and CRP also correlate 

with insulin levels 150.  Two possible explanations for the link between C3, acute 

phase proteins and insulin both target the liver as the culprit.  First, pro-

inflammatory cytokines such as TNF-α, perhaps derived from adipose tissue, 

induce both the synthesis and production of acute phase proteins in the liver as 

well as insulin resistance.  Second, insulin attenuates the hepatic synthesis of 

acute phase proteins, including C3 216.  These findings suggest that insulin 

resistance may result in increased acute phase protein and complement 

production in the liver.  

 

In animal models of both type 1 and type 2 diabetes, C3 deposition appears 

before changes in renal structure 154.  This deposition appears to be linked to the 

diabetic state, and experiments involving kidney transplantation from STZ-

diabetic rats into non-diabetic rats found decreased C3 staining and improved 

morphology in the transplanted kidneys compared to their diabetic companions 

154. However, none of these studies attempted to determine which pathway of 

complement activation was responsible for the observed C3 deposition.  In 
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middle-aged men, plasma C3 levels were significantly correlated with diabetes 

even after adjustments for homeostasis model assessment of insulin resistance 

(HOMA-IR), body mass index (BMI), insulin, and inflammatory markers 57.  From 

these studies, we can hypothesize that C3 deposition may be present in the 

diabetic heart and/or vasculature prior to the appearance of overt cardiovascular 

complications.       

 

Hansen and colleagues 79 found that patients with a history of cardiovascular 

disease had significantly elevated MBL levels, suggesting that MBL may be 

involved in the pathogenesis of micro- and macrovascular complications in type 1 

diabetes. Similarly, another study reported that circulating MBL levels are 

increased in type 1 diabetic patients with nephropathy; however 

normoalbuminuric diabetic patients had increased levels of serum MBL than non-

diabetic controls, and circulating MBL levels correlated with increasing levels of 

urinary albumin excretion within the normal range 154. Jerath et al (2005) 

demonstrated a systemic increase in C3a, Bb, and C5b-9 prior to and during the 

treatment of diabetic ketoacidosis in adolescents with type 1 diabetes 97.  

Collectively, these studies further support the idea that the immune system, 

particularly complement, is involved in the development of diabetic complications.   

More research is needed to elucidate whether MBL is in fact a cause of or merely 

a marker for cardiovascular complications in diabetes. 
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The relationship between complement activation and cardiovascular disease in 

type 2 diabetes remains to be fully elucidated.  Yang et al found that C3 

concentrations were increased in T2DM subjects in the absence of obesity, 

suggesting that it is the diabetic state (or associated abnormalities), not just the 

presence of obesity that is primarily responsible.  Hansen (2006) revealed that 

patients with T2DM and high baseline median serum MBL (>1000ug/L) 

concentrations had a 61% mortality rate 77.  Cardiovascular disease was the 

primary cause of death for 51% of those patients.  This finding highlights the 

need for increased research into the role of MBL and the lectin complement 

pathway in the pathogenesis of various models of human disease. 

 

There are several cardiovascular consequences of diabetes that impact the heart 

to varying degrees. The most common outcomes include accelerated 

atherosclerosis leading to coronary and cerebral artery disease, systemic 

hypertension, microcirculatory injury leading to chronic multi-focal myocyte 

damage and cardiomyopathy. In general, atherosclerotic lesions typically occur 

as asymmetric focal thickenings of the neointimal layer of arterial vessels.  

Hypercholesterolemia is commonly associated with T2DM, and may be 

responsible for accelerated atherogenesis.  As mentioned, ROS generation is 

increased in T2DM, including free-radical mediated LDL oxidation (ox-LDL), an 

important player in the accelerated formation of benign streaks and lesions in 

diabetic vessels. Once an overt plaque has developed, it typically consists of 
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foam cells, extracellular lipid droplets, and debris, surrounded by a cap of 

endothelial cells (ECs) and vascular smooth muscle cells (VSMCs), and a 

collagen-rich matrix. Immune cells that have been recruited to the plaque exhibit 

signs of activation and produce inflammatory cytokines. Myocardial infarction is a 

common end-point following atherosclerotic plaque development. Once believed 

to be a result of progressive luminal narrowing due to proliferation of ECs and 

VSMCs, it is evident that most culprit lesions do not cause marked stenosis. 

Rather, instability and activation of the plaque tends to precipitate ischemia and 

infarction.  Relevant to diabetes, AGEs are known to accelerate the 

atherosclerotic process through a number of different mechanisms 11, but 

whether these non-enzymatic glycosylation reactions alter the activity of MBL 

remains unknown.  Likewise, no studies have been performed to determine the 

activity of complement, specifically MBL, in diabetic myocardial ischemia and 

reperfusion. 

 

In summary, there are many factors that lead to vascular complications in T2DM, 

many of which are a result of an amplified and excessive inflammatory response 

(Fig. 1.6).  Hyperlipidemia and hypercholesterolemia lead to increased lipoprotein 

oxidation and accumulation, resulting in accelerated uptake by macrophages and 

initiation of atherosclerotic plaque formation.  Chronic hyperglycemia may lead to 

the formation of AGEs, and since MBL has a carbohydrate-recognition domain, it 

is possible that diabetic patients have increased MBL activity, especially following 
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I/R. Also, certain inflammatory acute phase proteins such as IL-6, IL-1β, and IFN-

γ increase synthesis and secretion of complement components.  Obesity and 

increased visceral adipose tissue also play significant roles in the secretion of 

proinflammatory cytokines in T2DM.  These combined effects lead to chronic low 

levels of circulating inflammatory cytokines, increasing platelet, leukocyte, and T-

cell activation, further promoting endothelial dysfunction and increasing the risk 

of thrombosis.  It has become increasingly evident that diabetes is indeed an 

inflammatory and cardiovascular disease, yet the specific mechanisms 

responsible for complement-mediated tissue injury following I/R in diabetes 

remains unknown.  
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Figure 1.6. Dissertation Theoretical Framework. 

Type 2 diabetes is a chronic inflammatory condition that is a significant risk factor 

for the development of ischemic heart disease.  Reperfusion injury is enhanced 

in type 2 diabetes, perhaps due to the combined effect of enhanced endothelial, 

neutrophil (PMN), and complement system activation. 
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PERSPECTIVE 

 

This introduction has presented evidence in support of an important role for 

complement in the increased severity of myocardial I/R injury in the type 2 

diabetic heart. Understanding the role of complement in the diabetic heart is 

necessary for improved treatment and prevention of cardiovascular disease 

within this growing population. 

 

The long-range goal of this research project was to understand the mechanisms 

responsible for the enhanced inflammatory response in T2DM and its 

contribution to the severe I/R injury observed in the diabetic heart. The objective 

of the proposed studies was to determine the role of complement in the 

excessive response of the type 2 diabetic heart to I/R injury. The central 

hypothesis was that the lectin complement pathway plays a significant role in I/R 

injury in the type 2 diabetic heart, perhaps contributing to the increased severity 

and mortality of heart attacks in diabetic patients.  Studies have already revealed 

that complement depletion and/or inhibition results in decreased tissue injury 

following I/R in non-diabetic hearts 48 210 46 47 30 18. This project is particularly 

novel because to our knowledge, no studies have investigated the role of 

complement in myocardial I/R injury in type 2 diabetes. Thus, the underlying 

rationale of this research is that unearthing the role of complement may be 
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essential in the development of improved prophylaxis and treatment of 

cardiovascular disease in type 2 diabetic patients.  

 

The central hypothesis of the proposed research will be tested via four specific 

aims: 

1) Determine the magnitude of complement deposition in the type 2 

diabetic heart following ischemia/reperfusion. 

 

2) Determine the relationship between complement and leukocyte 

accumulation in the diabetic heart early during ischemia/reperfusion. 

 

3) Determine if inhibition of complement activation, particularly from the 

lectin pathway, reduces complement deposition, myocardial leukocyte 

accumulation, and infarct size during reperfusion following ischemia in 

T2DM. 

 

4) Determine whether differential changes in gene expression within the 

type 2 diabetic heart explain the enhanced severity of 

ischemia/reperfusion.   

 

This research is innovative because although there is evidence that complement 

activation plays a significant role in the inflammatory response and is known to 
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be involved in ischemic injury in the non-diabetic heart, no studies have 

specifically examined the role of complement in I/R injury in the enhanced 

severity of I/R injury in the type 2 diabetic heart. Since evidence exists that 

complement components are chronically increased in diabetes, we suspect that 

complement plays a significant role in the increased severity of I/R injury in 

diabetes. Determining the contribution of complement and means of attenuating 

its negative effects is expected to significantly increase our knowledge regarding 

the cardiovascular complications of diabetes. Ultimately, results obtained in these 

studies will potentially have a strong clinical and pharmacological impact on the 

prevention and treatment of cardiovascular disease among type 2 diabetic 

patients while simultaneously generating a foundation for future investigations 

examining the role of oxidative stress and inflammation in the diabetic heart. 
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CHAPTER 2 

COMPLEMENT INHIBITION REDUCES INJURY IN THE TYPE 2 DIABETIC 

HEART FOLLOWING ISCHEMIA AND REPERFUSION 

 

 

ABSTRACT 

 

Chronic inflammation exacerbates the cardiovascular complications of diabetes. 

Complement activation plays an important role in the inflammatory response and 

is known to be involved in ischemia/reperfusion (I/R) injury in the non-diabetic 

heart. The purpose of this study was to determine if increased complement 

deposition explains, in part, the increased severity of neutrophil-mediated I/R 

injury in the type 2 diabetic heart. Non-diabetic Zucker Lean Control (ZLC) and 

Zucker Diabetic Fatty (ZDF) rats underwent 30min of coronary artery occlusion 

followed by 120min of reperfusion. Another group of ZDF rats were treated with 

the complement inhibitor FUT-175 prior to reperfusion. Left ventricular (LV) tissue 

samples were stained for complement deposition and neutrophil accumulation 

following reperfusion. We found significantly more complement deposition in the 

ZDF LV compared to the ZLC (p<0.05) and complement deposition was 

associated with significantly greater neutrophil accumulation. In whole blood 

samples taken pre-ischemia and at 120min-reperfusion, neutrophils exhibited 

significantly more CD11b expression in the ZDF group compared to the ZLC 
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group (p<0.05). Further, ICAM-1 expression following I/R was significantly 

increased in ZDF hearts compared to ZLC hearts (p<0.001). These results 

indicate that in the ZDF heart, increased ICAM-1 and PMN CD11b expression 

play a role in increasing PMN accumulation following I/R. The infarct size of the 

ZDF was significantly greater than ZLC (p<0.05) and treatment with FUT-175 

significantly decreased infarct size, complement deposition, and PMN 

accumulation in the diabetic heart. These findings indicate an exacerbated 

inflammatory response in the type 2 diabetic heart which contributes to the 

increased tissue injury observed following ischemia and reperfusion. 
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INTRODUCTION 

 

Ischemic heart disease is the leading cause of morbidity and mortality in the 

United States and in 1999, heart disease and stroke afflicted approximately 17 

million people worldwide, accounting for 30% of all deaths 6. Among this 

population, diabetic patients have significantly more severe and fatal myocardial 

infarctions than non-diabetic patients. In fact, cardiovascular disease is the 

leading cause of death in diabetics, accounting for 60-75% of all diabetes-related 

deaths 6. Current findings indicate a relationship between chronic inflammation 

and the cardiovascular complications of diabetes 88 203 224.  Chronic inflammation 

may contribute to the increased morbidity and mortality associated with 

cardiovascular heart disease in type 2 diabetic patients. 

 

Restoring blood flow to the ischemic heart is clearly necessary for myocardial 

salvage. Paradoxically, reperfusion can further tissue damage due to oxidative 

injury 17 80. Reactive oxygen species (ROS) from activated, sequestered 

neutrophils are a prime source of oxidative injury during reperfusion 55. The 

neutrophil-mediated inflammatory response occurs early in myocardial 

reperfusion 172, and begins with neutrophil deposition and accumulation in the 

coronary microcirculation. Neutrophil activation includes surface expression of 

the CD11b/CD18 integrin, which aids in neutrophil adherence to the vascular 

endothelium.  Hokama et al demonstrated increased CD11b expression on 
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neutrophils from streptozotocin (STZ)-induced diabetic animals 89. Neutrophil 

activation contributes to endothelial dysfunction, neutrophil aggregation, and 

vascular obstruction. Neutrophil trapping and sequestration in the 

microcirculation is known to play a significant role in I/R injury 88 171. Studies from 

our laboratory demonstrated that neutrophils rapidly accumulate in greater 

numbers in the coronary microcirculation of the diabetic heart 88.  Thus, 

neutrophil sequestration may be enhanced in the diabetic heart. However, the 

effects of neutrophil accumulation are not solely confined to mechanical plugging, 

the so-called “no-reflow” phenomenon. Once sequestered, neutrophils generate 

oxidants and proteases, exposing the myocardial vasculature and muscle to 

further injury 124 125.   

 

Complement activation constitutes another component of the inflammatory 

response involved in I/R injury. The complement system is part of the innate 

defense system responsible for the elimination of invading foreign cells and 

initiation of inflammation. There are three independent pathways which can 

initiate the complement cascade: the classical, alternative, and more recently 

described lectin pathway. Complement activation contributes to myocardial 

ischemic injury in humans 218, and animals 99 204. Components C3a, C5a, and 

C5b-9 of the complement system have significant pro-inflammatory activity. 

Postmortem examination of human hearts identified deposition of the membrane 

attack complex (MAC, C5b-9) on damaged muscle fibers 183. Yasojima et al 218 
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provided evidence that the mRNAs and proteins for all of the components of the 

classical complement pathway are expressed in the human heart and that this 

expression is upregulated in areas of myocardial infarction. 

  

There is an important relationship between complement and neutrophil 

accumulation in the setting of I/R injury.  Hill and Ward demonstrated that when 

treated with reagents that deplete serum complement, rats fail to recruit 

leukocytes to regions of myocardial infarction 86. These studies suggest a non-

immunologic role for the complement system in response to acute inflammatory 

tissue injury.  Other studies observed protective effects of complement inhibition 

independent of neutrophils in ischemic injury 90 51. FUT-175 strongly inhibits, in 

an intense, specific and reversible way, the esterolytic activities of C1r and C1s 

of the classical pathway 8, and binds specifically to the Bb fragment of Factor B in 

the alternative pathway 94.  However, the role of the classical and alternative 

pathways in diabetic ischemic heart disease is not known.  Treatment with FUT-

175 may elucidate the role of complement in I/R injury in the diabetic heart.   

 

The present study was performed to test the hypothesis that complement 

deposition is enhanced in the type 2 diabetic heart and is associated with 

increased infarct size following ischemia. The specific goals of this study were to 

1) examine and compare complement deposition; 2) determine if neutrophil 

accumulation correlates to complement deposition; and 3) examine the 
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relationships between complement deposition, neutrophil accumulation and 

infarct size.  We found that complement deposition was increased in the ZDF 

heart following I/R and that this deposition correlated with increased neutrophil 

accumulation as well as infarct size.  Blocking complement with FUT-175 

resulted in significantly decreased complement and neutrophil-mediated 

myocardial cell death. Our results indicate that complement activation plays a 

significant role in the severity of myocardial I/R injury in the type 2 diabetic heart. 
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MATERIALS AND METHODS 

Detailed methods can be found in Appendix A.  IACUC approval can be found in 

Appendix C. 

 

ANIMALS: All procedures were in accordance with the Institute for Laboratory 

Animal Research (ILAR) Guide for Care and Use of Laboratory Animals.  Male 

Zucker Diabetic Fatty (ZDF fa/fa) rats and their aged matched lean litter mates 

(ZLC fa/-) were obtained from Charles River GMI Labs at 10 weeks of age.  

 

MYOCARDIAL I/R PROCEDURE: At 12-16 weeks of age, rats were anesthetized 

with sodium pentobarbital (50mg/kg IP) and placed on a heating pad to maintain 

normal body temperature. A polyethylene catheter (PE-10) was inserted and 

secured into the right femoral artery for blood sampling and blood pressure 

monitoring. The rats were intubated with a PE-200 tube and a window 

thoracotomy was performed. After opening the chest wall, rats were ventilated 

with supplemental oxygen using a small animal respirator (Harvard Apparatus, 

Model 683).  Periodic measurements of pH, pO2, and pCO2 were made to ensure 

adequate ventilation using a Radiometer ABL5 Blood Gas Analyzer. After 

respiratory stabilization, the ribs were gently spread to expose the left side of the 

heart and visualize the left anterior descending coronary artery (LAD). A silk 

suture was placed around the LAD and the ends of the suture were tightened 

and clamped to induce ischemia to the left ventricle distal to the ligated artery. 
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Blanching of the myocardial tissue ensured proper ligation of the LAD. After 

30min of ischemia, the ligature was unclamped and the ischemic myocardium 

was reperfused for 120min. 

 

COMPLEMENT INHIBITION: FUT-175 (Futhan, nafamostat mesilate; BIOMOL 

International) is a serine protease inhibitor with potent inhibitory activity against 

the C1r and C1s subunits of the classical pathway of complement system 

activation, as well as factors B and D of the alternative pathway 65 94.  FUT-175 

was found to prevent complement activation in several in vitro and in vivo models 

156 90 184.  For use, FUT-175 was dissolved in sterile saline and was dosed 5min 

prior reperfusion (1mg/kg body weight) via intravenous bolus 184.  

 

MYOCARIDAL INFARCT SIZE DETERMINATION: Following reperfusion, the 

LAD was re-occluded and Trypan blue dye was injected to delineate the area-at-

risk (AAR) 38 99 204. The tissue was scanned, placed in a 1.5% triphenyl 

tetrazolium chloride (TTC) solution, incubated for 30min at 37oC 204, then placed 

in a 10% buffered formalin solution for 24hrs and rescanned.  Infarct size is 

expressed as the percentage of the AAR (I/AARX100).  

 

FLOW CYTOMETRY: Blood was drawn before ischemia from the femoral arterial 

catheter, anti-coagulated with sodium citrate (Sigma), and diluted with 

Pharmingen Staining Buffer (BD Biosciences). Diluted whole blood was aliquot 
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into two samples. Both samples were incubated for 25min with PE-Cy5 

conjugated anti-CD45 (BD Pharmingen), a pan-leukocyte marker.  For detection 

of activated neutrophils, one sample was treated with an IgG isotype control and 

the other sample was treated with a FITC-conjugated anti-CD11b (BD 

Pharmingen) for detection of activated neutrophils as previously described 88. A 

FACSCaliber flow cytometer (Becton Dickenson) was used for data acquisition 

and CellQuest Pro software was used for analysis. The total fluorescence 

intensity (TFI) was calculated as the product of the values given for the “percent 

gated” and “geometric mean” of the M2 region 134.   

 

HISTOLOGY: Following I/R, ZLC and ZDF hearts were excised and cut into 4mm 

coronal sections. Sections were embedded and frozen in optimal cutting 

temperature (OCT) compound-embedding medium, sectioned at 6μm using a 

cryostat, and mounted on slides for histological staining. To examine 

complement deposition, tissue slides were first incubated in 3% BSA for 30min at 

37oC to reduce non-specific binding before incubation with an HRP-conjugated 

goat anti-rat C3 antibody (MP Biomedicals). The C3 antibody was developed with 

DAB chromogen for 5min at room temperature. Data was expressed as the 

percentage of C3 positive area to total LV area (%C3/LV).   

 

A separate set of slides was stained for neutrophil sequestration using Naphthol 

AS-D Choloroacetate Esterase (NCE) (Sigma) 106.  This enzyme is specific for 
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cells of granulocytic lineage (neutrophils) and activity is weak or absent in 

monocytes and lymphocytes.  Neutrophil data is expressed as the number of 

neutrophils per 5 fields at 40X magnification. 

 

Finally, intracellular adhesion molecule-1 (ICAM-1, CD54) expression was 

examined in ZLC and ZDF frozen cardiac tissue sections 226.  Following 60min in 

3% BSA, slides were incubated in anti-ICAM-1 (BD Pharmingen).  The slides 

were rinsed and developed using an anti-mouse Ig-HRP detection kit (BD 

Pharmingen).  Slides were examined using an Olympus IMT2 microscope and 

digital images were captured using a Hamamatsu ORCA 100 CCD camera using 

Simple PCI software (version 5.2, Compix, Inc, Sewickley, PA).  An analysis 

macro was created to threshold on the HRP-stained pixels and discard very 

small pixel features.  The area that fell within the HRP-threshold was measured 

using a pre-calibrated conversion to change pixels into square microns.   

 

STATISTICAL ANALYSIS: All values are expressed as means ± standard error 

(SEM) of n independent experiments. Comparisons between non-diabetic and 

diabetic groups were made using a two-tailed independent t-test. For the CD11b 

data, a repeated measures analysis of variance (RMANOVA) was used for 

comparisons between time points within each experimental group. Differences 

were considered significant at p ≤ 0.05.  SigmaStat 3.0 software (Jandel 

Scientific) was used for statistical analysis. 
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RESULTS 

 

Characteristics 

Table 2.1 presents the baseline characteristics of the ZLC and ZDF rats used in 

this study.  There were no significant differences in age, mean arterial blood 

pressure, or heart rate between the lean controls and the diabetic animals. The 

ZDF animals were indeed diabetic, with significantly increased blood glucose 

concentrations, measured with an AccuCheck® Active blood glucose monitor, as 

well as significantly increased body weight compared to the lean controls.   
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 ZLC ZDF ZDF+FUT175 

AGE (weeks) 14.1 ± 0.7 13.8 ± 0.6 12.6 ± 0.4 

WEIGHT (g) 331.1 ± 9.3 355.2 ± 9.9* 400.6 ± 6.9* 

GLUCOSE (mg/dL) 124.4 ± 3.6 438.2 ± 22.8* 338.4 ± 23.8* 

MAP (mmHg) 109.9 ± 2.8 111.6 ± 4.7 112.2 ± 7.7 

HR (beats/min) 332.1 ± 8.8 317.3 ± 13.4 356.4 ± 12.9 

 

Table 2.1. Physical and hemodynamic characteristics. 

Data presented are for ZLC and ZDF animals prior to ischemia.  *p<0.05 

compared to ZLC.. 
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Left Ventricular Infarct Size 

Myocardial injury following 30min ischemia and 120min reperfusion was 

assessed by examining the area of the infarct as a percentage of the area-at-risk 

(%AI/AAR).  The AAR did not differ between ZLC., ZDF, or ZDF+FUT rats (52.8 

± 3.7%AAR/LV, 45.8 ± 4.9%AAR/LV, and 41.4 ± 6.9%AAR/LV, respectively), 

indicating a comparable degree of ischemic insult between groups.  However, 

infarct size was significantly greater in the ZDF rat hearts compared to their lean 

controls (Fig. 2.1; ZLC: 27.4 ± 5.6%AI/AAR and ZDF: 56.5 ± 6.4%AI/AAR; 

p<0.005).  Treatment with the complement inhibitor FUT-175 significantly 

decreased infarct size in ZDF rats, indicating a role for complement in the 

excessive I/R injury (Fig. 2.1; ZDF+FUT: 32.8 ± 4.5%AI/AAR; p<0.05).  Similar 

results were observed when the infarct size was evaluated as the percentage of 

infarcted area to the total LV area (data not shown).  Thus, under similar 

conditions of ischemia and reperfusion, diabetic rats had significantly greater 

myocardial injury than their lean controls, and this excessive injury could be 

attenuated by inhibiting complement with FUT-175. 
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Figure 2.1: FUT-175 treatment decreases the enhanced infarct size in the 

diabetic heart. Diabetic ZDF hearts (black bar; n = 8) demonstrated significantly 

greater infarct sizes compared to the non-diabetic ZLC (open bar; n = 9).  

*p<0.05.  Treatment with FUT175 decreased infarct size in the ZDF (hatched bar; 

n = 5). #p<0.05.  
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Myocardial C3 Deposition 

Complement activation and deposition plays a significant role in the 

manifestation of reperfusion injury 99 226. To analyze complement activity, we 

immunohistologically stained LV cardiac tissue sections for complement 

component C3 (Fig. 2.2).  C3 deposition appeared localized to the AAR region of 

the LV and was significantly greater in ZDF hearts compared to ZLC hearts (Fig. 

2.2: ZLC: 32.4 ± 3.2%C3/LV; ZDF: 41.5 ± 3.4%C3/LV; p<0.05). FUT-175 

treatment significantly decreased C3 deposition in diabetic rat hearts (Fig. 2.2; 

23.0 ± 3.9%C3/LV; p<0.005). No C3 deposition was observed in non-ischemic 

heart tissue or in slides stained only with DAB chromogen (data not shown), 

indicating that these findings were not due to basal complement deposition or 

endogenous peroxidase generation. 
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Figure 2.2: C3 deposition is increased in the type 2 diabetic heart.  

Immunohistochemical staining for complement component C3 was significantly 

greater in diabetic ZDF hearts (Fig. 2B - black bar; n = 6) compared to the non-

diabetic ZLC (Fig. 2A - open bar; n = 6).  *p<0.05.  Treatment with FUT-175 

significantly decreased C3 deposition in the ZDF LV (Fig. 2C – hatched bar; 

n=5). #p<0.05 
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Neutrophil Accumulation 

Neutrophil sequestration and infiltration has been found to play a significant role 

in reperfusion injury and endothelial dysfunction 88 118 124.  Studies in non-diabetic 

animals found that tissue myeloperoxidase activity, a measure of neutrophil 

accumulation, is decreased following complement inhibition 204 99.  Therefore, we 

examined the relationship between complement deposition and neutrophil 

accumulation in the type 2 diabetic heart.  Napthol AS-D Chloroacetate Esterase 

(NCE) histochemical staining was used to assess neutrophil accumulation in the 

hearts of ZLC and ZDF rats following I/R.  We observed significantly greater 

neutrophil accumulation in the left ventricle of the ZDF compared to the ZLC (97 

± 16 versus 53 ± 9 PMNs/ 5 fields, respectively; p < 0.05).  Similar results were 

found in a sub-set of slides where staining for complement C3 and neutrophils 

were overlapped. For these slides, neutrophils were counted only in the LV area 

containing positive C3 staining (Fig. 2.3; ZLC: 45 ± 7 PMNs/5 fields; ZDF: 90 ± 5 

PMNs/5 fields; p < 0.001).  By examining only regions where PMNs and C3 

localized, we found a positive relationship with infarct size (Fig. 2.4, ZLC: r = 

0.75, ZDF: r = 0.53). FUT-175 treatment resulted in significantly decreased PMN 

accumulation in the ZDF heart (Fig. 2.3; 41 ± 9 PMNs/5 fields; p < 0.001), 

indicating that complement activation plays a role in PMN sequestration in the 

heart following I/R.   
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Figure 2.3: Leukocyte accumulation is increased in the type 2 diabetic 

heart. NCE staining for PMNs was significantly greater in diabetic ZDF hearts 

(black bar; n = 7) compared to the non-diabetic ZLC (open bar; n = 8).  *p<0.05.  

Fig. 3C shows that FUT-175 treatment decreases PMN accumulation in the ZDF 

heart (hatched bar; n=5).  #p<0.05 
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Figure 2.4:  C3 deposition and PMN accumulation are associated with 

increased infarct size.   PMNs were only counted in regions where C3 

components were also present.  These values correlated strongly with infarct 

size measurements (ZLC: r = 0.75; ZDF: r = 0.53).  
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Differential blood counts were taken pre-ischemia and after 15min (R15) and 

120min (R120) reperfusion.  We found that blood taken pre-ischemia from ZDF 

rats had significantly elevated granulocyte percentages compared to ZLC blood 

(Fig. 2.5, ZLC: 18.0 ± 1.5%; ZDF: 30.4 ± 3.0%; ZDF+FUT: 30.4 ± 4.7%; p < 

0.001).  There were no differences in granulocyte percentages in whole blood 

taken from ZLC, ZDF, or ZDF+FUT rats at R15 or R120.  The increased 

granulocyte percentage observed in the pre-ischemic ZDF blood may be due to 

chronic inflammation resulting from the metabolic abnormalities that characterize 

type 2 diabetes. 
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Figure 2.5.  Granulocyte percentages are increased in type 2 diabetic blood.  

Differential counts revealed a significant increase in granulocytes from whole 

blood samples taken pre-ischemia from ZDF (closed circles) and ZDF+FUT 

(closed triangles) rats compared to ZLC (open circles) rats. *p<0.001. 
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Circulating Neutrophil CD11b 

Upon activation, neutrophils increase their surface expression of the CD11b 

integrin. Using a FITC-conjugated anti-CD11b antibody, we measured the total 

FITC-CD11b fluorescence intensity (TFI) in each ZLC and ZDF pre-ischemic 

whole blood sample, as well as after R15 and R120.  We observed a significant 

increase in neutrophil CD11b expression in pre-ischemic ZDF blood compared to 

the ZLC (Fig. 2.6, ZLC: 10.1 ± 1.1 TFI; ZDF: 17.9 ± 1.5 TFI; p<0.05) suggesting 

that under basal conditions, ZDF neutrophils are chronically activated, indicative 

of a low-grade inflammation present in these animals. Neutrophils from ZDF 

blood also significantly increased CD11b expression following 120min of 

reperfusion compared to lean controls (Fig. 2.6, ZLC: 65.9 ± 6.8 TFI; ZDF: 114.4 

± 19.0 TFI; p<0.05).  Although CD11b expression was greater on the ZDF 

neutrophils compared to the ZLC at R15, these values did not reach statistical 

significance. FUT-175 treatment did not have an effect on PMN CD11b 

expression throughout reperfusion.  Using the flow cytometer, we are able to set 

the desired number of neutrophils that are counted. Therefore, the increase in 

CD11b expression cannot be attributed to simply an increased percentage of 

neutrophils in the blood sample.  For each sample, 5000 neutrophils were 

counted.  These results indicate that neutrophils from diabetic blood are hyper-

responsive to I/R injury compared to control.   
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Figure 2.6:  CD11b surface expression is increased on type 2 diabetic 

neutrophils.  The total fluorescence intensity (TFI) of FITC-conjugated anti-

CD11b was significantly greater on diabetic ZDF neutrophils (black bar; n = 7) 

compared to the non-diabetic ZLC neutrophils (open bar; n = 7) pre-ischemia and 

after 120min of reperfusion. A) Histogram comparing one ZLC (shaded) and one 

ZDF (open) animal’s PMN CD11b expression pre-ischemia and B) after 120min 

of reperfusion.  The M1 region represents background fluorescence and is 
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determined using the blood sample treated with the IgG isotype control.  The M2 

region represents fluorescence above background.  *p<0.05 between ZLC and 

ZDF at time point.  
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Vascular Intracellular Adhesion Molecule (ICAM-1) Expression 

A primary event in the immune response to injury is the recruitment of circulating 

neutrophils to the inflammatory site.  Adhesion to the vascular endothelium is the 

prerequisite step for sequestration and extravasation to the site of injury. 

Neutrophil CD11b/CD18 ligand binds to ICAM-1 (CD54), expressed on activated 

endothelial cells. Using immunohistochemical techniques, we observed 

significantly increased ICAM-1 expression in the left ventricle of ZDF rats 

compared to their lean controls (Fig. 2.7, ZLC: 4029 ± 286 μm2; ZDF: 6508 ± 437 

μm2; p<0.001). When ZDF rats were treated with FUT-175, the expression of 

ICAM-1 was significantly attenuated (Fig. 2.7, ZDF+FUT: 1364 ± 1029; p < 

0.001).  These results suggest that there is enhanced endothelial cell activation 

following I/R injury in the diabetic heart.  The decreased ICAM-1 expression 

observed following FUT-175 treatment may result from decreased complement-

mediated vascular endothelial cell activation during reperfusion. 
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Figure 2.7:  ICAM-1 expression is increased in the vasculature of the type 2 

diabetic heart.  LV tissues from ZLC, ZDF, and ZDF treated with FUT-175 were 

stained for ICAM-1 expression. ZDF vasculature exhibited significantly greater 

ICAM-1 staining compared to ZLC, which could be attenuated with FUT-175 (n = 

4 for all groups).  *p<0.001 for ZLC+PBS v. ZDF+PBS; #p<0.0001 ZDF+PBS v. 

ZDF+FUT
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DISCUSSION 

 

Diabetes is now considered a major risk factor for cardiovascular disease.  The 

relative risk of ischemic heart disease in people with type 2 diabetes is more than 

twice that in the non-diabetic population.  The ZDF rat model of type 2 diabetes 

demonstrates many of the characteristics inherent in human diabetes including 

hyperglycemia, dyslipidemia, obesity, impaired wound healing, chronic 

inflammation, neuropathy and nephropathy, making it a useful model for the 

study of ischemia/reperfusion injury in type 2 diabetes. 

 

In this study we found that activation of the complement system is increased in 

the type 2 diabetic heart following I/R.  These findings expand on previous work 

from our laboratory indicating that neutrophil accumulation is increased in the 

coronary microcirculation of the diabetic heart following ischemia/reperfusion 

injury 88. Here we found increased complement deposition, infarct size and 

neutrophil accumulation in the type 2 diabetic heart following LAD occlusion and 

reperfusion. Treatment with the complement inhibitor FUT-175 decreased 

complement deposition, infarct size and PMN accumulation in the diabetic heart 

(Figs 2.1-2.3). We found that neutrophil CD11b expression is increased in whole 

blood from diabetic animals both pre-ischemia as well as after 120min of 

reperfusion injury, revealing a heightened immune response compared to control 

(Fig. 2.6). Taken together, these results suggest that increased complement 
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activation plays a role in increasing neutrophil-mediated I/R injury in the diabetic 

heart.  

 

Our results support earlier studies that diabetic rats sustain significantly greater 

injury following acute myocardial ischemia compared to lean control rats.  

Previous investigations also demonstrated increased infarct size in the db/db 

mouse model of diabetes 98, as well as in the ZDF rat 221. Our study suggests 

that this injury is mediated by enhanced complement deposition and neutrophil 

accumulation. Since there were no differences in blood pressure or heart rate 

between the ZLC and ZDF animals (Table 1), infarct size measurements 

between these groups following I/R injury cannot be attributed to a reduction in 

myocardial oxygen demand.  In addition, our results parallel clinical observations 

where human diabetic patients sustain more severe and fatal heart attacks than 

their non-diabetic peers 1 162. Type 2 diabetes is associated with chronic 

inflammation, thus we chose to examine the possible mechanism(s) within the 

immune response that may be responsible for increasing reperfusion injury in the 

ZDF model of type 2 diabetes. 

 

COMPLEMENT DEPOSITION 

Previous studies established that complement deposition occurs in human 183, 

and animal models of ischemia/reperfusion injury 99 204 226.  Here, we present the 

finding that in the setting of type 2 diabetes, there is enhanced complement C3 



 95

deposition in ischemic regions of the left ventricle following 120min of reperfusion 

(Fig. 2.2).  Due to the lytic and pro-inflammatory consequences of complement 

system activation, enhanced complement deposition appears to mediate the 

observed increase in infarct size in ZDF animals. 

  

Ross et al found that iC3b is an important ligand for CD11b-mediated neutrophil 

adherence 175. Additionally, complement component C5a is the principal 

chemotactic factor for circulating neutrophils and increases neutrophil adhesion 

to the endothelium by mobilizing internal stores of neutrophil complement 

receptor-1, CD11b/CD18, and CD11c 200.  Sacks et al demonstrated that C5a is 

also capable of stimulating neutrophils to produce and release reactive oxygen 

species, proteolytic enzymes, and leukotrienes that influence platelet and 

endothelial function, inducing vasoconstriction and platelet aggregation 178. 

Indeed, we found a positive correlation between neutrophil accumulation and 

infarct size, especially in regions of complement deposition (Fig. 2.4). Following 

myocardial I/R, type 2 diabetic animals had significantly greater neutrophil 

accumulation within C3-deposited regions than non-diabetic animals, as 

indicated by the pronounced rightward shift in the correlation line in Figure 2.4. 

Since FUT-175 treatment decreased PMN accumulation, we speculate that in the 

setting of type 2 diabetes, increased complement deposition in response to I/R 

injury mediates neutrophil accumulation, and plays a significant role in the 

observed increase in infarct size in the diabetic heart.  
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ROS stimulate gene transcription via NF-κB and ERK1/2 2, activate complement 

46, and induce complement production in the isolated myocardium 195.  However, 

no studies have examined complement activation and gene expression in the 

setting of a chronic pro-inflammatory state, one characteristic of type 2 diabetes. 

The finding that C5a indirectly induces the production of chemokines, cytokines, 

and other pro-inflammatory mediators 103 179 provides yet another link between 

complement activation, inflammation, and enhanced tissue injury in the setting of 

I/R.  Indeed, Stahl and colleagues demonstrated a significant role for 

complement activation in the setting of I/R injury in the non-diabetic heart and 

vasculature 46 48 99. 

 

Adipocytes increase C3 production in response to insulin 182, and serum C3 

concentration correlates strongly with fasting insulin levels 150. Adding to these 

findings, plasma C3 appears more closely associated with the diabetic state (or 

associated abnormalities), than with obesity 217. Engstrom et al reported a 

significant association between complement component C3 and diabetes, 

concluding that the risk of developing type 2 diabetes is related to levels of 

complement C3 57. Epidemiological evidence clearly links many of the chronic 

complications of diabetes to the prolonged and uncontrolled hyperglycemic state 

of these patients. One consequence of hyperglycemia is that it causes protein 

glycation and the formation of advanced glycation end-products (AGEs). Indeed, 
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studies have demonstrated that glycation inactivates the complement regulatory 

protein CD59, leading to increased MAC deposition and MAC-induced growth 

factor release 3 159. However, these studies did not examine cardiovascular risk 

or disease. Thus, to our knowledge, our study is the first to report that elevated 

complement deposition is associated with increased tissue injury following I/R in 

the type 2 diabetic heart. 

 

C3 deposition can result from activation of any of the 3 independent complement 

pathways – classical, alternative, or lectin. This study did not attempt to address 

which pathway was responsible for our finding of increased C3 deposition in the 

ZDF heart. Burke et al described the importance of the classical pathway using 

C1-esterase inhibitors to attenuate myocardial injury in a feline model of I/R 28. 

The lectin pathway has been extensively studied in I/R injury by Stahl and 

colleagues. They found that the lectin pathway plays a particularly important pro-

inflammatory role in myocardial I/R 99.  Our finding that treatment with FUT-175 

reduced infarct size in the ZDF heart to a similar size as the ZLC suggests that 

the classical and alternative pathways mediate the excessive complement and 

neutrophil-mediated injury observed in the ZDF heart (Fig. 2.1). 

 

NEUTROPHIL AND ICAM-1 ACTIVATION 

We found that neutrophil accumulation is significantly increased in the left 

ventricle of ZDF rats compared to non-diabetic rats following 120min of 
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reperfusion (Fig. 2.3).  Neutrophil accumulation in post-ischemic tissues is known 

to contribute to myocardial 134 186, cerebral 188, and renal 167 reperfusion injury. 

Using intra-vital fluorescence microscopy, Hokama et al observed increased 

neutrophil accumulation during reperfusion in both the coronary capillaries and 

post-capillary venules in the STZ-induced diabetic heart 88. Our results indicate 

that in the setting of type 2 diabetes, increased neutrophil accumulation is 

associated with greater infarct size, as well as increased PMN CD11b and ICAM-

1 expression. Previous studies from our lab found that diabetic neutrophils 

produce increased amounts of ROS and contribute to mechanical plugging in 

ischemia 89 134.  Our results indicate that inhibition of complement activation 

effectively decreases neutrophil accumulation in the type 2 diabetic heart, 

decreasing neutrophil-mediated I/R injury. 

 

Oxidative stress in the type 2 diabetic rat heart may have contributed to our 

findings of increased complement deposition and neutrophil accumulation.  

Impairment in nitric oxide (NO) mediated pathways has been implicated in the 

pathogenesis of cardiovascular disease in diabetes 191. Bitar and colleagues 

found a marked reduction in aortic NO bioavailability in a genetic model of type 2 

diabetes, resulting from increased oxidative stress. They concluded that the 

development of endothelial dysfunction in the aortic tissue of diabetic rats was 

linked to an exaggerated production of superoxide anion, resulting in inactivation 

of NO and impaired NO-dependent vasorelaxation. They also found increased 
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activity of the NADH/NAD(P)H oxidase system and uncoupling of endothelial 

nitric-oxide synthase (eNOS) 21. In addition to the deleterious effects of 

decreased NO availability on impaired vasodilatation, Kubes et al reported that 

inhibition of NO production resulted in a 15-fold increase in neutrophil adherence 

to feline mesenteric venules 105.  Lefer et al reported that the presence of NO 

reduced neutrophil accumulation in an acute model of canine myocardial I/R 

injury 119. Free radicals upregulate complement expression in the isolated rat 

heart 195. Collard et al demonstrated that intracellular oxidative stress is 

necessary for complement activation and deposition on human endothelial cells 

44.  

  

In our study, the increase in sequestered neutrophils may be partly a 

consequence of differences in granulocyte numbers in diabetic blood compared 

to non-diabetic blood.  We found a significant increase in the granulocyte 

percentage at baseline in whole blood samples taken from the ZDF compared to 

the ZLC (Fig. 2.5). However, there were no differences in granulocyte 

percentages during reperfusion.  FUT-175 treatment did not attenuate the 

increase in circulating granulocytes throughout reperfusion, suggesting that FUT-

175 has little effect on granulocyte recruitment during periods of acute 

inflammation.  Indeed, FUT-175 treatment resulted in no change in PMN CD11b 

expression.  Using flow cytometry, we did not find a difference between the 

number of CD11b-positive cells between the ZLC, ZDF or ZDF+FUT groups. 
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The increase in neutrophil accumulation observed in the diabetic rat hearts 

following ischemia may also be due, in part, to increased expression of 

neutrophil-endothelial cell adhesion molecule expression.  Neutrophil 

accumulation depends on CD11b/CD18 receptor adhesion to endothelial cells via 

intracellular adhesion molecule-1 (ICAM-1, CD54).  CD11b is a beta-2 integrin 

constitutively present on the surface on neutrophils but is transformed to an 

active conformation and quantitatively upregulated upon neutrophil activation 9. 

Neutrophil beta-2 integrins play a vital role for the full expression of complement-

dependent and oxygen radical-mediated injury of the lung and dermal 

vasculature 149.  These results indicate that not only do diabetic neutrophils have 

increased CD11b expression pre-ischemia, but that this increased expression 

remains significantly greater than non-diabetic neutrophils during the early hours 

of reperfusion (Fig. 2.6).  These data indicate that diabetic neutrophils are 

chronically activated under basal conditions and that following an acute 

inflammatory insult, such as ischemia, they have the capacity to increase their 

CD11b expression above and beyond non-diabetic neutrophils.  Additionally, we 

found significantly greater ICAM-1 expression within the diabetic LV following I/R 

injury (Fig. 2.7). Conflicting studies have reported an increase in ICAM-1 in 

diabetic retinal microvessels 117 but when the number of microvessels was 

considered no difference in ICAM-1 in the intestinal microcirculation of diabetic 

and non-diabetic animals was observed 180. In our study, the combined effect of 
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increased PMN CD11b and ICAM-1 expression is likely responsible for the 

enhanced neutrophil accumulation that we observed in the diabetic heart and 

earlier in the diabetic coronary microcirculation 88.  These data indicate that the 

diabetic heart experiences a hyper-reactive inflammatory response to I/R injury. 

 

FUT-175 is a synthetic protease-inhibiting agent that is highly effective against 

the enzyme activities of C1r, C1s, Factor B and Factor D of the classical and 

alternative complement activation pathways.  Several studies found that FUT-175 

strongly inhibits complement-mediated hemolysis 8 65. In the isolated rabbit heart, 

supplementing the perfusate with FUT-175 prevented the activation of 

complement and subsequent decline in cardiac functional parameters 90. This 

study indicated that the complement system, specifically the membrane attack 

complex, can contribute directly to the induction of myocardial tissue injury, even 

in the absence of other immunological factors and cellular elements normally 

present in whole blood.  We found that FUT-175 significantly decreased vascular 

ICAM-1 expression in the diabetic heart, possibly due to decreased formation of 

the membrane attack complex on post-ischemic endothelial cells.  In addition, 

Schwertz et al reported that FUT-175 treatment decreased creatine kinase 

release and leukocyte accumulation in a rabbit model of ischemia and 

reperfusion 184.     
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In the present study, we found that complement deposition and neutrophil 

accumulation are increased in the type 2 diabetic rat heart following I/R injury, 

and that the localization of these immune system components is associated with 

increased infarct size. Inhibiting complement with FUT-175 decreased 

complement- and neutrophil-mediated reperfusion injury in the diabetic heart.  

Thus, complement appears to play an important role in diabetic I/R injury. 

Elucidating the role of complement in type 2 diabetic I/R injury will aid in the 

development of improved pharmacological interventions and treatments for 

ischemic heart disease in this growing patient population. 
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CHAPTER 3 

NAFAMOSTAT MESYLATE (FUT-175) INHIBITS LECTIN PATHWAY 

COMPLEMENT ACTIVATION IN MYOCARDIAL ISCHEMIA-REPERFUSION 

INJURY 

 

ABSTRACT 

 

Complement activation plays an important role in ischemia/reperfusion (I/R) 

injury. Nafamostat mesylate (FUT-175) is known to inhibit the classical and 

alternative pathways of complement activation, but has unknown activity against 

the lectin pathway. The purpose of this study was to determine the efficacy of 

FUT-175 in attenuating complement-mediated myocardial I/R injury, assessing 

the involvement of the mannose-binding lectin (MBL) pathway.   Sprague-Dawley 

(SD) rats were divided into three groups: 1) saline infusion, 2) FUT-175 (1mg/kg, 

iv), and 3) P2D5, a mAb raised against rat MBL-A, (10mg/kg, iv).  All animals 

underwent 30min of coronary artery occlusion followed by 120min of reperfusion.  

Left ventricular (LV) tissue samples were stained for complement deposition and 

neutrophil accumulation following reperfusion. To determine if FUT-175 affects 

PMN activation, whole blood samples were processed for flow cytometric 

analysis of CD11b expression on activated neutrophils at each time point. In this 

study, we found that FUT-175 exhibited a concentration-dependent inhibition of 

the lectin pathway, with a maximal effect at 1ug/ml. FUT-175 treatment 
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significantly decreased complement deposition (66%), PMN accumulation (59%), 

and infarct size (55%) compared to untreated animals. Neutrophils from the FUT-

175 treated rats exhibited significantly decreased CD11b expression compared 

to the untreated group (p<0.05). Also, ICAM-1 expression was significantly 

decreased (p<0.001) in tissue sections taken from FUT-175 treated rats.  P2D5 

treatment resulted in a similar decrease in infarct size (44%), C3 deposition 

(41%), and PMN accumulation (36%).  These results indicate that FUT-175 is 

effective against all three pathways of complement activation under the 

conditions of myocardial I/R, thereby directly reducing neutrophil accumulation 

and myocardial cell injury. 
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INTRODUCTION 

 

Inflammatory reactions may contribute to morbidity and mortality associated with 

cardiovascular heart disease.  Reperfusion following periods of ischemia initiates 

a cascade of inflammatory responses including endothelial dysfunction, 

complement system activation and neutrophil accumulation. Neutrophil 

sequestration and endothelial dysfunction have been widely studied as 

contributors to ischemic injury, as has the role of the complement system, albeit 

less extensively, especially with regard to its effect on neutrophil-mediated tissue 

injury. 

 

The complement system is part of the innate defense system responsible for the 

elimination of invading foreign cells and initiation of inflammation. There are three 

independent pathways which can initiate complement activation: the classical, 

alternative, and more recently described lectin pathway. A large body of evidence 

indicates that complement activation contributes to myocardial ischemic injury in 

animal models 99 204 218. The lectin pathway has been implicated to play a 

significant role in the inflammatory response in post-ischemic myocardial tissue 

207, as a result there is a need to discover novel lectin pathway inhibitors. In 

contrast to human mannose-binding lectin (MBL), rats have 2 distinct MBL 

isoforms, with MBL-A having the closest functional similarity to the human 

homologue 99.   
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There is an important relationship between complement activation and neutrophil 

accumulation in the setting of I/R injury. Reperfusion is clearly necessary for 

myocardial salvage, however reactive oxygen species (ROS) from activated, 

sequestered neutrophils are a prime source of oxidants during reperfusion 55. 

The neutrophil-mediated inflammatory response occurs early in myocardial 

reperfusion 171, and begins with neutrophil deposition and accumulation in the 

microcirculation.  When treated with reagents that deplete serum complement, 

rats fail to recruit leukocytes to regions of myocardial infarction 86. These studies 

suggest a non-immunologic role for the complement system in response to acute 

inflammatory tissue injury.  Other studies revealed that the protective effects 

observed following inhibition of complement are specifically related to reduced 

neutrophil accumulation 111 148. 

 

FUT-175 (futhan, nafamostat mesylate) is a synthetic, non-peptide serine 

protease inhibitor with known activity against the classical and alternative 

pathways 151 94. FUT-175 is a competitive inhibitor of C1r and C1s with Ki values 

of 1.4 x 10-8 M and 3.5 x 10-8 M, respectively 65. In the alternative pathway, 

Factors B and D are non-competitively inhibited by FUT-175 with a Ki value of 6.0 

x 10-8 M and IC50 of 1.4 x 10-4 M, respectively 94.  Activation of the lectin pathway 

is initiated by interaction of MBL with its ligand, leading to MBL-associated serine 

protease (MASP)–2 activation.  No studies, however, have determined if FUT-
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175 inhibits MASP-2, thereby demonstrating inhibition of all three complement 

pathways.  In this work, we examined the inhibitory effects of FUT-175 on MBL-

mediated tissue injury in a rat model of myocardial reperfusion injury. 

 

FUT-175 treatment was found to preserve cardiac functional parameters in the 

isolated rabbit heart 90. In addition, a recent study revealed that FUT-175 

treatment decreases myocardial creatine kinase release in a rabbit model of I/R 

184, however the role of specific complement pathways was not addressed.  In 

comparison, a study examining the specific role of MBL in a rat model of I/R 

using P2D5, a monoclonal antibody raised against rat MBL-A, also observed 

reductions in creatine kinase release, infarct size, and neutrophil accumulation 99.    

 

The present study was performed to test the hypothesis that complement 

inhibition with FUT-175 decreases tissue injury associated with neutrophil 

activation and sequestration following ischemia and reperfusion. Here, we report 

that FUT-175 treatment decreases myocardial infarct size, complement 

deposition and neutrophil activation following I/R due to FUT-175 inhibition of all 

three pathway of complement activation. Therefore, FUT-175 is an effective 

inhibitor of complement- and neutrophil-mediated myocardial cell death following 

I/R, which is mainly a consequence of blocking MBL-pathway activation. 
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MATERIALS AND METHODS 

Detailed Methods can be found in Appendix A.  IACUC approval in Appendix C. 

 

COMPLEMENT INHIBITORS: FUT-175 (Futhan, nafamostat mesilate; BIOMOL 

International) is a serine protease inhibitor with potent inhibitory activity against 

the C1r and C1s subunits of the classical pathway of complement system 

activation, as well as factors B and D of the alternative pathway 65 94.  FUT-175 

has been demonstrated to prevent complement activation in various in vitro and 

in vivo models 156 90 184.  For use, FUT-175 was dissolved in sterile saline and 

was dosed 5min prior to reperfusion (1mg/kg; iv).   

 

Anti-rat MBL-A mAb, P2D5, was raised and purified as previously described 99. 

P2D5 exhibits a concentration-dependent inhibition of the lectin pathway in vitro 

in the GlcNAc assay, with maximal effect at 10ug/ml (data not shown) and similar 

to that observed for a similar mAb against rat MBL-A 99.  A subset of animals 

were dosed with 10mg/kg P2D5 intravenously 5min prior to ischemia. In 

preliminary studies this dose was shown to inhibit MBL-A mediated C3b 

deposition ex vivo in the GlcNAc-BSA assay for at least 8 hours (data not 

shown). 

 

NEUTROPHIL ADHESION ASSAY:  To determine whether FUT-175 has a direct 

effect on neutrophil adhesion, a nylon column assay was performed as 
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previously described 135.  Since activated neutrophils more readily adhere to 

nylon fibers, the nylon-column-neutrophil adhesion assay is a basic method for 

assessing neutrophil activation.  Briefly, a donor rat was anesthetized and whole 

blood was collected in a heparinized syringe via cardiac puncture.  To remove 

complement components from the whole blood, the original blood sample was 

separated, centrifuged, the plasma was removed and the blood was brought 

back up to the original volume with sterile phosphate-buffered saline.  The blood 

was aliquoted into 7 samples; 1) whole blood (WB); 2) WB+fMLP; 3) 

WB+FUT175; 4) WB+FUT-175+fMLP; 5) plasma-poor (PP) blood; 6) PP+FUT; 7) 

PP+FUT+fMLP.   

 

The column effluent was collected and analyzed on a Beckman Coulter 

Hematology Analyzer. The percentage of neutrophil adherence was calculated 

as 1-[WBCpost/WBCpre], where the subscript “pre” refers to the original sample 

loaded into the column and the subscript “post” refers to the effluent from the 

column. 

 

RAT MBL-DEPENDENT C3/C4 DEPOSITION FLUROCHROME LINKED 

IMMUNOASSAY (FLISA): To determine if FUT-175 has activity against MASP-2 

of the MBL complex in rats, an MBL-dependent complement-activation FLISA 

was used as previously described and as recently modified to evaluate C4b 

deposition 208 99 48.  Briefly, 2% rat serum was incubated with 1) veronal-buffered 
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saline with Ca++ and Mg++ (VBS++); 2) various concentrations of FUT-175; or 3) d-

mannose (100 mM).  These samples were added to BSA-GlcNAc coated 384-

well microplates and incubated at 37oC for 30min.  The plates were washed and 

incubated with sheep anti-rat C4 antibody (USBiologicals), followed by washing 

and detection with donkey anti-sheep IRDye® 800 antibody (1:3000; Rockland).  

After washing, C4 deposition was quantified with an Odyssey system, as we 

have described 208.  Background integrated intensity (e.g., wells containing only 

VBS++) was subtracted from all wells.  The data are presented as a percent 

inhibition from 2% rat sera treated with vehicle (e.g., VBS++ only) from four 

independent determinations done in triplicate. 

 

In additional studies, the C3 deposition was investigate as described above for 

rat C4 deposition.  C3 deposition was detected with goat IgG rat complement C3 

(MP Biomedicals) and visualized with a secondary antibody (donkey anti-goat 

IgG IRdye 800; Rockland).  Background integrated intensity was subtracted from 

all wells.  Data are presented as integrated intensity from 4 determinations done 

in triplicate. 

 

MYOCARDIAL I/R PROTOCOL: All procedures were reviewed and approved by 

the Institute for Laboratory Animal Research (ILAR) Guide for Care and Use of 

Laboratory Animals. Adult, male Sprague-Dawley rats (>400g) were anesthetized 

with sodium pentobarbital (50mg/kg IP) and prepared for the left anterior 
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coronary artery occlusion procedure as described in detail previously 111. Rats 

were divided into three groups 1) PBS infusion 2) FUT-175 infusion (1mg/kg) or 

3) P2D5 infusion (10mg/kg). Following 30min of ischemia, the occluding clamp 

was released and the ischemic myocardium was reperfused for 120min. 

 

MYOCARDIAL INFARCT SIZE DETERMINATION: Following reperfusion, hearts 

were excised and prepared for infarct size measurements as described in 

Chapter 2. Infarct size is expressed as the percentage of the AAR (AI/AARX100).  

 

FLOW CYTOMETRY: Blood was drawn before ischemia, following 15min of 

reperfusion and 120min of reperfusion. Diluted whole blood was aliquot for 

detection of activated neutrophils, as previously described in Chapter 2 and 

detailed in Appendix A. 

 

HISTOLOGY: To examine complement deposition, tissue slides were stained for 

C3 deposition as described Appendix A 111. Data expressed as the percentage of 

C3 positive area to total LV area (%C3/LV).   

 

A separate set of slides was stained for neutrophil sequestration within regions of 

C3 deposition using Naphthol AS-D Choloroacetate Esterase (NCE) (Sigma) as 

described in Appendix A 111 106. Data is expressed as the number of neutrophils 

per 5 fields at 40X magnification.   
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Intracellular molecule-1 (ICAM-1, CD54) expression was examined in frozen 

myocardial tissue sections as a measure of endothelial cell activation following 

I/R 226 111.   

 

STATISTICAL ANALYSIS: All values are expressed as means ± standard error 

(SEM) of n independent experiments. Comparisons between untreated and 

treated groups were made using a two-tailed independent t-test. For the CD11b 

data, a repeated measures analysis of variance (RMANOVA) was used for 

comparisons between time points within each experimental group. Differences 

were considered significant at p ≤ 0.05.  SigmaStat 3.0 software (Jandel 

Scientific) was used for statistical analysis. 

 



 113

RESULTS 

 

Complement Inhibition Using FUT-175 

Inhibition of lectin complement pathway activation by FUT-175 was determined 

by examining MASP-2 activity via C4b deposition in vitro using rat sera and 

GlcNAc-BSA coated plates.  FUT-175 inhibited C4b deposition in a 

concentration-dependent manner, with an approximate IC50 of 10ng/ml (Fig. 

3.1a).  Futhermore, C3 deposition was also dose-dependent inhibited in this 

same assay with an IC50 of approximately 3ng/ml (Fig. 3.1b).  These data 

indicate a novel role for FUT-175 as an effective blocker of MBL-dependent 

complement activation.  
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a)  

b)  

Figure 3.1. FUT-175 inhibits MBL-dependent C4/C3 deposition. 

BSA-GlcNAc was coated onto microtiter plates and exposed to rat serum 

coincubated with either vehicle or FUT-175.  (a) C4b inhibition and (b) C3 

deposition as measured by FLISA. 
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We also used a nylon-column adhesion assay to determine whether FUT-175 

had any direct effects on neutrophil adhesion in the absence of complement 

activation. There was no difference in the adhesive properties of neutrophils in 

whole blood or complement-free blood that had been incubated with or without 

FUT-175, suggesting that the drug had no direct effects on neutrophil adhesion. 

 

Left Ventricular Infarct Size   

Myocardial injury following 30min ischemia and 120min reperfusion was 

assessed by examining the size of the infarct as a percentage of the area-at-risk 

(%AI/AAR).  The AAR did not differ between PBS-, FUT- or P2D5-treated rats 

(43.3 ± 5.9%AAR/LV, 37.1 ± 5.2%AAR/LV, and 38.3 ± 2.7%AAR/LV 

respectively), indicating a comparable degree of ischemic insult among groups.  

However, infarct size was significantly greater in the untreated rat hearts 

compared to the FUT-175 and P2D5 treated rats (Fig. 3.2; SD+PBS: 46.8 ± 

4.2%AI/AAR and SD+FUT: 21.1 ± 4.8%AI/AAR; and SD+P2D5: 26.1 ± 

6.2%AI/AAR; p<0.05).  Similar results were observed when the infarct size was 

evaluated as the percentage of infarcted area to the total LV area.  Thus, under 

similar conditions of ischemia and reperfusion, SD rats treated with the 

complement inhibitors FUT-175 and P2D5 were equally effective in decreasing 

myocardial injury. 
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Figure 3.2. Infarct size is decreased in FUT-175 and anti-MBL treated 

hearts.  

SD hearts (open bar; n = 6) demonstrated significantly greater infarct sizes 

compared to the FUT-175 and P2D5-treated SD (black and hatched bars; n = 6).  

*p<0.05. 

 



 117

Myocardial Complement Deposition  

Complement activation and deposition plays a significant role in the 

manifestation of reperfusion injury 111 99 226. To analyze complement activity, we 

immunohistologically stained LV cardiac tissue sections for complement 

component C3 (Fig. 3.3).  C3 deposition appeared localized to the AAR region of 

the LV and was significantly greater in PBS-treated rat hearts compared to FUT-

175 treated hearts (SD+PBS: 40.7 ± 5.7%C3/LV; SD+FUT: 13.8 ± 4.5%C3/LV; 

p<0.05).  Treatment with P2D5 also resulted in a significant decrease in C3 

deposition (24.5 ± 4.3%C3/LV, p<0.05), compared to PBS vehicle; however the 

decrease in C3 deposition was greater in the FUT175 treatment group. No C3 

deposition was observed in non-ischemic heart tissue or in slides stained only 

with DAB chromogen (data not shown), indicating that these findings were not 

due to basal complement deposition or endogenous peroxidase generation. 
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Figure 3.3. FUT-175 and anti-MBL treatment decreases C3 deposition. 

Immunohistochemical staining for complement component C3 was significantly 

decreased in FUT-175 and P2D5-treated hearts (black and hatched bars; n = 4) 

compared to the untreated SD hearts (open bar; n = 4).  *p<0.01 between 

SD+FUT and SD+PBS. #p<0.05 between SD+anti-MBL and SD+FUT. 
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Neutrophil (PMN) Accumulation  

Neutrophil sequestration and infiltration plays a significant role in reperfusion 

injury and endothelial dysfunction 88 118 124.  Vakeva et al reported that tissue 

myeloperoxidase activity, a measure of neutrophil accumulation, is decreased 

following complement inhibition 99; 204.  Therefore, using FUT-175, we examined 

the relationship between complement inhibition and neutrophil accumulation in 

the heart.  Napthol AS-D Chloroacetate Esterase (NCE) histochemical staining 

was used to assess neutrophil accumulation in the hearts of untreated and FUT-

175 treated rats following I/R.  For these slides, neutrophils were counted only in 

the LV area containing positive C3 staining. We observed significantly greater 

neutrophil accumulation in the left ventricle of the untreated rats compared to the 

FUT-treated rats (Fig. 3.4, 73 ± 9 versus 30 ± 4 PMNs/ 5 fields, respectively; p < 

0.001).  Anti-MBL treatment with P2D5 also significantly decreased the number 

of sequestered neutrophils (47 ± 6 PMNs/ 5 fields; p < 0.001).  These data 

indicate that the MBL pathway is largely responsible for neutrophil accumulation 

in post-ischemic tissue. 
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Figure 3.4. PMN accumulation is decreased with FUT-175 and anti-MBL 

treatment.  

NCE staining for neutrophils was significantly greater in untreated SD hearts 

(open bar; n = 4) compared to the FUT-175 and P2D5-treated rats (black and 

hatched bars; n = 4).  *p<0.001. 
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Circulating Neutrophil (PMN) CD11b Expression  

Upon activation, neutrophils increase their surface expression of the CD11b 

integrin. Using a FITC-conjugated anti-CD11b antibody, we measured the total 

FITC-CD11b fluorescence intensity (TFI) in each untreated and FUT-175 treated 

pre-ischemic whole blood sample, as well as after R15 and R120. There was no 

difference in CD11b expression between the untreated and treated groups pre-

ischemia or at R15.  However, neutrophils from untreated-SD blood had 

significantly increased CD11b expression following 120min of reperfusion 

compared to FUT-175 treated animals (Fig. 3.5, SD+PBS: 43.5 ± 9.3 TFI; 

SD+FUT: 23.8 ± 2.1 TFI; p<0.001).  Anti-MBL treatment resulted in significantly 

decreased CD11b expression following 120 minutes of reperfusion (SD+P2D5: 

20.6 ± 4.8 TFI, p < 0.01). Although CD11b expression was greater on the 

untreated neutrophils compared to neutrophils from the FUT-175 treated animals 

at R15, these values did not reach statistical significance. 

To determine whether FUT-175 affected maximal CD11b expression, whole 

blood samples were also challenged with fMLP (formyl-Met-Leu-Phe), a synthetic 

peptide that mimics the activity of bacterially-derived peptides.  fMLP is a potent 

leukocyte activator resulting in chemotaxis, degranulation, generation of 

superoxide anions and activation of integrins 26. There was no difference in 

CD11b expression among the untreated and treated groups at pre-ischemic or 

R15 time points, however P2D5 treatment significantly attenuated fMLP-

stimulated CD11b expression following 120min of reperfusion (Fig. 3.6, SD+PBS: 
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112.1 ± 12.0 TFI; SD+FUT: 86.4 ± 9.2 TFI; SD+P2D5: 62.8 ± 12.1 TFI; p < 0.01).  

These results indicate that FUT-175, a broad complement inhibitor, has little 

effect on the capacity of circulating neutrophils to become stimulated, while 

inhibition of MBL activity does significantly affect fMLP-mediated CD11b 

expression. 

For each sample, exactly 5000 neutrophils were counted. Using the flow 

cytometer we set the desired number of neutrophils counted, therefore the 

increase in CD11b expression cannot be attributed to differences in the 

percentage of neutrophils in each blood sample.   
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Figure 3.5.  CD11b surface expression is decreased during reperfusion 

following FUT-175 treatment.   

The total fluorescence intensity (TFI) of FITC-conjugated anti-CD11b was 

significantly attenuated on FUT-175 and anti-MBL treated neutrophils (black & 

hatched bars; n = 8) compared to the untreated animals (open bar; n = 8) after 

120min of reperfusion. *p<0.05. 
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Figure 3.6.  Anti-MBL decreases fMLP-stimulated CD11b surface 

expression.  The total fluorescence intensity (TFI) of FITC-conjugated anti-

CD11b was significantly attenuated on anti-MBL-treated neutrophils (hatched 

bar; n = 6), but not FUT-175-treated neutrophils, compared to the untreated 

animals (open bar; n = 6) after 120min of reperfusion and stimulation with fMLP. 

*p<0.05. 
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Vascular Intracellular Adhesion Molecule (ICAM-1, CD54) Expression  

A primary event in the immune response to injury is the recruitment of circulating 

neutrophils to the inflammatory site. Adhesion to the vascular endothelium is the 

prerequisite step for sequestration and extravasation to the site of injury. ICAM-1 

(CD54) expression is a marker of endothelial cell activation. Neutrophil 

CD11b/CD18 ligand binds to ICAM-1, enabling firm adherence of neutrophils to 

the vascular endothelium. Using immunohistochemical techniques, we observed 

significantly increased ICAM-1 expression in the left ventricle of untreated SD 

rats compared to those treated with FUT-175 and P2D5 (Fig. 3.7, SD+PBS: 0.24 

± 0.02 %AICAM/ATOTAL; SD+FUT: 0.10 ± 0.01 %AICAM/ATOTAL; SD+P2D5: 0.02 ± 

0.002; p < 0.001).  These results suggest that anti-complement treatment with 

both FUT-175 and P2D5 decreases endothelial cell activation following an 

ischemic insult. 
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Figure 3.7.  ICAM-1 expression is decreased in the vasculature of the FUT-

175 and anti-MBL treated hearts.   

LV tissue untreated SD rats exhibited significantly greater ICAM staining 

compared to FUT-175 treated SD rats. (n = 4) p<0.001. ICAM expression in 

P2D5-treated animals was significantly decreased compared to both PBS- and 

FUT-treated rats (n = 4) *p<0.001, #p<0.05. 
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DISCUSSION  

 

Myocardial I/R injury continues to represent a major source of morbidity and 

mortality worldwide. While it is widely recognized that reperfusion is necessary to 

prevent organ dysfunction, it is also known to result in a paradoxical 

enhancement of tissue injury.  Over the past two decades considerable research 

effort has focused on the development of treatment regimes for limiting infarct 

size and other manifestations of post-ischemic injury. It has been established that 

the complement system, particularly the lectin pathway, plays an important role in 

the manifestation of reperfusion injury 99 207. Pharmacological modulation of the 

inflammatory response to reperfusion favorably influences post-ischemic 

myocardial damage.  Previous studies have validated the use of sCR1, C1-INH, 

and specific antibodies against C5 and MBL to inhibit complement activation 

during reperfusion, thereby decreasing tissue injury 210 28 204.   

 

Pathways and Extent of Complement Inhibition 

Serine proteases are involved in many physiological processes including the 

complement and coagulation cascades.  FUT-175 is an effective inhibitor of 

thrombin, plasmin, and kallikrein (plasma and pancreatic) which can degrade C3, 

C4, and/or C5, potentially leading to anaphylatoxin production 156.  As such, FUT-

175 has been reported to decrease in vitro complement activation in whole blood 

and plasma 156.  Because serine proteases are so ubiquitous, we wanted to 
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further determine whether FUT-175 directly affected or altered neutrophil 

function.  However, studies found that pancreatic and granulocyte elastases are 

not inhibited by FUT-175 8. Here we report that treatment with FUT-175 does not 

have any effect on neutrophil CD11b expression when challenged with fMLP and 

did not affect neutrophil adhesive properties in vitro. Therefore the reduction in 

neutrophil accumulation and activation in the presence of FUT-175 must be due 

to the inhibition of complement activation and the production of the 

anaphylatoxins C5a and C3a. Using the nylon-column adhesion assay we found 

that FUT-175 had no significant effect on neutrophil adhesion in the absence of 

complement components. These results further clarify the necessity of 

complement activation in the manifestation of neutrophil-mediated tissue injury 

during reperfusion. 

 

FUT-175 treatment provided significant protection against MBL-dependent C4/C3 

deposition in vitro, indicating a novel role for FUT-175 as an inhibitor of lectin 

pathway activation (Fig. 3.1).  

 

Several studies examined the use of FUT-175 in various pathological conditions, 

including Forssman and endotoxin shock 8, hemorrhagic shock 53, and 

disseminated intravascular coagulation 151. Thus, the clinical relevance of 

complement inhibitors can also be extrapolated to conditions of cardio-pulmonary 

bypass and coronary interventions in which the onset of ischemia can be 
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predicted.  However, in the setting of ischemic heart disease, there is a need for 

pharmaceuticals that can be delivered upon reperfusion and still confer a 

considerable cardioprotective benefit.  In the present study, treatment with the 

complement inhibitor FUT-175 resulting in a potent reduction of infarct size when 

given intravenously 5 minutes prior to reperfusion.   

 

Complement- and Neutrophil-Mediated Myocardial I/R Injury 

It is well respected that the complement system plays an integral role in the 

manifestation of reperfusion injury. Ischemia and reperfusion are associated with 

an acute local and systemic inflammatory response that is recognized by reactive 

oxidant production, complement activation, leukocyte-endothelial cell adhesion, 

leukocyte diapedesis, platelet-leukocyte aggregation, increased vascular 

permeability, and decreased endothelium-dependent relaxation 31.   

 

The lectin complement pathway is typically initiated by the binding of MBL to 

surface carbohydrate structures present on various bacteria, yeast, ficolins, and 

other pathogens 201.  However, evidence exists indicating that initiation of the 

lectin pathway by MBL may be pro-inflammatory under conditions that do not 

necessarily involve binding of MBL to the surface of foreign pathogens 142 48.  

Indeed, Jordan et al demonstrated a significant anti-inflammatory effect of MBL 

inhibition in the setting of ischemia and reperfusion 99, resulting in decreased 

ICAM-1, VCAM-1, and IL-6 gene expression.  Montalto et al found that VCAM-1 
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expression was increased on oxidatively stressed endothelial cells, and anti-

MBL-A treatment attenuated VCAM-1 expression, suggesting that activation of 

the lectin pathway on endothelial cells exposed to oxidative stress results in 

endothelial cell activation 142.  Diabetes-induced oxidative stress likely leads to an 

inflammatory response in the coronary vessels resulting in an increased 

expression of pro-inflammatory cytokines IL-6, TNF-α and IL-1β 203 as well as 

adhesion molecules such as ICAM-1 and VCAM-1 111. In agreement, here we 

report a significant reduction in ICAM-1 protein expression with both FUT-175 

and anti-MBL-A treatment.  From these studies, we hypothesize that the 

decreased ICAM-1 expression we observed in this study was due to attenuation 

in MBL-dependent endothelial cell activation.  Interestingly, anti-MBL-A treatment 

alone decreased ICAM-1 expression more than FUT-175 (Fig. 3.7), suggesting a 

greater anti-inflammatory effect with MBL blockade.  These data may be at least 

partly explained by the timing of inhibitor delivery, since FUT-175 was infused 

5min prior to reperfusion and P2D5 was infused prior to ischemia.  Perhaps if 

FUT-175 had been allowed to circulate prior to ischemia, ICAM-1 expression 

would have been similarly attenuated in both groups, if not more in the FUT-

treated animals. 

 

ICAM-1 expression on vascular endothelial cells is responsible for the firm 

adhesion of circulating neutrophils, an early step in their sequestration in sites of 

injury.  Neutrophil expression of CD11b is also essential for sequestration, and 
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here we report that inhibition of complement activation by FUT-175 plays a 

significant role in attenuating neutrophil-mediated tissue injury following 

myocardial ischemia and reperfusion. Indeed, complement component C5a is a 

potent chemoattractant for circulating neutrophils, acting via the PMN C5a 

receptor (CD88).  Kuratani et al. demonstrated that activated leukocytes and C5a 

were involved in the injury to rabbit lung produced during the reperfusion that 

followed cardiopulmonary bypass 108.  In agreement, we found that treatment 

with complement inhibitor FUT-175 decreased neutrophil accumulation and 

infarct size in the heart following LAD occlusion and reperfusion by blocking 

complement activation by all three pathways. We found that neutrophil CD11b 

expression was decreased in whole blood from animals treated with FUT-175 

after 120min of reperfusion, revealing an attenuated acute inflammatory 

response compared to control. CD11b expression was decreased to a similar 

extent in anti-MBL treated rats, suggesting that blockade of the MBL pathway 

plays an important anti-inflammatory role in the systemic circulation.  We 

hypothesize that one mechanisms by which FUT-175 acts to decrease neutrophil 

CD11b expression is by eliminating complement-mediated neutrophil stimulation 

via C5a. Interestingly, anti-MBL-A treatment significantly affected the capacity of 

neutrophils to be stimulated with fMLP, suggesting that anti-MBL has some direct 

effects on the neutrophil.  This study did not attempt to clarify the mechanism by 

which anti-MBL treatment attenuated neutrophil activation.  In toto, these results 
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indicate that complement activation plays a significant role in increasing 

neutrophil-mediated I/R injury.   

 

In contrast, Homeister et al found that complement activation in isolated rabbit 

hearts treated with normal human plasma was responsible for an increase in 

perfusion pressure, and complement activation and its resulting effects could be 

blocked with FUT-175 90. We report here that both FUT-175 and P2D5 treatment 

significantly decreased C3 deposition in the at-risk region of the left ventricle 

following ischemia and reperfusion (Fig. 3.3).  C3 cleavage and subsequent C3b 

deposition in the ischemic myocardium plays a significant role the manifestation 

of reperfusion injury. In addition to recruiting and activating neutrophils within the 

ischemic myocardium, complement-derived products exacerbate ischemic tissue 

injury and cardiac dysfunction by neutrophil-independent mechanisms such as 

anaphylatoxin production (C3a, C4a, and C5a), increase vascular permeability, 

and induce smooth muscle contraction.  The cleavage product C3a initiates 

decreases in left ventricular force and coronary flow, induces tachycardia, and 

impairs atrio-ventricular conduction 52.  Finally, the terminal, cytolytic MAC can 

assemble on myocytes, generating hydrophilic channels with subsequent 

deleterious influx of extracellular calcium, causing or at least contributing to 

ischemic contracture.  These data confirm a non-immunological role of 

complement for contributing to reperfusion injury in the absence of neutrophils.  
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In summary, we found that complement activity mediates the acute inflammatory 

response to myocardial I/R injury, specifically with respect to neutrophil activation 

and accumulation. The localization of these immune system components is 

associated with increased infarct size.  Complement activation, especially via the 

MBL-pathway, appears to play a particularly important role in progression of I/R 

damage due to its lytic and pro-inflammatory properties. The results of this study 

give further evidence that specific complement blockers, especially those with 

activity against all three pathways, may aid in the development of improved 

pharmacological interventions and treatments for ischemic heart disease. 
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CHAPTER 4 

MANNOSE-BINDING LECTIN PATHWAY IS A SIGNIFICANT REGULATOR 

OF ISCHEMIC INJURY IN THE TYPE 2 DIABETIC HEART 

 

ABSTRACT 

 

The risk of cardiovascular disease is significantly enhanced in type 2 diabetes, 

resulting in up to 75% of all diabetes-related deaths. Ischemia-reperfusion injury 

is exacerbated in the type 2 diabetic heart following transient ischemia.  

Complement activation plays an important role in the inflammatory response and 

is involved in ischemia/reperfusion (I/R) injury. The purpose of this study was to 

determine if the mannose-binding lectin (MBL) pathway of complement activation 

plays a particularly important role in ischemia-reperfusion injury in the diabetic 

heart.  Zucker Lean Control (ZLC) and Zucker Diabetic Fatty (ZDF) rats 

underwent 30min of coronary artery occlusion followed by 120min of reperfusion. 

Two different groups of ZDF rats were treated with either FUT-175, a broad 

complement inhibitor, or P2D5, a monoclonal antibody raised against rat MBL. 

Left ventricular (LV) tissue samples were stained for complement deposition and 

infarct size following reperfusion. We found that there was significantly increased 

infarct size in the untreated ZDF heart compared to the ZLC heart (57.0 ± 5.7 

%AI/AAR and 27.5 ± 5.6 %AI/AAR, respectively; p<0.05).  FUT175 and P2D5 

treatment both significantly decreased infarct size (ZDF+FUT: 32.8 ± 4.5 
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%AI/AAR; ZDF+P2D5: 31.0 ± 4.2 %AI/AAR).  In addition, FUT-175 and P2D5 

treatment both significantly decreased C3 deposition and neutrophil 

accumulation (p<0.05). These findings indicate that the MBL pathway plays a 

particularly important role in the severity of complement-mediated I/R injury in the 

type 2 diabetic heart.   
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INTRODUCTION 

 

Cardiovascular disease is the leading cause of death and serious illness in the 

United States. Among this population, diabetic patients have significantly more 

severe and fatal heart attacks than non-diabetics. In fact, cardiovascular disease 

is the leading cause of death among people with diabetes, accounting for two-

thirds to three-fourths of all diabetes-related deaths 6 101.  In 1979 the 

Framingham study reported that impaired glucose tolerance is a major risk factor 

for cardiovascular disease. The metabolic abnormalities that characterize type-2 

diabetes have led researchers to propose roles for oxidative stress 185 224, 

advanced glycation end-products (AGEs) 27, and impairment in nitric oxide (NO) 

mediated pathways 191 in the pathogenesis of cardiovascular disease. 

 

Current findings indicate a relationship between chronic inflammation and the 

cardiovascular complications of diabetes 203 88 224. Complement activation plays 

an important role in the inflammatory response and is known to be involved in 

ischemia/reperfusion (I/R) injury in the non-diabetic heart 218 99 48. However, the 

contribution of complement to the increased severity of myocardial I/R injury in 

the type 2 diabetic heart has yet to be investigated. Understanding the role of 

complement in the diabetic heart is necessary for adequate treatment and 

prevention of cardiovascular disease within this population. 
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The complement system is part of the innate defense system responsible for the 

elimination of invading foreign cells and initiation of inflammation. There are three 

independent pathways which can initiate the complement cascade: the classical, 

alternative, and more recently described lectin pathway. Complement activation 

contributes to tissue injury in human myocardial infarctions 183, as well as 

damaged hearts in animal models of ischemia 218. Indeed, postmortem 

examination of human hearts has identified deposition of the membrane attack 

complex (MAC, C5b-9) on damaged muscle fibers.  

 

It is now well understood that neutrophil trapping and sequestration in the 

microcirculation plays a significant role in I/R injury 171 88. However, the effects of 

neutrophil accumulation are not solely confined to mechanical plugging of small 

coronary capillaries, contributing to the so-called “no-reflow” phenomenon. Under 

reduced flow rates, such as during ischemia and reperfusion, neutrophils adhere 

to the venular endothelium, platelets, and probably myocytes. Production of the 

complement cleavage product C5a primarily acts as the principal chemotactic 

factor for circulating neutrophils thereby increasing neutrophil adhesion to the 

endothelium by mobilizing internal stores of neutrophil complement receptor-1, 

CD11b/CD18, and CD11c 200. C5a is also capable of stimulating neutrophils to 

produce and release reactive oxygen species, proteolytic enzymes, and 

lipoxygenase products (leukotrienes) that influence platelet and endothelial 

function, inducing vasoconstriction and platelet aggregation 178. The finding that 
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C5a indirectly induces the production of chemokines, cytokines, and other pro-

inflammatory mediators 179 103 provides yet another link between complement 

activation, inflammation, and impaired cardiovascular function in the type 2 

diabetic heart. 

 

Jordan et al found that blockade of the lectin pathway is cardioprotective 

following I/R by reducing neutrophil infiltration and attenuating pro-inflammatory 

gene expression 99.  Additionally, echocardiographic analysis of cardiac function 

in MBL-null mice following myocardial I/R resulted in improved LV function, as 

measured by ejection fraction, compared to both wild-type and C1q-null mice 207.  

Together, these data point to a significant contribution of MBL to cellular injury 

and left ventricular function in post-ischemic myocardial tissues. Hansen and 

colleagues reported that patients with a history of cardiovascular disease had 

significantly elevated MBL levels, suggesting that MBL may be involved in the 

pathogenesis of micro- and macrovascular complications in type 1 diabetes 79.  

To our knowledge, no studies have examined the role of the MBL pathway in I/R 

in the type 2 diabetic heart. 

 

In an attempt to explain the excessive cardiovascular complications of type 2 

diabetes, we hypothesized that diabetic patients have increased MBL 

complement activity following I/R injury due to its carbohydrate-recognition 

domain. Since diabetic patients suffer more severe and fatal heart attacks, it 
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follows that complement may play a role due to its lytic and inflammatory 

properties.  The present study was performed to test the specific role of MBL-

pathway activation in myocardial I/R injury in the diabetic heart.  We found that 

inhibition of the MBL pathway alone resulted in significantly decreased 

complement- and neutrophil-mediated myocardial cell death following I/R.  These 

findings indicate that the MBL pathway plays a particularly important role in the 

severity of complement-mediated I/R injury in the type 2 diabetic heart.   
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MATERIALS AND METHODS 

Detailed Methods can be found in Appendix A.  IACUC approval in Appendix C. 

 

ANIMALS:  All procedures were reviewed and approved by the Institute for 

Laboratory Animal Research (ILAR) Guide for Care and Use of Laboratory 

Animals.  Male Zucker Diabetic Fatty (ZDF fa/fa) rats and their aged matched 

lean litter mates (ZLC fa/-) were obtained from Charles River GMI Labs at 10 

weeks of age and were used at 12-14 weeks of age. 

  

COMPLEMENT INHIBITORS:  FUT-175 (Futhan, nafamostat mesilate; BIOMOL 

International) was prepared as previously described (Chapter 3) and was dosed 

5min prior reperfusion (1mg/kg; iv).   

 

Anti-rat MBL-A mAb, P2D5, was purified as previously described (Chapter 3).  A 

subset of animals was dosed with 10mg/kg (body weight) P2D5 intravenously 

5min prior to ischemia. 

 

MYOCARDIAL I/R PROTOCOL: ZLC and ZDF rats were anesthetized with 

sodium pentobarbital (50mg/kg IP) and prepared for the LAD occlusion 

procedure as described in Chapter 2 and Appendix A. Rats were divided into four 

groups 1) ZLC+PBS infusion 2) ZDF+PBS infusion 3) ZDF+FUT-175 infusion 

(1mg/kg) or 4) ZDF+P2D5 infusion (10mg/kg). Following 30min of ischemia, the 
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ligature was unclamped and the ischemic myocardium was reperfused for 

120min. 

 

MYOCARDIAL INFARCT SIZE DETERMINATION: Following reperfusion, the 

LAD was re-occluded and Trypan blue dye was injected to delineate the area-at-

risk (AAR) 39 99 204 204 99. A 2mm heart section was taken approximately 3mm 

distal to the suture. This coronal section of myocardial tissue was scanned with a 

high-resolution computer scanner (Hewlett-Packard-model 5370C). After 

scanning, the coronal section was placed in a 1.5% triphenyl tetrazolium chloride 

(TTC) solution and incubated for 30min at 37oC 20 99.  Following the TTC 

incubation, the section was placed in a 10% buffered formalin solution for 24hrs 

and rescanned. The AAR was computed by dividing the area unstained by the 

Trypan by the total LV area. The infarcted fraction was determined following 

formalin incubation by measuring the area of necrosis divided by the total LV 

area.  Infarct size is expressed as the percentage of the AAR (AI/AARX100).  

 

MBL-DEPENDENT C3 DEPOSITION FLISA: To determine if FUT-175 inhibits 

MBL-dependent C3 deposition ex vivo, rat sera samples were collected and 

subjected to a MBL-dependent complement-activation FLISA as previously 

described in Chapter 3 and Appendix A. The data are presented with background 

integrated intensity from control wells (e.g., VBS++ only). 
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HISTOLOGY: Following I/R, ZLC and ZDF hearts were excised, frozen, 

sectioned, and mounted on slides for histological staining of C3 deposition as 

described in Chapter 2 and Appendix A. Data expressed as the percentage of C3 

positive area to total LV area (%C3/LV).   

 

A separate set of slides was stained for neutrophil sequestration within regions of 

C3 deposition using Naphthol AS-D Choloroacetate Esterase (NCE) (Sigma) as 

previously described 111 106. Neutrophil data is expressed as the number of 

neutrophils per 5 fields at 40X magnification.   

 

Intracellular molecule-1 (ICAM-1, CD54) expression was examined in frozen 

myocardial tissue sections as a measure of endothelial cell activation following 

I/R 226.  ICAM-1 expression was analyzed as previously described 111. Data are 

presented as the area of ICAM staining (μm2).  

 

STATISTICAL ANALYSIS: All values are expressed as means ± standard error 

(SEM) of n independent experiments. Comparisons between non-diabetic and 

diabetic groups were made using a two-tailed independent t-test. Differences 

were considered significant at p ≤ 0.05.  SigmaStat 3.0 software (Jandel 

Scientific) was used for statistical analysis. 
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RESULTS 

 

Left Ventricular Infarct Size  

Myocardial injury following 30min ischemia and 120min reperfusion was 

assessed by examining the size of the infarct as a percentage of the area-at-risk 

(%AI/AAR).  The AAR did not differ between PBS-, FUT- or P2D5-treated rats 

(ZLC+PBS: 52.8 ± 3.7%AAR/LV; ZDF+PBS: 46.3 ± 4.3%AAR/LV; ZDF+FUT: 

41.4 ± 7.6%AAR/LV; ZDF+P2D5: 44.3 ± 5.4%AAR/LV, respectively), indicating a 

comparable degree of ischemic insult between groups.  However, infarct size 

was significantly greater in the untreated ZDF rat hearts compared to the 

untreated ZLC and ZDF treated with FUT-175 or P2D5 (Fig. 4.1; ZLC+PBS: 27.5 

± 5.6%AI/AAR; ZDF+PBS: 57.0 ± 5.7%AI/AAR; ZDF+FUT: 32.8 ± 4.5 %AI/AAR; 

ZDF+P2D5: 31.3 ± 3.4 %AI/AAR; p<0.05). Thus, ZDF rats treated with the 

complement inhibitors FUT-175 and P2D5 had similar and significant decreases 

in myocardial injury when compared to PBS-treated controls under similar 

conditions of ischemia and reperfusion. 
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Figure 4.1. Anti-MBL-A (P2D5) treatment attenuates infarct size in the 

diabetic rat heart.  

Anti-complement treatment in diabetic (ZDF) rats (n=6 in both FUT and P2D5 

groups) resulted in significantly decreased infarct size compared to untreated 

ZDF rats (n=9). *p<0.05 ZLC+PBS v. ZDF+PBS; #p<0.05 ZDF+FUT and 

ZDF+P2D5 v. ZDF+PBS.  
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Myocardial Complement Deposition  

Complement activation and deposition plays a significant role in the 

manifestation of reperfusion injury 111 99 226. To analyze complement activity, we 

immunohistologically stained LV cardiac tissue sections for complement 

component C3 (Fig. 4.2).  C3 deposition is localized to the AAR region of the LV 

and was significantly greater in ZDF+PBS-treated rat hearts compared to 

ZLC+PBS-treated hearts (Fig. 4.2; ZLC+PBS: 29.3 ± 3.1%C3/LV and ZDF+PBS: 

40.3 ± 3.3%C3/LV, p<0.05). Both FUT-175 and P2D5-treatment resulted in 

significantly decreased C3 staining in ZDF hearts (ZDF+FUT: 19.9 ± 2.4%C3/LV; 

ZDF+P2D5: 17.0 ± 2.7%C3/LV; p<0.05).  These results suggest that the lectin 

pathway is primarily responsible for the enhanced C3 deposition observed in the 

untreated ZDF heart. 
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Figure 4.2. P2D5-treatment decreases C3 deposition. 

Treatment with anti-MBL-A (P2D5) in ZDF rats (n=6) resulted in similar 

decreases in C3 deposition as seen in ZLC+PBS (n=9) and ZDF+FUT (n=6) 

groups.  There was significantly greater C3 deposition in the LV of untreated 

ZDF+PBS animals (n=9). *p<0.05 ZLC+PBS v. ZDF+PBS; #p<0.05 ZDF+FUT 

and ZDF+P2D5 v. ZDF+PBS. 
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Neutrophil Accumulation 

Neutrophil sequestration and infiltration has been found to play a significant role 

in reperfusion injury and endothelial dysfunction 88 118 124.  Indeed, tissue 

myeloperoxidase activity, a measure of neutrophil accumulation, is decreased 

following complement inhibition 99; 204. We examined the relationship between 

complement inhibition and neutrophil accumulation in hearts from untreated rats 

and those that had been treated with FUT-175 or P2D5.  Napthol AS-D 

Chloroacetate Esterase (NCE) histochemical staining was used to assess 

neutrophil accumulation and for each slide, neutrophils were counted only in the 

LV area containing positive C3 staining. We observed significantly greater 

neutrophil accumulation in the left ventricle of the untreated ZLC and ZDF rats 

compared to the FUT-175 and P2D5-treated rats (Fig. 4.3; ZLC+PBS: 45 ± 7; 

ZDF+PBS: 90 ± 5; ZDF+FUT: 38 ± 7; and ZDF+P2D5: 43 ± 5 PMNs/ 5 fields, p < 

0.001). Anti-MBL treatment with P2D5 decreased the accumulation of neutrophils 

to the same degree as FUT-175, suggesting that the MBL pathway is largely 

responsible for neutrophil accumulation in post-ischemic tissue. 



 148

PM
N

 A
cc

um
ul

at
io

n 
(#

 P
M

N
s 

pe
r 5

 fi
el

ds
 a

t 4
0X

)

0

20

40

60

80

100 *

# #

ZLC+PBS ZDF+PBS ZDF+FUT ZDF+P2D5  

Figure 4.3. P2D5-treatment decreases neutrophil accumulation. 

LV neutrophil (PMN) accumulation was significantly increased in the untreated 

ZDF animals compared to non-diabetic and anti-complement treated animals. 

Treatment with anti-MBL-A (P2D5) effectively ameliorated the effect of diabetes 

on PMN accumulation since there is no difference between non-diabetic (ZLC) 

and ZDF+P2D5 LV PMN counts. *p<0.05 ZLC+PBS v. ZDF+PBS; #p<0.05 

ZDF+FUT and ZDF+P2D5 v. ZDF+PBS. 
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Vascular Intracellular Adhesion Molecule (ICAM-1, CD54) Expression 

A primary event in the immune response to injury is the recruitment of circulating 

neutrophils to the inflammatory site. Adhesion to the vascular endothelium is the 

prerequisite step for sequestration and extravasation to the site of injury. ICAM-1 

(CD54) expression is a marker of endothelial cell activation. Neutrophil 

CD11b/CD18 ligand binds to ICAM-1, enabling firm adherence of neutrophils to 

the vascular endothelium. Using immunohistochemical techniques, we observed 

significantly decreased ICAM-1 expression in the left ventricle of P2D5-treated 

ZDF rat hearts compared to untreated ZDF hearts (Fig. 4.4, ZLC+PBS: 3659.0 ± 

256.7μm2; ZDF+PBS: 6716.5 ± 378.1μm2; ZDF+FUT: 1132.1 ± 115.0μm2; 

ZDF+P2D5: 2025.9 ± 143.9μm2; p < 0.001).  These results suggest that 

activation of the lectin pathway occurs on endothelial cells exposed to ischemia, 

resulting in endothelial cell activation. Furthermore, these data indicate that MBL-

mediated endothelial cell activation can be attenuated by P2D5. 



 150

 

IC
AM

 E
xp

re
ss

io
n 

(u
m

^2
)

0

2000

4000

6000

8000

*

* #

*# $

ZLC+PBS ZDF+PBS ZDF+FUT ZDF+P2D5  

 

Figure 4.4. P2D5-treatment decreases ICAM-1 expression. 
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Treatment with the broad complement inhibitor FUT-175 (ZDF+FUT, grey bar) 

resulted in significantly decreased areas of vascular ICAM-1 expression 

compared to both untreated ZLC (ZLC+PBS, open bar) and untreated ZDF 

(ZDF+PBS, black bar) rats.  Anti-MBL-A treatment (ZDF+P2D5, hashed bar) was 

effective at decreasing ICAM expression compared to ZLC+PBS and ZDF+PBS, 

however, there was more ICAM expression in P2D5-treated ZDF rats than in 

FUT-175 treated ZDF rats. *p<0.001 ZLC+PBS v. ZDF+PBS; #p<0.001 

ZDF+FUT and ZDF+P2D5 v. ZDF+PBS; $p<0.001 ZDF+FUT v. ZDF+P2D5. 
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DISCUSSION 

 

The most common cardiovascular complication of type 2 diabetes is ischemic 

heart disease. In the heart, both the incidence and severity of ischemic events 

are significantly increased in diabetic individuals. Ischemia is now the single 

major cause of death among diabetic patients, with four out of five deaths due to 

either acute myocardial infarction or stroke. The high incidence of atherosclerosis 

observed in diabetic vessels places these individuals at a significantly increased 

risk of thrombo-embolism and ischemic vascular disease. 

 

While it is generally accepted that the complement system plays a significant role 

in the manifestation of reperfusion injury, the lectin pathway of complement 

activation is the most recently described contributor to tissue injury following 

oxidative stress 48 and myocardial I/R 99. Activation of the lectin pathway is 

antibody-independent, beginning with the binding of mannose-binding lectin 

(MBL) to carbohydrate structures present on the surface of bacteria and other 

parasites. Hansen et al 78 reported that MBL levels are suppressed by insulin, yet 

to our knowledge no one has revealed whether type 2 diabetic patients have 

significantly altered MBL concentrations. In addition, it is unknown whether there 

is a relationship between MBL status and the outcome of I/R injury in the type 2 

diabetic heart.   
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The lectin pathway has recently been recognized to play an important role in 

mediating the innate immune response.  A human cytokeratin peptide 

SFGSGFGGGY was identified as a molecular mimic of N-acetyl-D-glucosamine 

(GlcNAc), a known ligand of MBL.  As such, SFGSGFGGGY specifically binds 

and inhibits purified recombinant MBL as well as lectin pathway activation on 

endothelial cells following oxidative stress 142.  Subsequent studies using 

monoclonal antibodies against rat MBL-A found that blockade of the lectin 

pathway is cardioprotective following I/R by reducing neutrophil infiltration and 

attenuating pro-inflammatory gene expression 99.  In the current study, we report 

that inhibition of lectin pathway activation via mAb P2D5 significantly decreases 

infarct size, C3 deposition, neutrophil accumulation and ICAM expression in the 

diabetic heart.  In fact, we found that inhibition of MBL-A alone provided similar 

protection as FUT-175, a broad complement inhibitor, indicating that the lectin 

pathway is primarily responsible for the observed increase in tissue injury in I/R 

injury in the diabetic heart. 

 

Engstrom et al reported a significant association between complement 

component C3 and diabetes, concluding that the risk of developing type 2 

diabetes is related to plasma levels of complement C3 57. However, the Engstrom 

study 57 did not indicate whether complement plays a role in the outcome of I/R 

injury in type 2 diabetic patients. Our group recently demonstrated that enhanced 

complement activity in type 2 diabetes increases myocardial cell death 



 154

associated with ischemia and reperfusion; however in that study we did not 

attempt to address which pathway of complement activation was responsible 111. 

 

The hyperglycemic state of uncontrolled type 2 diabetes may confer an important 

role in the development of cardiovascular disease. Glycation reactions are 

considered a major pathophysiological mechanism by which tissue damage may 

occur in diabetic patients 27. Glycation involves the reaction of glucose and/or 

other reducing sugars with amino groups in proteins, resulting in the formation of 

a Schiff base or aldimine. The function of glycated proteins may be impaired if 

the affected amino group lies in proximity to the protein’s active site. Acosta et al 

demonstrated that glycation of CD59, an important complement regulatory 

membrane protein, inhibits its function and results in an increase in membrane-

attack complex (MAC, C5b-9) deposition and MAC-stimulated cell proliferation in 

vitro 3 159. The hyperglycemia that defines type 2 diabetes may therefore directly 

influence the activation and regulation of the lectin pathway of complement 

activation. These and other reports 111 99 suggest that there is a relationship 

between hyperglycemia, complement activation, and the development of severe 

cardiovascular complications in type 2 diabetes. 

 

Myocardial Infarct Size 

The lectin pathway of complement activation is the most recently described 

contributor to tissue injury following oxidative stress, suggesting an association 
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between MBL and vascular events 48. Fiane et al (2003) revealed that MBL-

deficient patients undergoing thoracic abdominal aortic aneurism repair had less 

pro-inflammatory markers (IL-1β, TNF-α, and IL-8) following surgery 59. Ischemic 

injury in a variety of vascular beds has been found to initiate lectin-complement 

pathway activation, and pretreatment with anti-MBL-A antibody reduced post-

ischemic myocardial reperfusion injury in a rat model of I/R 99.  

Ischemia and reperfusion are associated with an acute local and systemic 

inflammatory response that is recognized by reactive oxidant production, 

complement activation, leukocyte-endothelial cell adhesion, leukocyte 

diapedesis, platelet-leukocyte aggregation, increased vascular permeability, and 

decreased endothelium-dependent relaxation 31.  A number of pro-inflammatory 

and lytic mechanisms have been identified by which complement exacerbates 

reperfusion injury, ultimately through formation of the lytic membrane-attack 

complex (MAC, C5b-9).  MAC is a circular polymer of C9 proteins that inserts in 

to cell membranes and forms a transmembrane pore. This disruption of cell 

membrane integrity leads to membrane depolarization, electrolyte imbalance, 

colloid osmotic swelling and lysis. Heijnen et al (2005) found that administration 

of the classical pathway inhibitor C1-INH prior to hepatic ischemia decreased 

alanine aminotransferase levels, a measure of hepatocellular injury, and 

increased bile secretion following 24 hours of reperfusion 82.  They also report co-

localization of activated C3 and MAC on injured hepatocytes following I/R, 

suggesting that those hepatocytes probably die through MAC-mediated cell lysis.   
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Studies performed in the isolated heart and in neutrophil-depleted animal models 

found that complement activation is a significant regulator of I/R injury even in the 

absence of neutrophils 90 51.  MAC formation on post-ischemic endothelial cells 

may result in increased rates of cellular activation, apoptosis, and necrosis 3. 

MAC-mediated endothelial cell activation may result in adhesion molecule 

expression and ROS production, thereby enhancing leukocyte accumulation. In 

support of a role for MAC-mediated myocardial injury following I/R, Ito et al 

(1996) reported that C6-deficient rabbits had significantly decreased infarct size 

and increased area of reflow, suggesting that the terminal complement 

components contributes to the “no-reflow” phenomenon 95. In the setting of 

myocardial ischemia and reperfusion, we found evidence that the MBL-pathway 

of complement activation plays a significant role in infarct expansion in a type 2 

diabetic rat model.  We observed similar decreases in infarct size following MBL-

A inhibition with the monoclonal antibody P2D5, compared to broad complement 

blockade using the serine protease inhibitor FUT-175 in the diabetic heart.  Since 

there was no significant difference in infarct size measurements between the 

non-diabetic (ZLC) rats, the FUT-175 treated diabetic (ZDF), and the P2D5 

treated diabetic (ZDF) rats, we can conclude that a majority of diabetic 

myocardial I/R injury is associated with lectin complement pathway activation. 

Complement Activation/Deposition 

Most blood glucose and plasma proteins are synthesized in the liver and their 

synthesis is regulated by cytokines 147. In fact, C3 is mainly produced in the liver 
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in response to pro-inflammatory cytokines such as IL-6 and IL-1 168 147. In 

addition, complement activation and free radical generation appear to be 

important factors in triggering the cytokine cascade in infarcted myocardium. 

Stapp et al 189 recently reported that IL-1β, IL-6, and IFN-γ specifically increase 

the quantity of C3 mRNA and secreted C3 protein. Ward and colleagues 5 166 

have reported that complement component C5a increases IL-6 gene expression, 

and their data suggest that IL-6 plays an important role in the increased 

expression of C5a receptor in the heart and other tissues. It would be worthwhile 

to know whether the expression of these genes is enhanced in type 2 diabetes 

following I/R.  

 

Previous work from our laboratory demonstrated that C3 deposition correlates 

significantly with neutrophil accumulation and infarct size in the type 2 diabetic 

heart following I/R 111.  The increase in C3 deposition via lectin pathway 

activation may be linked to diabetes via low-grade systemic inflammation and 

hyperglycemia. In the present study, we observed significantly decreased C3 

deposition when ZDF rats were treated with an MBL-A-inhibitor prior to ischemia 

(Fig. 4.2).  In fact, there was no significant difference in C3 deposition between 

untreated ZLC, FUT-175 treated ZDF, and P2D5-treated ZDF rats. Thus, 

activation of the lectin pathway following ischemia appears to play a major role in 

C3 deposition in the diabetic heart, and and is likely responsible for the observed 

increase in infarct size.  
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Neutrophil Accumulation & ICAM-1 Expression 

In the presence of an intact complement system, C1q begins to concentrate in 

ischemic tissues soon after coronary occlusion 177 and subsequent production of 

C5a induces the accumulation of neutrophils (PMNs) in the ischemic tissue 54. 

Atsuumi et al found consistent results with the induction of PMN chemotaxis into 

the ischemic myocardium by activation of the complement cascade 13. Neutrophil 

infiltration and accumulation in post-ischemic tissues are significant contributors 

to myocardial 186 169, cerebral 171 188 225, and renal 167 reperfusion injury. 

 

Previously, we reported a significant increase in PMN accumulation in the ZDF 

heart following I/R 111.  In the present study, we found that blockade of the lectin 

complement pathway with P2D5 significant attenuated the influx of PMNs to 

post-ischemic tissues (Fig. 4.3).  Additionally, MBL-A inhibition decreased the 

number of PMNs to the same degree as FUT-175, an effective inhibitor of all 

three complement activation pathways.  There was no significant difference in LV 

PMN accumulation between the untreated non-diabetic ZLC and the treated 

diabetic ZDF rats, indicating that much of the PMN accumulation can be 

attributed to complement activation products, specifically from the MBL pathway.  

These data suggest that use of MBL inhibitors such as P2D5 may be of use in 

other pathological conditions characterized by excessive PMN accumulation. 
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Endothelial cell dysfunction is enhanced in diabetes and may be partially 

explained by alterations in microvascular and blood cell adhesion properties. ECs 

lining the arteries display different characteristics depending on the fluid flow 

conditions to which they are exposed.  White blood cell adhesion receptor 

expression and cell surface properties vary with location, as evidenced by the 

localization of atherosclerotic plaques to areas of stress gradients.  Activated 

endothelial cells express several types of leukocyte adhesion molecules, which 

cause blood cells rolling along the vascular surface to adhere at the site of 

activation. Adhesion molecules such as intercellular adhesion molecule-1 (ICAM-

1) and vascular cell adhesion molecule (VCAM-1) are known to participate in 

leukocyte-endothelial binding and play important roles in leukocyte extravasation. 

Indeed, acute hyperglycemia results in augmented microvascular adhesion 

properties which are manifested as increased VCAM-1 and endothelial P-selectin 

expression 24.  

 

Strong evidence has been presented suggesting a link between diabetes and 

inflammation. Diabetes-induced oxidative stress leads to an inflammatory 

response in the coronary adventitia resulting in an increased expression of IL-6, 

TNF-α, MCP-1, and VCAM-1 224. In the present study, we found that MBL 

inhibition attenuated the observed increase in ICAM-1 expression in the diabetic 

heart following reperfusion 111.  Montalto et al found that pretreatment of human 

serum with MBL inhibitors attenuated VCAM-1 expression, suggesting that 
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activation of the lectin complement pathway on endothelial cells exposed to 

oxidative stress results in endothelial cell activation 142.  

 

PMN firm adherence to the vascular endothelium occurs via binding of CD11b to 

its ligand, ICAM-1.  The low-grade chronic inflammation that is present in type 2 

diabetes may result in increased basal expression of ICAM-1, and there is 

significantly increased ICAM-1 expression in the type 2 diabetic heart compared 

to the non-diabetic following I/R 111.  Here we report that P2D5 treatment 

significantly attenuates vascular ICAM-1 expression, even more than FUT-175 

treatment, suggesting that there may be unknown anti-inflammatory mechanisms 

underlying lectin pathway inhibition.  Additionally, the P2D5-mediated decrease 

in ICAM-1 expression is likely responsible for the attenuated PMN infiltration in 

the P2D5 treated animals. 

 

Here we have clearly demonstrated a significant role for the lectin pathway in the 

pathophysiology of myocardial ischemia and reperfusion injury in the setting of 

type 2 diabetes.  Specifically, MBL-A inhibition alone decreased infarct size, C3 

deposition, neutrophil accumulation and ICAM expression to a similar degree as 

the broad complement inhibitor FUT-175.  Future studies aimed at further 

elucidating the mechanisms underlying the excessive complement activation in 

type 2 diabetic I/R injury will aid in the development of improved prophylaxis and 
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pharmaceutical interventions for ischemic heart disease and reperfusion injury in 

the setting of type 2 diabetes. 
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CHAPTER 5: PRELIMINARY RESULTS 

PRO-INFLAMMATORY MECHANISMS UNDERLYING THE EXACERBATED 

RESPONSE TO ISCHEMIC INJURY IN TYPE 2 DIABETES  

 

ABSTRACT 

 

Type 2 diabetes (T2DM) is associated with chronic, low-level inflammation. Pro-

inflammatory cytokines can influence synthesis and secretion of adhesion 

molecules, complement components, and chemokines, all of which are important 

for the targeted, localized activation of the inflammatory response.  Ischemia 

followed by reperfusion (I/R) is an acute inflammatory stimulus, and I/R is 

associated with excessive complement activation leading to increased plasma 

complement component C5a. Some effects of C5a are mediated through binding 

to the C5a receptor (CD88) on circulating PMNs. The purpose of this study was 

to examine differential gene expression in cardiac tissue from non-diabetic and 

diabetic rats following I/R and to examine neutrophil CD88 expression.  Blood 

was taken from Zucker Lean Control (ZLC) and Zucker Diabetic Fatty (ZDF) for 

measurement of neutrophil CD88 expression. Using flow cytometry, we found 

increased basal levels of CD88 on diabetic neutrophils compared to non-diabetic 

neutrophils.  Rats then underwent 30min LAD occlusion followed by 120min 

reperfusion.  Post-ischemic LV tissue was harvested and an Affymetrix Genechip 

was used to examine changes in gene expression.  A majority (59%) of the 
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genes that were differentially expressed between ZLC and ZDF were pro-

inflammatory genes.  Real Time qRT-PCR was used to verify mRNA expression 

of genes of interest.  We found differences in gene expression for pro-

inflammatory cytokines IL-6 and TNF-α, adhesion molecules ICAM-1 and VCAM-

1, and complement components C3 and C4a.  Taken together, these data 

suggest a significant role for chronic inflammation in complement- and neutrophil-

mediated I/R injury in the type 2 diabetic heart.  
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INTRODUCTION 

 

Type 2 diabetes is a significant risk factor for the development of cardiovascular 

disease, particularly ischemic heart disease. In atherosclerotic plaque 

development, the balance between inflammatory and anti-inflammatory activity 

controls disease progression. Similarly, following ischemia, a majority of the 

damage associated with reperfusion injury can be attributed to an overwhelming 

of the body’s natural anti-oxidant defenses and enhanced oxidative stress.   

 

A majority patients with type 2 diabetes are overweight/obese and recently 

adipose tissue was recognized as both an inflammatory player and active 

endocrine organ, responsible for the production and secretion of a variety of 

cytokines and transcription factors involved in inflammatory and thrombotic 

pathways, including TNF-α, leptin, IL-6, adiponectin, resistin, PPAR-γ, and PAI-1.  

Obese animal models and human subjects have elevated TNF-α expression in 

adipose tissue 220 implicating TNF-α as a key player in the development of insulin 

resistance.  As such, this chronic low-grade inflammation present in type 2 

diabetes may contribute to the enhanced severity of ischemia/reperfusion (I/R) 

injury in this growing patient population 155 111. 

 

Activation of the complement cascade plays a key role in host defense against 

invading mircoorganisms. However, several anaphylatoxins (i.e. C5a and C3a) 
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are produced during complement activation that is associated with a variety of 

pathologies, including septic shock, adult respiratory distress syndrome, and 

ischemia/reperfusion injury 209 49 59 111.  Following myocardial infarction, 

complement activation and free radical generation appear to be important factors 

in triggering the cytokine cascade, thereby enhancing oxidative stress. 

 

Most blood glucose and plasma proteins are synthesized in the liver and their 

synthesis is regulated, in part, by cytokines 147.  In fact, most complement 

components are produced in the liver in response to pro-inflammatory cytokines 

such as IL-6 and IL-1 147. Stapp et al recently reported that IL-1β, IL-6, and IFN-γ 

specifically increase the quantity of hepatic complement component C3 mRNA 

and secreted C3 protein, an observation consistent with reports that C3 is an 

acute phase protein in the rat 189.  Compared to untreated control cells, rat 

hepatoma H-35 cells treated with IL-1β, IL-6, and IFN-γ increased C3 secretion 

roughly 10-, 4-, and 2-fold, respectively 189. These findings provide evidence that 

in a chronically pro-inflammatory state, such as T2DM, complement protein 

generation and secretion may be upregulated, which under certain conditions of 

an acute inflammatory response, could lead to damaging homeostatic 

consequences. 

 

The complement cleavage fragment C5a is a potent anaphylatoxin and 

chemoattractant for circulating neutrophils (PMNs).  C5a is also capable of 
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activating non-myeloid cells including endothelial cells by upregulating secretion 

of cytokines, chemokines, and acute phase proteins, and expression of adhesion 

molecules.  The C5a receptor (C5aR, CD88) is expressed mainly on myeloid 

cells, particularly PMNs, as well as the salivary gland, lung, liver, and 

cardiomyocyte 4 222.  Thus, activation of C5 is particularly important in the 

inflammatory response, and studies using inhibitors of C5 and its receptor found 

significant cardioprotective benefits following I/R 204 222 51.   

 

Expression of the C5aR is regulated by pro-inflammatory cytokines, specifically 

IL-6 5.  When C5a binds to its receptor, it activates a pertussis toxin-sensitive G-

protein coupled receptor, as described in Chapter 1, the final outcome of which is 

assembly of NADPH oxidase (Fig. 1.3).  

 

A recent report indicates that C5a activates the phosphatidylinositol 3-kinase 

(PI3K) pathway in neutrophils, as blockade of this pathway with a selective PI3K 

inhibitor abolishes neutrophil resistance to apoptosis after exposure to C5a 209. 

The implications of C5a-induced PMN resistance to apoptosis are not entirely 

clear. Theoretically, this could prolong the life span of neutrophils at sites prone 

to inflammation, such as the lung, thereby enhancing protection against 

infectious agents. However, it can also be argued that apoptosis of neutrophils is 

an important mechanism for their clearance from inflammatory sites, therefore 

containing the inflammatory response.  In such a situation, if the apoptosis 
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mechanism is diminished, neutrophil life span could be prolonged, exaggerating 

the inflammatory response. 

 

The purpose of this research was to elucidate the role of inflammation in the 

regulation of PMN-mediated response to ischemia/reperfusion injury in the type 2 

diabetic heart.  Specifically, we tested the hypothesis that enhanced pro-

inflammatory gene expression and production in a rat model of type 2 diabetes is 

associated with increased expression of the C5a receptor on circulating PMNs.  
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MATERIALS AND METHODS 

Detailed methods can be found in Appendix A 

 

ANIMALS:  All procedures were reviewed and approved by the Institute for 

Laboratory Animal Research (ILAR) Guide for Care and Use of Laboratory 

Animals.  Male Zucker Diabetic Fatty (ZDF fa/fa) rats and their aged matched 

lean litter mates (ZLC fa/-) were obtained from Charles River GMI Labs at 10 

weeks of age and were used at 12-14 weeks of age. 

  

FLOW CYTOMETRY: Blood was drawn before ischemia from the femoral arterial 

catheter, anti-coagulated with sodium citrate (Sigma), and diluted with 

Pharmingen Staining Buffer (BD Biosciences). Diluted whole blood was aliquoted 

into two samples. Both samples were incubated for 25min with PE-Cy5 

conjugated anti-CD45 (BD Pharmingen), a pan-leukocyte marker.  For C5a 

receptor detection, one sample was treated with an IgG isotype control and the 

other sample was treated with a Per-CP-conjugated anti-CD88 (BD Pharmingen).  

A FACSCaliber flow cytometer (Becton Dickenson) was used to measure the 

mean channel of fluorescence for CD88 in the CD45-positive neutrophil 

population. CellQuest Pro software was used for analysis and the total 

fluorescence intensity (TFI) was calculated as the product of the values given for 

the “percent gated” and “geometric mean” of the M2 region.   
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MYOCARDIAL I/R PROTOCOL: ZLC and ZDF rats were anesthetized with 

sodium pentobarbital (50mg/kg IP) and prepared for the LAD occlusion 

procedure as described in Chapter 2 and Appendix A. Following 30min of 

ischemia, the ligature was unclamped and the ischemic myocardium was 

reperfused for 120min. 

 

mRNA ISOLATION: To examine changes in mRNA gene expression, 50mg of 

cardiac tissue from the AAR was harvested in RNAlater® (Ambion; Austin, TX) 

tissue storage reagent and total RNA was extracted using TRIzol (Invitrogen Life 

Technologies; Carlsbad, CA) as described by Haimov-Kochman et al 76.  Each 

sample was treated with DNase I and underwent the RNA cleanup procedure as 

described by Qiagen using an RNeasy Mini kit to eliminate DNA contamination.  

Total RNA concentration and purity were determined by spectrophotometric 

optical density measurements at 260 and 280 nm (OD260/OD280).  Reverse 

transcriptase reactions were carried out using the QuantiTect Reverse 

Transcription Kit (Qiagen) and the resulting cDNA was stored at -20ºC.   

 

MICROARRAY: To study alterations in gene expression between ZLC and ZDF 

hearts following I/R, microarray studies were conducted.  These experiments 

were done with the guidance and technical assistance of the Genomics Shared 

Service at the Arizona Cancer Center using the GeneChip® Rat Gene 1.0 ST 
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Arrays from Affymetrix (Santa Clara, CA).  The array analyzes expression of 

27,342 genes, represented on the array by approximately 26 probes spread 

across the full length of the gene.  The groups studied included 1) non-ischemic 

ZLC LV as control, 2) post-I/R ZLC LV, and 3) post-I/R ZDF LV.  We used two 

micrograms of sample RNA from each animal, and pooled the RNA from 4 

animals for each Affymetrix GeneChip® (see Appendix A for detailed protocol).  

The Genomics Shared Service performed all subsequent steps of the microarray 

process including RNA quality control, hybridization, and subsequent data 

analysis and data archiving.  Genes of interest identified as differentially 

expressed using microarray analysis were confirmed using Real Time RT-PCR.  

Complete gene lists can be found in Appendix B. 

 

REAL-TIME qRT-PCR: Myocardial gene expression was assessed for P-selectin, 

VCAM-1, ICAM-1, IL-6, TNF-α, C1q, C3, C4a, C6, C7, and iNOS.  Quantitative 

PCR reactions were carried out using a Rotor Gene RG-3000 (Corbett Research) 

in a 36-well rotor for 45 cycles using the following protocol: 15 minutes at 95ºC, 

45 cycles of 95 ºC for 15 sec, 58ºC for 15 sec, and 72ºC for 20sec.  Diluted 

cDNA were combined with the Quantitec SYBR green PCR kit (Qiagen) and 

200nM of each custom primer designed using Primer3 and synthesized by 

Integrated DNA Technologies.  Primer quality (lack of primer-dimer amplification) 

was confirmed by melting curve analysis.  Real-time PCR primers are listed in 
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Table 5.1.  All resulting values were normalized as a ratio of the β-actin 

expression level for each sample. 
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Gene 

 
Left Primer 

 
Right Primer 

Accession 
Number 

C6 5’-actttgtccatgctggttcc-3’ 5’-gaggtgtgggctgaacattt-3’ NM_176074 
IL-6 5’-taccccaacttccaatgctc-3’ 5’-ggtttgccgagtagacctca-3’ NM_012589 
iNOS 5’-agtgaggagcaggttgagga-3’ 5’-tgggtgtcagagtcttgtgc-3’ NM_012611 

XM_220732 
P-
selectin 

5’-gtcttcacgaacgctgcata-3’ 5’-catcgtcctttcgtttggtt-3’ NM_013114 

C4a 5’-ggatgagcaggagtccagag 
-3’ 

5’-atccactcaggagggtgatg-3’ NM_031504 
XM_346596 

C1q 5’-ataccagaaccgcacaggtc-3’ 5’-ccctgctaacacctggaaga-3’ NM_001008515 
XM_216554 

TNF-α 5’- cagcagatgggctgtacctt-3’ 5’- tggtatgaagtggcaaatcg-3’ X66539 S40199 
C3 5’-ttgactctgtgcctcctgtg- 

3’ 
5’-ccttgtggtcagggacatct-3’ NM_016994 

XM_346863 
ICAM 5’-cacctattaccgccagagga-3’ 5’-gaggtgggtgaggggtaaat-3’ BC081837 

 
VCAM 5’-ttataaaccccggacccttc-3’ 5’-tctcttcagcaatggggact-3’ NM_012889 

 
β-actin 5’-agccatgtacgtagccatcc-3’ 5’-accctcatagatgggcacag-3’ BC063166 

 
 

Table 5.1. RT-PCR Primers 
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IL-6 ELISA: Blood samples were pulled in sodium citrate from a femoral arterial 

catheter prior to ischemia.  The blood was centrifuged on a table-top mini-

centrifuge for 10min at room temperature.  The plasma was pipetted from each 

sample, flash frozen in liquid nitrogen, and immediately stored at -20--70 oC.   

 

Prior to analysis, samples were removed from the freezer and allowed to thaw to 

room temperature.  A rat IL-6 ELISA kit (R&D Systems - #R6000B) was used to 

measure the plasma concentrations of IL-6 from ZLC and ZDF rats. The samples 

were prepared according to the manufacturers recommendations. The 

microplates were read at 450nm (Molecular Devices, SpectroMax M2).  A 

standard curve was plotted and all the unknown samples were determined from 

the standard curve. 

 

STATISTICAL ANALYSIS: All values are expressed as mean ± standard error 

(SEM). Comparisons between non-diabetic and diabetic groups were made using 

a two-tailed independent t-test. Differences were considered significant at p ≤ 

0.05.  Statistical analyses cannot be completed on the microarray samples 

because the RNA was pooled from 4 different animals and hybridized onto a 

single GeneChip. SigmaStat 3.0 software (Jandel Scientific) was used for 

statistical analysis. 
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RESULTS 

 

Neutrophil CD88 Expression 

Upon activation, neutrophils increase their surface expression of the C5a 

receptor (CD88). Using a FITC-conjugated anti-CD88 antibody, we measured the 

total FITC-CD88 fluorescence intensity (TFI) in each ZLC and ZDF pre-ischemic 

whole blood sample.  We observed a significant increase in neutrophil CD88 

expression in pre-ischemic ZDF blood compared to the ZLC (Fig. 5.1, ZLC: 22.7 

± 2.0 TFI; ZDF: 42.9 ± 5.3 TFI; n = 6; p<0.05) suggesting that under basal 

conditions, ZDF neutrophils are chronically activated, indicative of a low-grade 

inflammation present in these animals. Using the flow cytometer we are able to 

set the desired number of neutrophils that are counted; therefore, the increase in 

ZDF PMN CD88 expression cannot be attributed simply to an increased 

percentage of neutrophils in the blood sample.  For each sample, 5000 

neutrophils were counted.  These results suggest that neutrophils from diabetic 

blood are “primed” for activation by complement anaphylatoxin C5a, possibly 

leading to enhanced chemotaxis and degranulation during acute inflammatory 

situations. 
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Figure 5.1. Expression of the C5a complement receptor is increased on 

PMNs from diabetic blood.  

Blood samples were taken from non-diabetic (ZLC, open bar; n = 6) and type 2 

diabetic (ZDF, black bar, n = 6) rats and labeled to identify PMN CD88 

expression.  There was a significant increase in CD88 expression on neutrophils 

from ZDF rats, suggesting ZDF neutrophils are “primed” to respond following 

complement activation. * p < 0.05.  
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Rat Genome Analysis (Microarray) 

Each rat Affymetrix GeneChip® array was probed with two labeled RNA 

samples.  Both samples were labeled with different dyes that are observed at 

different wavelengths.  After complete analysis of all hybridized arrays, the 

analysis software generates a list of genes altered by 2-fold or more in the post-

ischemic ZDF LV in comparison to the reference sample (post-ischemic ZLC LV).   

Interestingly, a majority (59%) of the genes that were identified as more than 2-

fold different between ZLC and ZDF ischemic LVs were genes associated with 

inflammation.  Of particular interest, gene expression of pro-inflammatory 

cytokines IL-6 and IL-1α was highly upregulated in the ZDF ischemic LV, as was 

chemokine ligands (CXCL) -2, -9, and -10.  The complete list is shown in Table 

5.2. 
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ZLC-ischemic LV vs ZDF-ischemic LV - 2-fold  
    
Affymetrix 
Gene No. Description 

ZLC 
Normalized 

ZDF 
Normalized

10931678 Sctr // secretin receptor  0.389 0.121 

10921052 
Kbtbd5_predicted // kelch repeat and BTB (POZ) 
domain  3.662 1.193 

10887947 
Cyp1b1 // cytochrome P450, family 1, subfamily b, 
polypeptide 1 1.868 0.838 

10889399 Best5 // Best5 protein 4.804 10.412 
10744425 Alox15 // arachidonate 15-lipoxygenase 1.278 2.994 
10753425 Mx1 // myxovirus (influenza virus) resistance 1  1.989 5.091 
10733553 Irf1 // interferon regulatory factor 1 2.360 5.555 
10750320 Cbr1 // carbonyl reductase 1  0.603 1.427 
10859799 IL6 // interleukin 6 77.976 181.085 

10817759 
Hmgcs2 // 3-hydroxy-3-methylglutaryl-Coenzyme A 
synthase 2  0.358 0.807 

10849833 IL1a // interleukin 1 alpha  6.700 18.360 
10738051 Csf3 // colony stimulating factor 3 (granulocyte)  2.016 5.285 
10775896 Cxcl2 // chemokine (C-X-C motif) ligand 2 22.868 67.932 
10830854 Ubd // ubiquitin D 5.581 19.724 
10771660 Cxcl9 // chemokine (C-X-C motif) ligand 9  5.307 21.149 
10771655 Cxcl10 // chemokine (C-X-C motif) ligand 10  14.144 65.048 

 

Table 5.2. Complete list of genes changed – ZLC ischemic LV vs. ZDF 

ischemic LV 
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REAL TIME qRT-PCR 

qRT-PCR was used to identify potential mechanisms responsible for the 

enhanced complement deposition and neutrophil accumulation in the ZDF heart 

following I/R.  Complement components C1q, C3, C4a, C6, and C7 were studied 

because these are the factors for which successful primers could be made 

against the rat genotype.  We also chose to study expression of the pro-

inflammatory cytokines IL-6 and TNF-α. Finally, we examined P-selectin, VCAM-

1, ICAM-1, and iNOS to elucidate potential mechanisms responsible for the 

observed increases in C3 deposition and neutrophil accumulation in the ZDF 

animals (refer to Chapter 2). Lower cycle threshold (Tc) values represent 

increased mRNA expression. Figure 5.2 reveals that there was significantly more 

IL-6 (p<0.05), VCAM  (p<0.01) , and C4a (p<0.01) mRNA expression in the AAR 

of the ZDF heart following I/R compared to the ZLC. However, gene expression 

of ICAM (p<0.001), TNF-α (p<0.001), and C3 (p<0.001) was significantly 

downregulated in the AAR of ZDF hearts compared to ZLC hearts. 
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NORMALIZED CYCLE THRESHOLD (Tc) 
 ZLC ZDF  

P-selectin 3.5 ± 0.17 3.8 ± 0.22 -- 
VCAM 5.8 ± 0.34 4.1 ± 0.42 ↑ 
ICAM 3.3 ± 0.15 4.3 ± 0.16 ↓ 
IL-6 2.4 ± 0.24 1.9 ± 0.13 ↑ 
iNOS 3.8 ± 0.24 3.6 ± 0.13 -- 
TNF-α 10.4 ± 0.14 11.1 ± 0.09 ↓ 
C1q 10.0 ± 0.16 10.7 ± 0.28 -- 
C3 6.8 ± 0.34 8.1 ± 0.15 ↓ 
C4a 9.4 ± 0.28 8.3 ± 0.19 ↑ 
C6 9.8 ± 0.33 10.0 ± 0.37 -- 
C7 2.5 ± 0.20 2.3 ± 0.16 -- 

 
 

Figure 5.2.  Changes in mRNA gene expression in the ZDF heart.  Tissues 

were taken from the at-risk region of ZLC and ZDF hearts following I/R.  qRT-

PCR results demonstrate that the ZDF heart expresses up- and down-regulation 
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of various pro-inflammatory cytokines, adhesion molecules, and complement 

following I/R compared to the ZLC. Values given in the table represent the cycle 

threshold difference between the unknown and the housekeeping gene, β-actin 

(Tc-experiment – Tc-beta actin). *p<0.05, #p<0.01, $p<0.001. (n=4). 
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IL-6 ELISA 

To examine circulating IL-6 levels, we performed immunoassays on plasma from 

pre-ischemic ZLC and ZDF rats.  Figure 5.3 indicates a trend of elevated IL-6 

concentrations in type 2 diabetic plasma (ZLC: <10 pg/mL; ZDF: 35.35 ± 25.35 

pg/mL; n=2). The rat ELISA we used was not sensitive enough to detect 

measurable levels of IL-6 in ZLC plasma, therefore they are displayed as 

<10pg/mL.  These preliminary findings support the microarray and RT-PCR data, 

confirming one pro-inflammatory mechanism active in the ZDF model of type 2 

diabetes. 
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Figure 5.3. Plasma IL-6 cytokine concentration in type 2 diabetic rats.  

Plasma samples were taken at baseline from ZLC (open bar, n=2) and ZDF 

(black bar, n=2).  There is a trend toward increased IL-6 concentrations in ZDF 

plasma.
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DISCUSSION 

 

Inflammation plays a significant role in many chronic diseases including cancer, 

Alzheimer’s, rheumatoid arthritis, and more recently, type 2 diabetes.  Evidence 

of hyper-activation of the inflammatory response and significant contributions by 

the complement system to myocardial I/R injury have prompted us to further 

investigate the relationship and interactions between these two systems (refer to 

Chapters 2 & 4).  In the present study, we found increased inflammatory gene 

expression in a rat model of type 2 diabetes following myocardial I/R. Our results 

following analysis of basal IL-6 and neutrophil CD88 expression indicate that 

chronic inflammation in T2DM may alter the expression of complement receptors. 

In whole blood samples taken pre-ischemia, we found significantly increased 

neutrophil CD88 expression (Fig. 5.3).  Additionally, plasma isolated from those 

animals revealed increased IL-6 concentrations in T2DM rats at baseline, further 

supporting the idea that T2DM is a chronic inflammatory condition. 

 

Genomic Analysis  

Pro-inflammatory genes: 

Many researchers have begun focusing on the significant role of adipose tissue 

as an inflammatory player and active endocrine organ, responsible for the 

production and secretion of a variety of cytokines and transcription factors 
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involved in inflammatory and thrombotic pathways, including IL-6, TNF-α, and 

complement component C3 14 91 220.   

 

Baseline levels of pro-inflammatory cytokines are elevated in T2DM patients, 

supporting a role for inflammation in the pathogenesis of diabetes and diabetic 

complications 203 158.  Indeed, Tuttle et al reported that women with diabetes, with 

and without cardiovascular disease, demonstrated a significant increase in 

plasma IL-6 203.  The authors suggest that as women develop diabetes and 

cardiovascular disease, there is an increase in inflammatory stimuli in the blood, 

exacerbating vascular dysfunction and atherosclerosis. 

 

Using microarray technology, we found a significant increase in inflammatory 

gene transcription in diabetic rats compared to non-diabetic rats.  In particular, 

pro-inflammatory cytokine IL-6 gene expression was increased more than 2-fold 

in ZDF versus ZLC post-ischemic left ventricle. In support, preliminary results 

suggest enhanced baseline IL-6 concentrations in ZDF plasma samples 

(Fig.5.3).  These findings provide evidence that 1) the ZDF is a good model of 

chronic inflammation in type 2 diabetes; and 2) myocardial I/R in the ZDF results 

in enhanced inflammatory response, likely from baseline activation/dysfunction of 

vascular endothelial cells. 
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Obese animal models and human subjects have elevated TNF-α expression in 

adipose tissue 220 and since a majority of T2DM patients are overweight/obese, 

TNF-α has been implicated as a key player in the development of insulin 

resistance.  Compared to non-ischemic controls, TNF-α gene expression is 

increased in both ZLC and ZDF post-ischemic LV (refer to Appendix B). 

However, the fold change was not significantly different among the two ischemic 

groups. Interestingly, we found significantly higher TNF-α mRNA transcripts in 

the non-diabetic post-ischemic left ventricle compared to the diabetic (Fig. 5.2).  

Initially, these results suggest that there is greater inflammatory response, as 

measured by TNF-α gene expression, in the non-diabetic heart. However, the 

discrepancy between published observations and our TNF-α results may be due 

to a variety of factors.   

 

First, we pooled the RNA from 4 different animals for each Affymetrix GeneChip, 

therefore, individual variations in gene expression among animals cannot be 

determined.  It is possible that one animal may have significantly higher or lower 

changes in gene expression, thereby skewing the true mean.  Future studies 

should be conducted where only one animal’s RNA is hybridized on a single chip.  

This method would also allow us to perform better statistical analysis. 

 

Secondly, assuming the ZDF rats exhibit a chronic, low-level inflammation under 

basal conditions, myocardial expression of the cytokine, chemokine, and 
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complement genes we examined may have already been up-regulated prior to 

I/R. If the ZDF is already highly expressing these particular genes, then we could 

expect a small overall change in myocardial gene expression after I/R.  Similarly, 

the ZLC likely has low expression of these genes prior to ischemia, and during 

I/R the animal responds with maximal gene transcription. In such a scenario, we 

would measure a larger change in gene expression in the ZLC than the ZDF 

post-ischemic LV.  

 

Third, cells have the ability to store mRNA without utilizing it immediately. 

Instead, signals or post-transcriptional modifications can either initiate or slow 

mRNA translation. It is plausible that the ZDF cardiac and/or vascular endothelial 

cells may have stored the mRNA for some of these particular genes prior to I/R, 

perhaps due to inflammatory stimuli. Subsequently, when an insult such as 

ischemia occurs, translation is initiated and new mRNA transcripts are not 

necessary. After ischemia, new mRNA transcription may still increase for some 

genes, as was found for IL-6, iNOS, VCAM, C4a. The ZLC LV, lacking 

inflammatory stimuli, may not have the same degree of stored mRNA, and 

therefore, following ischemia, transcription is initiated at higher levels and the 

gene expression changes are greater than what was observed in the ZDF.  

 

Finally, the length of reperfusion can have an effect on gene expression 107. In 

other studies of complement, it has been reported that reperfusion intervals can 
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greatly influence gene expression of C3 and C9 218. The same gene may be 

down-regulated after 4 hours of reperfusion, yet up-regulated after 6 hours, 

suggesting that the cells may not have enough time to make mRNA transcripts.  

 

It is important to note the increased gene expression of IL-1α and CXCL-2, -9, 

and -10 in ZDF tissues, as revealed with the microarray analysis (Table 5.2).  IL-

1α is a pro-inflammatory cytokine released from endothelial cells and leukocytes 

following an inflammatory stimulus, and plays an important role in the expression 

of adhesion molecules, namely ICAM-1 and VCAM-1, thereby promoting 

leukocyte sequestration 173.  Our previous studies found enhanced neutrophil 

sequestration in the ZDF heart following I/R (see Chapter 2), perhaps a result of 

enhanced IL-1 gene expression.  CXCL chemokines are involved in the 

pulmonary inflammatory response, with induction of DNA synthesis, cell 

proliferation, and cell migration in vascular smooth muscle cells, and may play a 

role in vascular remodeling 64.  In fact, CXCL-2 is a potent neutrophil 

chemoattractant, however its role in mediating leukocyte infiltration and injury in 

ischemic tissues has not been fully elucidated.  In contrast, CXCL-9 and CXCL-

10 do not possess neutrophil chemotactic actions, however they may play a role 

in post-ischemic inflammation by inducing Th1-cell infiltration 64.  Together, these 

preliminary results demonstrate the need for future investigations aimed at 

understanding alterations in gene expression following periods of chronic and 

acute inflammation in the setting of type 2 diabetes. 
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Neutrophil-related genes: 

There was in increase in gene expression of a few neutrophil-related genes 

revealed using the microarray GeneChips. Cbr1 (carbonyl reductase) is an 

NADPH-dependent oxidoreductase that has been directly implicated in redox 

reactions leading to H2O2 generation, a known stimulus for apoptosis 194. Csf3 

(colony stimulating factor) is a putative hematopoetic growth factor for 

neutrophils.  Gene expression of the Ubd (ubiquitin D) protein was enhanced in 

the ZDF LV and was purported to attenuate human lung ischemia-reperfusion by 

enhancing the Th2 cytokine response 68 yet, in contrast, the ubiquitin proteasome 

system has been proposed to play a role in the development of atherosclerosis in 

diabetes 128.  Taken together, enhanced expression of these genes in the ZDF 

heart may partially explain our previous observation of increased neutrophil 

counts and neutrophil-mediated I/R injury (refer to Chapter 2) in the ZDF heart. 

 

We found that expression of the Alox15 gene was increased in ZDF hearts 

following I/R.  Alox15 demonstrates 12-lipoxygenase and some 15-lipoxygenase 

enzyme activity. This is an interesting discovery because arachidonic acid 

metabolites produced by the action of lipoxygenases are potent biologic agents 

that have been implicated as critical mediators in allergic and inflammatory 

responses. Some biological functions of 15-lipoxygenase metabolites include 

chemotaxis of human neutrophils and Alox15 expression has been associated 
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with the development of some inflammatory diseases, including atherosclerosis 

213.  Thus, we may have uncovered a novel role for Alox15 gene expression in 

the pathogenesis of type 2 diabetes. 

 

Neutrophil C5aR (CD88) Expression 

Several pro-inflammatory proteins, including IL-6, circulate at chronically 

increased levels in T2DM 203. Indeed, we found a trend toward enhanced IL-6 

concentrations in plasma samples from diabetic (ZDF) rats. Albrecht and 

colleagues 5 166 reported that complement component C5a increases IL-6 gene 

expression, and their data suggest that IL-6 plays an important role in the 

increased expression of C5a receptor (C5aR, CD88) in the heart and other 

tissues.  Akatsu et al (2002) found that C5aR expression is up-regulated in the 

rat liver in acute inflammatory states 4.  In a mouse model of cecal ligation and 

puncture C5aR expression was increased in heart, lung, liver, and kidney 165.  

C5aR protein expression is enhanced following exposure to LPS, IL-6, or IFN-γ 

in vitro on mouse dermal microvascular endothelial cells and in vivo in small 

pulmonary vessels and capillaries 114.  Interestingly, IL-6 and C5a are both 

required to enhance release of MCP-1 and MIP-2 114, supporting the hypothesis 

that IL-6, which is released early during acute inflammation, induces changes 

that cause endothelial cells to become hyper-responsive to C5a.   
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Our results on neutrophil C5a receptor (CD88) expression (Fig. 5.1) suggest that 

chronic inflammation in T2DM may alter the expression of other complement 

receptors as well.  Indeed, Furebring et al reported granulocyte complement 

receptor 1 (CR1, CD35) expression was significantly increased by 367, 175 and 

336% following incubation with C5a, TNF-α, and IL-8, respectively 66.  Incubation 

of whole blood or isolated cells with C5a also led to increased CD11b expression 

on granulocytes 66. Together, these data suggest that chronic low levels of 

complement activation and/or pro-inflammatory cytokines may play a role in the 

“priming” of circulating neutrophils in diabetic blood. 

 

In summary, we have used various genomic and immunologic techniques in an 

attempt to elucidate mechanisms underlying the enhanced severity of I/R injury in 

the diabetic heart.  Our previous work found a significant role for complement 

system activation, particularly from the lectin pathway, in the pathogenesis of 

neutrophil-mediated I/R injury in a rat model of diabetes (ZDF).  Microarray 

analysis revealed significantly greater expression of inflammation-related genes 

in the ZDF heart following I/R.  Further, we confirmed some of those genes using 

qRT-PCR, with specific interest in pro-inflammatory cytokines such as IL-6 and 

TNF-α, adhesion molecules (ICAM, VCAM), and complement components (C3, 

C4a).  Consistently, we found increased IL-6 levels, which may partly explain the 

observed increase in complement C5a receptor (CD88) expression on circulating 

neutrophils.  These preliminary data provide evidence that both chronic and 
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acute inflammation may play a significant role in the enhanced severity of 

myocardial I/R in type 2 diabetes.  Future investigations should be conducted to 

further explore the specific roles of the inflammatory components revealed in this 

preliminary study. 
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CHAPTER 6 

CONCLUSIONS 

 

Type 2 diabetes, long viewed as a byproduct of obesity and inactivity, is 

emerging as one of the biggest health problems facing westernized nations.  

Type 2 diabetes affects over 20 million people in the U.S., and the Centers for 

Disease Control estimate that one in every three children born in the U.S five 

years ago will become diabetic in their lifetime 34.  There has been little research 

into the long-term impact of type 2 diabetes on children, but in adults, 

complications accompanying the disease tend to arrive 10-15 years after onset 

34. Thus, if people develop diabetes as children and adolescents, it is likely that 

they may begin manifesting severe complications not on the cusp of retirement, 

but in the prime of their lives.  As the prevalence of type 2 diabetes creeps into 

children, some predict the disease could actually lower the average life 

expectancy of Americans for the first time in more than a century 50.   

 

Two-thirds to three-fourths of people with diabetes mellitus die of some form of 

heart or blood vessel disease 6. In fact, type 2 diabetes confers a 2 - 4 fold 

increase in the risk of cardiovascular disease 6 101.  Clinical observations noted 

that people with type 2 diabetes suffer significantly more severe and fatal heart 

attacks compared to non-diabetic patients. In support, we reported that the type 2 

diabetic rat heart also sustains significantly increased tissue damage following 
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acute myocardial infarction compared to non-diabetic control (Chapter 2 111).  

Research indicates that the vascular complications accompanying type 2 

diabetes come secondary to a chronic activation of inflammatory processes 116 

198 56.   Some mechanisms underlying the immune response to ischemia and 

reperfusion are well studied, yet are still not fully understood in the setting of type 

2 diabetes. 

 

Ischemia and reperfusion are associated with an acute local and systemic 

inflammatory response that is recognized in the vasculature by reactive oxidant 

production, complement activation, leukocyte-endothelial cell adhesion, 

leukocyte diapedesis, platelet-leukocyte aggregation, increased vascular 

permeability, and decreased endothelium-dependent relaxation 31.  We 

recognized the need to elucidate mechanisms responsible for the enhanced 

inflammatory response in T2DM and its contribution to the severe I/R injury 

observed in the diabetic heart. The objective of this dissertation research was to 

test the hypothesis that the complement system, predominantly the lectin 

pathway, is a significant contributor to the excessive response of the T2DM heart 

to I/R injury.  Understanding the role of complement in a rat model of type 2 

diabetes is important for future study of the cellular mechanisms that contribute 

to vascular complications in the growing population of type 2 diabetic patients.   
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Complement Activity is Enhanced in T2DM I/R Injury 

Complement activation plays an important role in the inflammatory response and 

is involved in the manifestation of I/R injury in the non-diabetic heart, with 

especially potent chemoattractant properties for circulating neutrophils 48. We 

performed myocardial I/R surgeries on non-diabetic (ZLC) and type 2 diabetic 

(ZDF) rats to examine complement- and neutrophil-mediated tissue injury. We 

found significantly more complement deposition in the at-risk region of the ZDF 

left ventricle compared to the ZLC, which was associated with significantly 

greater neutrophil accumulation. Neutrophil activation contributes to endothelial 

dysfunction, neutrophil aggregation, and vascular obstruction 133 170 134 172, all of 

which contribute to reperfusion injury. Indeed, neutrophil trapping and 

sequestration in the microcirculation is known to play a significant role in I/R 

injury 88 136. We found increased ICAM-1 and PMN CD11b expression that in 

diabetic samples, two important mediators of neutrophil accumulation following 

I/R. These results indicated a strong correlation between complement deposition 

and neutrophil-mediated tissue injury following myocardial I/R.  To test whether 

increased complement activation was responsible for the increased neutrophil 

accumulation, studies were conducted to determine the effects of complement 

inhibition on neutrophil accumulation and infarct size following I/R in the diabetic 

heart. 
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Complement Inhibition with FUT-175 Reduces I/R Injury 

Complement inhibition at various levels of the activation pathway results in 

significant cardioprotective benefits (refer to Chapter 1).  Complement system 

activation is regulated by various serine proteases, consequently, we tested the 

efficacy of the serine protease inhibitor nafamostat mesylate (FUT-175) on 

complement activation, neutrophil accumulation, and infarct size following 

myocardial I/R. FUT-175 is known to inhibit the classical and alternative 

pathways of complement activation 65 143, but activity against the lectin pathway 

had not been specifically identified.  In vitro studies revealed that FUT-175 

exhibits a potent, concentration-dependent inhibition of the lectin pathway, with 

maximal effect at 10ng/ml (Chapter 3). In vivo, FUT-175 treatment significantly 

decreased complement deposition (66%), neutrophil accumulation (59%), and 

infarct size (55%) compared to untreated animals in both non-diabetic Sprague-

Dawley and diabetic ZDF rats. These results represent a novel finding that FUT-

175 is an effective and potent inhibitor of all three pathways of complement 

activation under the conditions of myocardial I/R.  Additionally, complement 

inhibition revealed a significant role for complement in the enhanced severity of 

ischemic injury in T2DM. 

 

The Lectin Pathway is Primarily Responsible for I/R Injury in T2DM 

Our results provide strong evidence that the complement system plays a 

significant role in the manifestation of diabetic reperfusion injury. However, until 
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now, the contribution of specific pathways to tissue injury following myocardial 

I/R, particularly the lectin pathway, had not been investigated.  Activation of the 

lectin pathway is antibody-independent, beginning with the binding of mannose-

binding lectin (MBL) to carbohydrate structures, which through the formation of 

advanced glycation end-products (AGEs), may be enhanced in the setting of 

chronic hyperglycemia and type 2 diabetes.  To examine the role of MBL, we 

selectively inhibited the lectin pathway prior to myocardial I/R in diabetic rats. 

Previous studies in non-diabetic rats found that blockade of the lectin pathway is 

cardioprotective following I/R by reducing neutrophil infiltration and attenuating 

pro-inflammatory gene expression 99.  We found that anti-MBL treatment 

significantly decreased infarct size, C3 deposition and neutrophil accumulation in 

the diabetic post-ischemic LV. Together these data indicate a significant 

contribution of MBL to cellular injury and left ventricular viability in post-ischemic 

myocardial tissues.  Additionally, these findings provide a foundation for future 

investigations examining the role of MBL in ischemic heart disease in clinical 

diabetic complications, as well as lectin pathway activation in various pathologies 

involving the innate immune response. 

 

Pro-Inflammatory State May Lead To Enhanced Complement Activity in T2DM 

Inflammation plays a significant role in the manifestation of diabetic complications 

including insulin resistance 73, atherogenesis, and cardiovascular disease 203 121.  

Pro-inflammatory cytokines including IL-6 and TNF-α regulate complement 
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protein generation from hepatic and adipose cells 216, suggesting enhanced 

complement generation in type 2 diabetes.  To fully explore the response to I/R, 

genomic analyses were undertaken to identify genes that were differentially 

expressed in non-diabetic and diabetic cardiac tissues following I/R.  The 

resulting gene lists revealed a large number of inflammation-related genes were 

up-regulated in the diabetic heart.   

 

We were excited to discover that gene expression of the pro-inflammatory 

cytokines IL-6 and IL-1α was enhanced in the ZDF heart, and quantitative RT-

PCR results confirmed IL-6 upregulation.  In addition, preliminary ELISA results 

indicate increased baseline IL-6 concentrations in ZDF plasma samples.  

Together, these results are particularly interesting because most complement 

components are produced in the liver in response to pro-inflammatory cytokines 

such as IL-6 and IL-1 147.  These data not only support our belief that the ZDF is 

a good model of chronic inflammation in diabetes, but may at least partially 

explain our finding of increased C3 deposition in the diabetic heart (Chapter 2).   

 

Previous research indicates IL-6 may directly regulate the expression of 

complement receptors, especially C5aR (CD88) 5. To explore these results in the 

setting of a chronic inflammatory state such as diabetes, we measured C5aR 

expression on neutrophils from diabetic rats.  Consistent with our hypothesis, we 

found significantly increased complement C5a receptor (CD88) expression on 



 198

diabetic neutrophils prior to ischemia (Chapter 5).  These results suggest chronic 

inflammation “primes” diabetic neutrophils and may lead to an enhanced PMN 

response to the potent complement anaphylatoxin, C5a.  During reperfusion of a 

previously ischemic tissue, potential outcomes of this type of neutrophil “priming” 

include increased PMN sequestration, NADPH oxidase activity, oxidative stress 

and consequently, enhanced tissue injury.  Taken together, these findings reveal 

potential mechanisms linking inflammation to the severity of I/R via complement-

mediated neutrophil ‘priming” and activation. 

 

This dissertation is the first study that specifically examined the role of 

complement to I/R injury in the type 2 diabetic heart.  We have provided some 

evidence that lectin pathway activation plays a significant role in the inflammatory 

response to I/R injury in the diabetic heart.  We believe that the results obtained 

in these studies will have a strong clinical and pharmacological impact on future 

prevention and treatment strategies for cardiovascular disease in type 2 diabetic 

patients while simultaneously generating a foundation for future investigations 

examining the role of oxidative stress and inflammation in the diabetic heart. 
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Figure 6.1. Ischemia and reperfusion in the non-diabetic heart 

The diagram illustrates some results of I/R injury in the non-diabetic heart.  

Endothelial cell, PMN, and complement activation all contribute to myocardial 

tissue injury, as measured by infarct size. 
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Figure 6.2. The role of complement in ischemia/reperfusion injury in T2DM 

In T2DM, a number of factors contribute to the enhanced severity of I/R injury.  In 

this dissertation, using a rat model of type 2 diabetes (ZDF) we found measures 

of chronic inflammation, as well as increased complement- and neutrophil-

mediated tissue injury following ischemia and reperfusion (see red highlighting).  

Anti-complement therapy with either FUT-175 or P2D5 attenuated infarct size by 

reducing endothelial cell adhesion molecule expression, PMN accumulation, and 

complement activation (see blue highlighting).  From the figure we can clearly 

see that complement-and PMN-mediated reperfusion injury is heightened in the 

setting of T2DM.  
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LIMITATIONS  

A major limitation of the studies outlined in this dissertation is that a rat model of 

diabetes does not capture the full spectrum of the metabolic abnormalities that 

are major contributors to cardiovascular morbidity and mortality in human 

patients suffering from type 2 diabetes mellitus.  However, the ZDF model has 

been employed in previous I/R studies 221 and exhibits many of the classic 

complications of type 2 diabetes including insulin resistance, obesity, 

hyperglycemia, and hypercholesterolemia 42.  There is a limited time period that 

these rats display these characteristics (i.e. 10–18 weeks of age).  Another 

limitation to these studies was our use of C3 deposition as a measure of in vivo 

complement activation, particularly from the lectin pathway.  C3 is not necessarily 

the best proxy for measuring complement system activation. However, the 

rationale behind our decision to stain for C3 is that it is the only complement 

component that covalently binds to its substrate.  In addition, our collaborator Dr. 

Gregory Stahl also recommended that we not attempt to directly stain for MBL 

because it is easily washed away during the tissue processing involved in 

histological sectioning and staining. 
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FUTURE INVESTIGATIONS 

 

How important a player is chronic inflammation in T2DM I/R injury? 

Chapter 5 of this dissertation presented preliminary findings indicating a 

potentially significant role for enhanced inflammatory gene expression in the ZDF 

heart following I/R.  In those preliminary microarray studies, we pooled the 

mRNA from 4 animals and hybridized the pooled genomic data onto a single 

chip.  Consequently, we could not perform any statistical analysis on the data 

and could not identify potential outliers. Future studies need to be conducted in 

which only one animal’s mRNA is hybridized onto a single GeneChip, with an 

optimal n of 4.  The groups used for comparative genomic analysis should be: 1) 

ZLC non-ischemic LV, 2) ZDF non-ischemic LV, 3) ZLC ischemic LV, and 4) ZDF 

ischemic LV.  Differing from the preliminary data, we should add a fourth group, 

the ZDF non-ischemic LV.  This group should provide important baseline gene 

expression data and may further clarify the low-level, chronic inflammation in the 

setting of diabetes.  

 

Oxidative stress has been implicated in the pathogenesis of diabetic vascular 

complications 71 33 174 224 and is known to activate complement 48.  Anti-oxidant 

treatment and/or supplementation may offer promising therapeutic benefits that 

can be easily translated into clinical practice.  Various studies have found that 

treatment with reactive oxidant scavengers, such as TEMPOL, provided 
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significant protection from myocardial 120 75 and cerebral 160 I/R injury.  However, 

to our knowledge, no studies have examined anti-oxidant therapy in I/R injury in 

the diabetic heart.  In particular, it is unknown whether chronic or acute anti-

oxidant treatment affects complement activation during myocardial I/R.  Further, 

it would be interesting to note if baseline expression of the neutrophil 

complement C5a receptor (C5aR, CD88) is attenuated following anti-oxidant 

therapy, since this receptor is known to be regulated by the pro-inflammatory 

cytokine IL-6 and plays a major role in complement-mediated neutrophil 

activation.   

 

Mechanisms underlying benefits of complement inhibition in I/R?  

Interestingly, during periods of severe, acute inflammation, such as sepsis, C5aR 

expression in lung, kidney, and myocardial tissue increases 165.  Recent studies 

demonstrated that both mRNA and protein for the C5aR are constitutively 

expressed on cardiomyocytes and upregulated as a function of time after I/R-

induced myocardial cell injury in mice 222. Studies found that antagonism of the 

C5aR reduces local and remote tissue injury in intestinal, renal, and myocardial 

models of I/R injury 12 83 51.  Recently, Zhang et al found that blockade of the 

C5aR markedly decreased microvascular permeability in ischemic myocardium 

as well as decreased neutrophil adherence to the coronary vascular endothelium 

222.  However, no studies have examined C5aR inhibitions in the excessive I/R 

injury observed in type 2 diabetes.  Future studies should be conducted in which 
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ZLC and ZDF rats are treated with a C5aR antagonist (AcF-[OPdChaWR]; 

1mg/kg; iv 10min before ischemia 215 60 12).  After reperfusion, C3 deposition, 

PMN accumulation, PMN CD11b expression and infarct size should be 

measured.   

 

The experiments described in this dissertation found significant cardioprotection 

following complement inhibition during early reperfusion periods.  However, it is 

unknown whether this protection persists following longer reperfusion times.  

Future studies are needed to investigate if complement inhibition improves 

cardiac functional parameters over longer reperfusion periods, or whether it just 

“delays the inevitable.” Non-invasive imaging techniques allow repeated 

myocardial functional measurements to be made over the course of days.  

Specifically, a few measurements should be made including one during “early” 

reperfusion, as well as after 24h and 72h. 

 

Mechanisms underlying MBL activation in T2DM? 

In Chapter 4, we reported a novel role for lectin pathway activation in the 

enhanced severity of myocardial I/R injury in a rat model of type 2 diabetes.  We 

hypothesized that because MBL has a carbohydrate-recognition domain, it may 

be over-active in hyperglycemic states such as diabetes.   In vitro, whole blood 

samples incubated in increasing glucose concentrations could be assayed for 

MBL-dependent C3b deposition using BSA-GlcNAc coated 384-well microplates 
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to determine if glucose activates the MBL pathway.  Immunohistochemical 

analysis should also be performed to determine whether MBL activation is 

increased in the type 2 diabetic vasculature due to glycosylation of the 

endothelium.  Cardiac tissue sections can be stained for N- -(carboxymethyl)-

lysine, one of the major components of AGEs (TransGenic Inc., Kumamoto, 

Japan).  The same slides can then be counter-stained for complement deposition 

with a goat anti-rat C3 antibody (pAb, MP Biomedicals), which would provide an 

indirect measure of complement activity in the presence of AGEs.  As long as the 

primary antibodies are conjugated to fluorochromes with different 

excitation/emission wavelengths, the same slides can be used to collect both 

colors, and the images can be overlapped to determine areas of co-localization. 

Since histological staining for MBL deposition is limited, intra-vital microscopy of 

the coronary microcirculation could be used to visualize MBL-interactions with 

the vascular endothelium.  ZLC and ZDF rat hearts will be excised and prepared 

for the isolated, perfused heart preparation as previously described 163 172. The 

perfusate could contain Cy3-conjugated anti-MBL labeled blood 207 and MBL 

deposition could then be observed in the coronary microcirculation and post-

capillary venules. 

 

Does complement play a role in hyper-coagulation associated with of T2DM? 

Type 2 diabetes and insulin resistance are associated with an increased risk for 

cardiovascular and thrombotic complications 23 35 32 72 43 202. An imbalance 
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between coagulation and fibrinolysis has been implicated in the pathogenesis of 

cardiovascular events in this patient population.  Stegenga et al (2006) reported 

hyperglycemia exerts a pro-coagulant effect irrespective of insulin levels, as 

reflected by increased thrombin-antithrombin complexes and soluble tissue factor 

190.  Additionally, hyperinsulinemia inhibited fibrinolysis despite glucose levels, 

likely due to a rise in PAI-1 levels.  These results suggest that hyperglycemic, 

insulin-resistant patients are particularly susceptible to thrombotic events.  Our 

laboratory reported increased P-selectin, platelet GpIIb/IIIa, platelet-neutrophil 

conjugates, and thrombin potential in humans 202 115 43 and rats 72. 

 

Chapter 1 describes in detail many of the deleterious effects of unchecked or 

enhanced complement activation, especially due to generation of the C5a and 

C3a anaphylatoxins. In the rat, the C5a receptor is only expressed on neutrophils 

and monocytes 4.  We reported increased C5aR expression on diabetic 

neutrophils in Chapter 5; however, we did not examine expression of diabetic 

monocyte C5aR. Activated monocytes release tissue factor (TF), the principal 

initiator of blood coagulation.  Since diabetes is a pro-coagulant state, it would be 

worthwhile to investigate complement-mediated coagulation potential in a model 

of T2DM.   

 

Finally, spontaneous in vitro complement activation occurs in citrated and EDTA 

blood samples, and researchers have attempted to prevent it by optimizing 
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handling and storage conditions 156. There are a few mechanisms responsible for 

complement activation in vitro.  For one, critical membrane-bound endogenous 

complement inhibitors are absent in these blood samples.  As such, results from 

these studies could also be translated into the development of improved 

extracorporeal circulation devices, which are used in cardiopulmonary bypass 

and dialysis, where thrombotic events are a common complication. 

 

Do reducing T2DM risk factors affect complement activity, particularly after I/R? 

Lifestyle changes and proper management of risk factors, like obesity and 

inactivity, can significantly prevent or delay the onset of diabetic complications 

104.  While many pharmacological treatments have been developed to improve 

insulin sensitivity, they are only employed following disease onset and can do 

nothing to prevent the development of T2DM in the at-risk population.  However, 

the benefits of regular physical activity are well documented and exercise should 

be considered the best treatment for reversing insulin resistance 84 and 

preventing the development of T2DM in patients with impaired glucose tolerance. 

The protective effects of regular exercise result from its ability to regulate blood 

glucose levels via acute stimulation of muscle glucose uptake, acute 

enhancement on insulin action, and long-term upregulation of components of the 

insulin signaling pathway. These factors are all independent from other beneficial 

systemic adaptations resulting from exercise including weight loss and improved 

blood lipids. It is not known whether improved nutrition and exercise habits affect 



 208

complement- and neutrophil-activation following I/R in diabetic patients.  One 

hypothesis would predict that weight-loss would reduce adipocyte-derived pro-

inflammatory cytokine release, which may attenuate hepatic complement 

generation/secretion and neutrophil “priming”.  These results would not only 

reduce the risk of myocardial infarction, but may reduce the acute inflammatory 

response to I/R.  Testing this hypothesis would involve recruiting type 2 diabetic 

patients and dividing them into 4 groups; 1) control, 2) nutritional intervention, 3) 

exercise intervention, and 4) nutritional and exercise intervention.  Blood samples 

would be taken at the start of the study and repeated periodically throughout the 

intervention period, lasting 6 months to one year.  After the intervention period, 

follow-up measurements could be made yearly with myocardial infarction being a 

major end-point.  

 

Are there any gender differences in C-activity following I/R?  Is there a 

contribution of sex steroids to C-activity in pathogenesis of diabetic CVD? 

There is a significant link between diabetes and cardiovascular complications.  

Less understood, is the observation that type 2 diabetic women have three- to 

sevenfold increased risk for coronary heart disease compared to diabetic men 

146.  Howard et al (1995) and various publications resulting from The Strong 

Heart Study report that among patients with type 2 diabetes, the prevalence rate 

ratio for heart disease in women was 4.6 compared to 1.8 in men, and adverse 

effects are greater among women 93 92.  Recently, the American Heart 
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Association started the “Red Dress Campaign” to raise awareness that 

cardiovascular disease is the number one cause of death in women.  It appears 

that the female hormone estradiol confers significant health benefits, and strong 

evidence exists that post-menopausal women have equal or greater 

cardiovascular risk compared to men, yet risks and/or benefits of hormone-

replacement therapy are unclear 123 74 92.  Thus, presently available data suggest 

that the pathophysiology of diabetes and its contribution to the relative risk of 

cardiovascular events show gender differences, and the need for future 

investigations focusing on the role of gender and sex steroids in diabetic 

cardiovascular complications has become apparent. 
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APPENDIX A: METHODS 

 

I. ANIMALS (RATTUS NORVEGICUS)  

 

All procedures were in accordance with the Institute for Laboratory Animal 

Research (ILAR) Guide for Care and Use of Laboratory Animals (see Appendix 

C). 

 

Zucker Strain:  Male Zucker Diabetic Fatty (ZDF fa/fa) rats and their aged-

matched lean, non-diabetic litter mates (ZLC Fa/-) were obtained from Charles 

River GMI Labs (Indianapolis, Indiana) at 11 weeks of age. This model for non-

insulin dependent diabetes mellitus begins to develop hyperglycemia and insulin 

resistance at about seven weeks of age and glucose levels typically reach 

500mg/dl by 10 to 11 weeks of age 42. Overt diabetes develops at approximately 

12 weeks with elevated insulin levels and elevated blood glucose levels. The 

aged matched lean litter mates (ZLC) are from the same genetic strain as the 

ZDF rats except they do not have a defective leptin receptor gene and therefore 

do not develop obesity and type 2 diabetes.  The ZLCs are phenotypically the 

same as other lean control rats. 

 

Sprague-Dawley Strain:  The most widely used outbred rat used in animal 

research.  Male, retired-breeder (>400g body weight) Sprague-Dawley (SD) rats 
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were obtained from Harlan Inc (Indianapolis, Indiana). 

 

II. IN-VIVO, LEFT ANTERIOR DESCENDING (LAD) CORONARY ARTERY 

OCCLUSION-REPERFUSION PROTOCOL  

 

Rats were anesthetized with sodium pentobarbital (50mg/kg) and placed on a 

heating pad to maintain normal body temperature. A polyethylene catheter (PE-

10) was inserted and secured into the right femoral artery for blood sampling and 

blood pressure monitoring. The rat was intubated and a window thoracotomy was 

performed. After opening the chest wall the rat was ventilated with a small animal 

respirator (Harvard Apparatus, Model 683). After respiratory stabilization, the ribs 

were gently spread to expose the left side of the heart and visualize the left 

anterior descending coronary artery (LAD). A silk suture was placed around the 

LAD and the ends of the suture were tightened and clamped to induce ischemia 

to the left ventricle distal to the ligated artery. Blanching of the myocardial tissue 

and changes in the ECG waveform ensured proper ligation of the LAD. After 

30min of ischemia, the ligature was unclamped and the ischemic myocardium 

was reperfused for 120min 111. 

 

III. MYOCARDIAL INFARCT SIZE DETERMINATION 

 

Following reperfusion, the LAD was re-occluded and Trypan blue dye was 
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injected via the femoral catheter 99 204 111. The heart was quickly excised and 

placed into an organ matrix for precise sectioning. Myocardial sections, 2mm 

thick, were sliced transverse to the long axis of the LV and encompassed all of 

the previously ischemic tissue. The myocardial tissue sections were scanned 

with a high-resolution computer scanner (Hewlett-Packard-model 5370C). After 

scanning, the sections were placed in a 1% triphenyl tetrazolium chloride (TTC) 

solution and incubated 99 20.  Following the TTC incubation, the sections were 

placed in a 10% buffered formalin solution for 24 hours and rescanned. The area 

at risk (AAR) fraction of each coronal section was determined using features 

incorporated in the software (Adobe Photoshop 7.0) and the total area of the 

scanned myocardial sections was computed in pixels. The AAR was computed 

by dividing the area unstained by the blue dye (ligated region) by the total area 

(dyed and un-dyed area) to obtain the AAR fraction. The infarct fraction was 

determined for each section and was divided by the AAR fraction to determine 

the percentage of the occluded myocardial tissue that consequently became 

necrotic during the occlusion period. The data are expressed as a ratio of Area-

of-Infarct to Area-At-Risk (%AI/AAR). 

 

IV. FACS MEASUREMENT OF PHAGOCYTE CD11b ADHESION MOLECULE 

AND COMPLEMENT C5a RECEPTOR (CD88) EXPRESSION 
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PMN CD11b: Whole blood was harvested in sodium citrate from the femoral 

arterial catheter.  Samples were incubated with CD45:PE-Cy5 (Becton 

Dickenson) to define the leukocytes. To assess PMN CD11b expression, a FITC-

conjugated mAb (Becton Dickenson) was added to the whole blood/CD45 

mixture and allowed to incubate for 15 min. at 37°C. To note the response to 

acute stimulation, after 15 minutes, the chemotactic peptide, fMLP (10-7M, 

Sigma) or phosphate buffered saline (PBS) was added to one aliquot of the blood 

solution and incubated at 37°C for an additional 10 minutes.  At the end of the 

incubation period, samples were diluted with 250μl of ice-cold PBS and stored on 

ice until data acquisition. PMN CD11b expression was measured using a 

FACSCaliber flow cytometer (Becton Dickinson, San Jose, CA) equipped with 

Cell Quest Pro software. Data is expressed as total fluorescence intensity (TFI, 

% positive events x mean channel of fluorescence). 

 

PMN CD88: Whole blood was incubated with CD45:PE-Cy5 (Becton Dickenson) 

to define the leukocytes. To assess PMN CD88 expression, a PerCP-conjugated 

mAb (Becton Dickenson) was added to the whole blood/CD45 mixture and 

allowed to incubate for 15 min. at 37°C. To note the response to acute 

stimulation, after 15 minutes, the chemotactic peptide, fMLP (10-7M, Sigma) or 

phosphate buffered saline (PBS) was added to one aliquot of the blood solution 

and incubated at 37°C for an additional 10 minutes.  At the end of the incubation 

period, samples were diluted with 250μl of ice-cold PBS and stored on ice until 
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data acquisition. PMN CD88 expression was measured using a FACSCaliber 

flow cytometer (Becton Dickinson, San Jose, CA) equipped with Cell Quest Pro 

software. Data is expressed as total fluorescence intensity (TFI). 

 

V. IMMUNOSTAINING FOR COMPLEMENT COMPONENT C3 IN 

MYOCARDIAL TISSUE 

 

Following I/R, rat hearts were excised and cut into 4mm coronal sections.  

Sections were embedded and frozen in optimal cutting temperature (OCT) 

compound-embedding medium, sectioned at 6μm using a cryostat, and mounted 

on slides for histological staining. To examine complement component C3 

deposition, tissue slides were first incubated in 3% BSA for 30min at 37oC to 

reduce non-specific staining before incubation with a primary HRP-conjugated 

goat anti-rat C3 antibody (pAb, MP Biomedicals) at a 1:500 dilution at 37oC for 

30min. The C3 antibody was developed with DAB chromogen for 5min at room 

temperature.  Sections were then rinsed with PBS, mounted and coverslipped.  

To control for non-specific staining, incubations were done by omitting the C3 

antibody. Analysis of C3 immunostaining was performed blinded, in duplicate, 

and data expressed as the percentage of C3 positive LV area to total area-at-risk 

(%C3/AAR) 109 111.  
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VI. IMMUNOSTAINING FOR NEUTROPHIL (PMN) ACCUMULATION IN 

MYOCARDIAL TISSUE 

 

Following I/R, rat hearts were excised, fixed and sectioned for histological 

analysis as described in Methods V.  Staining for neutrophil sequestration was 

done using Naphthol AS-D Choloroacetate Esterase (NCE) (Sigma) 122 106 110.  

Naphthol AS-D chloroacetate is enzymatically hydrolyzed by a specific esterase, 

liberating a free naphthol compound. This then couples with a diazonium 

compound, forming highly colored (pink to fuschia) deposits at sites of enzyme 

activity. The NCE enzyme is specific for cells of granulocytic lineage (neutrophils) 

and activity is weak or absent in monocytes and lymphocytes.  Neutrophil counts 

were performed blinded, in duplicate, and data expressed as the number of 

neutrophils within C3-positive regions per 5 fields at 40X magnification 111. 

 

VII. IMMUNOSTAINING FOR INTRACELLULAR ADHESION MOLECULE 

(ICAM-1, CD54) EXPRESSION IN MYOCARDIAL TISSUE 

 

Following I/R, rat hearts were excised, fixed and sectioned for histological 

analysis as described in Methods V. ICAM-1 expression was examined in ZLC 

and ZDF frozen cardiac tissue sections as previously described 226 111. Sections 

were incubated in 3% BSA for 60min, washed in PBS, and incubated in an anti-

rat ICAM-1 primary antibody (BD Pharmingen) overnight at room temperature.  
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The following day, slides were rinsed and developed using an anti-mouse Ig-

HRP detection kit (BD Pharmingen).  With the assistance of the Southwest 

Environmental Health Sciences Center (SWEHSC) Cellular Imaging Facility 

Core, slides were examined using an Olympus IMT2 microscope and digital 

images were captured using a Hamamatsu ORCA 100 CCD camera using 

Simple PCI software (version 5.2, Compix, Inc, Sewickley, PA).  An analysis 

macro was created to threshold on the HRP-stained pixels and discard very 

small pixel features.  The area that fell within the HRP-threshold was measured 

using a pre-calibrated conversion to change pixels into square microns. 

 

VIII. mRNA ISOLATION FROM CARDIAC TISSUE 

Rats were subjected to I/R, and cardiac tissues from the non-ischemic area and 

the area at risk were harvested in RNAlater® (Ambion; Austin, TX) tissue storage 

reagent and extracted using TRIzol (Invitrogen Life Technologies; Carlsbad, CA) 

following Haimov-Kochman et al’s modifications to that of the manufacturer’s 

specified protocol 76.  Briefly, homogenization was performed using a rotor stator 

homogenizer (Polytron PT 10-35) on ice and for a limited time to reduce RNase 

activity.  Following chloroform extraction and isopropanol wash steps, RNA was 

resuspended in RNase free water (Ambion).  Each sample was treated with 

DNase I and underwent an RNA cleanup procedure as described by Qiagen 

using an RNeasy Mini kit to eliminate DNA contamination.  Total RNA 

concentration and purity was determined from spectrophotometric optical density 
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measurement at 260 and 280 nm (OD260/OD280).  Reverse transcriptase 

reactions were then carried out using the QuantiTect Reverse Transcription Kit 

(Qiagen).  The cDNA was then stored at -20ºC. 

 

IX. MICROARRAY PROTOCOL FOR ANALYZING GENE EXPRESSION 

 

To study alterations in gene expression between ZLC and ZDF hearts following 

I/R microarray studies were conducted.  These experiments were done with the 

guidance and technical assistance of the Genomics Shared Service at the 

Arizona Cancer Center using the GeneChip® Rat Gene 1.0 ST Arrays from 

Affymetrix (Santa Clara, CA).  This chip provides comprehensive coverage of the 

transcribed rat genome on a single array.  The array analyzes expression of 

27,342 genes, represented on the array by approximately 26 probes spread 

across the full length of the gene.  Our laboratory provided two micrograms of 

sample RNA and the GeneChip® for analysis (see Method VII).  The Genomics 

Shared Service performed all subsequent steps of the microarray process 

including RNA quality control, hybridization, and subsequent data analysis and 

data archiving.  The Genomics Share Service offers free analysis of Affymetrix 

data and charges only for hybridization services. 

 

For the Affymetrix GeneChip® ST arrays, RNA was first reverse transcribed with 

a T7-oligo(dT) primer followed by double strand synthesis.  The double-stranded 



 218

cDNA was purified and used in an in-vitro transcription (IVT) using T7 RNA 

polymerase.  The cRNA was purified and subjected to a second round or reverse 

transcription to produce cDNA which was fragmented, labeled, and hybridized 

along with cDNA controls.  Following hybridization, the GeneChip® was washed, 

stained, and scanned to obtain gray-scale data. The raw data was summarized 

for each probe and then to the transcript-level using the robust multi-chip 

analysis algorithm as implemented in GeneSpring (Agilent, Santa Clara, CA).  

Genes identified as differentially expressed using microarray analysis can be 

confirmed using Real Time RT-PCR. 

 

X. QUANTITATIVE RT-PCR  

 

Quantitative RT-PCR reactions were carried out using the Rotor Gene RG-3000 

(Corbett Research) in a 36-well rotor for 45 cycles using the following protocol: 

15 minutes at 95ºC, 45 cycles of 95 ºC for 15 sec, 58ºC for 15 sec, and 72ºC for 

20sec.  Diluted cDNA was combined with the Quantitec SYBR green PCR kit 

(Qiagen) and 200nM of each custom primer designed using Primer3 and 

synthesized by Integrated DNA Technologies (refer to Table 5.1 for primers 

used). The efficiency of amplification by the primers was confirmed as near equal 

for the housekeeping gene and the gene of interest. Primer quality (lack of 

primer-dimer amplification) was confirmed by melting curve analysis 
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XI. RAT IL-6 IMMUNOASSAY (ELISA) 

Blood samples were harvested in sodium citrate from the femoral arterial 

catheter and immediately centrifuged with a bench-top mini-fuge for 10min at 

room temperature.  The plasma was pipetted from each sample, flash-frozen in 

liquid nitrogen and stored at -20--70 oC.  Prior to analysis, plasma samples were 

removed from the freezer and allowed to thaw at room temperature.  A rat IL-6 

ELISA kit (R&D Systems - #R6000B) was used to measure the plasma 

concentrations of IL-6 from ZLC and ZDF rats. The samples were prepared 

according to the manufacturers recommendations. Specifically, all reagents, 

standard dilutions, controls, and samples were prepared as directed.  Assay 

diluent was added to each microplate well to be used in the assay.  Standards, 

controls, or unknown samples were then added to each well and the plate was 

gently tapped for 1min.  The plate was covered and allowed to incubate for 2 

hours at room temperature. The microplate wells were aspirated, washed, and 

rat IL-6 conjugate was added to each well and allowed to incubate at room 

temperature for 2 hours.  The wells were aspirated and washed again, and 

substrate solutions was added to each well and allowed to incubate in the dark 

for 30min at room temperature.  A stop solution was added to each well and the 

microplates were read at 450nm (Molecular Devices, SpectroMax M2).  A 

standard curve was plotted and all the unknown samples were determined from 

the standard curve. 
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XII. RAT MBL-DEPENDENT C3/C4 DEPOSITION FLUROCHROME-LINKED 

IMMUNOASSAY (FLISA) 

 

An MBL-dependent complement-activation FLISA was used as previously 

described and as recently modified to evaluate C4b deposition 208 99 48.  Briefly, 

2% rat serum was incubated with 1) veronal-buffered saline with Ca++ and Mg++ 

(VBS++); 2) various concentrations of FUT-175; or 3) d-mannose (100 mM).  

These samples were added to BSA-GlcNAc coated 384-well microplates and 

incubated at 37oC for 30min.  The plates were washed and incubated with sheep 

anti-rat C4 antibody (US Biologicals), followed by washing and detection with 

donkey anti-sheep IRDye® 800 antibody (1:3000; Rockland).  After washing, C4 

deposition was quantified with an Odyssey system, as described 208.  

Background integrated intensity (e.g., wells containing only VBS++) was 

subtracted from all wells.  The data are presented as a percent inhibition from 2% 

rat sera treated with vehicle (e.g., VBS++ only) from four independent 

determinations done in triplicate. 

 

In additional studies, the C3 deposition was investigate as described above for 

rat C4 deposition.  C3 deposition was detected with goat IgG rat complement C3 

(MP Biomedicals) and visualized with a secondary antibody (donkey anti-goat 

IgG IRdye 800; Rockland).  Background integrated intensity was subtracted from 
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all wells.  Data are presented as integrated intensity from 4 determinations done 

in triplicate. 

 

XIII. NYLON-COLUMN NEUTROPHIL (PMN) ADHESION ASSAY 

 

A nylon column assay was performed as previously described 135.  Since 

activated neutrophils more readily adhere to nylon fibers, the nylon-column-

neutrophil adhesion assay is a basic method for assessing neutrophil activation.  

Briefly, a donor rat was anesthetized and whole blood was collected in a 

heparinized syringe via cardiac puncture.  To remove complement components 

from the whole blood, the original blood sample was separated, centrifuged, the 

plasma was removed and the blood was brought back up to the original volume 

with sterile phosphate-buffered saline.     

 

The column effluent was collected and analyzed on a Beckman Coulter 

Hematology Analyzer. Blood smear slides were prepared in triplicate from the 

original sample and the column effluent to verify the differential blood count 

analysis.  The percentage of neutrophil adherence was calculated as 1-

(WBCpost/WBCpre), where the subscript “pre” refers to the original sample loaded 

into the column and the subscript “post” refers to the effluent from the column. 
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XIV. STATISTICAL ANALYSIS 

Data was collected and tabulated on spreadsheets (Microsoft Excel 7.0). All 

values are expressed as mean ± standard error (SEM) of n experiments. 

Comparisons between non-diabetic and diabetic groups were made using a two-

tailed independent t-test. Comparisons of three or more groups were made with 

ANOVA with Post-hoc tests as appropriate. When repeated measures are made 

during reperfusion, such as for PMN CD11b expression, the comparison of the 

groups will be made with repeated measures (RMANOVA). Power analysis 

calculations (alpha = 0.05, power = 90%) indicated a necessary sample size of 4-

6 ZLC and ZDF animals for the LAD occlusion studies, 4-8 tissues for the 

immunohistochemistry analysis, and 4-10 tissues samples for the mRNA gene 

expression studies.  Differences were considered significant at P ≤ 0.05. 
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APPENDIX B 

COMPLETE MICROARRAY GENE LISTS 

 

Table B.1. ZLC non-ischemic LV vs ZLC ischemic LV 

Genes expressed at least 4-fold different between non-diabetic cardiac tissues 

with and without ischemia (n = 4 pooled samples); 1 chip was used for each 

group. Non-ischemic data was normalized to 1.0.  Most gene expression was up-

regulated and the data are sorted in ascending order with respect to fold-change. 

 

ZLC non-ischemic LV vs ZLC ischemia LV - 4-fold  
 ZLC 
Systematic Gene Description Normalized 

10709083 NM_013167 // Ucp3 // uncoupling protein 3 (mitochondrial, proton carrier)  0.18597215 
10819318 ENSRNOT00000013661 // Ddit4l // DNA-damage-inducible transcript 4-like (Ddit4l), mRNA  0.21332517 
10714907 NM_020096 // Ifit1 // interferon-induced protein with tetratricopeptide repeats 1  0.21370351 
10866140 XM_578407 // RGD1563110_predicted // similar to immunoreceptor Ly49si3 (predicted)  0.23762308 
10808274 NM_138889 // Cdh13 // cadherin 13  0.24542952 
10712657 NM_031559 // Cpt1a // carnitine palmitoyltransferase 1a, liver  0.24927054 
10892184 NM_175761 // Hspca // heat shock protein 1, alpha // 6q32 // 299331 4.038031 
10836606 NM_057191 // Kbtbd10 // kelch repeat and BTB (POZ) domain containing 10  4.03962 
10857655 NM_001008562 // Lmcd1_predicted // LIM and cysteine-rich domains 1 (predicted)  4.0534105 
10931034 NM_001009717 // Lrg1 // leucine-rich alpha-2-glycoprotein 1 // --- // 367455 4.072421 
10837621 XM_575168 // LOC499828 // similar to copine VIII isoform 1  4.0727124 

10815534 
XM_574948 // LOC499624 // similar to TSC22 domain family protein 2 (TSC22-related-
inducible leucine zipper protein 4)  4.078836 

10902313 NM_001011987 // Glipr1 // GLI pathogenesis-related 1 (glioma)  4.0817566 
10809303 XM_214630 // Cpne2_predicted // copine II (predicted) // 19p12 // 291861 4.0971584 
10758351 NM_181476 // Gpr109a // G protein-coupled receptor 109A  4.110263 
10871521 NM_138827 // Slc2a1 // solute carrier family 2 (facilitated glucose transporter), member 1  4.1433196 

10815527 
XM_574948 // LOC499624 // similar to TSC22 domain family protein 2 (TSC22-related-
inducible leucine zipper protein 4)  4.1439323 

10836504 NM_201989 // Cmya3 // cardiomyopathy associated 3  4.145227 
10820577 NM_053897 // F2rl1 // coagulation factor II (thrombin) receptor-like 1  4.1512814 
10733056 NM_172019 // Ifi47 // interferon gamma inducible protein  4.2188315 
10902547 NM_012771 // Lyz // lysozyme  4.220698 
10866819 NM_017253 // Bcat1 // branched chain aminotransferase 1, cytosolic  4.2216845 
10828021 NM_012675 // Tnf // tumor necrosis factor (TNF superfamily, member 2)  4.24881 
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10764773 NM_001077589 // Rgs16 // regulator of G-protein signaling 16  4.2553496 

10859121 
XM_001068837 // RGD1563517_predicted // similar to C-type lectin-like receptor 2 
(predicted)  4.25634 

10701830 NM_024137 // Hivep2 // human immunodeficiency virus type I enhancer binding protein 2  4.257428 
10789774 BC079396 // RGD1310975 // similar to CG31759-PA  4.300658 
10918869 U57362 // Col12a1 // procollagen, type XII, alpha 1  4.3036427 
10870342 NM_017031 // Pde4b // phosphodiesterase 4B, cAMP specific  4.3053155 
10912112 NM_133416 // Bcl2a1 // B-cell leukemia/lymphoma 2 related protein A1  4.3077164 
10859262 NM_001003403 // Verge // vascular early response gene protein  4.3133745 
10900358 NM_001008321 // Gadd45b // growth arrest and DNA-damage-inducible 45 beta  4.3184695 
10770109 XM_222950 // RGD1562462_predicted // similar to Ifi204 protein (predicted)  4.3211737 
10754176 NM_012926 // Cd80 // CD80 antigen 4.3478513 
10858315 XM_232247 // Il17r_predicted // interleukin 17 receptor (predicted)  4.377921 
10762254 NM_001009489 // Oas1k // 2 ' -5 ' oligoadenylate synthetase 1K  4.4451036 
10922882 NM_184047 // Il18rap // interleukin 18 receptor accessory protein  4.4530745 
10769771 NM_175756 // Fcgr2b // Fc receptor, IgG, low affinity IIb  4.4552565 
10907962 NM_053559 // Trpc6 // transient receptor potential cation channel, subfamily C, member 6  4.476198 
10879726 NM_001077671 // Zc3h12a_predicted // zinc finger CCCH type containing 12A (predicted)  4.5152807 
10801541 NM_001008773 // Eif1a // eukaryotic translation initiation factor 1A  4.5347123 
10713045 NM_012953 // Fosl1 // fos-like antigen 1  4.5670314 
10932795 NM_053623 // Acsl4 // acyl-CoA synthetase long-chain family member 4  4.6017246 
10921163 NM_020542 // Ccr1 // chemokine (C-C motif) receptor 1  4.6698933 
10719990 NM_178094 // Itpkc // inositol 1,4,5-trisphosphate 3-kinase C  4.698444 
10836588 NM_130819 // Dhrs9 // dehydrogenase/reductase (SDR family) member 9  4.7840586 

10887306 
XM_216791 // LOC299339 // similar to Tumor necrosis factor, alpha-induced protein 2 
(Primary response gene B94 protein)  4.7927337 

10743966 XM_001079385 // Jmjd3_predicted // jumonji domain containing 3 (predicted)  4.803187 
10889399 NM_138881 // Best5 // Best5 protein  4.8044744 
10716080 NM_133578 // Dusp5 // dual specificity phosphatase 5  4.8175116 
10844005 NM_053634 // Fcnb // ficolin B  4.820492 
10740869 NM_181086 // Tnfrsf12a // tumor necrosis factor receptor superfamily, member 12a 4.889213 
10718504 XM_001076099 // Lilrc2 // leukocyte immunoglobulin-like receptor  4.9059606 
10819523 NM_133624 // Gbp2 // guanylate nucleotide binding protein 2  4.957278 
10868289 NM_022934 // Dnaja1 // DnaJ (Hsp40) homolog, subfamily A, member 1  4.9857726 
10862867 NM_024127 // Gadd45a // growth arrest and DNA-damage-inducible 45 alpha  4.9948244 
10704505 NM_175758 // Slc1a5 // solute carrier family 1 (neutral amino acid transporter), member 5  5.1466975 
10714667 NM_031514 // Jak2 // Janus kinase 2  5.156895 
10823508 NM_053662 // Ccnl1 // cyclin L1  5.1998916 
10765850 NM_001011908 // Spna1 // spectrin alpha 1  5.2018704 
10704665 NM_053373 // Pglyrp1 // peptidoglycan recognition protein 1  5.2179065 
10771660 NM_145672 // Cxcl9 // chemokine (C-X-C motif) ligand 9  5.306963 
10923338 NM_001009671 // RGD1359509 // similar to hypothetical protein FLJ13448  5.3548865 
10797929 NM_001001511 // Gcnt2 // glucosaminyl (N-acetyl) transferase 2, I-branching enzyme  5.355893 
10749762 NM_199082 // Sectm1b // secreted and transmembrane 1B  5.411952 
10874193 NM_001014071 // Errfi1 // ERBB receptor feedback inhibitor 1 5.4268904 
10930411 NM_001015020 // Tgif // TG interacting factor  5.4458494 
10901436 NM_001044304 // MGC114449 // similar to E1A-like inhibitor of differentiation 3  5.4887905 
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10841416 NM_001025733 // Procr // protein C receptor, endothelial  5.543999 

10752839 
NM_024400 // Adamts1 // a disintegrin-like and metallopeptidse (reprolysin type) with 
thrombospondin type 1 motif, 1  5.5453453 

10714900 NM_001024753 // Ifit2 // interferon-induced protein with tetratricopeptide repeats 2  5.550806 
10830854 NM_053299 // Ubd // ubiquitin D  5.5809836 
10856474 NM_053289 // Pap // pancreatitis-associated protein  5.669515 
10795602 NM_053847 // Map3k8 // mitogen-activated protein kinase kinase kinase 8  5.7022724 
10702660 NM_057103 // Akap12 // A kinase (PRKA) anchor protein (gravin) 12  5.8085713 
10802422 NM_001025675 // Tubb6 // tubulin, beta 6  5.8161488 
10863410 NM_173097 // Reg3g // regenerating islet-derived 3 gamma  5.882495 
10923270 NM_001014216 // RGD1306658 // similar to 5830411E10Rik protein 5.912435 

10714616 
NM_013032 // Slc1a1 // solute carrier family 1 (neuronal/epithelial high affinity glutamate 
transporter, system Xag), member 1  5.9701796 

10933716 NM_001007667 // Sat // spermidine/spermine N1-acetyl transferase  6.060355 
10818983 NM_001014044 // LOC310877 // TRAF2 binding protein  6.166227 
10762740 NM_001009681 // Oasl1 // 2'-5' oligoadenylate synthetase-like 1  6.182411 
10831077 NM_212505 // Ier3 // immediate early response 3  6.2604876 
10839307 NM_001008518 // MGC105649 // hypothetical LOC302884  6.262581 
10920860 NM_198130 // Myd88 // myeloid differentiation primary response gene 88  6.3068337 
10783964 NM_139342 // Ripk3 // receptor-interacting serine-threonine kinase 3 6.4004645 
10764551 NM_017232 // Ptgs2 // prostaglandin-endoperoxide synthase 2  6.4120016 
10739796 NM_133386 // Sphk1 // sphingosine kinase 1  6.426658 
10750282 NM_053715 // Slc5a3 // solute carrier family 5 (inositol transporters), member 3  6.6053305 
10756343 NM_001011901 // Hsph1 // heat shock 105kDa/110kDa protein 1  6.668142 
10757082 NM_001008363 // Zfand2a // zinc finger, AN1-type domain 2A  6.688211 
10849833 NM_017019 // Il1a // interleukin 1 alpha  6.6996946 
10802375 NM_001008385 // Pmaip1 // phorbol-12-myristate-13-acetate-induced protein 1  6.729261 
10764069 NM_053560 // Chi3l1 // chitinase 3-like 1  6.7422705 
10806585 NM_021836 // Junb // Jun-B oncogene  6.793252 
10778558 NM_001025750 // Plek // pleckstrin  6.8296113 
10796149 NM_057135 // Pfkfb3 // 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3  6.869433 
10868940 NM_031628 // Nr4a3 // nuclear receptor subfamily 4, group A, member 3  6.8959904 
10720215 NM_133290 // Zfp36 // zinc finger protein 36  7.1298337 
10899387 NM_024388 // Nr4a1 // nuclear receptor subfamily 4, group A, member 1  7.1477175 
10845124 NM_001007641 // Rnd3 // Rho family GTPase 3  7.155902 
10736863 NM_053858 // Ccl4 // chemokine (C-C motif) ligand 4  7.5157666 
10896793 NM_023985 // Trib1 // tribbles homolog 1 (Drosophila) 7.5435853 
10931717 NM_016994 // C3 // complement component 3  7.5488534 
10772705 NM_031325 // Ugdh // UDP-glucose dehydrogenase  7.565617 
10847761 NM_012924 // Cd44 // CD44 antigen  7.704116 
10767767 NM_017259 // Btg2 // B-cell translocation gene 2, anti-proliferative  7.76639 
10812589 NM_053313 // F2rl2 // coagulation factor II (thrombin) receptor-like 2  7.792837 
10866030 NM_133306 // Oldlr1 // oxidized low density lipoprotein (lectin-like) receptor 1  7.839124 
10891240 NM_053595 // Pgf // placental growth factor 7.9009366 
10718954 NM_001013894 // Gp49b // glycoprotein 49b  7.9839144 
10718344 NM_172323 // Has1 // hyaluronan synthase 1  8.112366 
10897428 NM_133555 // Csf2rb1 // colony stimulating factor 2 receptor, beta 1, low-affinity 8.85182 
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(granulocyte-macrophage) 

10908319 NM_012967 // Icam1 // intercellular adhesion molecule 1  9.127435 
10770082 NM_001012029 // Mnda // myeloid cell nuclear differentiation antigen  9.183122 
10719616 NM_017076 // PVR // poliovirus receptor  9.280592 
10860801 XM_001069221 // RGD1563091_predicted  9.339553 
10765186 NM_019177 // Sell // selectin, lymphocyte  9.357279 

10811531 
NM_017353 // Slc7a5 // solute carrier family 7 (cationic amino acid transporter, y+ system), 
member 5  9.395282 

10851581 NM_053372 // Slpi // secretory leukocyte peptidase inhibitor 9.439334 
10775922 NM_022214 // Cxcl5 // chemokine (C-X-C motif) ligand 5  9.594124 
10733139 NM_001002819 // Gfpt2 // glutamine-fructose-6-phosphate transaminase 2  9.659054 
10920977 XM_236702 // Cmya1_predicted // cardiomyopathy associated 1 (predicted)  9.902956 
10752744 NM_130821 // Samsn1 // SAM domain, SH3 domain and nuclear localization signals, 1  9.931336 
10832802 NM_053633 // Egr2 // early growth response 2  9.934851 
10796673 XM_574086 // RGD1563344_predicted 10.355746 
10810923 NM_012582 // Hp // haptoglobin  10.601556 
10729777 NM_001025415 // Ch25h // cholesterol 25-hydroxylase  10.622579 
10914799 NM_023987 // Birc3 // baculoviral IAP repeat-containing 3 10.640656 
10761047 NM_012620 // Serpine1 // serine (or cysteine) peptidase inhibitor, clade E, member 1  10.669627 
10859003 NM_130754 // Fgf23 // fibroblast growth factor 23  10.750293 
10842239 NM_031055 // Mmp9 // matrix metallopeptidase 9  10.90453 

10750848 
XM_221537 // Nfkbiz_predicted // nuclear factor of kappa light polypeptide gene enhancer 
in B-cells inhibitor, zeta (predicted)  11.262818 

10826249 NM_012889 // Vcam1 // vascular cell adhesion molecule 1  11.31771 

10794866 
NM_001031642 // Serpinb1a // serine (or cysteine) proteinase inhibitor, clade B, member 
1a  11.514802 

10865381 NM_001005897 // Clecsf9 // macrophage-inducible C-type lectin  11.546984 
10736312 NM_012611 // Nos2 // nitric oxide synthase 2, inducible  11.5620775 
10705034 NM_173339 // Ceacam10 // CEA-related cell adhesion molecule 10  12.191923 
10827231 NM_031327 // Cyr61 // cysteine rich protein 61  12.287982 
10825869 NM_023981 // Csf1 // colony stimulating factor 1 (macrophage) 12.296915 
10834109 NM_022194 // Il1rn // interleukin 1 receptor antagonist  12.329274 
10714903 NM_001007694 // Ifit3 // interferon-induced protein with tetratricopeptide repeats 3  13.4476385 
10860852 NM_173141 // Tfpi2 // tissue factor pathway inhibitor 2  13.954683 
10803947 NM_012945 // Hbegf // heparin-binding EGF-like growth factor 14.101749 
10771655 NM_139089 // Cxcl10 // chemokine (C-X-C motif) ligand 10 14.14369 
10736802 NM_053687 // Slfn3 // schlafen 3  14.449076 
10797681 NM_001008556 // Ippk // inositol 1,3,4,5,6-pentakisphosphate 2-kinase 14.454837 
10821698 NM_001005384 // Osmr // oncostatin M receptor  14.519143 
10736702 NM_001007612 // Ccl7 // chemokine (C-C motif) ligand 7  14.599536 
10906926 NM_001013222 // Rnd1 // Rho family GTPase 1  14.934278 
10896814 NM_012603 // Myc // myelocytomatosis viral oncogene homolog (avian) 16.061972 
10828154 NM_212504 // Hspa1b // heat shock 70kD protein 1B (mapped)  16.910315 
10936482 NM_053819 // Timp1 // tissue inhibitor of metallopeptidase 1  17.492239 
10765173 NM_138879 // Sele // selectin, endothelial cell  18.024523 
10719432 XM_001057199 // Fosb // FBJ osteosarcoma oncogene B  18.099567 
10765534 XM_341154 // Adamts4 // a disintegrin and metallopeptidase with thrombospondin motifs 4  19.588547 
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10745677 NM_013025 // Ccl3 // chemokine (C-C motif) ligand 3  19.61217 
10749372 NM_053565 // Socs3 // suppressor of cytokine signaling 3  21.591927 
10753861 NM_181625 // Retnlg // resistin-like gamma 22.251404 
10775896 NM_053647 // Cxcl2 // chemokine (C-X-C motif) ligand 2  22.867657 
10858599 NM_001003707 // Clec4d // C-type lectin domain family 4, member d  23.072096 
10860231 NM_053455 // Fgl2 // fibrinogen-like 2  26.494041 
10800919 NM_012551 // Egr1 // early growth response 1 27.146576 
10765195 NM_013114 // Selp // selectin, platelet  30.718418 
10886031 NM_022197 // Fos // FBJ murine osteosarcoma viral oncogene homolog  32.920853 
10924245 NM_017183 // Il8rb // interleukin 8 receptor, beta  34.007313 
10849841 NM_031512 // Il1b // interleukin 1 beta  35.164932 
10922816 NM_053953 // Il1r2 // interleukin 1 receptor, type II 35.992355 
10824695 NM_053587 // S100a9 // S100 calcium binding protein A9 (calgranulin B) 36.353565 
10770710 NM_012912 // Atf3 // activating transcription factor 3  36.449238 
10775900 NM_030845 // Cxcl1 // chemokine (C-X-C motif) ligand 1  42.6151 
10736697 NM_031530 // Ccl2 // chemokine (C-C motif) ligand 2  57.190655 
10907913 NM_022221 // Mmp8 // matrix metallopeptidase 8  61.682762 
10817071 NM_053822 // S100a8 // S100 calcium binding protein A8 (calgranulin A)  61.82779 
10859799 NM_012589 // Il6 // interleukin 6 77.975876 
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Table B.2. ZLC non-ischemic LV vs ZDF ischemic LV 

Genes expressed at least 4-fold different between non-diabetic (ZLC) cardiac 

tissue and type 2 diabetic (ZDF) post-ischemic cardiac tissue. GeneChips were 

run in duplicate for the ZDF pooled data (n = 4 on each GeneChip). Non-

ischemic data was normalized to 1.0.  Most gene expression was up-regulated 

and the data are sorted in ascending order with respect to fold-change. 

 

ZLC non-ischemic LV vs ZDF ischemic LV – 4 fold   
 ZDF - 1 ZDF - 2 
Systematic Gene Description Normalized Normalized 

10931678 NM_031115 // Sctr // secretin receptor  0.13176 0.11028 

10714907 
NM_020096 // Ifit1 // interferon-induced protein with tetratricopeptide repeats 
1  0.18749 0.16527 

10808274 NM_138889 // Cdh13 // cadherin 13  0.20189 0.21372 
10866142 XM_578407 // RGD1563110_predicted  0.25690 0.22142 
10837424 NM_031349 // Agtrl1 // angiotensin receptor-like 1  0.25118 0.24902 
10709083 NM_013167 // Ucp3 // uncoupling protein 3 (mitochondrial, proton carrier)  0.23170 0.26384 

10907962 
NM_053559 // Trpc6 // transient receptor potential cation channel, subfamily 
C, member 6  4.32274 2.88134 

10770109 XM_222950 // RGD1562462_predicted // similar to Ifi204 protein (predicted) 4.42296 3.04449 
10762747 NM_001009682 // Oasl2 // 2'-5' oligoadenylate synthetase-like 2 4.04375 3.43962 

10797929 
NM_001001511 // Gcnt2 // glucosaminyl (N-acetyl) transferase 2, I-
branching enzyme  4.25837 3.44510 

10860809 
XR_008610 // RGD1561472_predicted // similar to mKIAA2005 protein 
(predicted) 4.56889 3.54432 

10758777 NM_138913 // Oas1 // 2',5'-oligoadenylate synthetase 1, 40/46kDa  4.06019 3.57081 
10764891 NM_053571 // Lztr2 // leucine zipper transcription regulator 2  4.83527 3.64273 
10719990 NM_178094 // Itpkc // inositol 1,4,5-trisphosphate 3-kinase C  4.04578 3.68895 
10739982 XM_221191 // RGD1308168_predicted  4.32618 3.72239 
10922882 NM_184047 // Il18rap // interleukin 18 receptor accessory protein  4.41556 3.79660 

10701830 
NM_024137 // Hivep2 // human immunodeficiency virus type I enhancer 
binding protein 2  4.54618 3.79887 

10860815 XM_575369 // LOC500015 // similar to mKIAA2005 protein  4.80213 3.88091 
10932795 NM_053623 // Acsl4 // acyl-CoA synthetase long-chain family member 4  4.27389 3.92381 
10874193 NM_001014071 // Errfi1 // ERBB receptor feedback inhibitor 1 4.03606 3.95051 
10820577 NM_053897 // F2rl1 // coagulation factor II (thrombin) receptor-like 1  4.21940 3.96528 
10814430 NM_012532 // Cp // ceruloplasmin  4.53238 4.06045 
10783880 NM_031659 // Tgm1 // transglutaminase 1  4.36889 4.06796 
10757082 NM_001008363 // Zfand2a // zinc finger, AN1-type domain 2A 4.33850 4.08690 
10859262 NM_001003403 // Verge // vascular early response gene protein 4.47793 4.10531 
10740037 XM_001081771 // LOC688296 5.18660 4.11053 
10783964 NM_139342 // Ripk3 // receptor-interacting serine-threonine kinase 3  4.92115 4.11429 



 229

10740016 XM_001081771 // LOC688296  4.98259 4.21751 
10740018 XM_001081771 // LOC688296  4.89136 4.23521 

10714616 
NM_013032 // Slc1a1 // solute carrier family 1 (neuronal/epithelial high 
affinity glutamate transporter, system Xag), member 1  4.12808 4.27861 

10762247 NM_144752 // Oas1b // 2-5 oligoadenylate synthetase 1B  5.32996 4.29297 

10750282 
NM_053715 // Slc5a3 // solute carrier family 5 (inositol transporters), 
member 3  5.28401 4.29333 

10802422 NM_001025675 // Tubb6 // tubulin, beta 6  3.70154 4.31435 

10831606 
NM_032055 // Tap1 // transporter 1, ATP-binding cassette, sub-family B 
(MDR/TAP) 4.84606 4.34682 

10899387 NM_024388 // Nr4a1 // nuclear receptor subfamily 4, group A, member 1  5.43939 4.35187 
10769771 NM_175756 // Fcgr2b // Fc receptor, IgG, low affinity Iib 4.66580 4.35708 
10920860 NM_198130 // Myd88 // myeloid differentiation primary response gene 88 5.19889 4.36390 

10740869 
NM_181086 // Tnfrsf12a // tumor necrosis factor receptor superfamily, 
member 12a  3.72754 4.37076 

10740000 XM_001081771 // LOC688296  5.10020 4.41358 
10739990 XM_221191 // RGD1308168_predicted  5.78095 4.42394 
10739996 XM_001081768 // RGD1308168_predicted 5.13389 4.43186 
10753425 NM_173096 // Mx1 // myxovirus (influenza virus) resistance 1  5.74378 4.43865 
10739977 XM_001081768 // RGD1308168_predicted  6.10058 4.45739 
10801975 NM_001012353 // MGC108823 // similar to interferon-inducible GTPase  7.64859 4.49446 
10756343 NM_001011901 // Hsph1 // heat shock 105kDa/110kDa protein 1 5.07026 4.52245 
10912112 NM_133416 // Bcl2a1 // B-cell leukemia/lymphoma 2 related protein A1  4.55713 4.52647 
10930411 NM_001015020 // Tgif // TG interacting factor  5.35280 4.55631 
10739958 XM_001081768 // RGD1308168_predicted 5.11518 4.56203 
10912218 NM_057194 // Plscr1 // phospholipid scramblase 1  3.83355 4.57469 
10896793 NM_023985 // Trib1 // tribbles homolog 1 (Drosophila)  5.23667 4.60030 

10859121 
XM_001068837 // RGD1563517_predicted // similar to C-type lectin-like 
receptor 2 (predicted) 4.82365 4.61538 

10823508 NM_053662 // Ccnl1 // cyclin L1  4.99859 4.62906 
10773853 NM_022196 // Lif // leukemia inhibitory factor 5.30344 4.67592 
10765186 NM_019177 // Sell // selectin, lymphocyte  5.28968 4.68988 
10923338 NM_001009671 // RGD1359509 // similar to hypothetical protein FLJ13448  4.49174 4.71136 
10739796 NM_133386 // Sphk1 // sphingosine kinase 1 4.80090 4.72325 

10903725 
NM_012870 // Tnfrsf11b // tumor necrosis factor receptor superfamily, 
member 11b (osteoprotegerin)  4.60389 4.74646 

10791902 
NM_022619 // Slc7a2 // solute carrier family 7 (cationic amino acid 
transporter, y+ system), member 2 5.07208 4.76396 

10739984 XM_001081768 // RGD1308168_predicted  6.00496 4.77839 

10879726 
NM_001077671 // Zc3h12a_predicted // zinc finger CCCH type containing 
12A (predicted)  5.27349 4.81035 

10739988 XM_001081768 // RGD1308168_predicted 5.64300 4.82883 
10713974 NM_139341 // Slc15a3 // solute carrier family 15, member 3  5.15183 4.83483 
10739994 XM_001081768 // RGD1308168_predicted  7.58862 4.93609 
10933716 NM_001007667 // Sat // spermidine/spermine N1-acetyl transferase  5.29537 4.94051 
10845124 NM_001007641 // Rnd3 // Rho family GTPase 3  4.94131 5.03654 
10831077 NM_212505 // Ier3 // immediate early response 3  5.29025 5.06745 
10907825 NM_053736 // Casp4 // caspase 4, apoptosis-related cysteine peptidase 5.06688 5.09197 

10802375 
NM_001008385 // Pmaip1 // phorbol-12-myristate-13-acetate-induced 
protein 1  5.33836 5.16170 

10743966 XM_001079385 // Jmjd3_predicted // jumonji domain containing 3 5.55753 5.20370 
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(predicted)  

10764773 NM_001077589 // Rgs16 // regulator of G-protein signaling 16  5.39173 5.27334 
10863410 NM_173097 // Reg3g // regenerating islet-derived 3 gamma  6.13407 5.28524 
10839307 NM_001008518 // MGC105649 // hypothetical LOC302884  4.96469 5.28690 
10718504 XM_001076099 // Lilrc2 // leukocyte immunoglobulin-like receptor  4.86320 5.29348 
10828021 NM_012675 // Tnf // tumor necrosis factor (TNF superfamily, member 2)  5.76339 5.31387 
10782919 NM_024356 // Gch // GTP cyclohydrolase 1  6.77090 5.31445 
10856474 NM_053289 // Pap // pancreatitis-associated protein  6.09384 5.33204 
10733553 NM_012591 // Irf1 // interferon regulatory factor 1  5.74172 5.36813 
10832802 NM_053633 // Egr2 // early growth response 2  5.56930 5.39805 
10765850 NM_001011908 // Spna1 // spectrin alpha 1  6.84800 5.44046 
10847761 NM_012924 // Cd44 // CD44 antigen  6.53734 5.53214 
10795602 NM_053847 // Map3k8 // mitogen-activated protein kinase kinase kinase 8 5.93304 5.53813 
10738051 NM_017104 // Csf3 // colony stimulating factor 3 (granulocyte)  5.01685 5.55256 
10739992 XM_001081768 // RGD1308168_predicted  6.58147 5.63976 
10714667 NM_031514 // Jak2 // Janus kinase 2  7.16049 5.68328 
10809303 XM_214630 // Cpne2_predicted // copine II (predicted)  6.12414 5.68418 

10752839 
NM_024400 // Adamts1 // a disintegrin-like and metallopeptidse (reprolysin 
type) with thrombospondin type 1 motif, 1  6.36037 5.74765 

10868940 NM_031628 // Nr4a3 // nuclear receptor subfamily 4, group A, member 3  5.69981 5.75587 

10897428 
NM_133555 // Csf2rb1 // colony stimulating factor 2 receptor, beta 1, low-
affinity (granulocyte-macrophage)  6.73055 5.78344 

10770082 NM_001012029 // Mnda // myeloid cell nuclear differentiation antigen  7.28918 5.82058 
10767767 NM_017259 // Btg2 // B-cell translocation gene 2, anti-proliferative  6.55327 5.84627 

10901436 
NM_001044304 // MGC114449 // similar to E1A-like inhibitor of 
differentiation 3  6.74864 5.87720 

10923270 NM_001014216 // RGD1306658 // similar to 5830411E10Rik protein  6.21807 5.89707 
10764069 NM_053560 // Chi3l1 // chitinase 3-like 1 5.89637 5.96641 
10733056 NM_172019 // Ifi47 // interferon gamma inducible protein  6.35293 5.99008 
10719616 NM_017076 // PVR // poliovirus receptor  6.71792 6.07509 
10920977 XM_236702 // Cmya1_predicted // cardiomyopathy associated 1 (predicted)  7.49566 6.33618 
10718954 NM_001013894 // Gp49b // glycoprotein 49b  6.83674 6.39162 
10841416 NM_001025733 // Procr // protein C receptor, endothelial  5.68392 6.57247 
10702660 NM_057103 // Akap12 // A kinase (PRKA) anchor protein (gravin) 12  7.58952 6.67083 
10772705 NM_031325 // Ugdh // UDP-glucose dehydrogenase 7.64518 6.74912 
10931717 NM_016994 // C3 // complement component 3 7.24799 6.78325 
10891240 NM_053595 // Pgf // placental growth factor  6.76859 6.86260 

10796673 
XM_574086 // RGD1563344_predicted // similar to OTU domain containing 1 
(predicted) 6.14208 6.90459 

10812589 NM_053313 // F2rl2 // coagulation factor II (thrombin) receptor-like 2  6.99236 7.03489 
10705034 NM_173339 // Ceacam10 // CEA-related cell adhesion molecule 10  7.46794 7.09353 
10806585 NM_021836 // Junb // Jun-B oncogene  7.36459 7.24721 
10720215 NM_133290 // Zfp36 // zinc finger protein 36  7.84651 7.27566 
10866030 NM_133306 // Oldlr1 // oxidized low density lipoprotein (lectin-like) receptor 1 7.97245 7.53788 
10733139 NM_001002819 // Gfpt2 // glutamine-fructose-6-phosphate transaminase 2  9.52775 7.72538 

10887306 
XM_216791 // LOC299339 // similar to Tumor necrosis factor, alpha-induced 
protein 2 (Primary response gene B94 protein)  8.22104 7.77966 

10851581 NM_053372 // Slpi // secretory leukocyte peptidase inhibitor  7.04813 7.82367 
10810923 NM_012582 // Hp // haptoglobin 7.00135 7.83459 
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10819523 NM_133624 // Gbp2 // guanylate nucleotide binding protein 2  8.23485 7.99073 

10811531 
NM_017353 // Slc7a5 // solute carrier family 7 (cationic amino acid 
transporter, y+ system), member 5 7.89301 8.08872 

10796149 
NM_057135 // Pfkfb3 // 6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 3  9.07465 8.14187 

10714900 
NM_001024753 // Ifit2 // interferon-induced protein with tetratricopeptide 
repeats 2  9.41938 8.17817 

10818983 NM_001014044 // LOC310877 // TRAF2 binding protein  9.18934 8.20734 

10761047 
NM_012620 // Serpine1 // serine (or cysteine) peptidase inhibitor, clade E, 
member 1  9.13034 8.25682 

10825869 NM_023981 // Csf1 // colony stimulating factor 1 (macrophage)  9.25944 8.33172 
10778558 NM_001025750 // Plek // pleckstrin  8.56906 8.33649 
10803947 NM_012945 // Hbegf // heparin-binding EGF-like growth factor  9.47034 8.67631 
10718344 NM_172323 // Has1 // hyaluronan synthase 1  9.32079 8.92827 
10762740 NM_001009681 // Oasl1 // 2'-5' oligoadenylate synthetase-like 1  10.37273 9.24739 
10865381 NM_001005897 // Clecsf9 // macrophage-inducible C-type lectin  10.33940 9.31648 
10842239 NM_031055 // Mmp9 // matrix metallopeptidase 9  9.87989 9.45500 
10827231 NM_031327 // Cyr61 // cysteine rich protein 61  10.06594 9.48917 
10908319 NM_012967 // Icam1 // intercellular adhesion molecule 1  10.73311 9.62932 
10889399 NM_138881 // Best5 // Best5 protein  11.09749 9.72748 
10859003 NM_130754 // Fgf23 // fibroblast growth factor 23  9.12937 9.87918 
10775922 NM_022214 // Cxcl5 // chemokine (C-X-C motif) ligand 5  9.27170 9.92205 

10752744 
NM_130821 // Samsn1 // SAM domain, SH3 domain and nuclear localization 
signals, 1  11.46848 10.61112 

10797681 NM_001008556 // Ippk // inositol 1,3,4,5,6-pentakisphosphate 2-kinase 11.40373 10.83883 

10794866 
NM_001031642 // Serpinb1a // serine (or cysteine) proteinase inhibitor, 
clade B, member 1a  9.85676 10.93744 

10828154 NM_212504 // Hspa1b // heat shock 70kD protein 1B (mapped)  12.86563 11.10211 

10750848 
XM_221537 // Nfkbiz_predicted // nuclear factor of kappa light polypeptide 
gene enhancer in B-cells inhibitor, zeta (predicted) 12.34816 11.17624 

10764551 NM_017232 // Ptgs2 // prostaglandin-endoperoxide synthase 12.32479 11.26941 
10729777 NM_001025415 // Ch25h // cholesterol 25-hydroxylase  11.17800 11.60906 
10821698 NM_001005384 // Osmr // oncostatin M receptor 14.14720 11.94911 
10860801 XM_001069221 // RGD1563091_predicted // similar to OEF2 (predicted)  13.81353 11.96436 
10834109 NM_022194 // Il1rn // interleukin 1 receptor antagonist 12.53785 12.43576 
10719432 XM_001057199 // Fosb // FBJ osteosarcoma oncogene B  13.89445 12.53782 
10906926 NM_001013222 // Rnd1 // Rho family GTPase 1  12.01111 12.68132 
10736312 NM_012611 // Nos2 // nitric oxide synthase 2, inducible  15.04116 12.68473 
10736802 NM_053687 // Slfn3 // schlafen 3  14.59737 13.60333 
10753861 NM_181625 // Retnlg // resistin-like gamma  15.50897 14.13275 
10896814 NM_012603 // Myc // myelocytomatosis viral oncogene homolog (avian)  14.80674 14.18924 
10914799 NM_023987 // Birc3 // baculoviral IAP repeat-containing 3 15.56457 15.23807 
10860231 NM_053455 // Fgl2 // fibrinogen-like 2  16.00240 15.69013 
10736863 NM_053858 // Ccl4 // chemokine (C-C motif) ligand 4 12.77106 15.84160 
10858599 NM_001003707 // Clec4d // C-type lectin domain family 4, member d  18.71632 15.94049 
10936482 NM_053819 // Timp1 // tissue inhibitor of metallopeptidase 1  18.09598 16.98788 
10826249 NM_012889 // Vcam1 // vascular cell adhesion molecule 1 19.34443 17.32798 
10849833 NM_017019 // Il1a // interleukin 1 alpha  19.01579 17.70347 

10714903 
NM_001007694 // Ifit3 // interferon-induced protein with tetratricopeptide 
repeats 3  20.50416 18.53821 
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10749372 NM_053565 // Socs3 // suppressor of cytokine signaling 3 19.45406 18.72885 
10924245 NM_017183 // Il8rb // interleukin 8 receptor, beta 20.85812 19.29086 
10860852 NM_173141 // Tfpi2 // tissue factor pathway inhibitor 2  17.63827 19.51126 
10771660 NM_145672 // Cxcl9 // chemokine (C-X-C motif) ligand 9 22.65660 19.64189 
10830854 NM_053299 // Ubd // ubiquitin D  19.80069 19.64648 
10736702 NM_001007612 // Ccl7 // chemokine (C-C motif) ligand 7  22.85119 20.80741 
10765173 NM_138879 // Sele // selectin, endothelial cell  24.56794 20.90938 
10886031 NM_022197 // Fos // FBJ murine osteosarcoma viral oncogene homolog 21.97715 22.21190 

10765534 
XM_341154 // Adamts4 // a disintegrin and metallopeptidase with 
thrombospondin motifs 4  23.70392 23.50845 

10800919 NM_012551 // Egr1 // early growth response 1  26.18266 24.60335 
10922816 NM_053953 // Il1r2 // interleukin 1 receptor, type II  23.89772 25.23842 
10824695 NM_053587 // S100a9 // S100 calcium binding protein A9 (calgranulin B) 28.45549 28.31871 
10770710 NM_012912 // Atf3 // activating transcription factor 3  31.78452 31.49641 
10745677 NM_013025 // Ccl3 // chemokine (C-C motif) ligand 3 38.99641 35.84565 
10765195 NM_013114 // Selp // selectin, platelet 46.57012 38.80417 
10907913 NM_022221 // Mmp8 // matrix metallopeptidase 8  43.68370 41.55535 
10817071 NM_053822 // S100a8 // S100 calcium binding protein A8 (calgranulin A)  56.36248 44.35596 
10849841 NM_031512 // Il1b // interleukin 1 beta 49.80368 46.56366 
10771655 NM_139089 // Cxcl10 // chemokine (C-X-C motif) ligand 10  65.45193 64.64307 
10736697 NM_031530 // Ccl2 // chemokine (C-C motif) ligand 2  73.76731 69.12884 
10775896 NM_053647 // Cxcl2 // chemokine (C-X-C motif) ligand 2  64.11332 71.75105 
10775900 NM_030845 // Cxcl1 // chemokine (C-X-C motif) ligand 1  82.19080 81.57674 
10859799 NM_012589 // Il6 // interleukin 6  177.85019 184.31912 
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