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1 Cardiovascular disease 
Cardiovascular disease (CVD) is a major global health issue. According to the World Health 
Organization (WHO), CVD is the leading cause of death worldwide [1]. Reduction of 
cardiovascular mortality was also specified as primary global health target in the latest WHO 
status report on non-communicable diseases 2014 [2].  
CVD denotes malfunction of the heart and/or the blood vessels [1]. Coronary heart disease 
(CHD) constitutes malfunction of the vessels supplying the heart muscle; and cerebrovascular 
disease constitutes malfunction of the vessels supplying the brain. CHD can culminate in 
acute myocardial infarction and cerebrovascular disease in stroke, which together represent 
the most common causes of death from CVD [2]. Peripheral arterial disease (PAD) constitutes 
malfunction of the vessels supplying the legs and arms, and can entail amputation of the 
affected limbs [2]. Myocardial infarction, stroke and limb amputation are advanced clinical 
endpoints of CVD, but actually, malfunction of the blood vessels is a chronic process that 
starts early in life and progresses subclinically over many years. 

1.1 Aetiology of CVD 
Endothelial dysfunction, atherosclerosis and atherothrombosis are the pathophysiological 
processes in the arterial vasculature underlying CVD (figure 1). The endothelium is the inner 
surface of the blood vessels, which serves as barrier and transfers signals from the blood 
stream into the outer vessel layers and the surrounding tissue, and vice versa [3]. Endothelial 
dysfunction is considered the first step in the degeneration of blood vessels, and describes 
the disturbed interaction of the endothelium with the blood stream and the surrounding 
tissues [3, 4]. The next stage, atherosclerosis, is characterized by harmful deposition of lipids 
and immune cells in the vessel wall [5, 6]. Atherosclerotic deposits (plaque) can be present 
in such a degree that they narrow the arteries and cause a restriction in blood stream. This 
results in insufficient oxygen delivery to the surrounding tissue (ischaemia). In ischaemic 
heart disease, the coronary arteries are narrowed, and the heart function is impaired due to 
ischaemia in the heart muscle [7]. Plaques can additionally destabilize the vessel and as a 
result, abrupt ruptures along the plaque and the surrounding vessel surface can occur [8]. 
  

Figure 1: Aetiology, manifestations and endpoints of cardiovascular disease. 
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found especially in the deeper layers of human atherosclerotic plaques, which suggested a 
role of terminal pathway activation in the maturation of atherosclerotic lesions [44].  
Extrinsic protein cleavage [69-71] Some active complement proteases may also cleave non-
complement proteins. The last years, a number of non-complement substrates of MASP-1, 
MASP-2 and MASP-3 were discovered, and their number is likely to increase in the future. 
Most of the hitherto identified non-complement substrates are part of other protease 
networks, such as the coagulation, the fibrinolysis or the kinin-kallikrein system. 
Furthermore, one study suggested a potential function of the complement protease Factor D 
in tissue remodelling by cleaving structural proteins such as elastin [72].  
Complement regulation [37-39] The complement system includes a variety of complement 
regulators in order to fine-tune its effects. Regulators either influence the kinetic of the 
proteolytic reactions or inactivate proteases. At each step of the cascade, specific regulators 
can prevent downstream activation, can inhibit the generation of anaphylatoxins or can 
prevent the opsonization of surfaces. Healthy host cells express a set of complement 
regulators on their surface to protect themselves from complement attack. Together, the 
presence of regulators in the respective microenvironment determines both the extent and 
the endpoints of complement activation. In general, the presence or absence of complement 
regulators may be more decisive for the ultimate outcome than the extent of complement 
activation. Transgenic mice that lacked regulators protecting against terminal complement 
attack had consistently more severe atherosclerosis in several studies [73-76].  
 
 

3 Current gaps in knowledge and aim of the thesis 
As described above, a large body of experimental studies has identified various mechanisms 
that implicate a causal role of the complement system in CVD. However, knowledge from 
human studies on complement factors and development of CVD is limited (detailed overview 
in chapter 2). Several large studies investigated the central protease C3 and the pattern 
recognition molecule MBL. Most but not all studies on MBL showed an inverse association 
of MBL with future CVD, while observations on C3 were inconsistent or were difficult to 
compare. However, it has not yet been evaluated whether C3 and MBL are associated with 
inflammation, endothelial dysfunction and/or atherosclerosis. Furthermore, other 
complement factors have so far only scarcely been investigated. These studies were mostly 
small, cross-sectional or included selected patients with pre-existing disease. Most 
importantly, there is no study that measured simultaneously factors of each complement 
activation pathway to characterize the role of the different pathways in CVD. 
For a more comprehensive appraisal of complement in CVD, this thesis aimed to investigate 
the different pathways of complement activation within one cohort that is suitable to 
distinguish different aetiological aspects of CVD. First, this allows evaluating, which part of 
the complement system is most crucial in development of human CVD. Furthermore, this 
gives an insight into the relations of complement factors with low-grade inflammation, 
endothelial dysfunction and atherosclerosis in order to substantiate the evidence from 
experimental studies in humans. For these reasons, we investigated factors of the different 
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grade inflammation and endothelial dysfunction were measured. Furthermore, several 
common polymorphisms were evaluated with a genome-wide assay.  
At baseline, the presence of CVD was assessed by applying a broad definition of CVD in order 
to have a reference population that was truly free of CVD. At follow-up, presence of CVD and 
additionally of cardiovascular events (CVE) was assessed in order to distinguish the 
development of stable CVD from the development of severe CVE. The definition of CVD 
included the occurrence of at least one of the following: myocardial infarction, stroke, 
coronary bypass or percutaneous coronary intervention reported by questionnaires; signs of 
myocardial infarction or coronary ischaemia on an ECG (Minnesota codes 1-1, 1-2, 1-3, 4-1, 
4-2, 4-3, 5-1, 5-2, 5-3 or 7-1); non-traumatic amputation or an ankle-brachial index <0.9. The 
ECG measurements were included to identify silent myocardial infarction, which occurs 
frequently in patients with T2DM [80]. Furthermore, the ECG measurements allowed 
identifying coronary ischaemia, a less severe stage of CHD. The definition of CVD thus 
includes cases with overt clinical events, cases with silent events as well as cases with 
ischaemic disease who did not experience an acute event. In contrast, CVE included only 
cases with events and was defined as occurrence of at least one of the following: self-
reported myocardial infarction, stroke, coronary bypass or percutaneous coronary 
intervention or signs of myocardial infarction on an ECG (Minnesota codes 1-1, 1-2).  
The overall design makes CODAM for several reasons suitable to study the role of 
complement activation in inflammatory mechanisms of CVD: First of all, the extensive 
collection of data on several plasma markers of inflammation allows a robust assessment of 
low-grade inflammation. Elaborate measurement of low-grade inflammation is required for 
the reliable study of its potential determinants, because low-grade inflammation itself is a 
relatively vague concept, for which no gold-standard exists. Second, the comprehensive 
assessment of low-grade inflammation, endothelial dysfunction and atherosclerosis allows 
investigating the most crucial processes underlying CVD. Distinction of different aetiological 
processes is needed to gain insight into the mechanisms how complement may contribute 
to the natural development of CVD. Such knowledge is valuable to appraise the relevance of 
mechanisms suggested by basic science studies in humans. Furthermore, this also enables to 
quantify the effect of complement via intermediate variables on CVD. Third, the detailed 
phenotyping enables the adequate control of potentially confounding cardiometabolic 
parameters and allows the study of effect modification. Last, the overrepresentation of 
patients with an elevated cardiovascular risk resulted in an adequate number of events as 
well as in physiologically relevant changes in intermediate variables during the seven years 
follow-up.  
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3.2 Thesis outline 
In the current thesis, a set of crucial recognition factors, proteases, activation makers and 
regulators was measured from each traditional complement pathway, i.e. from the classical, 
the lectin, the alternative and the terminal pathway (figure 3). The associations of C3, C3a, 
and of terminal pathway factors with cardiovascular outcomes were studied in cross-
sectional analyses using data of the baseline examination. The associations of classical, lectin 
and alternative pathway factors with cardiovascular outcomes were studied in longitudinal 
analyses using data of the baseline and the follow-up examination. Additionally, an overview 
of previous human studies that investigated complement factors in cardiometabolic disease 
is provided in chapter 2. Furthermore, mechanisms how C3 and C3 activation may contribute 
to CVD are discussed in chapter 3.  
 
 

 

Figure 3: Summary of the investigated associations between the different arms of complement activation and 
cardiovascular outcomes in the CODAM study. 
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Abstract 
The complement system has been implicated in obesity, fatty liver, diabetes and 
cardiovascular disease (CVD). Complement factors are produced in adipose tissue and 
appear to be involved in adipose tissue metabolism and local inflammation. Thereby 
complement links adipose tissue inflammation to systemic metabolic derangements, such as 
low-grade inflammation, insulin resistance and dyslipidaemia. Furthermore, complement has 
been implicated in pathophysiological mechanisms of diet- and alcohol induced liver 
damage, hyperglycaemia, endothelial dysfunction, atherosclerosis and fibrinolysis.  
In this review, we summarize current evidence on the role of the complement system in 
several processes of human cardiometabolic disease. C3 is the central component in 
complement activation, and has most widely been studied in humans. C3 concentrations are 
associated with insulin resistance, liver dysfunction, risk of the metabolic syndrome, 
type 2 diabetes and CVD. C3 can be activated by the classical, the lectin and the alternative 
pathway of complement activation; and downstream activation of C3 activates the terminal 
pathway. Complement may also be activated via extrinsic proteases of the coagulation, 
fibrinolysis and the kinin systems. Studies on the different complement activation pathways 
in human cardiometabolic disease are limited, but available evidence suggests that they may 
have distinct roles in processes underlying cardiometabolic disease. The lectin pathway 
appeared beneficial in some studies on type 2 diabetes and CVD, while factors of the classical 
and the alternative pathway were related to unfavourable cardiometabolic traits. The 
terminal complement pathway was also implicated in insulin resistance and liver disease, and 
appears to have a prominent role in acute and advanced CVD.  
The available human data suggest a complex and potentially causal role for the complement 
system in human cardiometabolic disease. Further, preferably longitudinal studies are 
needed to disentangle which aspects of the complement system and complement activation 
affect the different processes in human cardiometabolic disease.  
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1 Cardiometabolic disease  
Cardiometabolic disease describes a spectrum of interconnected pathobiological alterations 
in metabolic organs and the cardiovascular system that alone and in concert increase 
cardiovascular disease burden [1, 2]. Our modern lifestyle, with excess energy intake and 
sedentary behaviour, forms the basis for the current epidemic of overweight and obesity. 
Central obesity, i.e. the accumulation of fat in and around the abdominal area, is associated 
with cardiometabolic traits such as dyslipidaemia, insulin resistance, type 2 diabetes (T2DM), 
and ultimately cardiovascular disease [3]. 
When adipose tissue depot(s) are enlarged to a size that exceeds a certain critical mass, 
adipocytes are presumed to be exposed to hypoxia due to adipocyte hypertrophy and 
decreased capillary density in the expanding adipose tissue [4]. Hypoxia itself poses a direct 
cellular stress signal that can induce inflammatory reactions. Additionally, nutrient excess 
may overcharge adipocyte metabolism and thereby induce endoplasmic reticulum stress, 
oxidative stress and mitochondrial dysfunction. These adverse conditions in obesity favour 
the release of proinflammatory adipokines and induce adipocyte apoptosis and necrosis. 
Macrophages that are directed towards the dying adipocytes also release proinflammatory 
mediators [5]. This local adipose tissue inflammation is thought to initiate adipose tissue 
insulin resistance and to spill over into systemic low-grade inflammation [6]. In addition, 
visceral adipose tissue, which is located around the internal organs, sensitively reacts to 
stress hormones such as catecholamines and glucocorticoids, leading to lipolysis [7]. Central 
obesity will thus lead to the combined release of free fatty acids (FFAs) and adipocytokines 
into the hepatic and systemic circulation. This forms the unfavourable concert that can 
enhance the further metabolic consequences of central obesity. 
The liver is directly exposed to diet-derived nutrient excess and to visceral adipose tissue 
products [8]. Adipokines, FFAs and nutrient overload can impair normal substrate 
metabolism in the liver and thereby promote hepatic inflammation and hepatic fat 
accumulation [9]. Hepatic fat accumulation itself induces hepatocyte dysfunction. Moreover, 
it can contribute to hepatic insulin resistance via disruption of glucose and lipid metabolism, 
leading to dyslipidaemia [10]. The liver is a crucial source of many protein species; therefore, 
production of coagulation, immune and growth factors is also altered in hepatocyte 
dysfunction. In muscle, lipid overflow from insulin-resistant adipose tissue in combination 
with a proinflammatory environment and a sedentary lifestyle is thought to cause muscle 
ectopic fat deposition, which in turn promotes muscle insulin resistance [11]. These multiple 
metabolic derangements in the main insulin-sensitive organs constitute a state of systemic 
insulin-resistance and once established, entail further metabolic and cardiovascular 
impairments. 
Insulin resistance is the impaired capacity of insulin-sensitive organs such as muscle, liver, 
adipose tissue and the vasculature to respond to a given concentration of insulin [6]. In 
insulin resistance, predominantly the metabolic insulin signalling pathway is affected [3]. In 
its early stages, insulin resistance can be counteracted by compensatory hyperinsulinaemia, 
which aggravates metabolic stress and may facilitate the expansion of fat mass. 
Progressively, insulin resistance results in increased glucose levels both after food intake and 
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in the fasting state, and further enhances dyslipidaemia in the liver. Glucotoxicity, lipotoxicity 
and inflammation are thought to promote beta-cell failure, which may lead to the 
development of T2DM [12].  
The multiple metabolic derangements originating from central adiposity also affect the 
cardiovascular system. Insulin resistance in the microvasculature increases peripheral 
vascular resistance, favours the development of hypertension and contributes to systemic 
insulin resistance by blunting insulin-mediated perfusion and nutrient supply in peripheral 
tissues [13]. Inflammation, dyslipidaemia and hyperglycaemia initiate endothelial 
dysfunction and promote atherosclerosis [14]. Impaired regulation of the production of 
coagulation and fibrinolytic factors by liver and adipose tissue establishes a hypercoagulable, 
prothrombotic state [15]. Notably, these cardiometabolic impairments aggravate each other 
in vicious circles. This explains why a disbalance, once established in either adipose tissue, 
liver or cardiovascular system, facilitates the development of further cardiometabolic 
impairments. The clustered occurrence of cardiometabolic risk factors is amongst others 
reflected in the metabolic syndrome (MetS), which combines central adiposity, 
dyslipidaemia, hyperglycaemia and hypertension [3].  
Taken together, there is a strong interrelatedness between various obesity-associated 
cardiometabolic risk factors. Moreover, there is also great interindividual variability in the 
response to adiposity, as a great part of obese individuals preserves normal glucose tolerance 
[16]. One biological system that may participate in the unfavourable response to (central) fat 
accumulation and may contribute to essential pathophysiological mechanisms in 
cardiometabolic disease is the complement system. The complement system has long-known 
connections to several features of cardiometabolic disease, and recent discoveries further 
corroborate these relations. In this review, we will summarize current evidence on the role 
of the complement system in several processes of adiposity-associated cardiometabolic 
disease, with particular focus on the available human data. 

2 The complement system  
The complement system is a complex protein network of the innate immune system. It 
consists of soluble and membrane-bound proteins functioning in cascades of stepwise 
protease activation [17]. Complement can be activated by three major pathways, the 
classical pathway, the lectin pathway and the alternative pathway [18]. Activation of any of 
the three pathways can lead to the cleavage of C3, and subsequent activation of C5, C6, C7, 
C8 and C9 of the terminal pathway. C1q and MBL are pattern recognition molecules of the 
classical and the lectin pathway, respectively; and C1s, C1r, MBL-associated serine proteases 
(MASP), C2 and C4 further participate in classical and lectin pathway activation of C3 [19]. 
The alternative pathway activates C3 spontaneously in combination with Factor B (FB), Factor 
D (FD) and properdin [20]. Furthermore, activation of C3 and C5 via extrinsic proteases of the 
coagulation, fibrinolysis and the kinin systems has nowadays been recognized as a fourth 
complement activation pathway [21].  
During complement activation, the anaphylatoxins C3a and C5a are released, but also 
multiple other protein fragments are produced, such as C4d, Bb, C3c and C3d [22, 23]. 
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Completion of the terminal pathway results in the formation of membrane-bound and 
soluble C5b-9 complexes (C5b-9, also known as membrane-attack complex and sC5b-9, 
respectively) [24]. There are multiple complement inhibitors that can regulate the degree of 
complement activation [18]. C1-Inhibitor (C1-INH) and C4b-binding protein (C4BP) are 
regulators of the classical and the lectin pathway, while Factor H (FH), factor I (FI) and 
properdin are regulators of the alternative pathway. Complement can trigger responses via 
binding of anaphylatoxins to their receptors (C3a-receptor (C3aR), C5a-receptors (C5aR1 and 
C5aR2)) but also via surface bound fragments that can be recognized by other cellular 
receptors such as complement receptors (CR) 1-4 [22, 25]. Protein complexes of the terminal 
pathway insert into cell membranes and thereby induce intracellular signals or disturb 
membrane integrity, eventually promoting cell lysis [24]. Complement is ubiquitously 
present, and human cells express a variety of complement regulators to protect themselves 
from complement attack. The body has to maintain a delicate balance between complement 
activation and inhibition, as unbalanced complement control can result in immune 
dysregulation and tissue damage [26]. Consequent on its role in multiple processes in various 
organs, the complement system may contribute to the development and progression of 
cardiometabolic disease.  

3 The complement system in adipose tissue 
Adipose tissue is considered a metabolically active immune organ [27]. It is also a source and 
a target of many complement factors. Human adipose tissue produces and secretes many 
factors of the classical, lectin, alternative and terminal pathways (table 1). In vivo, both 
adipose and non-adipose cells (such as endothelial cells or macrophages) are likely to 
contribute to adipose tissue complement production, but studies using isolated adipocytes 
have shown that at least C1q, C1r, C1s, C2, C3, C4, C6, C7, FD, FB, FH are actually expressed 
in the adipocyte itself (table 1). In observational studies, plasma levels of C3, C3a, FB, FD and 
FH were associated with body mass index (BMI) [28] or were higher in obese compared to 
non-obese subjects [29-33]. Moreover, C3, FB, and FH in obese patients were shown to 
decrease after weight loss [34-37], and low levels of C3, FB, FD and FH in patients with 
anorexia nervosa increased upon weight gain [35]. In addition, plasma C3 was, in two human 
proteomics studies, identified as key marker for differences in body fat and body fat changes 
[38, 39]. Taken together, these data suggests that adipose tissue is a relevant determinant 
of at least local, but potentially also systemic, levels of these complement factors. 
Complement was not only shown to be associated with the degree of obesity, but also with 
qualitative measures of obesity such as body fat distribution. Circulating concentrations of 
C3 and FD were associated with waist circumference and/or waist-hip ratio, which are both 
measures of central obesity [40-42], and C3 was independently of BMI associated with 
central adiposity [43]. A potential role for complement in visceral adipose tissue is further 
corroborated by studies in human adipose tissue, which have shown higher expression of FB 
in visceral, as compared to subcutaneous adipose tissue [44-46]. Also C1q, C1r, C1s, C2, C4, 
C7 were found to be more highly expressed in visceral compared to subcutaneous adipose 
tissue [44], while results were inconsistent for C3 and FD [44, 46-48].  
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Systemic metabolic derangements may affect complement expression in adipose tissue (or 
vice versa), as an increased expression of C1r, C1s, C3 and C7 was found in adipose tissue 
from individuals with insulin resistance or T2DM [49-52]. Both in dyslipidaemic individuals 
and in controls, adipose tissue expression of C3 was associated with an impaired response to 
insulin and with glucose intolerance as determined by oral glucose tolerance test [53]. We 
recently showed that adipocyte expression of the complement system as a whole was 
associated with higher plasma lipids and also larger waist circumference [54]. In this study, 
adipocyte complement expression also correlated with proxy measures of adipose tissue 
insulin resistance. We additionally showed that the association of body fat and fat 
distribution with systemic C3 concentrations was, for a large part, explained by systemic 
inflammation and insulin resistance [55]. 
Complement is not only produced, but also activated in human adipose tissue. Interestingly, 
higher levels of activated C3 (C3d) were found in adipose tissue of obese, insulin resistant as 
compared to lean women [56]. The expression of two complement anaphylatoxin receptors 
i.e. C3AR and C5AR1 in adipocytes (table 1) further presents adipose tissue as target of 
complement activation. With use of knock-out mouse models, both the C5aR1 [57] and the 
C3aR [58] were shown to be instrumental in obesity-induced metabolic derangements. In 
mice fed a high-fat diet, absence of either anaphylatoxin receptor was generally associated 
with less adipose tissue inflammation and preserved insulin sensitivity. In addition, 
complement is increasingly recognized to exert metabolic effects in adipose tissue, where 
especially C3 activation via the alternative pathway appears to mediate postprandial lipid 
uptake and lipid metabolism in adipocytes [59, 60]. In fact, C3a-desArg, which is also known 
as acylation stimulating protein (ASP), has been discussed over the past two decades to be 
crucially involved in adipocyte lipid metabolism [61, 62], and recently, studies in transgenic 
mice also implicated FB and properdin in postprandial lipid uptake in adipose tissue [63, 64]. 
These observations suggest complement as mediator of adipose tissue sensitivity to dietary 
overload. Remarkably, in a large human study in healthy men, plasma C3 concentration was 
reported to predict weight gain over a 6-year period independently of other lifestyle or 
metabolic factors [65]. In contrast to the data presented above, the lectin pathway does not 
appear have a clear role in adipose tissue. MBL has not been detected in adipose tissue, and 
was in larger human studies not correlated with BMI or affected by weight loss [66, 67]. On 
the other hand, MASP-2, MASP-3 and MAp44 were correlated with BMI in some studies [68, 
69], which deserves further investigation. 
Taken together, an array of complement factors, mainly of the classical, the alternative and 
the terminal complement pathway, are produced in adipose tissue, appear to be involved in 
both adipose tissue inflammation and adipose tissue metabolism, and might be even be 
causally involved in the progression of obesity. The complement system might thus link 
adipose tissue inflammation to systemic metabolic derangements. 
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Table 1: Summary of current data on the expression and production of the main components of the 
complement system in human adipose tissue a 

Name  GeneSymbol Source(s) b Depot c RNA or 
protein d 

References e 

Classical pathway     
C1q  C1QA/B/C AT, ADIP, AS O-V, SC, PCA RNA, P A, B, F, P, S, V 
C1s  C1S AT, ADIP, AS O-V, SC, PCA RNA, P A, B, C, L, N, P, R,V 
C1r  C1R AT, ADIP, AS O-V, SC, PCA RNA, P A, B, M, N, P, R, S, V 
C2  C2 AT, AS O-V, SC, PCA RNA, P A, F, L, P, S, V 
C4  C4A/B AT, AS O-V, SC, PCA RNA, P A, L, P,V 
Lectin Pathway     
MASP-1 MASP1 AT O-V, SC RNA K 
Alternative Pathway     
C3  C3 AT, ADIP, AS O-V , SC, PCA RNA, P A, B, C, D, E, G, J, L, M, P, Q, 

T, U, V 
FB  CFB AT, ADIP, AS O-V , SC, PCA RNA, P A, G, H, L, P, S, T, V 
FD  CFD AT, ADIP, AS O-V , SC, PCA RNA, P A, B, G, I, L, M, N, P, T,V  
Terminal Pathway      
C5 C5 AT O-V, SC RNA T 
C6  C6 ADIP SC RNA B 
C7  C7 AT, ADIP, AS O-V, SC, PCA RNA, P A, B, C, F, M, P, V 
Regulatory proteins     
C1-INH  SERPING1 ADIP, AS SC, PCA RNA, P B, M, N, O, P 
FH  CFH AT, ADIP, AS O-V, SC, PCA RNA, P B, H, I, M, P, T,V 
FI  CFI AT O-V, SC RNA T 
Cn  CLU AT, ADIP, AS O-V, SC, PCA,  RNA, P B, L, N, P, S, V 
DAF  CD55 ADIP SC RNA B 
CD59  CD59 ADIP SC, RNA B 
Receptors     
gC1qR  C1qBP ADIP, AS SC, PCA RNA, P B, N 
cC1qR  CALR ADIP, AS SC, PCA RNA, P B, N 
C3aR  C3AR1 AT, ADIP O-V, SC RNA B, S, T, U 
C5aR1  C5AR1 AT, ADIP O-V, SC RNA B, T 
C5aR2 C5AR2 AT O-V, SC RNA T 
CR1  CR1 AT O-V, SC RNA F, T 
CR3  ITGAM ADIP SC RNA B 
CR4  ITGAX ADIP SC RNA B 
a the following factors were specifically searched for, but have not been reported to be expressed in human 
adipose tissue: MBL, ficolins, MASP-2, C8, C9, C4BP, properdin, Vn, MCP, CD93, CR2 
b AT; adipose tissue (stromal vascular cells & adipocytes), ADIP; isolated adipocytes, AS; adipocyte or AT 
secretome (not necessarily within 1 publication) 
c O-V; omental or visceral fat, SC; subcutaneous fat, PCA; primary cultured adipocytes, i.e. differentiated stromal 
vascular cells (not necessarily within 1 publication)  
d not necessarily within 1 publication  
e  A; [44], B; [54], C; [49], D; [47], E; [50], F; [70], G; [46], H; [45], I; [48], J; [53], K; [71], L; [72], M; [73], N; [74], O; 
[75], P; [30], Q; [52], R; [51], S; [76], T; [77], U; [78], V, [79] 
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4 The complement system in low-grade inflammation and insulin resistance 
The above-described relations between complement and adiposity strongly suggest a role 
for the complement system also in systemic inflammation and systemic insulin resistance. In 
large studies (N>1000), C3, C4, MBL and FD correlated with plasma C-reactive protein (CRP) 
or with other inflammatory markers [80-83]. Furthermore, plasma C1q, FB, FH, properdin, 
C1-INH and C4BP correlated with CRP in smaller studies (N<300) [84-87]. We additionally 
showed that C3, C3a, C5a and sC5b-9 were, independently of confounding factors, associated 
with systemic low-grade inflammation [88, 89].  
Insulin resistance is, in human studies, usually assessed by euglycaemic-hyperinsulinaemic 
clamp, HOMA index or fasting insulin. The clamp technique is considered to be the gold 
standard but is labour-intensive and often not available in large epidemiological studies. 
HOMA, which is derived from fasting glucose and fasting insulin, has been validated against 
the euglycaemic-hyperinsulinaemic clamp [90], while fasting insulin reflects 
hyperinsulinaemia, i.e. the compensatory response to insulin resistance. In unadjusted 
analyses, C3 was correlated with HOMA in populations of different age, health and ethnicity 
[80, 91-94]. The association of C3 with HOMA was shown to be independent of confounding 
factors among a broad range of individuals, including healthy adults, overweight and obese, 
elderly and patients with MetS or rheumatoid arthritis [40, 91, 95-99]. Furthermore, we 
recently showed, in a prospective analysis, that over a 7-year period C3 was independently 
associated with longitudinal changes in HOMA [100]. Also, C3 was associated with fasting 
insulin, and in Pima Indians, an ethnic group with an increased propensity for obesity and 
increased cardiometabolic risk, the association of C3 with fasting insulin was independent of 
body fat percentage [42, 91, 92, 94, 101]. In the Pima Indians, C3 also correlated with 
postprandial insulin levels after a glucose challenge, and was, independently of confounding 
factors, inversely associated with clamp insulin sensitivity. In an analysis of the circulating 
proteome, C3 also emerged as one of the strongest determinants of fasting insulin [39]. The 
observation that C3 expression in adipose tissue was not affected by external insulin infusion 
[50] supports the concept that C3 might influence insulin concentrations, and not vice versa.  
The accumulating evidence for a role of C3 in insulin resistance raises the question of which 
specific complement activation pathways may be involved herein, and several studies have 
addressed the role of specific complement components and activation products in human 
insulin resistance. C3a was correlated with fasting insulin in Caucasian and Chinese 
individuals, but not in the Pima Indians [42, 92, 102], and was also independently of age and 
sex associated with HOMA [100, 102]. An independent association of sC5b-9 with HOMA was 
also reported [103]. Higher plasma concentrations of both FH and FB were associated with 
insulin resistance, and FH but not FB decreased with improved insulin resistance induced by 
rosiglitazone treatment [45]. Furthermore, C3, properdin, FB and FH all showed age-and sex-
adjusted correlations with HOMA in South Asian non-diabetic subjects [87]. Data on FD have 
been inconsistent. FD correlated with HOMA in a cohort of obese and non-obese adults and 
correlated with insulin in overweight to obese women [29, 32]. However, FD was not 
elevated in insulin-resistant compared to insulin-sensitive morbidly obese young adults 
[104]. In a small study, only C3, but not C3a, C1q, FB, Bb or FD was inversely associated with 
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clamp insulin sensitivity, although there was a trend for C1q and FB [105]. The lectin pathway, 
on the other hand, might have a beneficial role in insulin resistance, as low MBL levels were 
observed to be associated with reduced insulin sensitivity during clamp, or no association 
with HOMA was found [66, 106, 107]. In these studies MBL was inversely correlated with 
inflammation, and a beneficial role for MBL was hypothesized to emerge from a potential 
protection against chronic infections.  
Overall, a growing body of evidence suggests a role of C3 in systemic insulin resistance, which 
may primarily involve terminal and alternative pathway complement activation. The lectin 
pathway may actually exert protective effects in insulin resistance while there is little data 
with respect to the classical pathway. 

5 The complement system in the metabolic syndrome and type 2 diabetes 
The association of complement with systemic insulin resistance and inflammation suggests 
that complement might also contribute to DM2 and MetS, which is a strong risk factor for 
DM2. Complement C3 is elevated in MetS in persons of different ethnicities and is correlated 
with the number of overt MetS components [94, 108-111]. The association between C3 and 
prevalent MetS was shown to be independent of plasma cholesterol, insulin resistance and 
inflammation [97, 110]. Notably, the association of C3 with incident MetS was also shown to 
be independent of baseline central obesity, lifestyle factors and use of medication [83, 94]. 
This suggests that specific pathways, additional to general inflammatory mechanisms, may 
underlie the association of C3 with MetS. Potentially, a role of C3 and/or C3 activation in 
postprandial lipid metabolism might provide the missing link between C3 and MetS risk. In a 
large study, the strength of the association of C3 with risk of developing the MetS was 
doubled in individuals who consumed a high amount of dietary fat [94]. A blunted increase 
in C3 and/or C3a-desArg/ASP after fat consumption might impair peripheral lipid metabolism 
[97, 112], although other, smaller studies on postprandial increases in C3 or C3a-desArg/ASP 
were not conclusive [50, 113-116]. A polymorphism in C3 that was protective in the 
development of MetS was noted to be associated with higher plasma polyunsaturated fatty 
acids and lower triacylglycerides [111], which further supports a function for C3 in 
postprandial FFA and triacylglyceride metabolism.  
The role of C3 and its activation products in DM2 has been investigated in several cross-
sectional and prospective studies. In cross-sectional studies, C3 was found to be elevated in 
patients with DM2 of European and Asian ethnicity [117-119]. The association of C3 with 
incident DM2 has been investigated in 4 large studies (n~500 to 13,000): in middle-aged men, 
C3 was independently associated with incident DM2 over a 6-year period [80]. In middle-
aged to elderly individuals, a borderline significant association of C3 with incident DM2 was 
apparent only in women, but not in men [83]. This study, however, had a follow-up time of 
only 3.3 years and may therefore have been underpowered, as suggested by the low number 
of incident DM2 cases (n=30). In middle-aged US-American subjects with different 
ethnicities, C3 was independently associated with incident DM2 during 7.6 years of follow-
up [120]. Furthermore, in individuals with a moderately increased cardiometabolic risk we 
showed that the association of C3 with 7-year incidence of DM2 was independent of low-
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grade inflammation [100]. Further evidence indicates that C3 activation might be involved in 
the development of DM2: the activated fragment C3d was elevated in patients with DM2 
[121] and C3a was correlated with 7-year DM2 incidence, but this association was not 
independent of confounding factors [100]. In middle-aged women, the activated fragment 
C3c was independently associated with 16-year incidence of DM2 [122], although it is not 
completely clear if the assay used was specific for C3c or also captured non-activated C3. 
Interestingly, this study investigated the association of environmental air pollution with DM2, 
and observed an interaction between C3c and air pollution on DM2 risk. This suggests that 
metabolic as well as environmental factors that stimulate chronic inflammatory pathways 
may contribute to C3 activation and, thereby, to development of DM2.  
Other complement factors have only occasionally been studied in relation to DM2. sC5b-9 
was not elevated in patients with DM2 and was  not associated with incident DM2 [100, 117, 
119]. In support of the relevance of the terminal pathway, C5 and C8 were elevated in 
Swedish DM2 patients [123]. Furthermore, C4, C4d, FB, Bb, iC3b and C3a were elevated in 
Japanese patients with DM2 [117]. In addition, the association of complement with family 
history of DM2 was investigated in South Asian and Caucasian individuals. Properdin, FB and 
sC5b-9 were independently of insulin resistance and other metabolic traits associated with 
family history of DM2 [87]. C3 and FB, but not C1q, C4 or FD, were borderline significantly 
elevated in first-degree relatives of DM2 patients [84]. These findings support a potential role 
of the alternative pathway in the predisposition for DM2.  In overt DM2, complement was 
also linked to hyperglycaemia. Reduction in HbA1c achieved with anti-hyperglycaemic 
therapy was accompanied by decreases in C3 [124, 125], while C5 and C8 correlated with 
HbA1c [123], and MASP-2, but not sC5b-9, correlated weakly with HbA1c [68].  
Altogether, a substantial body of data suggests an association of C3 with MetS, potentially 
involving a role of C3 in postprandial lipid metabolism. Several large studies have shown C3 
to be a predictor of DM2, independent of confounding factors such as (central) obesity or 
low-grade inflammation. Some small studies suggest involvement of the terminal and the 
alternative pathway, and limited evidence suggests complement to be linked to 
hyperglycaemia. Further studies are needed to elucidate the biological pathways that are 
involved.  

6 The complement system in fatty liver disease 
The liver plays a pivotal role in the metabolic impairments that result from obesity-induced 
inflammation, insulin resistance and dyslipidaemia. Non-alcoholic fatty liver disease (NAFLD) 
is regarded to be the liver manifestation of the MetS and DM2, and up to 80% of obese 
individuals have been reported to have some form of NAFLD [126]. In fact, hepatic fat 
accumulation rather than (central) adiposity itself has been proposed as the cause of 
systemic insulin resistance [127].  
Fat accumulation in hepatocytes induces fatty liver (steatosis), and results in metabolically 
compromised and insulin-resistant hepatocytes. Excess intracellular FFAs and lipid 
peroxidation products are toxic, produce mitochondrial defects and initiate an inflammatory 
response. In NAFLD, steatosis-induced cell injury and inflammation (steatohepatitis) is 
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primarily enforced by obesity-induced inflammatory mediators. In the alcohol-driven form of 
fatty liver disease, alcoholic liver disease (ALD), alcohol metabolites stimulate fat synthesis 
and decrease fat egress, while the inflammatory response is aggravated by intestinal 
products such as translocated lipopolysaccharide. Fat-laden, inflamed hepatocytes are likely 
to die, and apoptotic and necrotic hepatocytes together with the inflammatory environment 
stimulate hepatic Kupffer and stellate cells. Activated Kupffer cells push inflammation and 
further stimulate stellate cells to induce tissue fibrosis, which ultimately can result in liver 
cirrhosis [128, 129]. Thus, NAFLD can to a certain extent result in similar liver damage as 
observed in ALD, but these two conditions differ with respect to the underlying trigger for 
hepatic fat accumulation. 
The liver has long been recognized as the major organ for the production of complement 
factors, but complement may also play an active role in liver disease [130, 131]. In humans, 
complement has been associated with indirect as well as with direct measures of liver 
damage. First, circulating C3 was associated with prevalent hepatic steatosis assessed by 
ultrasound [96]. Secondly, circulating C3 has, independently of other metabolic parameters, 
been associated with markers of liver dysfunction [132, 133]. Thirdly, studies that had human 
liver biopsy material available strongly suggest that complement is altered in liver damage. 
In livers of patients with NAFLD, increased deposition of C1q, MBL, C4d, C3c and C5b-9 was 
evident, while C4d, C3c and C5b-9 deposits were absent in healthy livers [134]. In this study, 
the degree of C5b-9 deposition correlated with disease severity. Furthermore, increased C3 
mRNA expression was found in liver samples of patients with severe NAFLD [135]. 
Interestingly, C3 and C3a/ASP were elevated in patients with NAFLD, not only compared to 
controls but also compared to patients with chronic viral hepatitis, which underscores a role 
of C3 and C3a/ASP in NAFLD beyond generalized inflammation [102]. MBL was detected to a 
higher degree in fatty livers, but was also strongly present in healthy livers. Also MBL 
genotypes, which are commonly used as proxy of MBL plasma concentrations, were not 
associated with presence of NAFLD [134]. The only study on the alternative pathway did not 
observe FD to be elevated in patients with biopsy proven NAFLD [136]. These observations 
suggest the classical and the terminal pathway to be affected in liver disease, while the role 
of the lectin pathway remains unclear. 
These human studies are complemented by in vitro and animal studies that explore the 
function of complement in NAFLD. The anaphylatoxin receptors C3aR and C5aR1 are 
expressed on resting Kupffer and stellate cells, and expression can be induced by 
proinflammatory stimuli [131].  C3a and C5a were shown to activate Kupffer and stellate cells 
in vitro [137, 138], and inhibiting C5a signalling had anti-fibrotic effects [139]. This suggests 
that complement activation occurs in the course of tissue fibrosis after hepatocellular injury. 
High-fat feeding-induced steatosis showed a role for C1q and C3 activation in steatosis in 
transgenic C1q-/-, C3aR-/- or CD55 (DAF)-/- mice [56, 58]. Interestingly, C3-/- mice on a high-fat 
diet developed more steatosis than control mice, which suggests that a minimum levels of 
functional C3 may actually be beneficial in high-fat feeding [140]. Furthermore, serum C2 and 
C8 were altered in swine with diet-induced liver steatosis and inflammation [141]. These 
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studies in diet-induced steatosis again implicate classical, C3 and terminal activation in 
NAFLD. 
Studies in ALD illustrate specific mechanisms of ALD as well as general pathobiological 
mechanisms of liver damage that may be comparable to NAFLD. In humans, alcohol 
consumption was observed to alter the effects of complement on markers of liver 
dysfunction, as C3a was observed to be independently associated with a composite liver 
enzyme score in heavy drinkers, but not in mild-to moderate drinkers [142]. In support of 
these human data, several animal studies also showed C3 activation to contribute to alcohol-
induced liver damage. Mice deficient in C3 (C3-/-) were protected against ethanol-induced 
steatosis, while mice deficient in CD55 (DAF) developed more steatosis after alcohol feeding 
[140, 143]. Of note, alcohol and alcohol metabolites may directly activate C3, as supported 
by increased C3a levels and increased hepatic C3b deposition in alcohol-fed mice [143, 144]. 
C5-/- mice were not protected against ethanol-induced steatosis, but hepatic C8 deposition 
in alcohol-fed rats implicates activation of the terminal pathway [145].  C1q-/- mice were 
protected against alcohol-induced steatosis, and C1q activation on hepatocytes promoted 
C3b deposition and apoptosis [146].  
In summary, complement seems to play a role in both NAFLD and ALD, but human data are 
limited. Animal studies suggest that alcohol may activate C3, while functional C3 appeared 
to be beneficial in high-fat-induced fatty liver. Although there is sufficient evidence to 
support a role of C3 and its immediate activation products in NAFLD, little is known about 
other complement factors. Indices of classical and terminal pathway activation were found 
in human fatty livers, while there are no comprehensive studies on the alternative or the 
lectin pathway.  

7 Complement in cardiovascular disease  
Cardiovascular disease (CVD) is a major clinical manifestation of cardiometabolic disorders 
and is characterized by critically narrowing (stenosis) or occlusion (atherothrombosis) of 
blood vessels. Coronary heart disease comprises partial or complete obstruction of coronary 
vessels, while the term CVD additionally includes partial or complete obstruction of 
peripheral or cerebral vessels. Key processes in CVD are endothelial dysfunction, 
atherosclerosis, and impaired regulation of coagulation and fibrinolysis. The complement 
system may be involved in all these processes based on its immune, inflammatory and 
metabolic functions. 

7.1 Complement in initiation of CVD 
The endothelium regulates crucial functions of blood vessels such as vascular tone, vascular 
permeability and coagulation, and may also be a source of complement factors such as 
properdin [147]. In endothelial dysfunction, the capacity for vasodilation is reduced, which 
impairs blood pressure regulation. Furthermore, dysfunctional endothelial cells express 
adhesion molecules that promote adherence and migration of inflammatory cells, which 
initiates and furthers atherosclerosis. The complement system is thought to contribute to 
several aspects of endothelial dysfunction [148, 149]. Endothelial cells express anaphylatoxin 
receptors and complement regulators on their surface, which indicates that they are a direct 
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target of complement. In vitro, C3a, C5a and C5b-9 induced expression of adhesion 
molecules and proinflammatory cytokines in endothelial cells, and (s)C5b-9 was shown to be 
involved in  leakage of the endothelial cell layer  [150]. We recently showed that, in humans, 
C5a and sC5b-9 were independently associated with plasma markers of endothelial 
dysfunction [88]. Also in another study, sC5-9 was independently associated with soluble E-
selectin [103]. 
When the endothelial lining of blood vessels is compromised, entrance of lipids and 
inflammatory cells into the sub-endothelial space initiate and further atherosclerosis. 
Complement may have a dual function in atherosclerosis, as it is involved in the removal of 
debris but also in the amplification of the inflammatory response and the recruitment of 
immune cells [151-153]. Complement is activated in early fatty streaks and also in late stages 
of atherosclerosis (major plaque/atheroma). In the plaque, complement co-localized with 
potential activators such as CRP, oxidized low-density lipoproteins (LDL), enzymatically 
modified LDL, cholesterol crystals, gC1qR and macrophages/foam cells. Furthermore, mRNA 
for C1q, C1r, C1s, C4, C7 and C8 was detected in human plaques, which suggests local 
production of complement [151, 154]. Genetically modified animal models (reviewed in 
[155]) suggest that C3a, C5a and C5b-9 may drive atherosclerosis. In contrast, the pattern 
recognition molecules C1q and MBL appeared to have protective effects, which may be 
explained by a role in the removal of cellular debris. A possible protective role of C3 in mice 
was attributed to a role of C3 in lipid metabolism (see [155]).  

7.2 Human studies on complement in CVD 
A relatively large body of data has been published on the association of C3 with human CVD. 
C3 was consistently shown to be elevated in patients with prevalent CHD, independently of 
obesity [156-158], or inflammatory markers [101, 159]. We reported similar associations, but 
additionally showed that this association may be largely attributable to the subset of heavy 
smokers [160]. The associations of C3 with incident CVD are somewhat less consistent 
(table 2). In two medium-sized populations (n~1000), associations between C3 and risk of 
CHD were observed when adjusted for age and sex [161], or additionally for smoking, MetS 
and CRP [83]. On the other hand, in a large study (n>5000 men), this association was not 
independent of obesity, lipids, and diabetes [162]. Interestingly, in that same study, C3 did 
emerge as an independent predictor of incidence of hypertension [163], while studies on C3 
and incident stroke were inconsistent [162, 164]. C3 was also associated with incidence of 
atrial fibrillation, but not independently of other risk factors [165]. Interestingly, in several 
large, observational studies, C3 was not independently associated with severity of 
atherosclerosis, i.e. intima-media thickness (IMT) [89, 166, 167]. Thus, it appears that C3 may 
play distinct roles in different aetiological processes of CVD, and may potentially contribute 
to CVD via mechanisms other than atherosclerosis. Moreover, other cardiometabolic risk 
factors may confound or modify the effect of C3 on risk of CHD. 
Downstream activation products of C3 show partly dissimilar associations. We recently 
reported that in contrast to C3, C3a was independently associated with IMT and ankle-
brachial index (ABI), another marker of atherosclerosis [89]. We also observed a strong and 
independent association of C3a with prevalent CVD in heavy smokers, which was 
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independent of C3 and was not explained by low-grade inflammation. This suggests that C3 
and C3a may reflect a different aspect of the association of the complement system with 
CVD. In addition, previous case-control studies have shown C3a to be elevated in CHD 
patients [168], in patients with angina pectoris [169], and the fragment C3d to be elevated 
in CHD patients with T2DM [121]. In a proteomic study, C5a was identified as more abundant 
in plasma of CHD patients compared to controls [170]. In contrast, we did not observe an 
association of C5a and sC5b-9 with prevalent CVD or with markers of atherosclerosis IMT or 
ABI [88]. Others reported sC5b-9 to be elevated in patients with peripheral arterial disease 
and heart failure [86, 103, 171], while studies on sC5b-9 in angina pectoris were discrepant 
[172-174]. Two studies that investigated sC5b-9 in CHD patients with different degrees of 
vessel obstruction (stenosis) also yielded conflicting findings [174, 175].  

Table 2: Longitudinal studies (N>150) on complement factors and risk of a first cardiovascular event 

Publication Population Outcome Follow-up C-factor Association with outcome 

 Participants N at risk / cases    Crude a Multivariable b  
Muscari 1995 [161] men & women 860 / 57 CHD 4 yrs C3 positive n.r 

Onat 2010 [83] men & women 1145 / 84 CHD 3.3 yrs C3 n.r. positive 

Adamsson 2011 
[165] 

men 6031 / 667 atrial 
fibrillation 

25 yrs C3 
C4 

positive 
none 

positive 
none 

Cavusoglu 2007 
[164] 

men 389 / 23 stroke 2 yrs C3 
C4 

positive 
positive 

positive 
positive 

Engstrom 2007 
[162] 

men 5850 / 185 CVD 
 

18 yrs C3 
C4 

positive 
positive 

none 
positive i 

Luc 2010 [82] men 9779 / 617 c CHD 10 yrs FD none none 

Prugger 2012 [189] men 9771 / 95 d stroke 10 yrs FD positive positive 

Best 2004 [179] men & women 4549 / 217 e CHD 7 - 10 yrs MBL2  inverse inverse 

Siezenga 2011 
[181] 

men & women 
with T2DM 

168 / 31 CVD 7.6 yrs MBL2 
MBL 

n.r 
n.r 

inverse  
none 

Vengen 2012 [182] men & women 57133 / 370 f CHD 11 - 13 yrs MBL2 inverse  inverse  

Keller 2006 [81] men & women 25663 / 946 g CHD 6 yrs MBL n.r positive j 

Saevarsdottir 2005 
[180] 

men & women 19381 / 867 h CHD 27 yrs MBL none none 

MBL2, MBL-genotype; MBL, systemic MBL concentrations, n.r. not reported, yrs, years 
a in crude analyses or in age- and sex-adjusted analyses;  
b in multivariable adjusted analyses;  
c nested-case control study, 1215 matched controls;  
d nested-case control study, 190 matched controls;  
e nested-case control study, 217 matched controls;  
f nested-case control study, 370 matched controls;  
g nested-case control study, 1799 matched controls;  
h nested-case control study, 442 matched controls;  
i only for C4 levels > 90th percentile;  
j association present only in men 
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In addition to C3 and its downstream activation products, an array of other complement 
components has also been evaluated in relation to human CVD. The complex C1sC1rC1-INH 
is elevated in patients with CHD, while C1q was not different between T2DM patients with 
or without CHD [174, 176]. C4 and C4d do not appear to be altered in angina pectoris or in 
heart failure [172, 177], and C4 was associated with risk of stroke in a small but not in a large 
study [162, 164]. The latter study did report an independent association of very high C4 levels 
(above the 90th percentile) with CHD. C1-INH did not differ between patients with different 
clinical presentations of angina pectoris [169], although it was associated with arterial 
stiffness, independently of other cardiovascular risk factors [85]. C4BP was elevated in 
patients with peripheral arterial disease compared to controls [86], and was associated with 
severity of atherosclerosis [178]. C4BP was also detected in human atherosclerotic aortas 
[178]. Since C1-INH, C4 and C4BP are shared by the classical and the lectin pathway, these 
studies suggest that dysfunctional regulation of classical and lectin pathway activation may 
contribute to arterial stiffening and atherosclerosis. In contrast, a potential anti-
atherosclerotic effect has been suggested for the initiation molecule of the lectin pathway. 
Lower MBL plasma concentrations or low MBL genotypes were associated with an increased 
risk of CHD in several larger longitudinal studies [179-182]. Only one study found high MBL 
levels to be associated with CHD, and this association was only found in men but not in 
women [81]. An independent association of plasma MBL with IMT was observed in patients 
with rheumatoid arthritis [183]. Interestingly, this latter study reported a U-shaped relation 
with IMT, denoting that both low and high MBL levels may be unfavourable in the 
development of atherosclerosis. Such a complex role of MBL in atherosclerosis may explain 
why some studies assessing MBL2 genotype did not find a clear effect of MBL2 on 
atherosclerosis: MBL2 genotype was in young and healthy men not associated with early 
atherosclerotic changes [184] and was in obese individuals not associated with IMT or ABI 
[185]. In patients with CAD, MBL2 was not associated with baseline or 2-year progression of 
coronary atherosclerosis [186]. With respect to the alternative pathway, polymorphisms in 
FH have long been discussed as risk factor for CHD, but two large meta-analyses concluded 
that the commonly studied Y402H variant (rs1061170) is not associated with CHD [187, 188]. 
Interestingly, in two large studies, FD was not associated with risk of CHD, but was 
independently associated with risk of stroke [82, 189]. Furthermore, in a proteomic study FB 
was detected as an elevated plasma component in CHD patients [170]. On the other hand, 
alternative pathway activation markers C3bBbP and Bb were not elevated in patients with 
angina, or in patients with stenosis of coronary arteries [172, 174]. Taken together, the 
picture emerges that the classical, the lectin and the alternative pathway may each play 
specific roles in the development of human CVD. 
In addition to early and chronic CVD, complement also appears to contribute to advanced 
cardiovascular morbidity. In patients with established CVD, complement activation has been 
associated with risk of progression of CVD and with secondary events. Activated complement 
components were detected in human infarcted myocardium and C3, C3a, C5a and C1q were 
detected in coronary thrombi [190]. C5a and sC5b-9 were repeatedly shown to increase 
during acute CVD events, where they are thought to mediate ischaemia-reperfusion injury 
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[191, 192]. Other complement activation products, i.e. Bb, C4d, C3d and MASP-1 were also 
increased in patients with acute myocardial infarction [69, 172, 193]. In several studies, 
sC5b-9 levels at admission for acute myocardial infarction predicted risk of death or 
secondary events [68, 194, 195]. In hospitalized heart failure patients, sC5b-9 correlated with 
functional outcome and survival [171]. Also C5a was, in patients with CHD or peripheral 
arterial disease, associated with secondary CVD events or restenosis [196-198]. This suggests 
that the degree of terminal complement activation during acute events or in severe CVD may 
reflect severity of the event. C3 was also shown to contribute to progression of disease in 
established CVD. In patients with CHD, C3 was independently associated with the risk of 
secondary events and with restenosis [158, 199]. Moreover, the C3/C4 ratio was, in CHD 
patients, independently associated with risk of secondary events [200]. In contrast, in stroke 
patients, C3 and C4 were not associated with survival or secondary events [201, 202]. 
Consistently with the above-described apparent anti-atherosclerotic effect of MBL, low MBL 
was associated with higher risk of secondary events [67, 181]. In contrast, low MBL was 
associated with a lower risk of restenosis [199]. In patients with high MBL, low levels of C1-
INH suggesting less inhibition of the lectin pathway, were also associated with restenosis 
[203]. MASP-2 on the other hand was not observed to be associated with secondary events 
in patients with acute MI [68]. These data suggest a complex relation between the lectin 
pathway and the processes that underlie cardiovascular events on the one, and restenosis 
on the other hand.  
Overall, C3 has been investigated in several large studies, and it appears that that the 
association of C3 with risk of CVD may be modulated by other CVD risk factors. C3 may affect 
distinct aetiological processes in CVD, while C3a appears to reflect the severity of 
atherosclerosis. Systemic activation of the terminal pathway seems to be prominent in acute 
CVD events and in advanced stages of CVD. In contrast, the lectin pathway appears to have 
a dual role in CVD, as several studies point to a beneficial function of the lectin pathway in 
anti-atherosclerotic mechanisms, while some studies showed adverse effects of high MBL 
levels. The role of the classical and the alternative pathway has so far only been marginally 
studied. 

7.3 Novel insights in complement-related CVD mechanisms: HDL, diabetic 
complications, fibrinolysis 
Ongoing research has revealed further emerging links between distinct aspects of 
cardiometabolic disease and the complement system that may contribute to increased CVD 
risk, of which we provide a few examples. First, high-density lipoprotein (HDL) has in humans 
been recognized as carrier of complement, as shown for C1q, C1s, C2, C3, C4, C5, C9, FB, FH, 
C1-INH and vitronectin [204-206]. Interestingly, C3 was enriched in HDL from patients with 
CHD compared to HDL from controls [206]. Furthermore, plasma C3 correlated with 
presence of pro-atherogenic HDL particles in patients with systemic lupus erythematosus 
[207]. These observations suggest that complement may influence the (anti-)inflammatory 
properties of HDL in cardiometabolic diseases.  
Secondly, interaction between complement and cardiometabolic disease may be related to 
(transient) hyperglycaemia. Glycation of CD59 correlated with glucose control in DM2 and 
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factors such as smoking or dietary fat. The role of the three activation pathways as well as 
downstream activation of C3 is needs to be studied in more detail, but available evidence 
suggests that they have distinct roles in processes underlying cardiometabolic disease.  
For the future, large, longitudinal studies are awaited that can investigate which aspects of 
complement activation or regulation affect the different processes in human 
cardiometabolic disease. In particular, studies that measure several complement factors 
within one and the same cohort are needed, and studies that allow sub-analyses in certain 
risk groups to investigate interactions of complement with relevant other cardiovascular risk 
factors. Furthermore, novel insights will be extracted from investigations on how 
complement is influenced by genotype (complotype), lifestyle and (pre-existing) 
pharmacological treatments.  
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Commentary 
The complement system, a complex protein network initially identified as part of the innate 
immune system, is increasingly recognised as an essential regulator of cell and tissue 
homeostasis. It consists of soluble and membrane-bound proteins functioning in cascades of 
stepwise protease activation; effector functions include the release of anaphylatoxins and 
formation of terminal complement complexes (TCCs). Anaphylatoxins operate by binding to 
their receptors on a variety of immune and non-immune cells, where they exert pro-
inflammatory, immunomodulatory and metabolic effects. TCCs are assembled upon 
membranes, where they exert stimulatory effects on cell cycle and cell metabolism (sublytic 
TCCs) or promote cytolysis when present in higher amounts (lytic TCCs, also referred to as 
membrane-attack complexes [MACs]).  
C3 lies at the heart of the complement network, as all three major activation pathways may 
result in cleavage of C3 and initiation of the downstream terminal pathway. Systemic levels 
of C3 may reflect the potential for complement activation. Upon activation of C3, C3a and 
C3b are generated. Once formed, the anaphylatoxin C3a is rapidly desarginated by a 
carboxypeptidase, generating C3a-desarg. Although this was previously thought to be an 
inactivation process, C3a-desArg has been recognised as a lipogenic hormone and is now also 
known as acylation-stimulating protein (ASP) [1]. C3b is instrumental in the activation of the 
terminal pathway of complement activation, which leads to formation of TCCs/MACs 
(figure 1). 
 

Figure 1: Adiposity, inflammation, immune activation, insulin resistance, hypertriglyceridaemia and, potentially, 
hyperglycaemia may lead to increased systemic levels of C3. C3a and C3b are generated upon activation of C3. C3b is 
part of the multi-step complement activation cascade that eventually leads to the formation of (soluble) TCCs/MACs. 
The anaphylatoxin C3a is rapidly degraded into its desarginated form, which is also known as ASP. Both C3a and C3a-
desarg/ASP can, via binding to their respective receptors (C3aR and C5L2), exert relevant effects with respect to 
diabetes and CVD. The solid arrows denote direct effects, the dotted arrows denote more distal effects and the 
lightning bolts indicate activation. 
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type 1 and type 2 diabetes [12, 13]. Furthermore, C3 activation may aggravate existing kidney 
disease since non-selective filtration of complement proteins may result in intratubular 
complement activation and tubular damage [14, 15]. Support for a role of C3 in retinopathy 
and neuropathy is provided by data indicating that activated C3 and TCC/MAC (representing 
terminal pathway activation) are present in the retinal vessels [16] and choriocapillaries [17] 
of patients with diabetic retinopathy and in the walls of endoneurial microvessels of patients 
with diabetic neuropathy [18].   
Activation of the complement system may contribute to diabetic vasculopathy via 
interactions with the coagulation system. Based on the early observation that complement 
is activated during blood clotting, multiple interactions between the complement and the 
coagulation/fibrinolysis cascades have been revealed (as reviewed in [19]). Several enzymes 
of the coagulation/fibrinolysis cascade can activate C3 and, conversely, several components 
of the complement system appear to be involved in the activation of thrombin and the 
modulation of platelet aggregation. These observations position the complement system as 
part of a complex protease network that is characterised by substantial crosstalk between 
complement and the coagulation/fibrinolysis system. This considerable interplay might 
represent another cluster of proteins in which complement participates in macro- and 
microvascular disease risk by conferring procoagulant, hypofibrinolytic and ultimately 
prothrombotic properties.  
In this issue of Diabetologia, Hess and colleagues present novel aspects of the role of C3 in 
diabetes with regard to CVD risk [20]. They propose a mechanism in which C3 participates in 
a hypofibrinolytic, and thus prothrombotic, state. It had previously been recognised that C3 
is incorporated into fibrin clots, and that this is accompanied by a modified fibre architecture, 
rendering clots more resistant to lysis [21, 22]. Hess et al. [20] expand on these previous 
findings by showing that clots from type 1 diabetic patients are more resistant to fibrinolysis, 
which appears to be due to altered clotting and lysis features of diabetic fibrinogen and C3. 
In a variety of experiments they demonstrate that clots generated from diabetic fibrinogen 
incorporate more C3, resulting in more consolidated clots. On the other hand, exposure of 
both diabetic and control fibrinogen to diabetic C3 produces clots more resistant to lysis. 
Furthermore, in diabetic individuals, clot lysis time was correlated with plasma C3 levels. The 
authors concluded that the effect of C3 on clot properties is more pronounced in diabetes. 
It was also suggested that systemic C3 levels and C3-mediated fibrin clot formation and lysis 
properties may be influenced via glycaemic control, although these were essentially 
uncontrolled observations that clearly need corroborating.  
The mechanism of diabetes-dependent C3 incorporation into fibrin clots with concomitant 
effects on clot characteristics adds to our knowledge of the broad aspects of complement 
functioning in type 1 and, potentially also, type 2 diabetes, and may in due course be 
extended to related disorders, including obesity and NAFLD. Unfortunately, Hess et al. [20] 
did not consider C3 activation in their experiments, which hampers full comprehension of 
the presented data. For a better understanding of the C3 coagulation/fibrinolysis interaction, 
it is essential to know to what extent C3 activation is involved. If the mechanism presented 
by Hess et al. takes place basically without C3 activation, this would represent a completely 
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novel, direct mode of C3 operating on CVD risk, whereby C3 would contribute to a 
hypofibrinolytic/prothrombotic state solely by its presence in clots, thereby modulating clot 
properties. In such a scenario, it will be essential to elucidate what intrinsic characteristics of 
diabetic C3 and fibrinogen underlie the observed changes in clot lysis properties. Glycation 
of C3 may be a plausible possibility [23]. It will also be interesting to see if similar observations 
with respect to the role of C3 in hypofibrinolysis can be made in type 2 diabetic individuals. 
In summary, this brief commentary gives a brief overview of the emerging roles of C3, C3a 
and C3a-desarg/ASP in adipose tissue homeostasis, insulin resistance and (development of) 
diabetes and related cardiometabolic diseases. The epidemiological and experimental 
evidence presented supports a role for these complement factors in metabolic, 
atherosclerotic/atherothrombotic and microangiopathic processes. It should be noted that 
an increasing number of additional complement factors are reported to be expressed in 
adipose tissue in association with insulin resistance (for example, see [24]). Likewise, a range 
of additional complement components and regulators have also been shown to be involved 
in the process of atherosclerosis and atherothrombosis [25]. The current study by Hess et al. 
[20] expands our knowledge of the multifaceted role of the complement system, C3 in 
particular, in the pathogenesis of diabetes-associated CVD. Further epidemiological, 
experimental and clinical studies are needed to differentiate between, and determine the 
relevance of, different aspects of complement function and activation in the complex and 
interrelated processes that are characteristic of cardiometabolic disorders.  
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characterization for potential confounding factors. Our study does, however, also have 
limitations. First, the cross-sectional design precludes any conclusion on the temporal 
relationships between exposure(s) and outcome. Nevertheless, it is implausible that the 
observed associations of C3 and C3a are due to reverse causation, as complement is one of 
the most upstream sensor and effector systems for downstream inflammatory cycles. In 
addition, C3 predicted cardiovascular outcomes in several prospective cohorts [5], and a 
large body of experimental data indicates an active contribution of C3a in inflammatory 
processes [52]. In addition, our observations on the distinct associations of C3a and C3 with 
atherothrombotic events and events of other aetiology were obtained in post-hoc sub-
analyses and await replication in other cohorts. Also the use of a selected study population 
might limit the generalizability of our results. Notwithstanding, our study population does 
reflect the large group of elderly individuals that are (centrally) overweight, modestly 
hypertensive, have some signs of a disturbed glucose metabolism and/or use medication for 
various reasons. Lastly, we measured systemic concentrations of C3 and C3a as reflections 
of pathological processes, but activation of the C3-C3a axis may mainly take place locally in 
the vasculature. Systemic C3 may be a good reflection of local C3 availability, while systemic 
C3a may be a less efficient reflection of locally generated C3a. This limitation would, 
however, result in an underestimation of any effects of C3a and hence even emphasizes its 
relevance in the presented associations.  
In conclusion, our findings strongly suggest that C3 and C3a reflect different pathways in 
CVD. We found that C3a was independently associated with markers of atherosclerosis in the 
whole cohort, while it was associated with CVD only in heavy smokers. In contrast, C3 was 
not associated with markers of atherosclerosis. Thus, while C3 was, in heavy smokers, also 
associated with CVD, this was via pathways other than atherosclerosis. Moreover, this latter 
association was not mediated by C3a. These distinct associations with atherosclerosis and 
CVD might be explained by the concept that CVD comprises not only atherosclerosis but also 
atherothrombosis and possibly hypofibrinolysis. Thus, C3a may particularly be involved in the 
process of atherosclerosis and, in heavy smokers, additionally advance CVD, whereas C3 may 
affect the process of atherothrombosis, but only in heavy smokers. Our findings suggest that 
the CVD risk of C3 cannot be explained by an association with atherosclerosis or by its 
activation marker C3a. C3 and C3a might thus reflect discrete, non-overlapping processes 
contributing to CVD. 
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using a multiarray detection system (MesoScale Discovery, SECTOR Imager 2400), and were 
calibrated after cross-validation as described in [27]. Haptoglobin and ceruloplasmin were 
measured in serum by an automatic analyser using Tina-quant assay (Roche diagnostics) [28]. 
CVs varied between 2% and 9%, except for SAA (CV was 12%).  
Endothelial dysfunction markers: Von Willebrand factor (vWF) was measured with an in-
house ELISA in citrated plasma as described [29], and the concentration was expressed as 
percentage of antigen concentration in normal pooled plasma. Soluble E-selectin (sEs) and 
soluble vascular cell adhesion molecule-1 (sVCAM-1) were measured twice, once in serum 
or EDTA plasma with ELISA [30] and once in EDTA plasma using a multiarray detection system 
(MesoScale Discovery, SECTOR Imager 2400), and were calibrated after cross-validation as 
described in [27]. soluble Thrombomodulin (sTm) was measured using the multiarray 
detection system described. CVs varied between 5 and 6%. 
Cardiovascular measures: The cardiovascular outcomes were measured as previously 
published [30, 31]. cIMT was measured with an ultrasound imaging device (Ultramark 4+, 
Advance Technology Laboratories, Bothel, Washington, USA) that was placed 10-20 mm 
proximal to the carotid bulb. Measurements were obtained seven times at both the left and 
right common carotid artery. Mean cIMT was calculated from the medians of up to seven 
measurements of each side. For the AAIx, blood pressures were recorded once in the brachial 
arteries and twice in both the posterior tibial and dorsalis pedis arteries using a handheld 
8-MHZ Doppler device (Mini Dopplex D900, currently: E-medical, Harmelen, The 
Netherlands). For each leg, the highest systolic pressure of the ankles was divided by the 
highest systolic brachial pressure. The lowest AAIx of either leg was used [32]. CVD was 
defined as the occurrence of at least one of the following: previous myocardial infarction 
(MI); coronary bypass; percutaneous coronary intervention or stroke reported by 
questionnaires; signs on a 12-lead electrocardiogram of MI (Minnesota codes 1-1 or 1-2) or 
ischaemia (Minnesota codes 1-3, 4-1, 4-2, 4-3, 5-1, 5-2, 5-3 or 7-1); non-traumatic limb 
amputation; and/or an AAIx <0.9. 
Other covariates: NGM, IFG, IGT or T2DM were identified with a standard 75g OGTT 
according to the WHO criteria of 1999 [33], and IFG and IGT were combined to IGM. Waist, 
BMI and blood pressure were measured by a research assistant [34]. Use of medication, 
smoking behaviour [34] and physical activity [35] were assessed with on-site administered 
questionnaires. Estimated glomerular filtration rate (eGFR) was calculated with the MDRD 
formula [36] from creatinine levels, measured in EDTA plasma with a Jaffé diagnostic test 
(Roche Diagnostics). High-density lipoprotein cholesterol, total cholesterol and 
triacylglycerols were measured in EDTA plasma [34]. Low-density lipoprotein cholesterol was 
estimated with the Friedewald formula [37].  

2.3 Statistical analyses  
Variables were visually inspected for normal distribution. Normally distributed variables are 
presented as mean±standard deviation (SD). Skewed variables are presented as medians 
with interquartile range (IQR). Skewed variables were loge-transformed to achieve normal 
distribution prior to the analyses. One-way ANOVA was used to compare continuous 
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Figure 1: Associations of C5a (A) and sC5b-9 (B) with the inflammatory score and the individual inflammatory markers. 
Associations were adjusted for age, sex, impaired glucose metabolism, type 2 diabetes mellitus, body mass index, 
waist, systolic blood pressure, blood lipids (total cholesterol, high-density lipoprotein cholesterol, triacylglycerols), use 
of medication (glucose-lowering medication, anti-hypertensive medication), smoking (pack years), kidney function and 
physical activity. 
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