
 

 

 

CHARACTERIZATION OF ’ FIBRINOGEN AS A 
CARDIOVASCULAR RISK MARKER 

 

By 

Kristine S. Alexander 

 

A DISSERTATION 

 

 

Presented to the Department of Molecular and Medical Genetics  

and Oregon Health & Science University  

School of Medicine 

in partial fulfillment of  

the requirements for the degree of 

 Doctor of Philosophy 

July 2012 

 



 

 

Department of Medical and Molecular Genetics 

School of Medicine 

Oregon Health & Science University 

 

                    _________________________________ 

CERTIFICATE OF APPROVAL 

                    _________________________________ 
 

This is to certify that the PhD Dissertation of 

 

Kristine S. Alexander 

 

Has been approved 

 
 

 

_________________________________________ 

Dr. David Farrell 

Dissertation Advisor, Professor 

 

 

_________________________________________ 

Dr. Cynthia Morris 

Professor 

 

 

_________________________________________ 

Dr. Cheryl Maslen 

Professor 

 

 

_________________________________________ 

Dr. Owen McCarty 

Associate Professor 

 

 

_________________________________________ 

Dr. Kent Thornburg 

Professor 

 



 i 

 

 

 

Table of Contents 

List of Figures ....................................................................................................................... iii 

List of Tables ........................................................................................................................ iv 

List of Abbreviations ........................................................................................................... v 

Acknowledgements ........................................................................................................... vii 

Abstract ................................................................................................................................ viii 

Chapter 1.  Introduction .................................................................................. 1 

1.1 Fibrinogen Structure and Production ................................................................... 1 

1.1.1 Fibrinogen Structure ......................................................................................................... 1 

1.1.2 Fibrinogen Synthesis, Assembly, and Secretion ..................................................... 2 

1.2 Fibrinogen and Hemostasis ...................................................................................... 5 

1.2.1 Primary Hemostasis .......................................................................................................... 5 

1.2.2 Secondary Hemostasis...................................................................................................... 6 

1.2.3 Conversion of Fibrinogen to Fibrin Clot ................................................................. 10 

1.2.4 Fibrinolysis ........................................................................................................................ 12 

1.3 Fibrinogen, Inflammation and Cardiovascular Disease ................................ 14 

1.3.1 Inflammation in the Development and Progression of Atherosclerosis .... 14 

1.3.2 Inflammation as a Cardiovascular Risk Factor .................................................... 18 

1.3.3 Fibrinogen in Inflammation and Cardiovascular Disease ............................... 22 

1.4 The ’ Fibrinogen Variant ........................................................................................ 25 

1.4.1 ’ Fibrinogen Structure .................................................................................................. 25 

1.4.2 Unique properties of ’ fibrinogen ............................................................................ 27 

1.4.3 The Association of ’ Fibrinogen with Cardiovascular Disease ..................... 30 

1.5 Thesis Research .......................................................................................................... 34 

Chapter 2. Methods Background and Details ........................................ 36 

2.1 Biacore Surface Plasmon Resonance Binding Experiments ........................ 36 



 ii 

2.2 Measurement of ’ Fibrinogen Levels in Plasma .............................................. 39 

2.2.1 Enzyme-Linked Immunosorbent Assay (ELISA) ................................................. 39 

2.2.2 Luminex Assay .................................................................................................................. 40 

Chapter 3.  The Role of Electrostatic Interactions in Thrombin 
Binding to the Fibrinogen ’ Chain ............................................................ 42 

3.1 Abstract .......................................................................................................................... 44 

3.2 Introduction ................................................................................................................. 45 

3.3 Materials and Methods ............................................................................................. 48 

3.4 Results ............................................................................................................................ 51 

3.5 Discussion ..................................................................................................................... 60 

Chapter 4.  Association Between ' Fibrinogen Levels and 
Inflammation .................................................................................................... 63 

4.1 Abstract .......................................................................................................................... 65 

4.2 Introduction ................................................................................................................. 66 

4.3 Materials and Methods ............................................................................................. 68 

4.4 Results ............................................................................................................................ 72 

4.5 Discussion ..................................................................................................................... 76 

Chapter 5.  Variability of Gamma’ and CVD Biomarkers .................... 80 

5.1 Abstract .......................................................................................................................... 82 

5.2 Introduction ................................................................................................................. 82 

5.3 Materials and Methods ............................................................................................. 86 

5.4 Results ............................................................................................................................ 86 

5.5 Discussion ..................................................................................................................... 96 

Chapter 6.  Summary and Conclusions ..................................................... 99 

Chapter 7.  References ................................................................................ 110 

 



 iii 

List of Figures 

Figure 1.1  Structure of fibrinogen………………………………………………………………….....…2 

Figure 1.2  Arrangement of fibrinogen genes on chromosome 4………………………........3 

Figure 1.3  The coagulation cascade…………………………………………….……………….…...…7 

Figure 1.4  Fibrin polymerization…………………………………...……………………………….…11 

Figure 1.5  Fibrin clot structure…...................................................................................................12 

Figure 1.6  Alternative splicing of the fibrinogen  chain mRNA……………....…………..26 

Figure 2.1  Illustration of surface plasmon resonance……………………………...........……37 

Figure 2.2  An example of an SPR sensorgram……………………………………….…….....…..38 

Figure 3.1  Crystal structure of thrombin in complex with the γ′ peptide………...…...52 

Figure 3.2  Binding isotherms for binding of thrombin to the immobilized wild-type 

γ′ peptide using surface plasmon resonance…………………………………...………………..….54 

Figure 3.3  Thrombin binding curves for the wild-type γ′ peptide and analogue 

peptides 10 and 11…………………………………………………………………………………….……....57 

Figure 3.4  Linkage plot……………………………………...……………………………………..….……59 



 iv 

List of Tables 

Table 3.1  Binding Affinities of the Charged-to-Uncharged γ′ Peptides…......................51 

Table 3.2  Dependence of thrombin- ’ peptide binding on NaCl concentration.........58 

Table 4.1  Characteristics of the PAVE cohort…........................................................................72 

Table 4.2   Relationships between ’ fibrinogen and cardiovascular disease risk 

factors...........................................................................................................................................................74 

Table 4.3  Relationships between periodontal disease variables and log-

transformed CRP, ’ fibrinogen and total fibrinogen................................................................75 

Table 5.1  Descriptive statistics for CVD risk markers measured in a cohort of 15 

apparently healthy adults over a 1-year period……………………………………………………91 

Table 5.2  Index of Individuality, intra-class correlation coefficients, and variance 

components as a percentage of total variance for CVD risk markers……………………..93 

Table 5.3  Validity coefficients (VC) and the number of repeated measurements 

needed to reach a VC of 0.91……………………………………………………………………………….94 

Table 5.4  Misclassification of CRP risk category based on individual measurements 

………………………………………………………………………………………………………………………….95 



 v 

List of Abbreviations 

BMI – body mass index 

CAD – coronary artery disease 

CRP – C-reactive protein 

C-terminus – carboxyl terminus 

CV – coefficient of variation 

CVD – cardiovascular disease 

DEAE – diethylaminoethyl   

ELISA – enzyme-linked immunosorbent assay 

FXIII/FXIIIa – factor XIII / activated factor XIII 

HDL – high-density lipoprotein 

HRP – horseradish peroxidase 

hsCRP – high-sensitivity C-reactive protein 

ICAM-1 – intercellular adhesion molecule 1 

ICC – intra-class correlation coefficient 

IoI – index of individuality 

IL-1  – interleukin-1  

IL-6 – interleukin-6 

INF-  – interferon-  

LDL – low-density lipoprotein 

MI – myocardial infarction 

NMR – nuclear magnetic resonance 

N-terminus – amino terminus 

PAR1 – protease-activated receptor 1 

PAVE – Periodontitis And Vascular Events 

PI3K – phosphatidylinositol 3-kinase 



 vi 

RU – resonance units 

SD – standard deviation 

SE – standard error 

SNPs – single nucleotide polymorphisms 

SPR – surface plasmon resonance 

SR – serine/arginine-rich 

TNF-  – tumor necrosis factor-  

tPA – tissue plasminogen activator 

VC – validity coefficient 

VCAM-1 – vascular cell adhesion molecule 1 



 vii 

Acknowledgements 

I first must express my gratitude and appreciation for my mentor, Dr. David Farrell, 

who has been so supportive of me throughout my graduate education.  Thank you, 

Dave, for your support when I needed guidance, and for letting me take my own 

path when I needed independence.  Thank you for always considering my ideas, 

even when they weren’t very well thought out.  I will be hard-pressed to find 

another mentor that lives up to your standard in the lab and at karaoke bars. 

I would also like to express my appreciation for my thesis advisory committee.  

Thank you for your time, your thoughts, and your guidance.  You have made me a 

better scientist. 

A sincere thanks goes to my friends and colleagues, who have always been ready to 

lend a hand or a shoulder on which to cry.  I must specially acknowledge a particular 

few:  Steve K., who always made me feel like an equal member of the team; Chantelle 

R., for paving the way for me in the Farrell lab; Rehana L., for her patience in 

teaching me ELISA techniques; Adam M. and Jason S., for their help with my Biacore 

project; my uncle, Jon B., for his advice and encouragement; and my good friends 

Rachael A., Nathan A., Andre B., and John M., for their unflagging support. 

Finally, I would like to express my gratitude to my parents, but I cannot find words 

sufficient to the task.  It must be enough to say that I love you both fiercely, and 

would not be here without your steadfast support.  You have always believed in me, 

often for no discernable reason.  I am so proud to be your daughter.



 viii 

Abstract 

The ’ isoform of fibrinogen is associated with cardiovascular disease (CVD) and 

may be useful for cardiovascular risk prediction.  This isoform is produced through 

the incorporation of a splice variant of the fibrinogen  chain into the molecule, and 

its levels vary between individuals.  It has been proposed that ’ fibrinogen may 

increase the risk of thrombosis through its interactions with thrombin, the major 

blood coagulation enzyme.  In this dissertation, the role of electrostatic interactions 

in this binding was investigated using surface plasmon resonance technology.  Our 

findings indicate that the binding of exosite II of thrombin to the ’ chain is mediated 

by the ensemble of negatively-charged residues in the ’ chain carboxyl terminus, 

and that no single charged residue is absolutely required.  As CVD appears to be an 

inflammatory process, the relationship between ’ fibrinogen and inflammation was 

explored in a cohort of subjects from the Periodontitis and Vascular Events (PAVE) 

study.  These subjects had prevalent CVD and periodontal disease, a common source 

of chronic inflammation.  In this group, significant correlations were found between 

’ fibrinogen and C-reactive protein (CRP), a systemic marker of inflammation, both 

as a continuous variable and as a dichotomized variable using the “high-risk” 

classification of CRP > 3 mg/L.  Additionally, ’ fibrinogen was associated with the 

localized inflammation of the gingiva, but was not associated with total fibrinogen 

levels.  To gain further insight into the potential use of ’ fibrinogen as a 

cardiovascular risk factor, we measured its levels, along with other biochemical risk 

markers, in a group of 15 healthy individuals over the course of a year.  Both the 
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with-subject and between-subject variabilities of all of the markers were assessed.  

The variability profile of ’ fibrinogen in this study was very similar to that of low-

density lipoprotein cholesterol.  High-density lipoprotein cholesterol had the lowest 

proportion of within-subject variability, making it the most reliable marker 

measured, while C-reactive protein had the highest proportion of within-subject 

variance.  It was estimated that eight replicate measurements of CRP would be 

required to achieve the same validity as a single HDL cholesterol measurement.  The 

work presented in this dissertation helps to clarify the role of ’ fibrinogen as a 

potential risk factor on both a molecular level, by examining its interaction with 

thrombin, and an epidemiological level, by assessing its relationship with chronic 

inflammation and the sources of variance in its measurement.  The results of this 

research indicate that this protein has the potential to be a valuable risk marker for 

CVD and inflammation, but future work will be needed to confirm and extend these 

findings.
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Chapter 1.  Introduction 

1.1 Fibrinogen Structure and Production 

1.1.1 Fibrinogen Structure 

Fibrinogen is a fibrous glycoprotein with a mass of about 340,000 Da.  It is 

composed of two each of the three polypeptide chains, termed A , B , and , with 

both halves of the dimeric fibrinogen molecule containing one of each type of chain.  

The nomenclature for the A  and B  chains reflects the fact that small peptides, 

called fibrinopeptides A and B are cleaved from fibrinogen by thrombin, while there 

is no cleavage of the  chain.  These six chains are connected by 29 disulfide bonds 

(1), and oriented with their amino-termini near the center of the protein.  Both the 

B  and the  chain contain an N-linked glycosylation site (B 364 and 52), giving the 

full protein four oligosaccharide chains of the biantennary type (2). 

The predominant structure of the protein is -helical coiled-coil, with nodular 

regions at the center of the molecule, where the fibrinopeptides A and B are located, 

and at the ends, where the globular C-terminal domains of the B  and  reside 

(Figure 1.1).  The gives fibrinogen the appearance, by electron microscopy, of three 

beads on a string, with the “beads” being the nodular regions at the ends and center, 

and the “string” representing the rod-like coiled-coil regions in between.  The C-

terminus of the A  chains, known as the C domain, has only been crystallized as a 
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fragment, so its structure in the intact molecule is not well understood (3).  It 

consists of both an extended and a globular region, with the globular regions of each 

chain interacting with one another and with the central region of the molecule (4, 

5). 

Proteolytic fragments produced by the degradation of fibrin clots have contributed 

to fibrinogen structure terminology.  Plasmin, a fibrinolytic enzyme, cleaves 

fibrinogen in the middle of both coiled-coil regions.  This eventually produces three 

fragments: two D fragments, each containing a C-terminal nodule and about half of 

one coiled-coil region, and one E fragment with the central region and the remaining 

coiled-coils on both sides. 

1.1.2 Fibrinogen Synthesis, Assembly, and Secretion 

The genes for the three polypeptide chains that make up fibrinogen are clustered 

together on chromosome 4, bands q23-q32 (Figure 1.2) (6).  The  chain gene, FGG, 

is the furthest upstream and is composed of ten exons.  The transcript of FGG is 

Figure 1.1.  Structure of fibrinogen.  The A  chains are shown here in blue, 

the B  chains in green and the  chains in purple. 
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processed to produce two polypeptide variants through alternative splicing, known 

as A and ’.  This is discussed in greater detail in section 1.4.  In the middle of the 

cluster is the fibrinogen A  gene, FGA, consisting of five exons.  Alternate splicing of 

the sixth intron of this gene produces an A  chain with an extended C-terminus 

found in 1-2% of adult proteins (7).  FGB, the B  chain gene, has eight exons and is 

transcribed in the opposite direction to that of FGG and FGA upstream.  The tight 

clustering of the fibrinogen genes is unusual in eukaryotic systems, and this 

arrangement, along with the homologous nature of the genes, indicates that they 

arose through duplication and divergence of an ancestral gene (6). 

 

Fibrinogen is synthesized predominantly in the liver at a rate of 1.7 – 5.0 grams per 

day (8).  The mRNA expression for the three chains is coordinately regulated, with 

hepatocytes producing relatively equal proportions of each transcript (9).  While the 

complete mechanism of this regulation has not been elucidated, it is likely to involve 

the highly homologous sequences in the 5’ untranslated regions of the three genes 

Figure 1.2.  Arrangement of fibrinogen genes on chromosome 4. 
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containing binding sites for several general and liver-specific transcription factors 

(10-12).   

After transcription, the newly synthesized chains are assembled into the complete 

fibrinogen molecule in the rough endoplasmic reticulum of hepatocytes.  This occurs 

in a stepwise fashion, with the formation of two-chain complexes, followed by the 

three-chain half-proteins (A , B , ), which then dimerize to form functional 

fibrinogen (13, 14).  In human hepatocellular carcinoma cells, the availability of the 

B  chain appears to be the rate-limiting factor in fibrinogen assembly (15), and 

increasing the B  chain production in these cells through the transfection of B  

chain cDNA not only increases fibrinogen assembly and secretion, it stimulates the 

synthesis of the A  and  chains, such that their relative surplus is maintained (16).  

Elevating the levels of the A  or  chains using transfected cDNA also increases the 

synthesis of all three chains, but to a lesser extent than that seen with the B  chain 

cDNA (17). 

Fully assembled fibrinogen is secreted by the liver into the plasma, where it 

circulates at a concentration of about 2.5 g/L and has a half-life of 3-5 days.  While 

most fibrinogen circulates in plasma, it is also found in platelets, lymph nodes and 

interstitial fluid.  There was some debate about the origin of the fibrinogen stored in 

platelet -granules, specifically whether it is synthesized by megakaryocytes, the 

large, nucleated precursors to platelets, or taken up into platelets from the plasma 

through endocytosis.  However, at this point, evidence points toward integrin 

IIb 3-mediated endocytosis as the main source of platelet fibrinogen (18). 
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1.2 Fibrinogen and Hemostasis 

Fibrinogen plays a vital role in the formation of a blood clot, where it is involved in 

both primary and secondary hemostasis.  This function is so crucial that individuals 

with a rare congenital absence of fibrinogen, known as afibrinogenemia, cannot 

form normal blood clots and are at high risk of death from uncontrolled bleeding.  

Even relatively minor mutations that cause decreased levels of fibrinogen or 

interfere with fibrinogen function can cause significant bleeding complications. 

1.2.1 Primary Hemostasis 

Primary hemostasis describes the formation of a platelet plug following vascular 

injury.  Platelets initially adhere to the exposed subendothelium through 

interactions with extracellular matrix proteins, including the molecule von 

Willebrand factor, which attaches to collagen and, under conditions of high shear 

(rapid blood flow through narrow vessels), tethers platelets by binding to their GPIb 

receptors.  When platelets are exposed to collagen, signaling cascades are initiated 

that cause the platelets to become activated.  This activation results in a number of 

dramatic changes to the platelets, both inside and out.  Activated platelets change 

shape, extending finger-like projections called filopodia, then flattening and 

spreading into lamellipodia to form a monolayer over the injured area.  Activation 

also causes platelets to release factors that promote the activation and aggregation 

of nearby platelets.  In addition, these platelets activate receptors on their 

membranes, including the integrin IIb 3 that binds to the C-terminal residues of 

the  chains of circulating fibrinogen.  The result of this process is the production of 
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a soft plug composed mainly of platelets and fibrinogen, which occurs very quickly 

after injury, usually within the first minute.  The platelet plug formed in primary 

hemostasis is fragile and requires the actions of secondary hemostasis for 

stabilization. 

1.2.2 Secondary Hemostasis 

Secondary hemostasis, also known as blood coagulation, is the process by which a 

series of enzymes and cofactors are sequentially activated, ultimately resulting in 

the production of an insoluble fibrin clot.  The numerous sequential activation steps 

involved in this process, much like those in a cellular signaling cascade, allow for 

considerable amplification of the initial signal.  This provides a mechanism by which 

a relatively large blood clot can be formed very quickly in response to injury. 

Historically, the coagulation cascade has been divided into two pathways, the 

intrinsic pathway and the extrinsic pathway, which converge into a final common 

pathway (Figure 1.3).  It was originally thought that these two pathways were 

equally important in the initiation of blood coagulation, but it is now recognized that 

the extrinsic pathway, triggered by tissue factor, is the main physiological pathway 

for initiation of coagulation, while the intrinsic pathway plays a role mainly in 

amplification of the cascade.  
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Figure 1.3.  The coagulation cascade.  The extrinsic/tissue factor pathway is 

shown in blue boxes, the intrinsic/contact pathway is shown in yellow, and 

the final common pathway is shown in green.  Cofactors are in beige boxes.  

Blue arrows indicate conversion of a factor to an active form, and red arrows 

indicate the enzyme(s) involved in this conversion.  Purple arrows denote the 

participation of required cofactors. 
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The extrinsic pathway, also known as the tissue factor pathway, is activated when 

blood is exposed to tissue factor.  Tissue factor is a transmembrane glycoprotein 

found in many tissues and is particularly abundant in the walls of blood vessels, but 

is not expressed on the endothelial lining of the vessels and so does not generally 

come into contact with normally circulating blood.  When blood vessels are injured, 

tissue factor quickly binds with factor VII from the blood.  A small amount of factor 

VII circulates in its active form, factor VIIa, which can form the factor VIIa-tissue 

factor complex, also known as the extrinsic Xase complex.  This complex activates 

factor X, which along with its cofactor, factor Va, forms the prothrombinase 

complex.   

The formation of the prothrombinase complex leads to the common pathway of 

coagulation.  As the name suggests, the prothrombinase complex cleaves 

prothrombin, converting it to thrombin, which plays a central role in hemostasis.  

Thrombin is responsible for converting soluble fibrinogen to insoluble fibrin, the 

final product of the coagulation cascade, in a process that will be described in more 

detail in the next section.  Additionally, thrombin is a potent activator of platelets 

and thus functions in promoting primary hemostasis as well.  Factor XIII, the final 

enzyme of the coagulation cascade, is also activated by thrombin and it acts to 

stabilize the clot by cross-linking fibrin molecules. 

The thrombin formed initially by the tissue factor and common pathways can then 

act to propagate further thrombin production by way of the intrinsic pathway.  The 

first step in the intrinsic pathway is the activation of factor XII through the actions of 
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several proteins in conjunction with exposure to a negatively-charged surface.  

Factor XIIa can then activate factor XI to factor XIa, which, in turn, activates factor 

IX.  Factor IXa, with its cofactor, factor VIIIa, can then form the intrinsic complex 

Xase, which activates factor X, leading to the common pathway.   

The activation of factor XII, the first step in the intrinsic pathway, does not appear to 

be necessary for normal blood coagulation and may be more involved in 

inflammatory processes.  However, when thrombin is generated through activation 

of the extrinsic pathway, it can promote further thrombin production through the 

intrinsic pathway by activating factors XI and VIII.   This provides a mechanism to 

rapidly produce a large thrombin burst in response to injury, promoting swift 

amplification of both primary and secondary hemostasis, which results in the 

formation of a stable clot composed mainly of platelets and blood cells held in a 

fibrin meshwork. 

While the robust production of active thrombin is important for hemostasis, 

uncontrolled thrombin activation would lead to undesirable outcomes such as 

thrombosis or disseminated intravascular coagulation. To prevent this from 

happening, thrombin also functions in an anticoagulant capacity by activating 

protein C.  Activated protein C proteolytically inactivates factors Va and VIIIa, 

cofactors needed for thrombin generation, thus inhibiting both the progression and 

amplification of the coagulation cascade (19).  Thrombin activation of protein C is 

mediated by thrombomodulin, found on the surface of endothelial cells.  Binding to 

thrombomodulin both prevents thrombin from cleaving its procoagulant substrates 
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and increases its affinity for protein C by over 1000-fold (20).  Thrombin bound to 

thrombomodulin is also more vulnerable to inactivation by antithrombin. 

1.2.3 Conversion of Fibrinogen to Fibrin Clot 

Fibrinogen is converted to fibrin through the cleavage of fibrinopeptides A and B 

from the N-termini of the A  and B  chains by thrombin, a serine protease.  

Thrombin binding to fibrinogen involves both its catalytic site and a nearby region 

on the thrombin B chain called exosite I that binds to fibrinogen’s E region (21, 22).  

Fibrinopeptide A appears to generally be cleaved first by thrombin, with the 

majority of fibrinopeptide B cleavage occurring afterward (23, 24).  The release of 

fibrinopeptide B is substantially increased after fibrin polymerization (25, 26). 

When fibrinopeptide A is cleaved from fibrinogen, a binding site ‘A’ is exposed, 

which interacts with a site ‘a’ located in the C-terminal  chain nodule.  Similarly, 

release of fibrinopeptide B allows binding between the newly exposed ‘B’ binding 

site and the corresponding site ‘b’ in C-terminal region of the  chain.  The A:a 

binding between the central domain of one fibrin molecule with the end of another 

leads to the aggregation of the monomers into half-staggered protofibrils 

(Figure1.4).  These two-stranded protofibrils can then associate laterally to form 

fibrin fibers, a process that is enhanced by the removal of the B fibrinopeptides (27) 

and interactions between the C domains of adjacent protofibrils (28).  It appears 

that lateral aggregation is limited by the twisting of the fibers, which requires newly 
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added protofibrils to stretch further as the fiber diameter increases (29).  These 

fibers branch and spread, forming a three-dimensional network that interacts with 

platelets and red blood cells to produce a functional clot (Figure 1.5). 

The fibrin clot is stabilized by the actions of factor XIIIa, a transglutaminase 

activated by thrombin.  Factor XIIIa forms covalent bonds between glutamine and 

lysine residues on adjacent fibrin monomers.  During factor XIIIa crosslinking, 

bonds are first formed between the  chains, specifically Gln398/399 and Lys 406, 

followed more slowly by bonds between C domains at a number of residues (30).  

These bonds serve to strengthen the fibrin clot mechanically and to provide 

resistance to proteolysis.  

Figure 1.4.  Fibrin polymerization.  Interactions between the central 

region of one fibrin monomer and the C-terminal domains of another 

drive aggregation into protofibrils. 
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1.2.4 Fibrinolysis 

Even as blood clot is being formed, events leading to its eventual destruction are put 

into motion.  While the swift formation of a blood clot is vital to preventing blood 

loss during injury, it is intended as a temporary fix and coagulation must be 

carefully regulated to preserve circulation to the tissues and to break down the clot 

when it is no longer needed.  This breakdown is called fibrinolysis. 

The main enzyme responsible for fibrinolysis is plasmin, a serine protease.  Plasmin 

circulates in the blood in its inactive zymogen form, plasminogen.  Plasminogen 

binds to lysine and arginine residues on fibrin(ogen) and thus becomes 

incorporated into a blood clot during coagulation.  Activation of plasminogen to 

plasmin in blood requires the formation of a ternary complex consisting of fibrin, 

plasminogen and tissue-type plasminogen activator, another serine protease 

present in endothelial cells and secreted in response to injury.  Once activated, 

plasmin cleaves fibrin at specific proteolytic sites, yielding fibrin degradation 

Figure 1.5.  Fibrin clot 

structure.  A scanning 

electron micrograph of a 

fibrin clot produced with 

purified fibrinogen and 

thrombin. 



 13 

products that have given rise to fibrin(ogen) structural designations, including the D 

and E regions described earlier. 

Much like in the coagulation cascade, positive feedback is an important mechanism 

during fibrinolysis.  As activated plasmin begins to cleave fibrin, C-terminal lysine 

residues are created that provide more binding sites for plasmin.  Plasmin also 

cleaves tissue-type plasminogen activator, converting it to a more active form, 

which in turn speeds plasminogen activation, amplifying the process (31). 

There are various inhibitors that are also responsible for regulating fibrinolysis.  

The protease inhibitors 2-antiplasmin and 2-macroglobulin inhibit fibrin 

degradation through direct inactivation of plasmin.  Plasminogen activator 

inhibitors 1 and 2 function by inactivating tissue-type plasminogen activator.  

Another fibrinolysis inhibitor, the descriptively named ‘thrombin-activatable 

fibrinolysis inhibitor’, acts by binding to plasminogen and cleaving C-terminal lysine 

and arginine residues from fibrin, impeding this positive feedback mechanism.  As 

one might expect, this inhibitor is activated by thrombin and helps to prevent 

premature fibrinolysis.  Though it does not interact directly with any of the 

fibrinolytic enzymes, factor XIIIa is an important inhibitor of fibrinolysis as well.  It 

not only crosslinks fibrin molecules in the blood clot, it covalently links 2-

antiplasmin to fibrin.  Both of these functions significantly reduce fibrinolysis (32). 
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1.3 Fibrinogen, Inflammation and Cardiovascular Disease 

1.3.1 Inflammation in the Development and Progression of Atherosclerosis 

In past decades, it was thought that atherosclerosis was simply a disease of passive 

lipid accumulation, with high cholesterol levels driving the formation of fatty lesions 

in the arterial wall.  Effective lipid-lowering therapies were expected to greatly 

reduce coronary artery disease (CAD) by the end of the 20th century (33).  It is now 

recognized that inflammation is intimately involved in both the initiation and 

progression of atherosclerotic cardiovascular disease (CVD) and that, in spite of the 

important role played by lipids, this disease is better characterized as an 

inflammatory process than disorder of lipid accumulation (34).  Indeed, 

inflammatory and immune responses are involved in the development of 

atherosclerotic lesions from their earliest beginnings.  

Endothelial cell activation in a blood vessel’s innermost layer, called the intima, 

appears to be the initiating process in the formation of an atherosclerotic lesion.  

This activation is associated with many traditional cardiovascular risk factors.  

Accumulation and modification of low-density lipoprotein (LDL) particles in the 

intima is one of the best known and studied causes of endothelial dysfunction, and 

hypercholesterolemia, particularly a high LDL level, has been recognized as an 

important cardiovascular risk factor for decades. Endothelial dysfunction can be 

caused by other mechanisms as well, such as hyperglycemia, smoking, hypertension, 

injury, and by bacterial and viral infections (34).  It is also worth noting that vessel 

sites that experience turbulent blood flow, coronary artery branch points, for 
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example, have been shown to have increased endothelial activation, and that these 

areas are often the sites of lesion development (35), indicating a mechanical 

component to this process. 

The healthy vascular endothelium generally functions to prevent thrombus 

formation in flowing blood by providing a ‘non-stick’ surface to platelets and 

coagulation factors.  However, activation of these endothelial cells through various 

mechanisms leads to an increase in their expression of inflammatory genes and 

adhesion molecules.  Platelets bind to the endothelium through interaction with 

these adhesion molecules, including P-selectin and CD41, and this binding occurs 

very quickly after endothelial activation (36).  The interaction between platelets and 

adhesion proteins may promote further activation of the endothelial cells.   

Activated endothelium also expresses adhesion molecules that target leukocytes, 

particularly vascular-cell adhesion molecule I (VCAM-1).  Monocytes and 

lymphocytes bind to these adhesion proteins and migrate into the arterial intima.  

Platelets play a role in monocyte recruitment as well, by forming bridges between 

monocytes and endothelial cells and by secreting chemokines that trigger monocyte 

arrest on the inflamed endothelium (37).  The activated endothelium secretes 

macrophage colony-stimulating factor, triggering monocytes in the area to 

differentiate in macrophages.  This accumulation of immune cells at a site of 

endothelial dysfunction is the beginning of an atherosclerotic lesion, or plaque.   

Macrophages are one of the most common cell types in the growing plaque.  They 

express a variety of receptors that play a role in lesion development, which include 
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toll-like and scavenger receptors.  Toll-like receptors, which are also present on 

mast cells, dendritic cells and endothelial cells, generally recognize pathogen-

associated molecular patterns, and may be activated by bacterial toxins, heat shock 

proteins or oxidized LDL (38).  Activation of toll-like receptors generates 

inflammatory responses directly, by triggering a signaling cascade that leads to the 

expression of inflammatory cytokines, such as tumor necrosis factor-  (TNF- ), 

interleukin-1 , and interleukin-6 (IL-6), as well as proteases and reactive oxygen 

and nitrogen species.  Scavenger receptors are responsible for internalizing a 

variety of particles, including modified LDL.  Macrophages take up lipoprotein 

particles through these scavenger receptors and, when activated, through liquid-

phase endocytosis (39).  As the macrophage’s uptake of cholesterol outpaces the 

cell’s ability to process and remove it, lipid accumulates as cytosolic droplets.  This 

process transforms the cell into a foam cell, the hallmark cell of atherosclerosis, so 

named for the foamy appearance produced by these droplets.  Foam cells add to the 

inflammatory response by secreting cytokines, reactive oxygen species, proteases 

and exposing surface tissue factor. 

Lymphocytes are another common cell type in an atherosclerotic lesion, with T cells 

representing about 10% of the cells in a plaque (40).  T cells are recruited to the 

plaque through many of the same chemokines and adhesion molecules that attract 

monocytes.  Once in the intima, T-cells can become activated through interaction 

with antigen, mainly LDL-derived microparticles (33), presented by macrophages 

and other cells expressing major histocompatibility (MHC) class II molecules.  

Activated T cells release pro-inflammatory cytokines, including interferon-  and 
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various interleukins, further amplifying the immune response through a variety of 

mechanisms, such as the interferon-  induced expression of MHC class II proteins on 

vascular endothelial and smooth muscle cells (41), and activation of macrophages. 

Atherosclerosis is a progressive, chronic disease that often begins early in life.  The 

first grossly visible lesions in the development of atherosclerosis are called fatty 

streaks.  These small yellowish-white patches or streaks are found on the intimal 

surface of arteries, particularly the aorta and the coronary arteries.  Fatty streaks 

are composed mainly of immune cells, predominantly lipid-laden macrophages and 

T cells.  Additionally, small quantities of lipid may be found in the lesion’s smooth 

muscle cells and in extracellular droplets.  These lesions are not only found in 

adults, but are common in children and infants as well.  Fatty streaks are estimated 

to be present in the aortas of nearly early every child in North America over the age 

of three (42, 43).  Many of these early lesions do not progress to become advanced 

lesions, but those that do are generally found in areas of the vessel wall subject to 

mechanical forces that drive progression of the lesions by increasing lipid influx and 

adaptive intimal thickening (44). 

As the lesion progresses, it becomes an atheroma, and there is further accumulation 

of lipid and recruitment of immune cells by the mechanisms discussed previously.  

Cytokines secreted by activated macrophages and T cells promote proliferation and 

migration of smooth muscle cells to the intima from the middle layer of the vessel 

wall.  These smooth muscle cells produce extracellular matrix molecules, which 

form a fibrous cap surrounding the plaque.  There is evidence that some smooth 
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muscle cells can also transform into foam cells through ingestion of lipids (45).  The 

interior of the plaque contains mainly foam cells and extracellular lipid droplets.  In 

advanced lesions, there is an acellular, lipid-rich, necrotic core likely produced by 

the recruitment and subsequent death of foam cells (46). 

Atherosclerosis can eventually result in the thrombotic occlusion of an artery, 

potentially causing a heart attack or stroke.  Thrombosis is usually caused by plaque 

rupture due to degradation of the fibrous capsule surrounding the lesion.  

Inflammatory cytokines, proteases, reactive oxygen species and other molecules 

produced by immune cells can weaken the cap by reducing collagen production by 

smooth muscle cells and by breaking down the extracellular matrix (33, 47).  

Rupture of the plaque’s fibrous cap exposes the lipid core, which contains 

procoagulant proteins such as tissue factor.  When the circulating blood comes into 

contact with the ruptured plaque, thrombus formation is initiated.  This can quickly 

lead to occlusion of the artery and loss of blood flow to the tissue it serves, causing 

injury or death. 

1.3.2 Inflammation as a Cardiovascular Risk Factor 

Inflammation plays a major role in the pathogenesis of atherosclerosis, so it is 

perhaps unsurprising that chronic inflammatory conditions are increasingly 

recognized as contributors to cardiovascular risk.  Many autoimmune diseases are 

associated with an elevated risk of CVD.  Individuals with rheumatoid arthritis, one 

of the most common and well-studied inflammatory autoimmune disease, are 

known to have an 2- to 3-fold increased risk of heart attack and a 2-fold increased 
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mortality rate, with 40% of the deaths attributable to CAD (48).  Psoriasis, psoriatic 

arthritis, and inflammatory bowel disease are also associated with increased risk of 

CVD (49).  Often, the increased risk in individuals with autoimmune inflammatory 

diseases cannot simply be attributed to corresponding increases in traditional 

cardiovascular risk factors (48), a finding which strengthens the hypothesis that the 

elevated risk is due mainly to the systemic inflammation that characterizes these 

conditions. 

There is some evidence that chronic infections, particularly periodontal infections, 

may also contribute to atherosclerotic CVD.  These infections represent one of the 

most common sources of chronic inflammation in humans, with gingivitis present in 

more that 80% of adults in the US (50), and severe periodontitis estimated to affect 

5-15% of individuals in the US and 5-20% of adult populations globally (51-53).  As 

pathogenic bacteria accumulate and form dental plaques, there is an aggressive 

immune response characterized by the infiltration of large numbers of lymphocytes 

and monocytes to the affected gum tissue.  These cells become activated and secrete 

proinflammatory cytokines, both locally and systemically, as well as reactive oxygen 

species and proteases that breakdown the connective tissue surrounding the teeth.  

Thus, the main features of the disease, pocketing of the gums and tooth attachment 

loss, are not actually caused directly by the infectious bacteria but by the persistent 

inflammatory response.  This heightened level of inflammation could contribute to 

the development of atherosclerosis.  There is a great deal of epidemiologic data 

linking periodontitis and CVD, though it has been difficult to determine whether 
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periodontal infections play a causative role in atherosclerosis due to the overlap in 

risk factors for the two diseases (54, 55). 

As our understanding of the inflammatory nature of cardiovascular disease has 

grown, there has been a push to indentify markers of inflammation that can be used 

to predict cardiovascular risk.  In fact, many of what we consider to be important 

traditional cardiovascular risk factors, such as high cholesterol levels, elevated 

blood pressure, diabetes, obesity and smoking, may raise risk by promoting 

systemic or vascular inflammation.  If, in fact, the impact of these traditional risk 

factors on cardiovascular health is mediated by inflammatory mechanisms, then 

markers of this process may have more predictive power than the risk factors 

themselves.   

Many inflammatory molecules have been studied as potential indicators of CVD risk. 

These include the cytokines TNF-  and IL-6, circulating adhesion proteins, and so-

called “acute-phase” proteins produced in the liver that increase or decrease in 

response to inflammatory stimuli (56).  Fibrinogen, serum amyloid A, and C-reactive 

protein (CRP) are among the acute-phase proteins that increase during 

inflammation that have been studied as CVD risk markers.  Of the many markers 

that have been investigated, fibrinogen and CRP are two of the best studied and 

provide similar risk information (57). 

CRP is the marker on which most recent studies of inflammation and CVD risk have 

focused.  For more than 80 years, CRP has been recognized as an acute phase 

reactant that increases dramatically in response to inflammatory stimuli.  Its 
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synthesis in the liver is stimulated by cytokines, mainly IL-6.  CRP correlates with 

many traditional CVD risk factors, especially abdominal adiposity (58), and in many 

studies, a CRP level above 3 mg/L have been shown to be an independent CVD risk 

predictor (59).  Whether CRP plays a causal role in the pathogenesis of CVD or is 

simply a bystander marker remains a subject of ongoing debate, with several lines 

of evidence supporting each position (60, 61).   

Although CRP has been shown to be an important risk marker for heart disease in 

numerous large epidemiological studies, its clinical use in individual risk prediction 

is also a subject of debate.   The results from JUPITER (Justification for the Use of 

Statins in Prevention: an Intervention Trial Evaluating Rosuvastatin) indicate that 

statin use reduces cardiovascular events in individuals with elevated CRP ( 2 mg/L) 

but without elevated cholesterol levels (62), but the interpretation of the study has 

been controversial.  A 2009 systematic review and meta-analysis determined that 

while CRP can improve risk stratification among individuals currently classified as 

intermediate risk, the viability of using CRP in addition to traditional risk factors is 

uncertain (63). 

One of the obstacles to its clinical use is that CRP levels can fluctuate quite 

dramatically due to any infection, injury or inflammation, so any elevation in CRP is 

not necessarily specific to ongoing vascular disease (64).  In addition, there can be a 

great deal of within-individual variation in measured CRP levels, which can 

necessitate taking multiple measurements in order to determine a patient’s baseline 
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(65, 66).   Nonetheless, CRP continues to be a focus of research and clinical testing, 

as researchers work to improve cardiovascular risk prediction. 

1.3.3 Fibrinogen in Inflammation and Cardiovascular Disease 

Fibrinogen represents an important link between inflammation and cardiovascular 

disease.  Like CRP, it is produced in the liver and upregulated in response to 

inflammation through IL-6 signaling.  Unlike CRP, however, which can jump up to 

1000-fold during the acute phase, increases in fibrinogen are generally 2 to 20-fold 

(67).  Higher fibrinogen levels are associated numerous CVD risk factors, including 

smoking, obesity, high cholesterol, hypertension and oral contraception (68, 69). 

There is a wealth of evidence linking plasma fibrinogen levels to CVD.  The 

Gothenburg and Framingham studies found that fibrinogen levels were strongly 

associated with heart attack and stroke (70, 71).  Other large epidemiological 

studies have identified fibrinogen as a risk factor for coronary heart disease, sudden 

cardiac death, and peripheral artery disease, caused by atherosclerosis in peripheral 

arteries (72).  In addition to being a marker of prevalent CVD, fibrinogen has also 

been shown to be predictive of future coronary events in individuals with CAD and 

an independent predictor of mortality (73). 

Several studies have investigated whether plasma fibrinogen is increased in early 

atherosclerosis, not just clinically apparent CVD.   In this research, fibrinogen was 

often significantly correlated with carotid artery intima media thickness, a 

commonly used measure of pre-clinical vascular disease, and with the presence of 
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carotid artery plaques (74-78).  Interestingly, the association with carotid plaques 

seemed to be stronger than that with intima media thickness in the studies that 

examined both (76, 77).   

It is not surprising that fibrinogen is associated with CVD, given its role in 

coagulation and inflammation, but there is still some uncertainty as to whether this 

association is causal.  Evidence that fibrinogen is involved the progression of 

atherosclerosis can be found by examining the contribution of fibrinogen and fibrin 

to plaque development.  As an atherosclerotic plaque is forming, fibrinogen can 

enter the intima and be converted to fibrin and, as it is broken down by proteases, 

fibrin degradation products.  Many plaques that show no signs of rupture contain 

large quantities of fibrin (79).  Fibrin(ogen) and fibrin(ogen) degradation products 

appear to promote the growth of a plaque through a variety of mechanisms, such as 

increasing smooth muscle cell migration and proliferation, altering endothelial 

permeability, and promoting extracellular accumulation of LDL (80).  Additionally, 

fibrinogen increases leukocyte and platelet adhesion to plaques through interaction 

with intracellular adhesion molecule-1 (ICAM-1) on leukocytes and endothelial cells 

and the integrin Mac-1 on leukocytes (72). 

A case could also be made for a causal role for fibrinogen in the development of CVD 

based on its influence on blood viscosity.  Blood viscosity is a measure of the blood’s 

“thickness,” or resistance to flow, and is a strong predictor of cardiovascular events 

(81).  It is determined by a number of factors, including hematocrit, which is a 

measure of red blood cell concentration, and fibrinogen content.  Higher fibrinogen 
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concentration leads to higher blood viscosity, which in turn raises blood flow shear 

stress, causing activation of endothelial cells and platelets, thereby contributing to 

vascular dysfunction and disease (82). 

Finally, elevated fibrinogen could exacerbate thrombotic CVD through its effects on 

fibrin clot structure, which determines clot mechanical properties and stability.  As 

fibrinogen concentration increases, fibrinopeptide A cleavage by thrombin is 

enhanced and this promotes the formation of a denser fibrin network (83).  Clots 

formed with higher fibrinogen concentrations are mechanically stiffer and less 

porous (84, 85), and this decrease in porosity causes the clots to be resistant to 

fibrinolysis.  Thus, elevated fibrinogen could predispose an individual to thrombosis 

via the formation of rigid blood clots that are resistant to enzymatic breakdown 

(86).  
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1.4 The ’ Fibrinogen Variant 

1.4.1 ’ Fibrinogen Structure 

The term ’ fibrinogen is used to describe a fibrinogen molecule that contains a 

splice variant of the  chain known as the ’ chain.  The fibrinogen  chain gene, FGG, 

consists of 10 exons.  The most common form of the  chain, A, is produced when 

intron 9 is spliced from the RNA and exons 9 and 10 are joined before translation.  

Production of the ’ chain occurs when a polyadenylation sequence within intron 9 

is recognized and exon 10 is cleaved from the RNA.  As a result of this alternative 

splicing, these chains differ at their carboxyterminal sequences, with the ’ chain 

having 20 residues (VRPEHPAETEYDSLYPEDDL) in place of the last 4 (AGDV) of the 

A chain (Figure 1.6) (87, 88).  The two Tyr residues in the ’ chain C-terminus are 

sulfated posttranslationally, adding to the overall negative charge of this region.  

This difference in charge allows the ’ fibrinogen to be separated from A/ A 

fibrinogen on an ion exchange column, typically using a diethylaminoethyl (DEAE) 

resin. 
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It is worth emphasizing that the ’ chain is a splice variant that appears to be present 

in all humans and is not caused by a mutation.  There is evidence that the ’ 

sequence evolved from a primitive, unspliced version of the fibrinogen gamma chain 

gene, and similar sequences can be found in other mammals, including mice, rats, 

and chimpanzees (89).  In humans, approximately 10% of circulating fibrinogen 

contains a ’ chain, though this varies between individuals (90).  Because they are in 

the minority, nearly all ’ chains are incorporated into fibrinogen molecules along 

with a A chain, forming heterodimers of A/ ’ fibrinogen (91). 

Figure 1.6.  Alternative splicing of the fibrinogen  chain mRNA.  

Removal of intron 9 leads to the production of the A chain, while utilization 

of a polyadenylation sequence with in intron 9 results in the ’ chain.  These 

isoforms differ in their C-termini, with the differing residues shown above. 
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1.4.2 Unique properties of ’ fibrinogen 

Because of the altered C-terminus of the ’ chain, ’ fibrinogen functionally differs 

from A/ A fibrinogen.  One major difference is the ability of ’ fibrinogen to bind to 

thrombin with relatively high affinity.  Thrombin has two positively charged regions 

near its active site, called exosites I and II.  Exosite I interacts with the fibrin(ogen) E 

region of both A/ A and ’ fibrinogen with low affinity, while exosite II binds to the 

’ chain C-terminus with high affinity (92).  Both of these regions can bind to ’ 

fibrinogen simultaneously, providing a higher-affinity interaction than either region 

alone (93). 

The binding of thrombin to the ’ chain has complex functional impacts on thrombin 

activity.  In general, ’ fibrinogen acts as an inhibitor of thrombin, an effect that was 

noted over 60 years ago and led to its early designation as antithrombin I (94, 95).  

Thrombin-catalyzed polymerization of ’ fibrinogen is significantly slower than that 

of A/ A fibrinogen (96).  Exosite occupancy is known to regulate thrombin 

specificity, and experiments using a peptide based on the ’ chain C-terminus 

indicate that it inhibits the intrinsic coagulation pathway (97) and reduces 

thrombin-induced platelet aggregation (98).  However, thrombin bound to ’ 

fibrinogen retains its catalytic activity, and while this interaction reduces factor VIII 

activation, its effects on fibrinopeptide release are unclear (96, 97).  In addition, ’ 

fibrinogen protects thrombin from heparin-mediated inactivation by serpins (99).  

It has been speculated that the reversible binding to ’ fibrinogen may serve to 

localize thrombin to the site of the growing clot (100). 
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The decrease in thrombin-induced platelet aggregation in the presence of the ’ 

chain is only partially mediated by ’ binding to thrombin.  The ’ chain lacks the 

AGDV sequence found at the A C-terminus which is responsible for binding 

platelets via integrin IIb 3. Thus, ’ fibrinogen does not support platelet 

aggregation to the same extent as A/ A fibrinogen.  Interestingly, while platelets 

contain fibrinogen in their -granules, all of it is A/ A fibrinogen (101).  The reason 

for this is not known, but it may indicate an internalization mechanism for 

fibrinogen through vesicles containing IIb 3 that excludes ’ fibrinogen. 

Another novel property of ’ fibrinogen is its ability to interact with FXIII, the 

transglutaminase responsible for stabilizing clots by crosslinking fibrin monomers.  

In 1963, it was reported that FXIII from plasma copurified with fibrinogen and that 

it eluted with ’ fibrinogen from a DEAE column (102).  A mixture of purified FXIII 

and ’ fibrinogen will also coelute from this type of column, while a A/ A 

fibrinogen/FXIII mixture elutes in two peaks (103).  Ultracentrifugation studies 

have also shown binding between ’ fibrinogen and FXIII, which can be 

competitively inhibited with a ’ C-terminal peptide, indicating that this region is 

involved in the interaction (104).  In 2009, it was reported that platelet binding of 

FXIII is mediated by ’ fibrinogen (105).  Demonstration of direct binding between 

these two proteins in vitro has proven somewhat challenging, however.  An attempt 

to look at this using recombinant fibrinogens found similar FXIII binding for A/ A, 

A/ ’, and ’/ ’ isoforms (106), indicating that more work is needed to understand 

the nature of this interaction. 
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Fibrin clots formed with ’ fibrinogen appear to have altered clot architecture and 

FXIIIa cross-linking when compared with A/ A fibrin clots, though there are some 

discrepancies between the findings of different research groups.  Cooper et al., using 

fibrinogen purified from plasma, found that A/ ’ fibrin clots had a dense network 

with thinner fibers and smaller pores than A/ A clots (91).  They also noted the 

slower release of fibrinopeptide B from A/ ’ fibrinogen, which might influence fiber 

thickness.  Siebenlist et al. had similar findings with regards to clot architecture and 

fibrinopeptide B cleavage, but they also found delayed fibrinopeptide A release as 

well (107).   

To address the issue of heterogeneity in fibrinogen purified from plasma, which 

likely contributes to the disparate results, some groups have used recombinant 

fibrinogens.  Collet et al. compared recombinant A/ A and ’/ ’ homodimers and 

found that the ’/ ’ fibrinogen formed clots that were 25% less dense with slightly 

larger fiber diameters (108).  More dramatically, they found that the cross-linked 

’/  ‘fibrin clots were 3-times stiffer than their A/ A counterparts and that their 

lysis rate was 10-times slower, in agreement with an earlier finding by Falls and 

Farrell, who found that plasma-purified A/ ’ fibrin clots were highly resistant to 

fibrinolysis after cross-linking (109).  More recently, Gersh et al. were able to 

recombinantly express all three fibrinogen types: A/ A, A/ ’, and ’/ ’ (96).  They 

found faster fibrinopeptide B release from ’/ ’ fibrinogen than the other types, but 

similar rates of fibrinopeptide A release.  Overall, the ’ chain appeared to inhibit 

fibrin polymerization, with the ’/ ’ isoform having the slowest rate, followed by the 
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’/ A heterodimer, which in turn was slower than the A/ A homodimer.  Electron 

microscopy of these non-cross-linked clots demonstrated thinner, more tightly 

packed fibers for ’/ ’ clots, as compared with A/ A clots, while A/ ’ clots were 

markedly non-uniform, with areas resembling dense ’/ ’ clot interspersed with 

larger pores.  Further studies will be needed to understand the contribution of these 

fibrinogen isoforms to the structure of more physiologically relevant clots, 

containing platelets and red blood cells, and formed in flowing blood. 

1.4.3 The Association of ’ Fibrinogen with Cardiovascular Disease 

If indeed ’ fibrinogen forms clots that are denser, stiffer, and more resistant to 

fibrinolysis than A/ A fibrinogen, it is easy to imagine that a high level of this 

isoform may confer a prothrombotic phenotype.  One of the first groups to look at 

this, Drouet et al. in 1999, found that the ratio of ’ fibrinogen to total fibrinogen 

levels was increased in individuals with peripheral arterial disease, myocardial 

infarction (MI), or ischemic stroke compared with controls (110).  A subsequent 

study by Lovely et al. demonstrated that ’ fibrinogen levels were significantly 

elevated in subjects with CAD, with an odds ratio of 7.16 (95% CI = 1.82 – 27.7) per 

’ fibrinogen quartile (90).  Interestingly, this study found no significant association 

between ’ fibrinogen and total fibrinogen levels, supporting the idea that ’ 

fibrinogen may be an independent risk marker.  Research by Mannila et al., utilizing 

samples from the Stockholm Coronary Artery Risk Factor study found a similar link 

between elevated ’ fibrinogen and past MI, with weak correlation between ’ and 

total fibrinogen (111).  More recently, ’ fibrinogen was measured in 3300 subjects 
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from the Framingham Offspring Study (112).  In this study ’ fibrinogen was 

significantly associated with many traditional CVD risk factors, including age, body 

mass index, smoking, diabetes, triglycerides, LDL cholesterol and blood glucose, and 

inversely associated with high-density lipoprotein (HDL) cholesterol.  Subjects in 

this cohort with prevalent CVD had higher levels of ’ fibrinogen, and the association 

remained significant after adjustment for sex, age, BMI, systolic blood pressure, 

fasting blood glucose, diabetes mellitus, smoking, total cholesterol, HDL cholesterol, 

and triglycerides (113). 

 
While many studies have shown a clear association between elevated ’ fibrinogen 

levels and arterial thrombosis, other work indicates that venous thrombosis may be 

linked to reduced levels of this isoform.  In the Leiden Thrombophilia Study, ’ 

fibrinogen levels in the lowest quartile were associated with deep venous 

thrombosis, with an odds ratio of 3.6 after adjustment for other risk factors (114).  

To investigate this relationship, Mosesson et al. created a transgenic mouse 

expressing humanized ’ fibrinogen chains (115).  They found no difference in 

thrombosis between the human- ’-expressing and wild-type mice in a venous injury 

model except in the presence of the pro-thrombotic factor V Leiden, where the 

human ’ chain appeared to decrease thrombus volume.  Unfortunately, differing 

levels of fibrinogen expression in these mouse models confound interpretation of 

this study’s results.  Decreased ’ fibrinogen levels were also found to be associated 

with thrombotic microangiopathy, a rare, life-threatening condition characterized 

by systemic microvascular thrombosis (116). 
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Little is known about the mechanisms that regulate the expression of ’ fibrinogen, 

but there is evidence that both genetic and environmental factors play a role.  A 

recent genome-wide association study identified several single nucleotide 

polymorphisms (SNPs) associated with ’ fibrinogen levels (113).  The strongest 

evidence of association was found for rs7681423, located in the PLRG1 gene, which 

codes for a component of the spliceosome, approximately 8.35 kb upstream of FGG.  

Other associated SNPs, particularly rs1049636 and rs2066864, both in intron 9, 

rs2066861 in intron 8, and rs2066865 in the FGG 3’ untranslated region have shown 

association in previous studies (111, 114).  With the exception of rs1049636, the 

SNPs listed above are linked to decreased ’ fibrinogen levels.  These studies 

indicate that certain SNP genotypes associated with increased ’ fibrinogen may also 

correlate with elevated MI risk in individuals with high levels of both ’ and total 

fibrinogen (111), while genotypes associated with decreased ’ fibrinogen levels 

appear to increase the risk of DVT (114). 

There is emerging evidence that, in addition to genetic regulation, ’ fibrinogen 

levels may be influenced by inflammation.  A recent study by Cheung et al. 

demonstrated both significantly increased ’ fibrinogen levels and ’/ total 

fibrinogen ratios during the acute phase of ischemic stroke as compared with the 

convalescent stage in the same individuals (117).  Another study showed that ’ 

fibrinogen levels were higher in blood samples drawn from subjects within 7 days of 

the onset of stroke symptoms, compared to samples drawn at 8 or more days from 

symptom onset in different subjects (118).  Similarly, ’ fibrinogen levels are higher 
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in the acute phase of pulmonary embolism than in the nonacute phase, and higher in 

subjects with refractory unstable angina than those with stabilized angina (119).  

This study also found correlation between ’ fibrinogen and CRP in the acute phase.  

These findings indicate that ’ fibrinogen is preferentially increased over A/ A 

fibrinogen during acute inflammation, which may be due to altered mRNA 

processing during the acute phase reaction. 



 34 

1.5 Thesis Research 

The focus of this thesis research is the further characterization of ’ fibrinogen as a 

cardiovascular risk marker.  This includes investigating the nature of the biophysical 

interaction between the ’ C-terminus and thrombin, studying links between ’ 

fibrinogen and inflammatory markers, and examining the variability of this 

molecule in healthy individuals. 

Project I:  Surface plasmon resonance technology (described in Chapter 2) is used 

to study the role electrostatic interactions in thrombin binding to the ’ chain.  It is 

expected that the interaction between the highly negatively-charged ’ chain C-

terminus and the positively-charged exosite II of thrombin is due in large part to the 

electrostatic complementarity of these regions.  Some studies, however, have 

indicated that certain charged residues on the ’ chain may be particularly 

important for this binding.  The contributions of each of the charged residues is 

examined using a series of ’ chain-based peptides in which individual charged 

residues are replaced with uncharged analog residues (e.g. Glu Gln).  The affinities 

of these peptides for thrombin are determined using a Biacore T100.  The details of 

this project are presented in Chapter 3. 

Project II:  This project focuses on the link between ’ fibrinogen and inflammation 

in subjects from the Periodontitis And Vascular Events (PAVE) study.   The PAVE 

study was a pilot study to determine the feasibility of a multi-center trial designed 

to test whether aggressive periodontitis treatment could reduce the risk of 

cardiovascular events in individuals at high risk.  While the larger scale study was 
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never performed, baseline data and blood samples were collected from the 

approximately 300 subjects enrolled.  These data include demographic information, 

CRP measurements, and comprehensive dental exam documentation.  An enzyme-

linked immunosorbent assay (described in Chapter 2) is used to measure the levels 

of ’ fibrinogen in plasma samples from these subjects.  Associations between ’ 

fibrinogen and several markers of inflammation are examined.  This research is 

described in Chapter 4. 

Project III:  Chapter 5 discusses a study on the variability of ’ fibrinogen in healthy 

individuals.  Blood samples were taken from 15 adult subjects at varying intervals 

over the course of a year.  These samples are analyzed for ’ fibrinogen along with 

more established cardiovascular risk factors, including HDL and LDL cholesterol, 

triglycerides, fasting glucose and CRP.  In addition, a comprehensive metabolic panel 

was run for each sample to confirm the healthy status of the subjects throughout the 

study.  Both the between-subject (inter-individual) and within-subject (intra-

individual) variabilities are calculated for ’ fibrinogen and other risk markers.  

Correlations between the markers are also examined.  The goal of this research is to 

assess the potential utility of ’ fibrinogen measurement in a clinical setting, with 

respect to its variance in healthy subjects. 



 36 

Chapter 2. Methods Background and Details 

2.1 Biacore Surface Plasmon Resonance Binding Experiments 

Biacore devices utilize surface plasmon resonance (SPR) technology to measure 

molecular binding.  This technology relies upon the phenomenon of evanescent 

wave production, which occurs when there is total internal reflection of light waves 

at the interface of two materials of differing refractive indices, in this case, between 

a glass surface and an aqueous buffer.  A thin coating of gold at this interface allows 

the evanescent wave to excite surface plasmons, electromagnetic waves that are 

present along the surface where a metallic and a dielectric (insulator) surface meet.  

When monochromatic, p-polarized light hits this surface at a particular angle there 

is resonant energy transfer from the wave to the surface plasmons, and the intensity 

of the light reflected at that angle is reduced (Figure 2.1).  This resonance angle is 

exquisitely sensitive to the conditions at the metal/dielectric interface, a property 

upon which SPR technology depends.  

Biacore instruments measure interactions with SPR in four flow cells on the surface 

of a sensor chip.  Each chip has a glass surface coated with a very thin layer of gold.  

For most applications, this gold is covered with a dextran matrix that can be coupled 

to molecules of interest, thus immobilizing these molecules on the chip surface.  As a 

sample passes through a flow cell over the chip, the binding or dissociation of 

molecules from the chip surface will result in a change in the resonance angle 

proportionate to the mass of the bound sample (120).   
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This information is recorded on a sensorgram, in which the angle shift, or response, 

is plotted in “resonance units” (RU) over time (Figure 2.2).  The flow cell system 

allows for one of the flow cells to be used as a reference cell, with either a non-

binding control molecule or no material beyond the dextran matrix bound to the 

chip surface for that cell.  As the sample solution is passed over the flow cells in 

series, the response of the reference flow cell can then be subtracted from the 

responses from the experimental flow cells to correct for background variation in 

the refractive index of the solutions.   

Figure 2.1.  Illustration of surface plasmon resonance.  The arrow 

indicates the flow of buffer.   is the resonance angle. 
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For the experiments described in Chapter 3 of this dissertation, a Biacore T100 

instrument was used with SA chips.  These chips have streptavidin pre-immobilized 

on the dextran matrix, which allowed the experimental peptides to be bound to the 

chip through an N-terminal biotin molecule, a very stable interaction.  More 

information on these methods can be found in Chapter 3, section 3.3. 

Figure 2.2.  An example of an SPR sensorgram.  The binding of molecules 

flowing over the surface of a chip is plotted as an increase in resonance units 

over time.  A decrease in the signal is seen as the analytes dissociate and are 

carried away. 
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2.2 Measurement of ’ Fibrinogen Levels in Plasma 

The research projects described in Chapters 4 and 5 required the measurement of ’ 

fibrinogen levels in human plasma.  For the study investigating the association 

between ' fibrinogen levels and inflammation (Chapter 4), an enzyme-linked 

immunosorbent assay was used to quantify ’ fibrinogen, while the study on the 

variability of ’ fibrinogen and other CVD risk markers (Chapter 5) utilized Luminex 

technology. In all cases, these measurements were performed with plasma from 

blood samples collected into tubes containing citrate. 

2.2.1 Enzyme-Linked Immunosorbent Assay (ELISA) 

An ELISA is a plate-based biochemical assay used to detect and quantify a particular 

molecule of interest.  This analyte of interest is immobilized to the wells of a plate, 

either through direct binding or, more often, via an antibody pre-bound to the wells.  

Standards with known concentration of the analyte are assayed along with 

unknown samples to allow quantitation.  After a wash step to remove unbound 

analyte, a specific detection antibody is then added to the wells to form a complex 

with the analyte.  This antibody may be conjugated to a dye molecule or an enzyme, 

or an enzyme- or dye-bound secondary molecule may be used to bind the detection 

antibody.  Typically, after another wash step, a colorimetric substrate for the 

enzyme is added next, followed by a solution to quench the reaction after the color 

has developed.  The measurement of the color signal produced by this process for 



 40 

the samples and the standards can then be used to generate a curve equation used 

to quantitate the original concentration of the analyte. 

The ELISA assay used to measure ’ fibrinogen was developed by Lovely et al., and 

an evaluation of this assay was published in 2010 (112). 

2.2.2 Luminex Assay 

Similar to the ELISA, Luminex xMAP  bioassays rely upon capture and detection 

antibodies to measure analyte concentration.  Unlike the ELISA, these Luminex 

assays are bead-based, utilizing color-coded microspheres to bind the analyte of 

interest.  These 5.6-micron polystyrene microspheres are coupled to a capture 

molecule, such as an antibody, and then incubated with standards and unknown 

samples in the wells of a 96-well plate (121).  Unbound analyte is washed from the 

beads and a detection molecule is added, often an antibody either directly coupled 

to a fluorescent dye, or coupled through a secondary molecule.  After removal of 

unbound detection molecules, the beads from each well are passed through a 

fluidics system, similar to a flow cytometer, which measures the signal from each 

individual bead.  Readings from many beads from each well are averaged together 

and the results from the standard wells are used to generate a curve equation for 

unknown sample quantitation, as in an ELISA.  In general, Luminex assays yield 

more reproducible results than ELISAs, with less background signal.  More 

information on this technology can be found at the Luminex website: 

www.luminexcorp.com. 

http://www.luminexcorp.com/
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For the ’ fibrinogen Luminex assay, the monoclonal ’ chain antibody, 2.G2.H9, was 

covalently coupled to the microspheres for ’ fibrinogen capture.  These 

microspheres were incubated with plasma samples diluted 1:1000 and standard 

controls of known ’ fibrinogen concentration.  For detection of the bead-bound 

fibrinogen, a biotinylated polyclonal anti-fibrinogen antibody was used along with a 

streptavidin-phycoerythrin conjugate.  The streptavidin binds tightly to the 

biotinylated antibody, and the phycoerythrin fluorophore allows detection of the 

bound fibrinogen.  The details of this method can be found in Chapter 5, section 5.3. 
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Chapter 3.  The Role of Electrostatic Interactions in 

Thrombin Binding to the Fibrinogen ’ Chain 

Kristine S. Alexander,
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3.1 Abstract 

Thrombin binds to the highly anionic fibrinogen ' chain through anion-binding 

exosite II.  This binding profoundly alters thrombin's ability to cleave substrates, 

including fibrinogen, factor VIII, and PAR1.  However, it is unknown whether this 

interaction is due mainly to general electrostatic complementarity between the ' 

chain and exosite II or if there are critical charged ' chain residues involved.  We 

therefore systematically determined the contribution of negatively charged amino 

acids in the ' chain, both individually and collectively, to thrombin binding affinity.  

Surface plasmon resonance binding experiments were performed using 

immobilized ' chain peptides with charged-to-uncharged amino acid substitutions; 

i.e., Asp to Asn, Glu to Gln, and pTyr to Tyr.  Individually, the substitution of 

uncharged for charged amino acids resulted in only minor changes in binding 

affinity, with a maximum change in Kd from 0.440 M to 0.705 M for the Asp419Asn 

substitution.  However, substitution of all three charged amino acids in a conserved 

-turn that is predicted to contact thrombin, pTyr418Tyr, Asp419Asn, and 

pTyr422Tyr, resulted in the loss of measurable binding, as did substitution of all the 

flanking charged amino acids.  In addition, the binding of the ' chain to thrombin 

was reduced in a dose-dependent manner by increasing [NaCl], resulting in a net 

loss of 3-4 ion pairs between thrombin and the ' chain.  Therefore, although each of 

the individual charges in the ' chain contribute only incrementally to the overall 

binding affinity, the ensemble of the combined charges play a profound role in the 

thrombin- ' chain interactions.  
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3.2 Introduction 

Thrombin, a trypsin-like serine protease, plays a central role in blood coagulation 

(20).  Thrombin cleavage is responsible for activating several of the coagulation 

factors, including fibrinogen, which is then converted to the insoluble fibrin fibers 

that make up the protein meshwork of the blood clot.  On its surface, adjacent to its 

active site, thrombin contains two basic regions, exosites I and II.  These anion-

binding exosites function to modulate thrombin’s activity and specificity (122-124).  

Their proximity to the active site allows for the direct involvement in the 

recognition of thrombin substrates, and cofactors and anticoagulant drugs utilize 

these exosites to alter thrombin−substrate interactions.  Fibrin(ogen) contains two 

sites that interact with these thrombin exosites: a low-affinity site in the fibrinogen 

central E domain and a higher-affinity site in the carboxy terminus of the γ  

fibrinogen variant (92). 

Fibrinogen is a dimeric molecule, containing two each of three types of polypeptide 

chains: Aα, Bβ, and γ.  The γ  fibrinogen isoform contains a γ  chain, produced 

through alternative splicing of the γ chain mRNA (87, 88).  The γ  chain differs from 

the more abundant γA at the carboxy terminus, where it has 20 residues 

(408VRPEHPAETEsYDSLsYPEDDL427) in place of the last four residues (408AGDV411) of 

the γA chain.  This extended C-terminus provides γ  fibrinogen with unique 

biochemical properties compared to those of the more common isoform, 

particularly the high-affinity binding site for thrombin (125), and studies suggest 

that the γ  fibrinogen may also serve as a carrier for factor XIII (103, 104).   
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Competitive binding experiments have demonstrated that γ  fibrinogen binds to 

thrombin anion-binding exosite II, the same region that binds to heparin (126).  One 

hypothesis is that γ  fibrin may function to retain thrombin at the site of the clot, as 

fibrin-bound thrombin remains active (93) and thrombin dissociates more slowly 

from clots containing γ  fibrin than from clots made with γA fibrin alone (99).  

Additionally, clot-bound thrombin is resistant to inhibition by antithrombin (99).  

There is also evidence that binding to the γ  fibrin(ogen) carboxy terminus inhibits 

thrombin’s cleavage of factor VIII, alters fibrin clot formation (97), and inhibits 

thrombin cleavage of the platelet protease-activated receptor 1 (PAR1) (98, 127). 

A number of studies have investigated the interaction between thrombin and γ  

fibrinogen using γ  carboxy-terminal peptides.  The γ  carboxy terminus is highly 

anionic, containing four glutamic acid residues, three aspartic acid residues, and two 

sulfotyrosine residues (128, 129), while the corresponding binding site on 

thrombin, exosite II, is highly positively charged.  It is therefore expected that the 

binding of the γ  410−427 peptide to thrombin is at least partially due to this 

electrostatic complementarity.  This cannot be the entire basis for the interaction, 

however, as experiments using a reversed sequence of the 414−427 peptide 

demonstrated greatly reduced affinity (125).  

Studies using deleted peptides have indicated that residues 411−427 are involved in 

this binding and that further truncation at the amino or carboxy terminus 

significantly weakens or abrogates the interaction (125, 126).  Sulfation (125) or 

phosphorylation (126, 130) of the peptide’s two tyrosine residues also appears to 
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be necessary for maximal binding, with a considerable decrease in affinity for 

peptides with only a single modified tyrosine.  There is evidence that the negative 

charge of Tyr422 may be more important than Tyr418 (125, 130). 

The crystal structure of the thrombin−γ′ peptide complex determined by Pineda et 

al. (131) confirms many of the findings from other studies.  The structure showed 

that the interaction of the γ′ peptide with thrombin was similar to that of heparin, 

with numerous electrostatic interactions between the cationic residues of exosite II 

and the anionic residues of the γ′ peptide.  The peptide’s phosphotyrosines are 

closely associated with positively charged residues in exosite II, with pTyr418 

interacting with Arg126, Lys235, and Lys236, and pTyr422 with Lys240.  

Interestingly, this structure shows the peptide in contact with two thrombin 

molecules, but the significance of this finding is uncertain and may represent a 

crystal packing artifact. 

While the crystal structure and other studies have implicated regions of the peptide 

important for thrombin binding, the individual contribution of each of the peptide’s 

charged residues to this binding has not been determined.  In this paper, we test the 

predictions of the crystal structure by examining these contributions systematically, 

using peptides with charged-to-uncharged substitutions, and measuring the 

thrombin binding affinities using surface plasmon resonance.  These experiments 

are designed to determine whether the γ′ chain−thrombin interaction is due mainly 

to cooperative binding of the ensemble of charge residues or if there are critical 

charged residues in the peptide that are required for binding.
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3.3 Materials and Methods 

Materials.  N-Terminally biotinylated γ′ peptide was synthesized by Abgent (San 

Diego, CA).  N-Terminally biotinylated analogue peptides were synthesized by 

Abgent and Anaspec (Fremont, CA).  See Table 3.1 for peptide sequences. All 

peptides were >95% pure, with the peptide purity verified by high-performance 

liquid chromatography and mass spectrometry.  FPRck-inhibited thrombin was 

purchased from Enzyme Research Laboratories (South Bend, IN).  Series S Sensor 

Chips SA and HBS-EP+ [10 mM HEPES (pH 7.4), 150mM NaCl, 0.05% P20 surfactant, 

and 3 mM EDTA] buffer were purchased from GE Healthcare Biosciences Corp. 

(Piscataway, NJ).  

Surface Plasmon Resonance.  Surface plasmon resonance experiments were 

performed with a Biacore T100 instrument (GE Healthcare).  Biotinylated peptides 

were immobilized on streptavidin chips following the manufacturer’s instructions.  

Briefly, flow cell surfaces were prepared for immobilization with three 60 s 

injections of 1 M NaCl and 50 mM NaOH.  Biotinylated peptides were immobilized to 

sensor chip flow cells at a level of 150 response units (RU).  Reference flow cells 

without immobilized peptide were used as controls. 

All peptide−thrombin binding assays were performed at 25°C.  HBS-EP+ was used as 

both running and binding buffer.  Various concentrations of FPRck-thrombin were 

injected over flow cells bound with wild-type and analogue peptides until 

equilibrium binding was reached.  Kinetic injections were performed for 20 s at a 

flow rate of 50 μL/min, followed by a 30 s dissociation time.  No regeneration of the 
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flow cells following injections was necessary.  Buffer-only injections were included 

for each condition, and these responses were subtracted from the binding signals.  

Responses from control flow cells were similarly subtracted to account for changes 

in the refractive index.  BIAevaluation was used to calculate affinity constants (Kd) 

based on a 1:1 Langmuir binding model.  Kd determinations for each analogue 

peptide were based on three replicate experiments using freshly prepared thrombin 

dilutions. 

For experiments with NaCl concentrations of 200−350 mM, calculated Kd values 

were greater than the highest concentration of thrombin used.  Because the 

equilibrium affinity analysis calculates Kd as the concentration of analyte at which 

half-maximal binding occurs, Kd values outside the range of analyte concentrations 

used cannot be accurately determined.  To address this problem, the maximal 

binding response for the flow cells used for these experiments was measured in 

binding experiments with buffer containing 150 mM NaCl, and this value was used 

to correct the calculated Kd for the higher-salt experiments. 

The salt concentration-dependent peptide−thrombin interaction can be written as  

 

where P and T represent peptide and thrombin (with associated counterions), 

respectively, P·T is the peptide−thrombin complex (with associated counterions) 

(132), M+ and X− are cations and anions bound or released on complex formation, 
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and n is the net ion stoichiometry (net ion release is indicated by n > 0; net ion 

uptake is indicated by n < 0).  The equilibrium association constant is given by 

 

 

 

Thus, a graph of ln Kobs as a function of ln[MX] should have a slope of −n. 
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3.4 Results 

Kinetics of Binding of Thrombin to the γ′ Peptide.  To test the contributions of 

the individual charged residues in the γ′ carboxy-terminal peptide to thrombin 

binding, we performed binding studies using the wild-type peptide as well as 

analogue peptides in which negatively charged residues were replaced individually 

with uncharged residues with a similar side chain size, Glu-to-Gln, Asp-to-Asn, and 

pTyr-to-Tyr (see Table 3.1 for peptide sequences). Figure 3.1 shows the locations of 

the negatively charged residues of the γ′ peptide in complex with thrombin 

according to the crystal structure of Pineda et al. (131). 

 

 

Table 3.1. Binding Affinities of the Charged-to-Uncharged γ′ Peptidesa 

aBIAevaluation was used to calculate affinity constants (Kd) based on a 1:1 

Langmuir binding model.  The standard error of the mean was calculated from 

triplicate determinations.  *P values were adjusted for multiple comparisons using 

Bonferroni correction. 
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Interactions between these peptides and thrombin were studied by surface plasmon 

resonance (SPR) using a Biacore T100 instrument.  The peptides were immobilized 

to a chip surface, and solutions containing thrombin were passed over the chip until 

equilibrium binding was achieved.  The kinetics of binding demonstrated a rapid kon 

rate as well as a rapid koff rate, resulting in square wave-like binding isotherms 

(Figure 3.2).  Kinetic quantitation of these interactions was not possible, as both the 

association and dissociation were extremely rapid and, in the case of the 

dissociation rate, outside the limits of quantification for the instrument.  For this 

reason, equilibrium affinity analyses were performed to measure the Kd for the 

binding interaction.   

 

Figure 3.1. Crystal structure of thrombin in complex with the γ′ peptide.  

Residues substituted in our experiments are colored green. Note that the 

structure does not predict the positions of the N-terminal residues Pro410− 

His412; these residues, including the Glu411 altered in peptide 1, are not shown. 
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The wild-type γ′ peptide bound thrombin with a Kd (± standard error) of 0.440 ± 

0.011 μmol/L, which is similar to the affinity of 0.63 μmol/L found previously by 

fluorescence polarization (126) and the Kd of 0.20 μmol/L measured for the binding 

of thrombin to γ′ fibrinogen (125).  The rapid kon and koff rates are apparent in the 

binding isotherms for these experiments (Figure 3.2). 
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Figure 3.2.  Binding isotherms for binding of thrombin to the immobilized 

wild-type γ′ peptide using surface plasmon resonance.  Increasing 

concentrations of thrombin were bound to the wild-type γ′ peptide in a Biacore 

instrument at 25 °C until equilibrium binding was reached, and the resonance 

units were quantitated with time.  Kinetic injections were performed for 20 s, 

followed by a 30 s dissociation time. The inset shows the maximal binding as 

measured in resonance units as a function of thrombin concentration.  

BIAevaluation was used to calculate affinity constants (Kd) based on a 1:1 

Langmuir binding model. 
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Binding of Thrombin to Analogue γ′ Peptides.  The single-residue charged-to-

uncharged analogue peptides bound thrombin with affinities ranging from 0.441 to 

0.705 μmol/L (Table 3.1).  The analogue peptides with substitutions in the first two 

or last four charged residues (peptides 1, 2, and 7−9) did not differ from the wild-

type peptide with respect to thrombin affinity, while the other analogue peptides 

exhibited significantly lower affinities.  In particular, peptides 5 and 6, 

corresponding to changes of Asp419Asn and pTyr422Tyr, respectively, bound 

thrombin with the lowest affinities.  These residues have been shown by two-

dimensional nuclear magnetic resonance (NMR) to assume a β-turn conformation 

(130) and contact thrombin exosite II (131). 

Sulfation (or phosphorylation) of the γ′ peptide’s two Tyr residues has been shown 

to be important for thrombin binding (125, 126), and our results confirm and 

extend these findings, with a significant decrease in affinity seen with either 

monophosphorylated peptides, pTyr418Tyr and pTyr422Tyr.  We found that 

removal of the negative charge on Tyr422 reduced the thrombin affinity more than 

removal of the Tyr418 charge, in agreement with other reports (125, 130).  

In addition to pTyr418 and pTyr422, the Pineda crystal structure (131) predicts a 

number of contacts between thrombin exosite II and Asp419 of the γ′ peptide, 

located between the phosphotyrosines.  These three residues, along with Glu415, 

are the only charged residues predicted to interact with exosite II on a single 

thrombin molecule.  This is an important feature of the crystal structure model, 

because the co-crystal depicts two thrombin molecules bound to a single γ′ chain 



 56 

(131).  We therefore sought to determine whether these three residues were 

required for thrombin interaction, and if they were able to mediate this binding in 

the absence of the other anionic residues.  SPR studies using a peptide with 

uncharged replacements pTyr418Tyr, Asp419Asn, and pTyr422Tyr (peptide 10) 

demonstrated a complete absence of measurable binding (Figure 3.3).   Conversely, 

experiments with a peptide in which all other negatively charged residues were 

substituted instead (peptide 11) also showed no measurable interaction with 

thrombin (Figure 3.3), indicating that these three charged residues, while necessary 

for thrombin binding, are not sufficient in the absence of the other negatively 

charged residues.  To further investigate this, we performed binding experiments 

using peptides that had either the amino-terminal three charges (peptide 12) or the 

carboxyl-terminal three charges (peptide 13) substituted with uncharged residues.  

These peptides demonstrated substantially reduced binding affinities, as compared 

with those of the singly substituted peptides, but unlike peptide 10 did have 

measurable binding. 
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Effect of NaCl Concentration on Thrombin−γ′ Peptide Affinity.  To further 

investigate the nature of thrombin−γ′ peptide interactions, we determined the 

dependency of the binding on ionic strength.  Binding studies were performed in the 

presence of increasing concentrations of salt at 150, 200, 250, and 350 mM NaCl 

Figure 3.3.  Thrombin binding curves for the wild-type γ′ peptide (red) 

and analogue peptides 10 and 11 (blue and green, respectively). The data 

show that neither peptide 10 with the central three charged-to-uncharged 

amino acid changes (pTyr418Tyr, Asp419Asn, and pTyr422Tyr) nor peptide 

#11 with flanking charged-to-uncharged amino acid changes (Glu411Gln, 

Glu415Gln, Glu417Gln, Glu424Gln, Asp425Asn, and Asp426Asn) displayed 

measurable binding. 
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(Table 3.2).  These experiments demonstrated a strong salt dependence of the 

binding, with an increase in NaCl concentration from 150 to 200 mM associated 

with a 12-fold decrease in affinity, from 0.488 to 6.05 μmol/L, respectively. 

Increasing the NaCl concentration to 250 mM resulted in an additional 3.1-fold 

decrease in affinity to 18.6 μmol/L.  Further increasing the salt concentration to 350 

mM resulted in an additional 6.5-fold decrease in affinity to 120 μmol/L, a greater 

than 240-fold decrease in affinity compared to the thrombin−γ′ peptide interaction. 

 

To quantitate the release of counterions during the binding of thrombin to the γ′ 

peptide, the dependence of the natural logarithm of the Ka on the natural logarithm 

of the NaCl concentration was investigated (Figure 3.4).  The slope indicates that 

there was a net release of 7.6 ± 0.6 ions in the binding reaction.  Assuming a 1:1 

stoichiometry, there may be three or four ion pairs formed between the γ′ peptide 

and thrombin, with net release to solvent of the associated counterions. 

Table 3.2. Dependence of thrombin- ’ peptide binding on NaCl 
concentration 
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Figure 3.4.  Linkage plot.  The slope indicates a net release of 7.6 ± 0.6 

ions for the binding of thrombin to the γ′ peptide.  Assuming that 

counterions are released from protein groups forming ion pairs, the data 

indicate that three or four ion pairs formed between thrombin and the γ′ 

peptide, with net release to solvent of associated counterions. 
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3.5 Discussion 

It has been shown previously that the highly anionic carboxy terminus of the γ′ 

fibrinogen chain binds to exosite II of thrombin (126) and modulates the activity of 

thrombin toward several of its substrates (97-99, 127).  The crystal structure of 

thrombin in complex with the γ′ carboxy-terminal peptide, along with binding 

studies, has implicated several residues and regions of the peptide as being 

important for this binding.  In this work, we have further examined the binding 

contributions made by each of the peptide’s negatively charged residues and 

investigated the salt dependence of this interaction using SPR.  

The kon and koff rates for the binding of thrombin to the γ′ peptide were quite rapid.   

It is tempting to speculate that such rapid binding may serve to increase the local 

thrombin concentration surrounding the growing fibrin clot in the presence of 

rapidly flowing blood.  A similar strategy is employed in the catch bonds between 

platelet glycoprotein Ib and von Willebrand factor and allows rapidly moving 

platelets to be slowed by sequential tethering events to von Willebrand factor 

coated on injured subendothelium (133).  The γ′ chain−thrombin exosite II 

interaction by itself would result in both a rapid association and a rapid 

dissociation.  However, during blood coagulation, thrombin also interacts with 

intact fibrin through exosite I (134).  The additional interaction between exosite I 

and fibrin may further stabilize the initial complex between exosite II and the γ′ 

chain.  Thrombin has been visualized on the growing clot surface using intravital 

microscopy (135), although the cognate receptor for thrombin on the clot remains 
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unclear. Thrombin bound to fibrin is also protected from inactivation by 

antithrombin III (99). 

Altering the charged residues in the γ′ chain had differential effects on thrombin 

binding, depending upon their location.  Substituting many of the charged residues, 

including Gln411 for Glu, appeared to have no effect, although several previous 

studies have indicated that amino-terminal truncation of the peptide from Pro410 

or Glu411 to Ala414 results in a significant decrease in affinity (125, 126, 130).  

However, the reduced affinity seen with the truncated peptides likely has less to do 

with the loss of the charge on Glu411 and more to do with other interactions of the 

other side chains with thrombin.  This hypothesis is supported both by our results 

and by the Pineda crystal structure, which predicts interactions between Pro413 of 

the peptide and Val163 and Arg165 of thrombin (131), as well as NMR data by Sabo 

et al. that indicate a lack of contact between thrombin and residues Pro410−His412 

(130). 

Both the crystal structure and the NMR study by Sabo et al. predict a β-turn 

conformation in the region that includes Tyr422 and Asp425 (130, 131).  In the 

crystal structure, this β-turn bridges exosite II of a second, symmetry-related 

thrombin molecule and predicts interactions between the peptide’s Asp426 and 

Arg93 on thrombin.  In our experiments, the replacement of Asp426 on the γ′ 

peptide had no affect on thrombin binding.  Many of the charged γ′ peptide residues 

that are implicated in thrombin binding in the crystal structure (131) appeared to 

influence binding affinity in our study.  These include pTyr418, Asp419, and 
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pTyr422.  These data tend to support the Pineda model of two thrombin molecules 

binding to a single γ′ chain, although the lack of an effect of the Asp426Asn 

substitution on binding affinity is puzzling.  The structure also did not contain 

electron density for residues 410−412, which, along with our data showing that 

Glu411 does not contribute to binding and the results of N-terminal deletion studies, 

indicates that this region does not have any important interactions with exosite II.  

Taken together, these results demonstrate the significant role of electrostatic 

interactions between thrombin anion-binding exosite II and the fibrinogen γ′ chain. 

However, while each of the individual charges contributes only incrementally to the 

overall binding affinity, the ensemble of the combined charges plays a profound role 

in the thrombin−γ′ chain interactions. 
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4.1 Abstract 

The γ’ fibrinogen isoform produces clots that are stiffer and more resistant to 

breakdown than the more common fibrinogen isoform, γA.  Increased levels of γ’ 

fibrinogen are associated with several forms of cardiovascular disease.  The purpose 

of this cross-sectional study was to investigate the relationship between γ’ 

fibrinogen, an emerging risk factor for cardiovascular disease, and inflammatory 

markers in subjects with a chronic inflammatory state.  The 284 subjects for this 

study came from the Periodontitis And Vascular Events (PAVE) study, and γ’ 

fibrinogen and total fibrinogen in plasma were measured by ELISA.  Information on 

patient demographics and health status, as well as levels of C-reactive protein (CRP), 

an inflammatory marker, have previously been collected for this study. The mean 

(SE) γ’ fibrinogen level in the subjects was 0.622 (0.017) mg/ml. Levels of ’ 

fibrinogen were correlated with CRP (p = 0.006), with a one unit increase in CRP 

associated with a 1.9% increase in γ’ fibrinogen, after adjustment for potential 

confounders. Total fibrinogen was not correlated with γ’ fibrinogen in these 

subjects. The number of dental sites with evidence of tissue inflammation was also 

significantly associated with γ’ fibrinogen levels. These results provide an important 

step in the evolution of γ’ fibrinogen not only as a general risk factor for 

cardiovascular disease, but as a potentially useful biomarker for assessing a 

patient’s inflammatory state and associated cardiovascular disease risk. 
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4.2 Introduction 

Fibrinogen is a large (340 kD) protein with a vital role in haemostasis.  It has a 

dimeric structure, with each half of the fibrinogen molecule made up of three 

polypeptide chains: Aα, Bβ and γ. During coagulation, thrombin converts fibrinogen 

to fibrin, which polymerizes and forms the protein meshwork of the growing blood 

clot. The fibrin clot is stabilized through the action of FXIIIa, a transglutaminase that 

crosslinks adjacent fibrin molecules.  The γ’ isoform of fibrinogen is formed by the 

incorporation of a splice variant of the fibrinogen γ chain called the γ’ chain. This 

alternative splicing event results in the extended carboxyl terminus of the γ’ chain, 

which contains 20 residues in place of the four carboxylterminal residues on the 

more common γA chain (87, 88). The γ’ fibrinogen isoform makes up approximately 

10% of circulating fibrinogen, although this value can vary widely between 

individuals (90, 111, 112).  The unique sequence of the γ’ chain contains a high 

affinity binding site for thrombin (92, 93, 126, 130, 131).  Clots formed with γ’ fibrin 

are more resistant to fibrinolysis (108, 109) and have altered clot architecture 

compared with γA/γA fibrin clots (91, 96).  Because of these characteristics, γ’ 

fibrinogen has been studied as a possible risk factor for thrombosis (100).  Research 

by our laboratory and others has linked levels of γA/γ’ fibrinogen with 

cardiovascular disease (CVD), including coronary artery disease (CAD) (90), heart 

attack (110, 111), and stroke (117). 

The pathogenesis of cardiovascular disease has a number of inflammatory 

components.  While it is well established that total fibrinogen is elevated during 
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inflammation, it is not known whether γ’ fibrinogen is similarly increased.  A recent 

report shows elevated γ’ fibrinogen levels in the acute phase of ischemic stroke and 

pulmonary embolism relative to the non-acute phase (119).  To date, however, it is 

not known how γ’ fibrinogen levels relate to the presence of chronic, low-level 

inflammation. 

In this cross-sectional study, we examined γ’ fibrinogen levels in subjects with both 

periodontal and cardiovascular disease to gain a better understanding of the 

relationship between γ’ fibrinogen and inflammation.  We hypothesized that 

elevated γ’ fibrinogen levels would be associated with higher levels of the 

inflammatory marker high-sensitivity C-reactive protein (hsCRP), and would 

similarly correlate with the degree of periodontal disease-associated inflammation. 
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4.3 Materials and Methods 

Study subjects 

The 284 subjects in this study were from the Periodontitis And Vascular Events 

(PAVE) cohort.  These subjects had both periodontal disease and history of recent 

cardiovascular disease.  The study was approved by the relevant institutional 

review boards, and all participants gave written informed consent.  The PAVE pilot 

study, conducted from January 2003 to June 2005, was originally designed to 

determine the feasibility of a randomized secondary prevention trial to investigate 

the effects of periodontal treatment on inflammation and risk of future 

cardiovascular events.  This was a multicenter trial conducted at the University at 

Buffalo, the University of North Carolina at Chapel Hill, Boston University, Kaiser 

Permanente Center for Health Research/Oregon Health and Science University, and 

the University of Maryland.  Written informed consent was obtained from subjects 

prior to enrollment in the PAVE study.  Complete information on the PAVE pilot 

study can be found in several previous publications (136-138).   

Inclusion criteria for the PAVE study included mild to moderate periodontitis and 

recent evidence of coronary heart disease (136).  Mild to moderate periodontitis 

was defined as having a minimum of six natural teeth with at least three teeth 

having a pocket depth of ≥ 4 mm, at least two teeth having interproximal attachment 

loss of ≥ 2 mm, and at least 10% of dental sites exhibiting bleeding on probing.   

Cardiovascular criteria were 50% or more blockage of a coronary artery or a history 

of a coronary event within three to 36 months prior to enrollment.  Coronary events 
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included myocardial infarction, coronary artery bypass graft surgery, and coronary 

transluminal angioplasty with or without a stent.  Participation was limited to those 

aged 75 and below. 

Data collection 

All data and laboratory samples used in this study were collected at baseline, prior 

to dental treatment.  As a part of the PAVE study, serum levels of hsCRP were 

measured using latex-enhanced nephelometry as described (138).  This automated 

assay has been approved for use in assessing cardiovascular risk by the United 

States Food and Drug Administration. 

Measures of periodontal inflammation 

Thorough periodontal examinations were performed on PAVE subjects as 

previously described (138).  Periodontal data was missing for three subjects.  

Estimates of periodontal disease severity used for these analyses came from the 

PAVE dataset and included extent of pocket depth greater than or equal to 5 mm, 

extent of bleeding on probing, and number of sites with evidence of gingivitis, as 

indicated by a Gingival Index score of 1 or more. 

We examined whether γ’ fibrinogen level was associated with the severity of the 

periodontal disease, particularly the inflammatory component, using the clinical 

data collected for the PAVE study.  A study by Beck and Offenbacher indicates that 

the useful clinical variables for estimating systemic inflammatory exposure relevant 

to cardiovascular disease include the extent of bleeding on probing and an extent of 
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pocket depth ≥ 5 mm (139).  In addition to these variables, we examined whether 

the number of dental sites with tissue inflammation, identified as sites with a 

gingival index > 0, was associated with γ’ fibrinogen or CRP. 

Total and ’ fibrinogen measurements 

Plasma γ’ fibrinogen levels were measured by enzyme-linked immunosorbent assay 

using a modification of the method described by Lovely et al. (112).   Briefly, the γ’ 

fibrinogen in subject plasma samples and standards were captured in 96-well plates 

using the 2.G2.H9 monoclonal antibody and detected using horseradish peroxidase 

(HRP)-conjugated sheep anti-human fibrinogen (Accurate Chemical, Westbury, NY, 

USA) along with high sensitivity HRP colorimetric substrate and stop solution 

(BioFX Laboratories, Owings Mills, MD, USA).  Total fibrinogen levels were 

measured in a similar fashion as previously described (90). 

Statistical analysis 

Statistical analyses were performed using SPSS (17.0).  CRP, γ’ fibrinogen, and total 

fibrinogen levels were log transformed when analyzed as dependent variables by 

linear regression.  Differences in mean γ’ fibrinogen levels between groups were 

assessed by t-test or ANOVA after log-transformation.  The relationship between γ’ 

fibrinogen and CRP was assessed using a multivariate linear regression model.  

Further analyses were performed using logistic regression with CRP as a 

dichotomized variable, with a cut-off of > 3 mg/l defined as “high CRP” according to 

the three-level definition by Ridker (140), with adjustment for body mass index 

(BMI) and total fibrinogen levels.  Correlations between γ’ fibrinogen, CRP, or total 
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fibrinogen, and periodontal disease variables were examined using linear 

regression.  Missing data were very limited, at less than 2.2% for all analyzed 

variables, and were excluded from analyses. 
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4.4 Results 

We measured plasma levels of γ’ fibrinogen in a group of 284 subjects from the 

PAVE study with both periodontitis and CVD.  The average age of the subjects was 

59 and they were predominantly white and male (Table 4.1).  There were relatively 

large proportions of current (16.2%) and former (52.7%) smokers, which is not 

unexpected as smoking is a major risk factor for both cardiovascular and 

periodontal disease. 

 
Table 4.1.  Characteristics of the PAVE cohort. 
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The mean (SE) plasma γ’ fibrinogen level in the PAVE subjects was 0.622 (0.017) 

mg/ml, with females having a slightly higher level than males, 0.690 (0.036) vs. 

0.597 (0.019) mg/ml, respectively (p=0.022).  The mean (SE) plasma total 

fibrinogen level was 3.70 (0.074) mg/ml.  In this cohort, γ’ fibrinogen represented 

on average 18.6 (0.62) % of total plasma fibrinogen.   

We investigated the relationship between γ’ fibrinogen, total fibrinogen, and several 

cardiovascular risk factors previously measured in this cohort, including hsCRP.  

The γ’ fibrinogen concentration was significantly correlated with CRP level, while 

there was no significant association between γ’ fibrinogen and total fibrinogen, BMI, 

age, smoking status, or type II diabetes in this model or when evaluated separately 

(Table 4.2).  The Pearson correlation coefficient between γ’ fibrinogen and total 

fibrinogen was 0.098 (p = 0.099) after log transformation of both variables. 

Further evaluation of the relationship between γ’ fibrinogen and hsCRP showed 

significant correlation (p = 0.006) after adjustment for age, gender, smoking status, 

BMI, type 2 diabetes, and total fibrinogen, with a one unit increase in CRP associated 

with a 1.9% increase in γ’ fibrinogen.  Additionally, the γ’ fibrinogen level was highly 

associated (p < 0.001) with having a high CRP level of > 3 mg/l, which indicates an 

elevated risk for future cardiovascular events (140).  A 0.1 mg/ml increase in γ’ 

fibrinogen raised the odds of being in this high-risk group by 20% (p<0.001, OR 

95% CI: 1.086 – 1.321) in a model that included BMI and total fibrinogen. 
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Table 4.2.  Relationship between ’ fibrinogen and cardiovascular 

disease risk factors. 
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Analysis of the relationship between these markers and clinical measures of 

periodontitis demonstrated that the extent of pocket depth ≥ 5 mm was associated 

with CRP (p = 0.042) but not with γ’ fibrinogen, while the number of sites with gum 

inflammation was highly associated with γ’ fibrinogen (p = 0.004) but not CRP 

(Table 4.3).  There was no significant association between total fibrinogen and any 

of the disease variables. 

 

Table 4.3.  Relationships between periodontal disease variables and log-

transformed CRP, ’ fibrinogen and total fibrinogen by univariate regression. 
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4.5 Discussion 

Little is known about the relationship between γ’ fibrinogen, an emerging CVD risk 

factor, and inflammation.   Therefore, we measured γ’ and total fibrinogen levels in a 

study sample consisting of 284 subjects from the PAVE study cohort, all with mild to 

moderate periodontal disease and a recent history of coronary artery disease or 

CVD event.  Our results demonstrate a link between γ’ fibrinogen and inflammation 

as represented by hsCRP and gingivitis. 

The mean γ’ fibrinogen level in these subjects, 0.622 mg/ml, was the highest seen in 

any published study to date with the exception of a study by Cheung et al.  that 

noted a mean of 0.79 mg/ml in a group of 16 acute phase pulmonary embolism 

patients (119).   Our finding, in conjunction with the relatively normal mean total 

fibrinogen of 3.70 mg/ml, supports the concept that γ’ fibrinogen is particularly 

elevated in the setting of chronic inflammation.   A striking finding is that γ’ 

fibrinogen represented, on average, 18.6% of total plasma fibrinogen in this 

population.  This is over twice the normal percentage of γ’ fibrinogen in healthy 

blood donors, in which γ’ fibrinogen represents only 7.2% of total plasma fibrinogen 

(90), and in individuals in the Framingham Offspring Study, in which γ’ fibrinogen 

represents 6.8% of total plasma fibrinogen (112).  These results suggest that γ’ 

fibrinogen may display differential regulation from total fibrinogen in the presence 

of combined cardiovascular and periodontal disease.   

While γ’ fibrinogen was significantly associated with hsCRP as both a continuous 

and a dichotomized variable, no significant correlation was found with other 
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cardiovascular risk factors measured.  This contrasts with the findings of our recent 

study of γ’ fibrinogen in the Framingham Offspring cohort, in which γ’ fibrinogen 

was associated with a number of traditional cardiovascular risk factors, including 

age, gender, BMI, smoking status, diabetes and total fibrinogen (112).  These 

disparate results are likely due to the major differences between the PAVE cohort 

and the community-based Framingham Offspring cohort, particularly the fact that 

all of the PAVE subjects had significant cardiovascular and periodontal disease at 

the time of data collection, while only a relatively small fraction of community 

subjects would be expected to have similar conditions. 

Our investigation into the relationship between γ’ fibrinogen and periodontal 

disease-associated inflammation was hampered by a lack of validated measures of 

this inflammation.  Periodontal disease has been the subject of extensive study, but 

until fairly recently this research has focused on the disease as an outcome, and not 

as a risk factor for other conditions, such as cardiovascular disease.  Beck and 

Offenbacher attempted to address this problem by looking at correlation between 

dental variables and markers of cardiovascular risk (139).  They saw an association 

between the extent of bleeding on probing and serum soluble intercellular adhesion 

marker, and between extent of pocket depth ≥ 5 mm and serum CRP level.  In our 

study we also examined correlations between the number of sites with gingivitis 

and the analytes CRP, total and γ’ fibrinogen.  We did this with the idea that the 

number of dental sites with tissue inflammation may be a better marker of current 

(and not historic) inflammatory burden.  Our findings replicated the association 
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between the extent of pocket depth ≥ 5 mm and CRP levels, and additionally we saw 

correlation between γ’ fibrinogen and the number of sites with gingivitis. 

One of the main limitations of the present study is the lack of a control group of 

subjects.  This makes it impossible to assess the individual contributions of CVD and 

periodontitis on the variables measured.  Another major difficulty is the lack of 

validated clinical measures of periodontal disease severity that are known to 

associate with cardiovascular risk.  Additionally, the discontinuation of the PAVE 

pilot study has prevented analysis of the effect of periodontal treatment on 

inflammation and γ’ fibrinogen levels, and assessment of the relationship between 

these variables and future cardiovascular events. 

In conclusion, the link between γ’ fibrinogen and inflammation is intriguing, 

particularly in light of the growing literature associating γ’ fibrinogen with 

thrombotic disease (90, 110-112, 114, 116, 117, 119, 141, 142).  The lack of 

association between γ’ fibrinogen and total fibrinogen levels seen in this study and a 

previous case-control study of CAD (90) contrasts with the correlation between 

both fibrinogen isoforms seen in a large community-based cohort (112), and this 

may indicate a dysregulation of these isoforms under pathological conditions.  

Further work will be needed to determine whether γ’ fibrinogen is indeed regulated 

independently of total fibrinogen in an inflammatory setting, and, if so, what 

mechanisms are involved. 
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Chapter 5.  Biologic Variability in Biochemical Markers of 

Cardiovascular Risk 
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5.1 Abstract 

Context:  A variety of biochemical markers are commonly measured to help predict 

the risk of cardiovascular disease. Unfortunately, these markers often fail to identify 

many of the individuals that will go on to experience a cardiovascular event.  As a 

result, the search continues for other markers of cardiovascular disease 

demonstrating greater predictive value for risk assessment.  The clinical utility of 

any marker used as a risk assessment tool is dependent upon the long and short-

term biologic variability that the marker shows in different individuals. 

Objective:  To assess the sources of variance in the measurement of commonly used 

biochemical cardiovascular risk markers, including total cholesterol, LDL 

cholesterol, HDL cholesterol, triglycerides, high-sensitivity C reactive protein 

(hsCRP), fibrinogen, and the ’ isoform of fibrinogen, recently shown to display good 

predictive utility for cardiovascular risk. 

Design:  In this study we measured a panel of currently used biochemical 

cardiovascular risk markers and ' fibrinogen in blood samples collected from 

healthy individuals over the course of one year. 

Setting:  Oregon Health & Science University, an academic medical center in 

Portland, Oregon. 

Participants:  15 apparently healthy individuals ranging in ages from 21 - 54. 
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Outcome Measure:  We estimated the within- and between-subject variability for 

each of these markers.  These estimates were used to calculate intra-class 

correlation, reliability, and indices of individuality for the markers. 

Results:  HDL cholesterol demonstrated the best utility for risk assessment as it had 

the lowest variability profile, with an intra-class correlation (ICC) of 0.84.  hsCRP 

showed the highest levels of both within- and between-subject variability, with an 

ICC of 0.37.  Stated differently, it would require eight separate measurements of 

hsCRP performed on blood collected over multiple days to provide the risk 

assessment information provided by a single sampling and measurement of HDL 

cholesterol. 

Conclusions:  The variability profile of ’ fibrinogen was very similar to that of LDL 

cholesterol, indicating that a limited number of measurements are necessary to 

establish an individuals' baseline concentration for assessing risk. hsCRP did not 

perform well in our study as this marker showed very high biological variability.  A 

single measurement of hsCRP lacks sufficient clinical utility to justify routine 

measurement. 
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5.2 Introduction 

Clinical laboratory tests provide information for a variety of purposes, including 

diagnosis, monitoring of disease, and risk assessment.  With respect to the latter, a 

number of biochemical markers have been proposed for assessment of the risk of 

cardiovascular disease (CVD).  The prognostic utilities of markers of risk assessment 

are often based on epidemiologic studies involving thousands or tens of thousands 

of individuals.  However, in order for any marker of risk assessment to have good 

clinical utility in an individual subject, the biological variability of the marker must 

be low enough to enable appropriate risk stratification for each individual using as 

few serially-collected blood samples as possible. 

The level of variability that is acceptable for an analyte depends primarily on two 

parameters; the analytical variation that is observed in the measurement of the 

analyte, and the within-subject and between-subject biologic variation that the 

analyte shows over time.  In order for an analyte to have good clinical utility for risk 

assessment in an individual, the variability associated with measurement of the 

analyte should be relatively small compared to the within- and between-subject 

variance.  Analytes with a large between-subject (inter-individual) variability 

relative to the other sources of variance are generally considered to be more 

reliable, and allow better estimation of an association of the marker with disease 

(143). 

Serum high-density lipoprotein cholesterol (HDL), low-density lipoprotein 

cholesterol (LDL), total cholesterol, non-HDL cholesterol, triglycerides, fibrinogen, 
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and basal hsCRP concentrations have been identified as risk markers for CVD in 

numerous large-scale epidemiological studies.  However, some of these analytes 

show significant differences in biologic variability, which adversely impacts the 

prognostic utility when a single measurement of the analyte is performed in an 

individual patient. 

In an effort to assess the impact of biologic variability of various cardiac risk 

markers on their prognostic utility, we examined the short and long-term biologic 

variability of several markers of cardiovascular risk in a cohort of 15 healthy adults.  

We measured the concentrations of serum HDL, LDL, total cholesterol, triglycerides, 

hsCRP and total fibrinogen over the course of one year in order to determine the 

biologic variability of each of these markers. 

In addition to the currently used risk markers described above, we also measured ’ 

fibrinogen concentrations.  The ’ isoform of fibrinogen has been proposed as a 

cardiovascular risk marker independent of total fibrinogen.  This isoform, which 

represents approximately 10% of an individual’s circulating fibrinogen, has a high 

affinity thrombin-binding site that may mediate its effect on thrombosis risk.  

Studies have linked it to coronary artery disease (90), myocardial infarction (111, 

113), and ischemic stroke (117).  In this study we examine the biologic variability of 

this analyte for the first time, and compare it to biomarkers currently used for 

assessment of CVD risk. 
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5.3 Materials and Methods 

Study subjects 

We recruited 15 apparently healthy adults (9 women and 6 men) to participate in a 

12-month study designed to quantify the magnitude of changes in commonly 

measured risk factors for CVD.  Subjects ranged in age from 21 to 54 years at the 

time of recruitment.  Information was collected on each participant’s general health 

and medication use.  Individuals taking cholesterol-lowering medications were 

excluded.  The institutional review board of the Oregon Health & Science University 

approved the study, and all subjects provided written informed consent. 

Blood sample collection 

Venous blood samples were collected from each participant between 0700 and 1000 

following an overnight fast.  Participants were encouraged to reschedule blood 

collection if they felt ill.  Samples were collected on days 1, 3, 5, 7, 14, 21 and 28, and 

then monthly for one year.  Thus, a total of 18 samples were collected over one year 

for subjects who completed the protocol. 

Blood was collected into plain evacuated serum tubes, EDTA tubes, and citrate tubes 

depending on the analyte to be measured.  Blood samples were processed within 45 

minutes of collection, and serum and plasma were aliquoted into 1.5 ml screw-cap 

tubes for processing and storage.  Samples were stored at 4 C for measurements 

made within 24 hours, and stored long term at -70 C. 
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Measurement of cardiac risk factors 

Analysis of total cholesterol, HDL cholesterol, LDL cholesterol, triglycerides and 

hsCRP was performed on serum samples within 24 hours of blood collection at the 

Oregon Health & Science University clinical chemistry laboratory.  Aliquots of 

samples were stored at -70 C until measurement of other markers.  Measurement 

of total fibrinogen and γ’ fibrinogen was performed in batch mode using previously 

frozen citrate plasma.  Fibrinogen is stable under these storage conditions (144, 

145).  Non-HDL cholesterol was calculated as total cholesterol – HDL cholesterol. 

 In addition to the measurement of, total cholesterol, HDL cholesterol, LDL 

cholesterol, triglycerides and hsCRP within 24 hours following collection, these 

same analytes were also measured again in batch mode from all study participants 

following conclusion of the study. This batch analysis was performed in order to 

ascertain that there was no systematic degradation in any of the analytes that would 

contribute to the observed biological variation    

Analysis of γ’ fibrinogen was performed using a microsphere-based bioassay.  The 

capture antibody 2.G2.H9, specific for the fibrinogen γ’ chain, was covalently 

coupled to MicroplexTM Microspheres (Luminex Corp.).  Approximately 2,500 of 

these microspheres/well were then pre-loaded onto 96 well filter plates (Millipore 

#MABVN1250) and excess buffer was removed by vacuum.  100 l samples of 

diluted plasma (1:1000 dilution in assay buffer: PBS + 0.1%BSA/ 0.1% 

Tween/0.05% sodium azide/ 1mM EDTA) were then added to each well.  Filter 

plates were incubated for 2 hours at room temperature with gentle shaking, and 
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washed 3 times with assay buffer.  Microsphere samples then underwent two 

sequential 30 minute incubations with 100 l of 4 g/ml biotinylated anti-

fibrinogen polyclonal antibody (Innovative IASHFBGN-GF-BIO) followed by 4 g/ml 

Streptavidin-R-Phycoerythrin (Life Technologies S-866).  The filter plates were then 

washed 5 times, the beads resuspended in 100 l/well of assay buffer, and median 

R-Phycoerythrin fluorescence/microsphere was determined by flow cell 

fluorometry using a LuminexTM 200 system.  The γ’ fibrinogen concentrations of 

plasma samples were determined by comparing their values to those of duplicate 

calibrators run with each plate.  Curve fitting of calibrators and back calculation of 

plasma values were performed using Luminex XponentTM software (weighted 5-

parameter logistic analysis). 

Statistical analysis 

Between-subject (sG2) and within-subject, or biologic, (sI2) variance components 

were estimated using a random effects analysis of variance fit with a maximum 

likelihood estimation method using SPSS (v20).  For this study, it was assumed that 

there was no systematic within-subject error, and that the within-subject variance 

remained constant at differing analyte concentrations.  The within-subject variance 

estimated included method-dependent analytical error.  Measured values of hsCRP 

>10 mg/L were excluded from analysis, as these likely represented transient 

inflammation due to illness. 

To allow for comparisons between tests, the variance values were expressed as 

intra-individual (CVI), and inter-individual (CVG) coefficients of variation (CV) for 
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this population.  The CV was calculated as 100% x (standard deviation / mean).  The 

variance estimations were used to calculate the intra-class correlation coefficient, a 

reliability measure defined as the proportion of the total variance that can be 

attributed to between-subject variance: sG2 / (sI2 + sG2).  The Index of Individuality, 

defined as the ratio of the within-subject variance to the between subject variance 

(CVI / CVG) was also calculated. 

The validity coefficient, which represents the difference between a measured value 

and the true value due to variability, can be used to generate another useful 

indicator of a marker’s clinical utility.  The validity coefficient was calculated as (1 / 

(1 + (sI2 / ksG2)))1/2, with k = number of measurements performed on an individual.  

Thus, using a set value for the validity coefficient, the minimum number of 

measurements required to reach this value was determined.
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5.4 Results 

The mean age of the study subjects was 39.9 years and the median age was 39 years.  

Two participants were unable to complete the protocol; one moved away from the 

study site and another was disqualified after beginning treatment with statins for 

high cholesterol.  The mean number of blood samples per subject was 16.9, and the 

lowest number of samples from any subject was 11. 

 The mean, standard deviation, and coefficients of variation for each of the 

cardiovascular biomarkers are shown in Table 1.  Total cholesterol had the lowest 

within-subject variance, with a CVI of 7.6, followed by non-HDL cholesterol (CVI 

=9.4) and total fibrinogen (CVI = 10.8).  The low within-subject variance for non-

HDL cholesterol is not surprising, given the low values for this source of variance 

seen in both total and HDL cholesterol, from which it is calculated.  hsCRP exhibited 

the highest within-subject variance by far, with a CVI of 71.7.  The second highest CVI 

of 29.3 was for triglycerides.  Between-subject variance showed a similar trend, with 

the lowest values seen for total fibrinogen and cholesterol, and the highest for 

hsCRP and triglycerides.  The overall variance for hsCRP was much higher than for 

the other analytes, with a standard deviation nearly equal to the mean value. 
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Table 5.1.  Descriptive statistics for CVD risk markers measured in a 

cohort of 15 apparently healthy adults over a 1-year period 

Biomarker Mean SD CVI CVG 

Cholesterol 
(mg/dL) 

191.3 27.9 7.6 12.1 

LDL (mg/dL) 126.2 28.1 10.3 19.3 

HDL (mg/dL) 47.2 13.0 11.1 25.2 

Non-HDL 
Cholesterol 

144.1 29.5 9.4 18.4 

Triglycerides 
(mg/dL) 

89.6 40.5 29.3 33.5 

CRP (mg/L) 1.62 1.47 71.7 55.5 

Fibrinogen 
(mg/dL) 

300.4 47.7 10.8 11.8 

γ’ Fibrinogen 
(mg/dL) 

22.9 6.8 14.3 27.4 

SD = standard deviation, CVI = within-subject coefficient of variation, 

CVG= between-subject coefficient of variation. 

 

The proportions of the total variance attributed to each source are presented in 

Table 2.  The variance data for each of these biomarkers were also used to calculate 

the Index of Individuality (II) and intra-class correlation coefficient (ICC).  The Index 
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of Individuality provides a measure of the within-subject variability relative to 

between-subject variability.  The ICC is a reliability measure that describes the 

relative correlation of repeated measurements for a single individual (the CVG% = 

ICC x 100%).  By definition, these two indicators are inversely related to one 

another.  In this study, the II ranged from 0.44 for HDL to 1.29 for hsCRP, and the 

ICCs were between 0.38 (hsCRP) and 0.84 (HDL).  The II and ICC for γ’ fibrinogen 

were 0.52 and 0.79, respectively, while these values for total fibrinogen were 0.91 

and 0.55, respectively.  This reflects the finding that γ’ fibrinogen has a reduced 

proportion of within-individual variance, which is approximately half that of total 

fibrinogen.  Of note, the II and ICC calculated for total fibrinogen were nearly 

identical to the II of 0.92 (146) and the ICC of 0.56 (147) found in similar studies. 
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Table 5.2.  Index of Individuality, intra-class correlation coefficients, and variance 

components as a percentage of total variance for CVD risk markers 

Biomarker 
Index of 

Individuality 
ICC CVI % CVG % 

Cholesterol 0.63 0.72 28.4 71.6 

LDL 0.53 0.78 22.0 78.0 

HDL 0.44 0.84 16.3 83.7 

Non-HDL 
Cholesterol 

0.51 0.80 20.5 79.5 

Triglycerides 0.87 0.57 43.4 56.6 

CRP 1.29 0.37 62.5 37.5 

Fibrinogen 0.91 0.55 45.4 54.6 

γ’ Fibrinogen 0.52 0.79 21.4 78.6 

 

To gain insight into the impact of these variability data on the clinical utility of these 

measures, the validity coefficient (VC) for a single measurement of a biomarker was 

calculated, as well as the number of samples needed for a biomarker with the same 

VC as HDL cholesterol (0.91), which showed the highest value for this measure.  For 

the other biomarkers, only two measurements were needed to achieve a VC that 

was similar to HDL.  However, for triglycerides, fibrinogen, and hsCRP more than 
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two measurements were needed, with hsCRP requiring a total of eight separate 

measurements to achieve the same VC as that provided by a single measurement of 

HDL cholesterol.   

Table 5.3.  Validity coefficients (VC) and the number of repeated measurements 

needed to reach a VC of 0.91 (that of HDL cholesterol) in a study with 15 apparently 

healthy adults.  The number of measurements is rounded up to the nearest integer. 

Biomarker Validity Coefficient 
# of sample measurements 

for VC = 0.91 

Cholesterol 0.85 2 

LDL 0.88 2 

HDL 0.91 1 

Non-HDL Cholesterol 0.89 2 

Triglycerides 0.75 4 

hsCRP 0.61 8 

Fibrinogen 0.74 4 

γ’ Fibrinogen 0.89 2 

 

The use of hsCRP in cardiovascular risk prediction is based upon the categorization 

of hsCRP values, with concentrations < 1 mg/L considered “low risk”, 1 – 3 mg/L 

“moderate risk”, and values greater than 3 up to 10 mg/L considered “high risk” 

(148).  Thus, in addition to examining hsCRP’s variability profile, we also evaluated 



 95 

the likelihood of misclassification of risk of CVD when using a single measurement 

of hsCRP.  We assumed that an individual’s mean hsCRP value obtained from all 

measurements performed over the course of this study (excluding values >10 mg/L) 

represented the correct risk category.  Next, we calculated the number of single 

hsCRP measurements that would have resulted in incorrect risk classifications for 

that subject.  We found an overall misclassification rate of 25% for hsCRP (see table 

4). 

 

Table 5.4.  Misclassification of CRP risk category based on individual 

measurements, with a subject’s mean CRP value used to determine correct risk 

category 

Subjects in each CRP 
risk category 

(# of measurements) 

Number (%) 
misclassified 

“low risk” 

Number (%) 
misclassified 

“moderate risk” 

Number (%) 
misclassified 

“high risk” 

Low risk 
6 (100) 

* 18 (18.0%) 2 (2.0%) 

Moderate risk 
8 (118) 

15 (12.7%) * 16 (13.6%) 

High risk 
1 (13) 

3 (23.1%) 3 (23.1%) * 
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5.5 Discussion 

The estimated direct and indirect costs of cardiovascular disease (CVD) and stroke 

in 2010 were $503.2 billion (149).  While the average cost of a single lipid profile is 

relatively low when compared to the direct and indirect costs of CVD, the 

cumulative costs of screening can be substantial, especially if biochemical markers 

of risk assessment require multiple repeated measurements to establish an 

individual’s true baseline. 

The variability profile of a risk marker is an important factor in determining the 

clinical utility of a single measurement, but this attribute tends to be overlooked, 

with more focus placed on disease-association levels in large epidemiological 

studies.  These studies are extremely valuable in identifying potential biomarkers of 

risk assessment, but do not necessarily provide insight into the reliability of a single 

measurement performed in an individual patient, an important practical 

consideration (150). 

We measured CVD risk markers in a cohort of 15 apparently healthy individuals 

over the course of a year to directly compare their within- and between-individual 

variability.  Of the risk markers measured, HDL cholesterol had the best variability 

profile for a prognostic biomarker, with the majority of its variability due to 

differences between subjects, and a relatively small variance observed within a 

single individual.  These characteristics gave HDL the highest value for both the 

interclass-correlation and the validity coefficients. 
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In contrast, hsCRP measurements demonstrated a high level of variability, both 

between subjects and within individuals.  The within-individual variance of hsCRP 

was nearly identical to that seen by Clark and Fraser, who found a CVI of 63% (151), 

but was higher than that found in other studies, even after exclusion of values >10 

mg/L (146, 152).  This is probably due in some part to the small size and general 

level of good health in our cohort, as well as the duration of the study and number of 

blood samples analyzed.  Sakkinen et al. saw a marked increase in the 

intraindividual CV for hsCRP at 24 weeks of follow-up, compared to 6 weeks, 

demonstrating the strong effect of study duration on this variance parameter (146). 

An increasing number of studies have questioned the clinical utility of hsCRP in 

assessing risk of CVD where measurement of this marker did not improve the CVD 

risk estimation when added to other established risk factors (153-157).  This is due 

in large part to the high intraindividual variability of this analyte.  The within-

subject standard deviation for hsCRP in our study was 2.7 mg/L.  While others have 

reported smaller values for this estimate, it is still quite high relative to the cut-off 

values for risk classification of <1 mg/L, 1-3 mg/L, and >3 mg/L, resulting in a 

considerable chance of misclassification, and making any assessment of a “real” 

change in a an individual’s baseline hsCRP level nearly impossible (153).  We found 

that it would require 8 replicate measurements of hsCRP to achieve the validity of a 

single measurement of HDL cholesterol in our cohort, and some have suggested that 

even more repeated measures might be necessary for establishing an individual’s 

true hsCRP value (158). 
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The ’ isoform of fibrinogen has been gaining attention as a potential CVD risk 

factor.  Recent research has also suggested a connection between ’ fibrinogen and 

inflammation (159), with increased concentrations seen in the acute phase of 

pulmonary embolism and stroke (119), indicating that it may be useful as a marker 

of inflammatory processes as well.  In our study, the variability profile of ’ 

fibrinogen was quite similar to that of LDL cholesterol, which could make it a more 

attractive risk marker than total fibrinogen for clinical risk assessment. 

. 
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Chapter 6.  Summary and Conclusions 

Increasingly, ’ fibrinogen is gaining recognition as a potentially valuable risk 

marker for CVD.  This isoform of the blood coagulation protein, fibrinogen, is 

produced when a splice variant of the fibrinogen  chain is incorporated into the 

molecule, and it represents approximately 10% of an individual’s circulating 

fibrinogen (90).  The ’ chain extended C-terminus includes a high affinity thrombin 

binding site lacking in the more common A chain, and may also mediate binding to 

FXIII, a fibrin cross-linking enzyme.   Evidence from in vitro experiments indicates 

that ’ fibrinogen forms clots with increased stiffness and resistance to enzymatic 

breakdown, as compared to A/ A fibrinogen (108, 109), and studies have found 

associations between increased ’ fibrinogen levels and several forms of CVD, 

including CAD, ischemic stroke, and MI (90, 110, 111, 117).  Recent work by Cheung 

et al. indicates that ’ fibrinogen may be elevated in the setting of acute 

inflammation (119). 

One of the major mechanisms by which ’ fibrinogen is proposed to modify 

cardiovascular risk is through the binding of thrombin.  Thrombin is the main 

activating enzyme in the coagulation cascade (see figure 1.3) and is also important 

for activating platelets.  While all fibrin(ogen) molecules contain a low-affinity 

binding site for thrombin, the extended C-terminus of the ’ chain binds to 

thrombin’s exosite II with higher affinity.  Previous studies have implicated certain 

regions of the peptide as important for this binding (125, 126, 130) and a crystal 
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structure of thrombin in complex with a ’ C-terminal peptide, published in 2007 by 

Pineda et al. identifies possible contacts between the peptide and exosite II (131). 

To test the predictions of the crystal structure and more generally investigate the 

nature of this interaction, the binding of thrombin to peptides corresponding to the 

’ chain C-terminus was measured using a Biacore T100 surface plasmon resonance 

instrument (see Chapter 3).  The affinity of thrombin for the ’ C-terminal peptide, 

PEHPAETEpYDSLpYPEDDL (where pY = phosphotyrosine), and analogue peptides 

with charged-to-uncharged substitutions was determined.  While the Biacore T100 

can also be used to study the kinetics of binding, the rapid kon and koff of the ’ 

peptide-thrombin interaction was beyond the measurement limits for the 

instrument.    

An overall affinity (Kd ) of 0.440 M was found for thrombin and the 

unsubstituted ’ peptide.  Experiments using the analogue peptides generally 

supported the predictions of the crystal structure, indicating that while some of the 

individual peptide residues contributed more to thrombin binding than others, with 

the substitution of Asp419Asn and pTyr422Tyr having the most impact, no single-

residue substitutions substantially reduced the binding affinity.  Multiple 

substitutions, however, either of the three residues that appear most important for 

binding (pTyr418, Asp419, and pTyr422), or of all charged residues but these three, 

completely abrogated the interaction.  This demonstrated that while these three 

residues are required, they are not sufficient for the binding in the absence of the 

other charges.  Thus, the interaction between the ’ C-terminus and thrombin 
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appears to be mediated by the ensemble of the charges, a product of general 

electrostatic complementarity.  In support of this, experiments measuring the 

binding between the unsubstituted peptide and thrombin in the presence of 

increasing salt concentrations showed a significant salt dependence for the 

interaction, with an estimated 3-4 solvent ion pairs released upon binding. 

While this research has helped to clarify the nature of the interaction between the ’ 

chain C-terminus and thrombin, more work will need to be done to understand the 

physiological ramifications of this binding.  In blood, thrombin binds to the complete 

fibrin(ogen) molecule, utilizing both the low- and high-affinity binding sites.  The 

kinetics of this binding remains to be explored.  In addition, it appears that the 

binding of the ’ chain to thrombin’s exosite II has functional consequences for 

thrombin, altering its ability to cleave coagulation factor VIII, fibrinogen, and the 

platelet receptor, PAR1 (97, 98, 127).  Fibrinogen-bound thrombin may also be 

protected from inactivation by antithrombin III (99).  The overall impact of ’ 

fibrinogen-thrombin binding is matter of debate, with some speculating that ’ 

fibrinogen may help localize thrombin to the growing clot, enhancing coagulation 

(160), and others proposing that the main consequence of this binding is the 

sequestration of thrombin, with ’ fibrinogen acting as an anticoagulant (161).   

While atherosclerotic CVD is now recognized to be an essentially inflammatory 

disease, until recently there had been no investigation into the relationship between 

’ fibrinogen and inflammation.  In 2008, Cheung et al. published a report showing 

elevated ’ fibrinogen levels during the acute phase of stroke (117).  At this time, we 
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were conducting our own research on ’ fibrinogen and inflammation, using data 

and blood samples collected for the PAVE study.   

The PAVE cohort consists of approximately 300 subjects with both coronary heart 

disease and mild to moderate periodontitis.  As part of the PAVE study, the 

participants’ baseline medical and dental data were recorded, plasma samples were 

taken, and CRP levels were measured.  We measured levels of ’ and total fibrinogen 

in the plasma samples by ELISA, and tested for correlations between ’ fibrinogen, 

total fibrinogen, CRP, and gum tissue inflammation (see Chapter 4). 

The levels of ’ fibrinogen found in this cohort were higher than have previously 

been reported in any group, with a mean value of 0.622 (0.017) mg/ml.  The ’ 

fibrinogen concentration was significantly correlated with both CRP and the extent 

of gum tissue inflammation.  There was no association between ’ fibrinogen and 

total fibrinogen in this group, nor was ’ fibrinogen associated with any of the other 

cardiovascular risk factors measured in this group.  This lack of association is likely 

due to the high CVD-risk status of the cohort, with the presence of both 

cardiovascular and periodontal diseases blunting correlations between the risk 

factors. 

The high level of ’ fibrinogen found in this group, along with the association 

between ’ fibrinogen and inflammation, suggest that this isoform may be 

differentially regulated in the setting of chronic inflammation as well as in the acute 

phase.  This hypothesis is supported by data from studies indicating that ’ 

fibrinogen levels are correlated with those of total fibrinogen in large, population-
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based cohorts (111, 113),  but not in smaller groups with more acute disease (118, 

119, 159).  Additionally, experiments from our lab indicate that IL-6, a major 

inflammatory cytokine known to up-regulate fibrinogen synthesis, may 

disproportionately increase the production of ’ fibrinogen (unpublished data).  At 

maximal doses of IL-6, A mRNA showed a 3.6-fold increase in A mRNA, but ' 

mRNA showed an 8.3-fold increase in liver cells. 

While there is currently little known about the regulation of alternative splicing in 

the ’ chain pre-mRNA, there are a number of potential mechanisms by which the 

balance of spliceoforms could be shifted.  The definition of exons and the 

recruitment of the spliceosome typically require many proteins binding to enhancer 

and silencer elements in the pre-mRNA.  Although the interactions between these 

proteins and the RNA are often weak, the actions of multiple proteins binding to 

other RNA-binding proteins as well as to RNA elements allow for remarkable 

specificity.  Changes is splicing could therefore occur through regulation of splice 

silencer elements that block access to splice sites or prevent the binding of splice 

activators, and alteration of the relative balance or positions of splice activators and 

inhibitors (162).  Modification of the phosphorylation status of these proteins is a 

common regulatory mechanism known to influence alternative splicing.  Pre-mRNA 

editing in which a cytosine or adenosine is deaminated can also alter splicing by 

changing the nucleotide sequence.  This type of RNA editing has been shown to 

regulate the expression of variants of apolipoprotein B and other proteins (163).   In 

addition, studies have found that simply changing the rate of transcription can affect 

splicing (164, 165). 
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The hypothesis that splice-site selection in the ’ chain mRNA is shifted as a result of 

inflammatory signaling is not without precedent.  There is evidence that a number 

of inflammatory mediators can alter patterns of alternative splicing in many genes.  

The cytokines TNF-  and interferon-  (IFN- ) causes the upregulation of variant 

isoforms of the receptor CD44 in epithelial and myelomonocytic cells(166), and 

these cytokines, along with interleukin-1  (IL-1 ) and lipopolysaccharide, increase 

the production of alternatively spliced inducible nitric-oxide synthase in cultured 

cells (167).  Several labs have also shown that cytokines influence the alternative 

splicing of fibronectin (168-170). 

The mechanisms by which inflammatory cytokines modulate splicing are poorly 

understood, but likely involve changes in the expression and/or the 

phosphorylation of serine/arginine-rich (SR) proteins, which are involved in 

regulating the selection of splice sites.  Alteration of SR protein function appears to 

be a common way that splicing modulated in response to cellular signals (171).  

Eisenreich et al. recently showed that TNF- -induced alternative splicing occurs, at 

least partially, through phosphorylation of SR proteins via activation of 

phosphatidylinositol 3-kinase (PI3K)/Akt pathway (172).  Similarly, the SR protein 

alternative splicing factor 2 appears to be downregulated in inflamed muscle 

through a TNF- -dependent pathway (173). 

Due to the connections between inflammation and CVD, as discussed in section 1.3, 

the activation of inflammatory signaling pathways likely represents the process by 

which many traditional cardiovascular risk factors promote disease.  These 
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connections, in conjunction with the ability of inflammatory mediators to influence 

alternative splicing patterns, provide a plausible mechanism for a disproportionate 

increase in ’ fibrinogen relative to total fibrinogen in certain pathological 

conditions.  For example, traditional CVD risk factors associated with ’ fibrinogen 

levels, such as obesity, smoking, and diabetes (112), induce inflammatory responses 

that increase circulating levels of cytokines, including TNF- , IL-6, and other 

inflammatory mediators (174).  As previously described, activation of these 

cytokine signaling pathways can result in changes in the localization and 

phosphorylation status of SR proteins, which may lead to changes in splice site 

selection during the production and processing of the fibrinogen  chain pre-mRNA.  

Thus, multiple CVD risk factors, through their convergent activation of inflammatory 

signaling pathways, could cause significant changes in the  chain alternative 

splicing pattern. 

Therefore, potential mechanisms by which ’ fibrinogen expression could be 

disproportionately up-regulated by inflammatory mediators include the activation 

of splice silencer elements that block access to splice sites or prevent the binding of 

splice activators, pre-mRNA editing that alters splicing by changing the nucleotide 

sequence, modulation of the rate of transcription, and changes in the localization 

and phosphorylation status of SR proteins.  Any of these mechanisms could be 

activated through inflammatory signaling initiated by or concurrent with CVD risk 

factors, though current evidence points toward an SR protein-mediated process.  
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Future research will be necessary to delineate the exact mechanisms underlying this 

apparent dysregulation. 

Measurement of ’ fibrinogen in other populations with increased inflammation, 

such as those with rheumatoid arthritis and Crohn’s disease, would further 

contribute to our understanding of its pathophysiology.   Studying the effects of anti-

inflammatory medications on ’ fibrinogen could also yield valuable information.  If 

these drugs caused a reduction in the ’ fibrinogen levels, this would not only 

provide evidence of a mechanistic link between inflammation and this isoform, but 

may indicate the potential use of  ’ fibrinogen in assessing the effectiveness of this 

type of medication. 

If ’ fibrinogen is indeed a marker for inflammation, it may be that its links with CVD 

are simply a result of the inflammatory nature of the disease process, and not 

reflective of ’ fibrinogen’s role in coagulation.  Prospective studies, in which 

subjects are followed over time, would allow better estimation of the CVD risk 

associated with ’ fibrinogen, but would not definitively demonstrate a causal role 

for the protein.  Currently, our lab is working on a project using morpholino 

oligomers to alter the splicing efficiency at the last intron of the FGG mRNA, with the 

goal of either increasing or decreasing relative quantity of the ’ chain variant in a 

hepatocyte cell line.  If this project is successful, it might one day be possible to use 

similar technology to influence the production of ’ fibrinogen in humans, and to 

determine whether this isoform is merely a risk marker or directly contributes to 

disease. 
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Cardiovascular risk prediction is important for identifying individuals at high risk of 

having a cardiovascular event, allowing initiation of preventative therapy.   

Currently, the Framingham risk score is used to stratify patients into low-, 

intermediate-, and high-risk groups based on their estimated 10-year risk of a major 

coronary event.  While this tool has proven very useful clinically, many of those who 

will have an event are not identified as high-risk.  This has spurred researchers to 

study emerging risk factors with the goal of improving the sensitivity of these 

prediction tools, with the particular aim of appropriately reclassifying intermediate-

risk individuals that are actually at high risk.    

Because of the connection between inflammation and CVD, inflammatory markers, 

including CRP, fibrinogen, leukocyte count, and periodontal disease have been a 

focus of this research, as well as markers of subclinical atherosclerosis, such as 

coronary artery calcium and carotid intima media thickness.  While many of these 

markers have been shown to be associated with increased CVD risk, this association 

alone is not sufficient to recommend clinical testing for a marker.  Other important 

considerations are the ability of the marker to reclassify intermediate-risk 

individuals (allowing different management that reduces their risk), and the cost 

and reliability of the measurement (175).  The biologic variability of a potential risk 

factor, that is the variability of the marker both within and between individuals, is a 

major determinant of this reliability. 

Previous studies have demonstrated associations between ’ fibrinogen and many 

forms of CVD, but little was known about the variability of this protein.  To address 
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this we measured levels of ’ fibrinogen, along with total fibrinogen, CRP, and lipids, 

in a cohort of 15 apparently healthy subjects over a one-year period (see Chapter 5).  

These data were then used to calculate and compare the within-subject and 

between-subject variabilities of these markers.  HDL cholesterol exhibited the 

lowest proportion of within-subject variability (ICC = 0.84) and CRP had the highest 

(ICC = 0.37).  In general, a lower proportion of this type of variance is desirable for a 

clinical risk factor, as it requires fewer measurements to establish a baseline level of 

the marker for an individual.  The relative levels of between- and within-individual 

variance found for ’ fibrinogen were similar to those of LDL cholesterol, with ICC 

values for these markers of 0.79 and 0.78, respectively. 

The variability profile of ’ fibrinogen in this cohort was favorable for potential 

clinical measurement.  CRP, however, demonstrated a low reliability level, 

supporting the idea that this marker may lack sufficient clinical utility to justify 

measurement for the purpose of CVD risk prediction (153-156, 175).  Further 

research will need to be done to determine the value of ’ fibrinogen measurement 

as an addition to currently used risk factors.  Additionally, the variance of this 

marker in relevant disease states, such as diabetes and CAD, should be assessed.  If 

the ’ fibrinogen isoform is differentially regulated in settings of inflammation, it is 

likely that the variance profile in these conditions could be quite different from that 

seen in healthy individuals. 

In conclusion, the focus of this dissertation has been the characterization of ’ 

fibrinogen as a potential CVD risk factor.  The electrostatic nature of the interaction 
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between the ’ chain C-terminus and thrombin was investigated using SPR, the 

relationship between ’ fibrinogen and inflammation was explored in a cohort with 

both CVD and periodontal disease, and the variance profiles of this isoform and 

commonly used biochemical CVD risk factors were estimated in 15 healthy subjects.  

This research and the current body of evidence supports the hypothesis that ’ 

fibrinogen is a CVD risk factor, and that its association with CVD is likely mediated 

by an inflammatory mechanism.  To justify the clinical use of this marker, more 

work will need to be done to determine whether ’ fibrinogen levels are predictive 

of CVD events, and if these levels can be lowered to reduce CVD risk. 
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