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1. Introduction 

An acute phase protein has been defined as a protein whose plasma concentration increases 

(positive acute phase protein) or decreases (negative acute phase protein) by at least 25 

percent during an inflammatory condition (Gabay & Kushner, 1999). The complement 

system is a biochemical cascade and major effecter mechanism of humoral or innate 

immunity. However, the complement system also has the potential to damage host tissues; 

thus, its activation must be tightly regulated (Zanker, 2008). Spontaneous complement 

activation continuously occurs at a low level, and if such activation is not appropriately 

controlled, damage to normal cells and tissues can occur.  

Complement 1 (C1) inhibitor is a naturally occurring serine proteinase inhibitor that inhibits 

activated C1s and C1r, components of the classical complement pathway. It also inhibits 

other plasma serine proteinases, such as factors XIa and XIIa, plasmin, and kallikrein 

(Caliezi et al., 2000). C1 inhibitor is essentially an acute phase protein whose plasma level 

may increase 2- to 2.5-fold during an inflammatory episode (Kalter et al., 1985; Woo et al., 

1985). Arteriosclerosis or arterial stiffness is hardening of the artery due to the loss of 

elasticity through any cause. On the other hand, atherosclerosis is a chronic inflammatory 

disease of the artery characterized by hardening of the artery specifically due to an 

atheromatous plaque or inflammation in the arterial wall (Kostner et al., 2006; Jani & 

Rajkumar, 2006; Ridker & Silvertown, 2008; Wykretowicz et al., 2009). Atherosclerosis is the 

most common form of arteriosclerosis, and is known to be positively correlated with 

brachial–ankle pulse wave velocity (baPWV), a parameter of arterial stiffness (Imanishi et 

al., 2004; Jani & Rajkumar, 2006; Nicoletti et al., 2000; van Popele et al., 2001; Wykretowicz et 

al., 2009; Yamashina et al., 2003). baPWV is a non-invasive test for arterial stiffness that has 

been used in large-scale population studies, and has become available in the clinical setting 

(Yamashina et al., 2002). Previous studies have shown that activation of the complement 

system is involved in the pathogenesis of atherosclerosis (Bhatia et al., 2007; Fosbrink et al., 

2006; Niculescu & Rus, 2004; Oksjoki et al., 2003, 2007; Thorbjornsdottir et al., 2005; Yasojima 

et al., 2001). If atherosclerosis develops, inflammation of the arterial wall, increased arterial 

stiffness, and accompanying activation of the complement system simultaneously occur and 

progress. Production of the acute phase protein C1 inhibitor may also increase to regulate 

over-activation of the complement system. This chapter describes the role of the 
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complement system in the development of atherosclerosis and the relationship between the 

acute phase protein C1 inhibitor and arterial stiffness. 

2. Complement activation is involved in the development of atherosclerosis 

The complement system was first identified by Bordet, who discovered serum factors that 
were inactivated by heat and assisted or complemented the lytic function of antibodies. The 
complement system is composed of plasma proteins that are normally inactive. However, 
under certain conditions, such as infection, trauma, surgery, burns, tissue infarction, various 
immunologically mediated and crystal-induced inflammatory conditions, and advanced 
cancer, they become activated and generate substances that mediate various effecter 
functions of the complement system. C3, C4, C9, Factor B, C1 inhibitor, C4b-binding protein 
(C4BP), and mannose-binding lectin are typical complements that are positive acute phase 
proteins (Gabay & Kushner, 1999). At the time of complement activation, regulators of 
complement activation are generated to limit over-activation of the complement system. C1 
inhibitor, Factor I, Factor H, C4BP, membrane cofactor for protein (MCP CD46), decay-
accelerating factor (DAF), and CD59 are well known regulators of complement activation 
(Abbas et al., 2010). Activation of the complement system has been suggested to be involved 
in the development of atherosclerosis, and there is extensive circumstantial evidence to 
support this hypothesis. 
Vaccinia virus complement control protein (VCP) is a complement activation inhibitor. In an 
animal study of mice with diet-induced atherosclerosis, VCP was injected into the mice 
regularly once per week after 8 weeks of a high-fat diet. On microscopic examination, the 
atherosclerotic lesion at the aortic root exhibited a significant (50%) reduction in lesion size 
at 15 weeks (Thorbjornsdottir et al., 2005). This finding demonstrates that inhibition of 
complement activation slows the progression of atherosclerosis, and indicates the central 
role of the complement system in the pathogenesis of atherosclerotic disease. 
Atherosclerosis is essentially a chronic inflammatory disease of the arteries. 
Inflammation and immunity, including the complement system, play important roles in the 
development of atherosclerosis. Activation of the complement system occurs in human 
atherosclerotic lesions and is regulated by local synthesis of complement components and 
accompanying complement regulatory proteins. It has been documented that potential 
triggers of complement activation in the arterial intima include immunocomplexes, C-
reactive protein (CRP), modified lipoproteins, apoptotic cells, and cholesterol crystals 
(Oksjoki et al., 2003). Recently, it has been shown that enzymatically modified low-density 
lipoprotein (LDL) efficiently triggers C1 activation in the presence of excess C1 inhibitor 
(Biro et al., 2007). This result suggests that activation of the classical complement pathway 
by modified LDL may be important in the development of atherosclerosis. Clearance of 
apoptotic cells by phagocytes is important in the pathogenesis of atherosclerotic disease, and 
also plays a role in progression of atherosclerotic plaque (Seimon & Tabas, 2009).  
In the early lesion, when apoptotic cells are present in atherosclerotic plaque, activation of 
C1 is important to prevent atherosclerotic plaque from progressing, likely through enhanced 
phagocytosis and subsequent removal of apoptotic cells. C1q has been found to be 
expressed on dendritic cells residing in the arterial wall (Cao et al., 2003). Professional 
phagocytes such as macrophages or dendritic cells expressing C1q are assumed to clear 
apoptotic cells from atherosclerotic lesions. In a recent study of C1q-deficient mice and 
normal C1q mice, the aortic roots were examined after feeding the mice a normal rodent diet 
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for 22 weeks. In the aortic roots, apoptotic cells were detected in the C1q-deficient mice, but 
not in the normal-C1q mice; the C1q-deficient mice had 3-fold larger atherosclerotic lesions 
than the normal-C1q mice (Bhatia et al., 2007). This experiment suggests that activation of 
complement C1 in the early lesion reduces atherosclerotic plaque by enhancing the removal 
of apoptotic cells from the arterial wall, and that clearing apoptotic cells may be an 
important mechanism in preventing progression of the atherosclerotic lesion in the early 
stage of atherosclerosis. However, in the late stage of atherosclerosis, because phagocytosis 
of apoptotic cells by macrophages is significantly impaired, the detrimental effects of 
phagocytosis of lipoproteins, platelets, and erythrocytes outweigh the benefits of apoptotic 
cell uptake. Hence, atherosclerosis progresses despite phagocytosis of substances in the 
atherosclerotic lesion by macrophages (Schrijvers et al., 2007).  
Recent studies have provided additional direct evidence that complement activation is 
crucial in the development of atherosclerosis. mRNA of C1r and C1s in atherosclerotic 
plaque has been shown to increase by 2.35- and 4.96-fold, respectively, compared to in 
normal arteries (Yasojima et al., 2001). These results indicate that C1 is locally synthesized in 
atherosclerotic lesions. C4BP is a major inhibitor of the classical complement pathway by 
interfering with the binding of C4b with C2b to form C4b2b, the C3 convertase of the 
classical complement pathway. Immunohistochemistry of human coronary arteries has 
shown C4BP to be virtually absent in normal arteries, but present in early and advanced 
atherosclerotic lesions (Oksjoki et al., 2007). This finding suggests that complement 
activation occurs in atherosclerotic lesions, and the accompanying regulator of complement 
activation C4BP actively participates in controlling complement activation.  
The final step of complement activation is the formation of C5b-9, the membrane attack 
complex (MAC). In human and experimental atherosclerosis, C5b-9 deposition has been 
found in atherosclerotic lesions (Niculescu & Rus, 2004; Niculescu et al., 2004). Moreover, 
C5b-9 has been demonstrated to induce endothelial cell proliferation and migration in the 
aorta (Fosbrink et al., 2006). CD59 blocks C9 binding and inhibits formation of the MAC. 
Experiments with CD59 knockout mice showed that a CD59 deficiency accelerates 
development of atherosclerotic lesions and increases the plaque vascular smooth muscle cell 
composition (Wu et al., 2009; Yun et al., 2008). These results indicate that formation of the 
MAC is an important mechanism of atherogenesis. Activation of the complement 3 
component is a key process in formation of the MAC. Complement 3 is the most abundant 
complement protein and plays a central role in the cascade of complement activation, 
classical, alternative, and lectin pathways. 
Hepatocytes are the main source of C3; however, peripheral white blood cells (PWBCs) such 
as monocytes, macrophages, lymphocytes, and neutrophils also produce C3 in the blood 
stream (Einstein et al., 1977; Morgan & Gasque, 1997; Moshage, 1997). Previous studies have 
provided direct evidence that C3 is involved in the development of atherosclerotic lesions. 
In an animal study with mice, following intravenous injection of 20% Intralipid, C3 was 
observed to bind to albumin-encapsulated microbubbles and mediate microbubble 
adherence to the vascular endothelium during the atherosclerotic process (Anderson et al., 
2007). In another mouse model animal study, in which a venous interposition was placed in 
the common carotid artery, interference with C3 activation resulted in a decrease in vein 
graft thickening (Schepers et al., 2006). DAF (CD 55) is a membrane protein that regulates 
complement pathway activity at the level of C3. An animal experiment with DAF knockout 
mice revealed that DAF deficiency increased deposition of C3d and C5b-9, and accelerated 
atherosclerotic lesion development (Leung et al., 2009). The results of these studies strongly 
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suggest that activation of the complement system and induction of complement regulatory 
molecules are actively involved in the pathogenesis of atherosclerosis. High C3 is 
characteristic of progression of atherosclerosis. C3 has significant independent correlations 
with atherosclerotic risk factors, such as triglyceride, LDL, cholesterol, and cigarette 
smoking (Ajjan et al., 2005; Capuano et al., 2006). In women, C3 ≥ 1.8 g/L has been 
suggested as a value predictive of major complications of atherosclerosis (Szeplaki et al., 
2004). The author has also shown that C3 has a strong positive correlation with baWPV, a 
measure of arterial stiffness (Table 1) (Chae & Park, 2009). In this study, C3 increased with 
baPWV, indicating that C3 has the potential to predict the extent and severity of 
atherosclerotic lesions. 
 

Variables Coefficient P

Age 0.713  < 0.001* 
BMI  0.362  < 0.001* 
Total cholesterol 0.070  0.484* 
LDL 0.037  0.710* 
HDL - 0.243  0.014† 
TG 0.349  < 0.001† 
HbA1C 0.414  < 0.001† 
C1 inhibitor 0.329  < 0.001* 
C3 0.329  < 0.001* 
ESR 0.129  0.199† 
CRP 0.324  < 0.001† 

*Pearson correlation (variables with a normal distribution); †Spearman correlation (variables without a 
normal distribution); P < 0.05 was considered significant. 

Table 1. Univariate correlations between brachial–ankle pulse wave velocity and patient 
characteristics 

2.1 Complement 1 inhibitor 

C1 inhibitor, a serine protease inhibitor, is one regulator of the complement system (Abbas 
et al., 2010). C1 inhibitor is a positive acute phase protein, and its blood level escalates under 
inflammatory conditions. Sixteen hours after acute myocardial infarction, plasma C1rC1s-C1 
inhibitor complex increases 8-fold (Gabay & Kushner, 1999; Langlois & Gawryl, 1988). 
Increased production of C1 inhibitor in atherosclerosis is a systemic response to a local 
inflammatory condition in the atherosclerotic lesion. Although mRNA for C1r and C1s in 
atherosclerotic plaque increased by 2.35- and 4.96-fold compared to a normal artery, mRNA 
for C1 inhibitor did not show any significant difference between atherosclerotic plaque and 
a normal artery (Yasojima et al., 2001). These results suggest that the acute phase protein C1 
inhibitor is not produced locally at the atherosclerotic lesion in the artery, but is synthesized 
in other cells or tissues as a systemic response. Although hepatocytes are the main source of 
C1 inhibitor, many other cells, including mononuclear phagocytes, microglial cells, 
fibroblasts, umbilical vein endothelial cells, the placenta, and megakaryocytes also 
synthesize and secrete C1 inhibitor into the blood stream (Carter et al., 1988; Lappin & 
Whaley, 1989; Prada et al., 1998; Zuraw & Lotz, 1990). The primary roles of C1 inhibitor are 
regulation of the activation of the classical complement pathway and of the contact system 
of kinin formation (Prada et al., 1998). The observed strong positive correlation between C1 
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inhibitor and C3 indicates that C1 inhibitor actively regulates the cascade of complement 
activation and coincides with the primary role of C1 inhibitor (Table 2) (Chae & Park, 2009). 
Moreover, the fact that C1 inhibitor also has significant correlation with the inflammatory  
marker CRP suggests that C1 inhibitor is another inflammatory marker which can reflect the  
inflammatory condition in atherosclerotic lesion (Table 2) (Chae & Park, 2009). 
 

Inflammatory marker Coefficient P

C3 0.359 < 0.001 
ESR 0.111 0.269 
CRP 0.242 0.015 

Spearman correlation; P < 0.05 was considered significant. 

Table 2. Relationships between C1 inhibitor and inflammatory markers 

The molecular weight of C1 inhibitor is 104 kD. C1 inhibitor interacts with C1r and C1s, 
subsequently dissociating them from C1q. The normal human serum concentration of C1 
inhibitor is 200–230 μg/ml. In an experiment with C1 inhibitor-depleted serum, the 
minimum concentration of C1 inhibitor that limits spontaneous C1 activation was shown to 
be 55 μg/ml (22% of the normal concentration) (Windfuhr et al., 2005). C1 inhibitor exerts an 
anti-inflammatory and anti-apoptotic action on ischemic reperfusion injury, and it has been 
determined that the mechanism of the action is decreased mRNA expression of the adhesion 
molecules P-selectin and ICAM-1, induced by ischemic insult. C1 inhibitor also significantly 
downregulates the pro-inflammatory cytokines TNF-α and IL-18, although it increases 
protective cytokine IL-6 and IL-10 gene expression (Storini et al., 2005). 

2.2 Brachial–ankle pulse wave velocity 

baPWV is a noninvasive test for measuring arterial stiffness. In recent years, baPWV has 
become more widely available and used in clinical settings as a simple test for predicting the 
prognosis of patients (Farrar et al., 1978; Hung et al., 2009; Kim et al., 2008; Tomiyama et al., 
2005; van Popele et al., 2001; Xu et al., 2008). Carotid femoral pulse wave velocity (cfPWV) 
and baPWV are frequently used clinical tests for measuring arterial stiffness, and both have 
clinical significance. In a multicenter study involving 2287 patients, there was a significant 
positive correlation between baPWV and cfPWV (Tanaka et al., 2009). baPWV is easy to 
conduct, and its clinical significance has been demonstrated in many studies. baPWV is 
measured in a stable environment (Chae & Park, 2009). The examination is performed in the 
morning after 10 minutes of rest in a temperature-controlled warm room (24 ± 1 °C). 
Measurements are performed in the supine position. Waveforms are obtained from volume 
plethysmographic sensors in cuffs on the right brachium and both ankles. The time interval 
(ΔTba) between the wave at the right brachium and at the ankles is recorded automatically 
by the machine. The distance between the sampling points is calculated using the following 
equations (Yamashina et al., 2002): Lb is the length from the suprasternal notch to the right 
brachium, and La is the length from the suprasternal notch to the ankle.  

  Lb = 0.2195 × height (cm) – 2.0734 (1) 

  La = 0.8129 × height (cm) + 12.328  (2) 

  baPWV = (La – Lb)/ΔTba  (3)  
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The average values of the right and left baPWVs are used in the statistical analysis. The 
validity and reproducibility of baPWV measurements are high, and this method appears to 
be an acceptable indicator of vascular damage (Yamashina et al., 2002). In the author’s 
study, using a volume plethysmographic apparatus (Vasoguard, model P84; Nicolet 
Vascular, Golden, CO, USA), inter-observer (reproducibility) and intra-observer reliability 
(repeatability), calculated using the intraclass correlation coefficient (ICC), were 0.8783 and 
0.8927, respectively, indicating excellent reproducibility and repeatability (Fig. 1) (Chae & 
Park, 2009). 
 

 
a) 

 

 
b) 

Fig. 1. Inter-observer and intra-observer reliability of measurements of the brachial–ankle 
pulse wave velocity (cm/s). A) Inter-observer reliability (reproducibility) shows 
relationships for three independent measurements by three observers, r1 (observer 1), r2 
(observer 2), and r3 (observer 3). The ICC value is 0.8783. B) Intra-observer reliability 
(repeatability) shows the relationship between two different measurement trials by one 
observer. The ICC value is 0.8927. 
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Vascular aging leads to loss of arterial elasticity and reduced arterial compliance. The single 
most important factor related to increased baPWV is age (Jani & Rajkumar, 2006; Tomiyama 
et al., 2003; Wykretowicz et al., 2009). Based on a study of 7881 healthy subjects (4488 males 
and 3393 females, 25–87 years old) without any atherogenic risk factors, it was determined 
that aging influences baPWV and its effect is more prominent in females (Tomiyama et al., 
2003). The author has also demonstrated that baPWV increases in proportion to advancing 
age in both males and females, and that females had a stronger correlation between age and 
baPWV than males (Fig. 2) (Chae & Park, 2009). 
 

 
b) 

 

 
b) 

Fig. 2. Linear regression graphs between baPWV and age in both males and females. A) 
male, B) female, baPWVs increase in proportion to the age in both males and females.  
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The mechanism of the more prominent relationship between age and baPWV in females 
compared to males is not clear; however, menopause appears to be a critical process that 
augments the increase in arterial stiffness with age in females, according to the author’s and 
other reports (Tomiyama et al., 2003). Clinically, baPWV serves as an indicator of either 
atherosclerotic cardiovascular risk or the severity of atherosclerotic vascular damage 
(Imanishi et al., 2004; Yamashina et al., 2003).  
Moreover, it has been shown that baPWV is also correlated with abdominal aortic 

calcification and long-term cardiovascular risk (Hung et al., 2009; Nakamura et al., 2003). 

baPWV > 14.0 m/sec has been suggested as a cutoff value for screening high-risk 

individuals for cardiovascular disease (Yamashina et al., 2003). 

2.3 Complement 1 inhibitor has a strong positive correlation with brachial–ankle 
pulse wave velocity 

Initially, C1 inhibitor was shown to be associated with angioedema, and its deficiency was 
identified as the cause of hereditary angioedema (Donaldson & Rosen, 1964; Johnson et al., 
1971). However, C1 inhibitor belongs to a group of positive acute phase proteins whose 
production and release increase during inflammation (Gabay & Kushner, 1999; Kalter et al., 
1985; Woo et al., 1985). C1 inhibitor has a tissue protection effect, and markedly inhibits 
activation and recruitment of macrophages (Storini et al., 2005). C1 inhibitor also limits 
neointimal plaque formation by blocking complement activation, inhibiting leukocyte 
recruitment, and reducing triglyceride levels (Shagdarsuren et al., 2008). Recently, it has 
been suggested that all of the risk factors for atherosclerosis contribute to its development 
by aggravating the underlying inflammatory process (Bisoendial et al., 2007; Buono et al., 
2002; Kostner et al., 2006; Mallika et al., 2007; Natali et al., 2003; Nicoletti et al., 2000; Ridker 
& Silvertown, 2008; van Popele et al., 2001). The inflammatory cytokine interferon-γ (IFN-γ) 
has been demonstrated to be highly expressed in atherosclerotic lesions (McLaren & Ramji, 
2008). IFN-γ enhances the expression of C1 inhibitor mRNA, primarily due to an increased 
transcription rate (Zahedi et al., 1994). Other cytokines, such as tumor necrosis factor-α, IFN-
α, monocyte colony stimulating factor, and interleukin-6 have also been shown to stimulate 
the synthesis of C1 inhibitor (Caliezi et al., 2000; Gabay & Kushner, 1999). Clinically, C1 
inhibitor is an independent predictor of cardiovascular disease (Kostner et al., 2006). In the 
author’s study, the serum level of C1 inhibitor showed a positive correlation with baPWV 
(Fig. 3, Table 1, 3) (Chae & Park, 2009).  
 

Variables Regression Coefficient P R2 

Constant 657.06 < 0.001 

0.695 

Age  7.365 < 0.001 

Gender - 137.521 < 0.001 

Hypertension - 143.066 < 0.001 

Body mass index 14.605 0.006 

C1 inhibitor 6.367 0.025 

Multiple regression analysis (stepwise method); gender (male = 1, female = 2); hypertension (yes = 1, no 
= 2); P < 0.05 was considered significant. 

Table 3. Predictors for brachial–ankle pulse wave velocity in multiple regression analysis 
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Fig. 3. Linear regression between baPWV and C1 inhibitor. baPWV showed a trend of 
positive relationship with the serum level of C1 inhibitor.  

The results of the author’s study suggest that the serum level of C1 inhibitor reflects the 
degree of arterial stiffness, thus having the potential to predict the severity of 
atherosclerosis. 

3. Conclusion 

Atherosclerosis is a chronic inflammatory disease of the artery, and activation of the 
complement system is an important underlying mechanism in atherosclerosis. Increased 
production of the acute phase protein C1 inhibitor is a systemic response to local 
inflammation of the atherosclerotic lesion in the artery. The serum level of C1 inhibitor has a 
positive correlation with baPWV, a measure of arterial stiffness. Based on this finding, it is 
suggested that C1 inhibitor is associated with atherosclerosis through its association with 
increased inflammation, and that the acute phase protein C1 inhibitor is a useful indicator of 
arterial stiffness. Future research should be directed toward the preventive or therapeutic 
use of C1 inhibitor, which will lead to progress in the treatment of atherosclerotic disease. 
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