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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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Plaque rupture activates the coagulation system to seal the injured area, but this repair 

reaction can escalate into excessive clotting and complete arterial occlusion 

(atherothrombosis). An acute atherothrombotic event leads to prolonged or severe 

ischaemia, and can thereby cause tissue death. Myocardial infarction and the main form of 

stroke, ischaemic stroke, entail irreversible destruction of heart or brain tissue as result of 

tissue death [9]. 

1.2 Current situation and future challenges in cardiovascular research 

Over the last decades, considerable progress has been made in treatment and also 

prevention of CVD. As a result, cardiovascular mortality has been continuously decreasing in 

high-income countries since the widespread use of lipid-modifying, anti-hypertensive and 

anti-thrombotic medication [10]. However, there are still evident problems that need to be 

addressed in order to preserve the current state and to potentially further reduce the burden 

of CVD: First, in Western countries, a large part of patients with CVD would be assigned a 

relatively low cardiovascular risk based on the current risk prediction strategies [11]. This 

means that despite efficient control of known cardiovascular risk factors there may be 

unrecognized, yet crucial processes contributing to CVD. Second, CVD is a comorbidity of 

several metabolic and degenerative diseases, such as diabetes mellitus, fatty liver disease 

and rheumatoid arthritis [12-15]. Furthermore, CVD itself stimulates the development of 

other degenerative diseases such as Alzheimer’s disease [16, 17]. In order to decrease 

cardiovascular burden not at the expense of other common diseases, treatment of CVD 

should be improved by intensified targeting of mechanisms that play a role in several chronic 

diseases. Last, the burden of CVD is at the moment excessively rising in low-income 

countries [1]. Among other ethnicities, slight variations in aetiology of CVD may exist due to 

genetic differences and differences in lifestyle [18, 19]. This suggests that identification of 

further mechanisms contributing to CVD could potentially have a large impact especially on 

those societies. Together, these three problems illustrate that there is still considerable need 

to identify novel risk factors for CVD, despite the accomplishments that have already been 

made in the past. In particular, better understanding of mechanisms is needed that are not 

yet included in current risk prediction, that may be involved in several chronic diseases, and 

that may potentially play a great role in CVD among other ethnicities. 

1.3 Low-grade inflammation and the immune system in CVD 

For these reasons, low-grade inflammation and aberrancies in immune function are of 

particular interest in cardiovascular research. First, because inflammation and immune 

dysregulation contribute to several chronic diseases [20]. Next, because the immune system 

and inflammatory mechanisms have evolved differently among other ethnicities [21, 22]. 

Furthermore, none of the hitherto established inflammatory markers was consistently shown 

to add to traditional CVD risk prediction in large studies, which may argue for a continuation 

of the search for novel biomarkers of CVD risk [23-25]. 

Inflammation is the body’s immediate response to dangers such as tissue damage and 

infection. The aim of inflammation is to transmit an alarm signal in order to overcome the 
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danger and to repair the damage. Inflammatory mediators are powerful signals that induce 

substantial changes in a broad range of target cells and tissues, and importantly, also in the 

vasculature. Inflammatory mediators are produced by immune cells, but can also be released 

from damaged tissues. In chronic low-grade inflammation, however, inflammatory mediators 

are constantly released at a low level and not as a result of an explicit danger. For example, 

adipose tissue itself secretes inflammatory mediators in obesity [26]. Lifestyle factors such 

as smoking and sleep shortage can also lead to chronic release of inflammatory mediators 

[27, 28]. Furthermore, chronic, typically Western diseases such as type 2 diabetes mellitus 

(T2DM) are characterized by chronic inflammation and immune dysregulation [29, 30].  

Low-grade inflammation promotes CVD via initiation of endothelial dysfunction, aggravation 

of atherosclerosis and modulating thrombosis (figure 1) [31-34]. Immune dysregulation 

incites systemic low-grade inflammation and also directly contributes to cardiovascular 

damage [35]. Immune cells are characteristic constituents of atherosclerotic plaques and 

release humoral immune factors locally inside the vessels wall, such as antibodies or matrix 

metalloproteinases [35]. Thereby, immune cells advance atherosclerosis and contribute to 

the destabilization of plaques. In addition, humoral immune factors can damage endothelial 

cells and can activate the coagulation system. One major component of humoral immunity 

is the complement system. Complement is part of the innate immune system and is an 

important inducer of inflammation; and is therefore thought to contribute to several 

processes underlying CVD.  

 

 

2 The complement system and CVD 

2.1 The complement system 

The complement system is a complex protein network. Complement factors are produced 

by immune cells, in liver, in adipose tissue and by the endothelium. Complement proteins 

are present in body fluids and tissues, either in soluble form or bound to membranes of 

circulating or tissue-embedded cells. Complement proteins represent a substantial fraction 

of plasma proteins and add up to a concentration of 3g/L in plasma [36]. Complement 

proteins rank among the first identified components of the immune system and were 

discovered as early as in the 1890s. Back then, these proteins were observed to aid the killing 

of bacteria, and were therefore termed ‘complement’ [37]. Hereafter, many more and also 

autonomous functions of complement were discovered [38].  

Pathways of complement activation [38, 39] The complement system consists of more than 

30 proteins. Their nomenclature follows the chronological order of their discovery. Most 

complement factors are inactive proteases that are sequentially activated in a well-organized 

cascade. Complement is activated by several pattern recognition molecules that can 

recognize distinct molecular structures. The cascade is subclassified in four complement 

pathways, which each comprises a series of related enzymatic steps (figure 3). The three 

traditional activation pathways - the ‘classical, the lectin and the alternative pathway’ - are 

activated by specific molecular triggers or in a specific microenvironment. Besides, 
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complement can be activated by proteases of for example the coagulation and the 

fibrinolysis system, or by other proteases secreted by immune cells. These miscellaneous 

activation mechanisms beyond the traditional pathways are gathered in the ‘extrinsic 

pathway’. All activation pathways share a common end route that is started with activation 

of the central protease C3. Activation of C3 can then initiate the ‘terminal pathway’. Besides, 

particular reactions of the extrinsic pathway can directly activate the terminal pathway.  

Function of the complement system Primarily, complement identifies and controls external 

but also internal dangers, such as damaged, abnormal or obsolete structures. Upon 

recognition of danger signals, complement is activated to generate an appropriate, 

fine-tuned immune response. This is achieved by its abilities to selectively recognize diverse 

molecular structures, to quickly react to them directly, to interact with all other major 

components of the immune system and to signal to further housekeeping systems. For 

example, complement interacts with the coagulation system, affects the function of 

metabolic organs and regulates developmental processes. Thereby, complement modulates 

processes needed to maintain an immune response and directs tissue regeneration and 

healing [40-42]. Due to these effects that go far beyond a direct defence reaction, 

complement is nowadays thought to play a role in multiple physiologic as well as 

pathophysiologic processes. For example, complement has been implicated in adipose tissue 

inflammation, insulin resistance, T2DM, fatty liver disease and the metabolic syndrome 

(detailed overview in chapter 2). Furthermore, complement is thought to be involved in CVD 

(detailed overview in chapters 2 and 3).  

2.2 The complement system in different aetiological processes of CVD 

Complement may be harmful but may also have beneficial functions in the development of 

CVD (see text box) [43-45]. Because the different complement activation pathways entail 

characteristic molecular effects, they are each thought to play different roles in the diverse 

processes underlying CVD. The classical and the lectin pathway are activated by pattern 

recognition molecules such as C1q and mannose-binding lectin (MBL) [46]. C1q and MBL can 

recognize damaged tissues and structures 

within atherosclerotic deposits, such as 

apoptotic cells and cholesterol crystals. 

Experimental studies suggested that the 

classical and the lectin pathway may be 

necessary for clear-up processes inside the 

vessel wall and may therefore be beneficial 

for vascular health [43, 47]. In contrast, the 

alternative pathway is activated 

spontaneously, and spontaneous activation in 

the (micro-)vasculature is thought to promote 

(micro-)vascular damage [48, 49]. Activation 

of the terminal pathway immediately 

generates powerful complement mediators, 
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and is therefore also thought to contribute to vascular damage [50]. The extrinsic pathway is 

thought to be involved in thrombosis based on the interaction between complement and 

coagulation [51-54].  

2.3 Molecular effects of complement activation and suggested roles in CVD 

Each single enzymatic step in the complement cascade generates functional products. This 

results in a multiplicity of possible response patterns following complement activation. 

Roughly, the consequences of complement activation can be classified into four main types 

of response: opsonization, release of soluble mediators (anaphylatoxins), direct interference 

with membranes and extrinsic protease activation. These different molecular effects 

contribute to several processes in the development of CVD (figure 2).  

 
Figure 2: Molecular effects of complement activation and their suggested role in CVD. 

 

Opsonization [39, 43, 45] All successive protease activation steps occur on the surface of the 

identified danger, while some enzymatic reactions can also occur in the fluid phase. The 

activated proteases have only a short half-live and are degraded or self-disintegrate rapidly. 

Proteolytic inactive fragments, such as C3b or C4b, remain however attached to the surface, 

where they act as specific label (=opsonization). Furthermore, pattern recognition molecules 

such as C1q and MBL can also act as opsonins by binding to the danger surface without 

further complement activation. These surface labels can be recognized by manifold receptors 

on immune and other cells (=opsonin receptors). Opsonin receptors can either be specific 

for a certain complement fragment, can recognize several complement fragments, or can 

even recognize various surface modifications including non-complement labels. In general, 

opsonization without downstream complement activation is considered beneficial, as this 

can induce ‘silent’ clear-up processes without subsequent inflammation. In animal studies, 

transgenic mice lacking C1q or MBL had more atherosclerosis, which suggested that these 
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pattern recognition receptors play a role in the ‘silent’ removal of deposits inside 

atherosclerotic lesions [55-57]. 

Anaphylatoxins [58, 59] Next to these locally confined effects on the surface of dangerous 

particles, complement activation can result in the release of anaphylatoxins. Anaphylatoxins 

such as C3a, C4a and C5a are small peptide fragments that are cleaved off from the inactive 

proteases (C3, C4, C5, respectively) during the activation step. These peptides can spread a 

signal not only into the local environment but also into the surrounding tissue and even into 

systemic circulation. Similarly to hormones, anaphylatoxins exert biological effects via 

binding to specific receptors present in basically all tissues and organs. Currently, there are 

three known anaphylatoxin receptors: two receptors are well-described, G-protein coupled 

receptors (C3aR, C5aR1), while the function of the third receptor (C5aR2) is still poorly 

understood. Notably, for the anaphylatoxin C4a no receptor is identified yet. Anaphylatoxins 

are strong inflammatory mediators that can promote local as well as systemic inflammation. 

The designation ‘anaphylatoxins’ is based on their capacity to induce anaphylactic shock 

when released in large amounts. Anaphylatoxins are thought to contribute to CVD because 

they can activate endothelial cells, immune cells, smooth muscle cells and platelets. 

Anaphylatoxin receptors C3aR and C5aR1 were shown to be present in human coronary 

plaques [60], which implicates C3a and C5a in human CVD. Animal studies suggested a causal 

role of signalling via C3a, as transgenic mice lacking C3aR were protected from 

atherosclerosis [61, 62]. Furthermore, C3a and C5a were in mice or rats implicated in diet-

induced obesity, adipose tissue inflammation and insulin resistance [63, 64]. This suggested 

that anaphylatoxins may be involved CVD not only via direct effects on the vasculature but 

also via induction of inflammation and metabolic disease in other tissues. 

Membrane disruption [65] The most direct result of complement activation is the disruption 

of membranes by insertion of complement proteins into the membrane of a target cell. In 

contrast to opsonization, which happens on the membrane surface, membrane disruption 

happens only upon terminal pathway activation. On the target membrane, terminal 

complement factors C5b, C6, C7, C8, C9 can assemble complexes of different sizes with 

distinct cellular effects (C5b6, C5b-7, C5b-8, C5b-9). Terminal complement complexes range 

from small aggregates, which slightly alter membrane integrity, to large lytic pores, which 

can cause immediate cell death. The induction of cell lysis via formation of large pores, also 

known as membrane-attack complexes, has long been considered as ultimate result of 

complement attack. However, induction of cell death is most relevant in the defence against 

pathogens but is probably of minor relevance in the role of complement in non-infectious 

processes [38, 39]. Here, terminal complement activation is thought to have biological 

effects via insertion of smaller aggregates that do not lead to cell lysis but alter membrane 

organisation and thereby induce intracellular signalling. These sublytic terminal complement 

complexes were shown to be involved in endothelial activation, smooth muscle cell 

activation, vascular permeability and platelet activation [66, 67]. In rabbits, lack of C6, 

resulting in the inability to form terminal complement complexes, was shown to decrease 

the severity of atherosclerosis [68]. Furthermore, terminal complement complexes were 
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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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complement activation pathways in the CODAM study - a prospective cohort of middle-aged 

to elderly individuals with an increased cardiometabolic risk.  

 

3.1 The CODAM cohort 

CODAM is an ongoing cohort study that was designed to investigate the development of 

metabolic dysfunction and cardiovascular complications (CODAM, cohort study on diabetes 

and atherosclerosis Maastricht). In order to obtain a wide range in the distribution of 

cardiometabolic outcomes as well as a relatively high incidence of CVD during the follow-up 

period, CODAM includes individuals with an increased cardiometabolic risk.  

This was achieved as follows: Participants were invited from a large population-based cohort 

study, the MORGEN study, to participate in the screening if they met the following criteria: 

living in the area of Maastricht, Caucasian descent, age > 40 years, and additionally at least 

one of the following characteristics: BMI > 25 kg/m2; use of anti-hypertensive medication; 

positive family history of T2DM; postprandial blood glucose level > 6.0 mmol/L; history of 

gestational diabetes and/or glycosuria [77, 78]. 6108 subjects met these criteria and were 

invited to undergo the screening, which involved a standard oral glucose tolerance test 

(OGTT). Of those, 2715 individuals participated in the screening and were diagnosed with 

normal glucose metabolism (NGM), impaired glucose metabolism (IGM, combining impaired 

glucose tolerance and impaired fasting glucose) and T2DM according to the WHO criteria of 

1999 [79]. All those screened with T2DM (n=226) and a random selection of those with NGM 

(n=728) were invited to participate in CODAM. From those screened with IGM, 

approximately the half were invited to participate in CODAM (n=291), and the other half was 

allocated to a lifestyle-intervention study (SLIM; study on lifestyle-intervention and impaired 

glucose tolerance Maastricht). From those invited, 525 individuals were enrolled in CODAM 

(301 with NGM, 127 with IGM, 97 with T2DM). In order to increase the number of partici-

pants with T2DM, 134 patients with known T2DM were in an additional step invited from the 

original MORGEN cohort, of whom 49 participated. In the end, 574 individuals were included 

in CODAM (42% participation rate, 301 with NGM, 127 with IGM, 146 with T2DM). 

The baseline examination took place between 1999 and 2001 (CODAM1), and the follow-up 

examination between 2006 and 2009 (CODAM2) at the university’s metabolic research unit. 

495 individuals participated in the follow-up examination (14% attrition rate) with a median 

follow-up time of 7.0 years [interquartile range: 6.9-7.1 years]. From the 79 subjects lost to 

follow-up, 37 had died and 42 did not participate for various reasons. 

Both at baseline and at follow-up, participants were extensively phenotyped. Data on disease 

history, smoking, diet, physical activity, health status, parity status (in women) and others 

were collected by self-administered questionnaires. Adiposity, blood pressure and vascular 

measurements (carotid artery ultrasound and ankle-brachial index as markers of 

atherosclerosis), and a 12-lead electrocardiogram (ECG) were performed by a trained 

research assistant. A second OGTT was performed and venous blood samples were drawn by 

a study nurse or medical students. In these blood samples, a broad array of metabolic 

parameters such as lipids and indices of glucose metabolism as well as biomarkers of low-
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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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was shown to interfere with its protective function [208, 209]. For example, in kidneys from 

patients with DM2, glycated CD59 co-localized with C5b-9, while deposition of C5b-9 was 

absent in healthy kidneys [210]. These findings suggest that in persons with impaired glucose 

metabolism or DM2, as often seen in cardiometabolic diseases, glycation of complement 

regulator(s) - particularly CD59 - may increase the susceptibility for vascular damage.  

Thirdly, complement might also to contribute to CVD via its functions in coagulation and 

fibrinolysis [21, 211]. In humans, plasma C3 was found to be associated with fibrinogen, 

platelet count or plasminogen activator inhibitor-1 (PAI-1) [156, 157, 212, 213]. Moreover, 

C3 is now recognized to be a structural component of blood clots. In healthy volunteers, C3 

was shown to bind to fibrinogen, and plasma C3 concentrations correlated with the extent 

of C3 incorporation into fibrin clots [214]. Within the clot, the amount of C3 incorporation 

was observed to affect clot structure and sensibility to lysis. In line with this, plasma C3 was 

shown to be associated with clot lysis time, independently of PAI-1 and fibrinogen [215]. 

Furthermore, in patients with diabetes the effect of C3 and clot parameters may be affected 

by glycaemic control [216]. These observations suggest that complement may have specific 

effects in fibrinolysis that may partly explain distinct associations of different aspects of 

complement activation with atherosclerotic and atherothrombotic manifestations of CVD. 

8 Lifestyle factors and drugs that influence complement 

Given the multi-facetted implications of complement in cardiometabolic disease, it appears 

valuable to consider the effect of modifiable lifestyle factors and commonly prescribed drugs 

on complement. Circulating C3 was in observational studies associated with dietary intake of 

provitamin A, selenium status and dietary anti-oxidant intake [217-219]. An experimental 

study that compared the effects of two hypocaloric diets on C3 found that a legume-based 

diet produced a stronger decrease of plasma C3 than an isocaloric diet that was comparable 

in macronutrient pattern. Importantly, this association was persistent after adjustment for 

the extent of weight loss. Besides, there are some indications that physical activity and fitness 

are related to C3 [220, 221]. Furthermore, some commonly prescribed anti-hypertensive, 

lipid-lowering and glucose-lowering drugs were shown to have an effect on C3, C3a or C4BP 

[124, 125, 130, 222-225]. Together, these preliminary observations suggest that C3 levels 

can be affected by micronutrient intake, diet quality and physical activity independently form 

the control of body weight, and indicate a potential to influence C3 levels via widely used 

drugs.  

9 Conclusion 

The above–presented data suggest that the complement system may provide a link between 

adipose tissue inflammation and systemic metabolic derangements that promote human 

cardiometabolic disease (figure 1). Complement appears to play a role in general but also in 

specific processes of cardiometabolic disease, such as lipid metabolism, hyperglycaemia and 

fibrinolysis. A large array of studies has investigated C3, and shown independent associations 

with insulin resistance, liver dysfunction and in the risk of MetS and T2DM. C3 was also 

associated with CVD; however the risk of C3 with CVD may be modulated by other CVD risk 
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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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Abstract 
Complement C3 is the central component of the complement system and activation of C3 

via either of the three major activation pathways – the classical, the lectin and the alternative 

pathway – results in initiation of the terminal complement pathway and release of the 

anaphylatoxin C3a. Both terminal pathway activation and signalling of C3a and its inactivation 

product C3a-desarg via the C3a-receptor and the C5a-like receptor 2, respectively, can 

induce inflammatory, immunomodulatory and metabolic responses. C3 has been implicated 

in metabolic disorders, notably adiposity, dyslipidaemia, insulin resistance, liver dysfunction 

and diabetes, and complement C3 is increasingly recognised as cardiometabolic risk factor. 

Complement C3 may play a role in the macrovascular as well as the microvascular 

complications of diabetes. Moreover, C3 may interact with the coagulation system and as 

such also contribute to a procoagulant, hypofibrinolytic and ultimately prothrombotic state. 

Recent data suggested a diabetes-dependent incorporation of C3 into fibrin clots, with 

concomitant effects on clot characteristics. Taken together, epidemiological and 

experimental evidence concordantly point to a role of complement C3 in metabolic, 

atherosclerotic/atherothrombotic and microangiopathic processes and further research 

should be directed towards the elucidation of complement function and activation in 

cardiometabolic disorders. 
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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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Recent data suggest that C3 plays a role in metabolic disorders. For example, a high systemic 

concentration of C3 was shown to be independently associated with the incidence of type 2 

diabetes, at least in men [2]. Additionally, systemic C3 levels have been associated with 

several diabetes risk factors, including adiposity (waist, BMI), serum triacylglycerol and 

insulin resistance (as reviewed in [3]). Plasma C3 levels are also higher in non-alcoholic fatty 

liver disease (NAFLD) [4], a common comorbidity associated with obesity and in type 2 

diabetes, and possibly also in type 1 diabetes; in agreement with this observation, alanine 

aminotransferase - a marker of liver dysfunction–was also associated with plasma levels of 

C3 [5]. The link between systemic C3 and adiposity is substantiated by the observations that 

adipose tissue secretes C3, that weight gain is associated with an increase in C3 and that C3 

decreases upon weight loss [3]. Further evidence supporting a potential role for C3 in (the 

development of) diabetes and associated metabolic disorders is the strong association of C3, 

which is an acute-phase reactant, with inflammatory markers [6]. In addition, complement 

activation can promote systemic inflammation [7].   

At least two signalling pathways have been identified that may contribute to the association 

of C3 activation with insulin resistance, adipose tissue function and lipid metabolism. First, 

expression of the C3a receptor (C3aR) is particularly high in white adipose tissue and is 

strongly upregulated after a high-fat diet [8]. Interruption of the C3–C3a–C3aR axis in a 

C3aR-/- mouse model prevented diet-induced insulin resistance [8]. Second, interruption of 

the C3–(C3a)–C3a-desarg/ASP–C5a-like receptor 2 (C5L2) pathway in a C5L2-/- mouse model 

had multiple metabolic effects, including reduced triacylglycerol synthesis in adipose tissue 

and delayed triacylglycerol and glucose clearance [9]. Reduced signalling of ASP via C5L2 (ASP 

resistance) may contribute to altered adipose tissue metabolism in obesity/insulin resistance 

phenotypes in humans [10]. Overall, substantial evidence points towards an active role of C3, 

at least partly via C3 activation, in diabetes-related metabolic diseases. However, the causal 

relationships and order of the events that occur in the vicious cycles of adiposity, insulin 

resistance and inflammation, remain to be unravelled. 

C3 may also play a role in the cardiovascular complications of diabetes and related metabolic 

diseases. C3 has repeatedly been shown to be associated with different manifestations of 

prevalent and incident cardiovascular disease (CVD), often - but not always - independent of 

classical risk factors [3]. The observation that the associations with CVD risk factors and 

disease manifestations are not uniform suggests that there may be distinct properties of C3 

contributing to the development of CVD. Mechanistically, the involvement of C3 in the 

atherosclerotic process is illustrated by the presence of C3 and its activation products in 

atherosclerotic plaques. A causal role was deduced from animal studies showing that 

deposition of lipids and complement in the intima precedes the infiltration of inflammatory 

cells and foam cell development [11].  

The role of complement activation in diabetic vascular complications may not be confined to 

macrovascular disease. The complement system may also contribute to compromised 

microvascular function, and activation of complement, including C3, may thus contribute to 

the diabetic nephropathy, retinopathy and neuropathy. Its role in nephropathy is supported 

by the presence of activated C3 in glomeruli and glomerular capillaries of animal models of 
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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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Abstract 
Complement C3 is a novel risk factor for cardiovascular disease (CVD), but the underlying 

mechanism is currently unknown. We determined the associations of the anaphylatoxin C3a, 

the activation product of C3, and of C3 itself with estimates of atherosclerosis and CVD.  

We studied associations of C3a and C3 with carotid intima-media thickness (cIMT), ankle-arm 

blood pressure index (AAIx) and CVD in cross-sectional analyses among 545 participants of 

the Cohort on Diabetes and Atherosclerosis Maastricht (CODAM) study (61% men, 59.4±6.9 

years) and examined effect modification by smoking. We conducted linear and logistic 

regression analyses with adjustments for age, sex, glucose metabolism status, lipids, 

adiposity, renal function, blood pressure, pack years smoked, physical activity, use of 

medication and investigated mediation by inflammation.  

C3a was independently associated with cIMT (β=0.032 mm, [95%CI: 0.004; 0.060]) and AAIx 

(β=-0.022, [-0.043; -0.001]), but C3 was not. Effect modification by smoking was only 

observed for CVD (Psmoking*C3a=0.008, Psmoking*C3=0.018), therefore these associations were 

stratified for smoking behaviour. Both C3a (OR =2.96, [1.15; 7.62]) and C3 (OR =1.98, [1.21; 

3.22]) were independently associated with CVD in heavy smokers. The association of C3 with 

CVD was independent of C3a. Low-grade inflammation did partially explain the association 

of C3a with AAIx, but not the other observed associations.  

This suggests that C3a and C3 have distinct roles in pathways leading to CVD. C3a may 

promote atherosclerosis and additionally advance CVD in heavy smokers. Conversely, C3 may 

be associated with CVD in heavy smokers via pathways other than atherosclerosis.  
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1 Introduction  
Cardiovascular disease (CVD) is an inflammatory disease [1]. CVD results from a combination 

of atherosclerosis, a chronic disease of the vessel wall, and atherothrombosis, which is an 

acute event of vessel occlusion. Complement-mediated inflammatory responses are 

increasingly implicated in the development of CVD [2]. The complement network is part of 

the innate immune system, orchestrates adaptive immunity and inflammatory networks, and 

also interacts with coagulation and fibrinolysis [3]. Besides its well-known role in host 

defence, complement is involved in tissue repair and homeostasis [4] and also appears to be 

crucial in vascular health. Unbalanced complement function is therefore thought to 

contribute to a broad spectrum of cardiovascular pathologies, including atherosclerosis and 

atherothrombosis. 

The C3 − C3a − C3a receptor (C3aR) axis is an important effector pathway of the complement 

network. C3 is the pivotal protein of the complement cascade, and is cleaved upon activation, 

resulting in the release of the anaphylatoxin C3a. At present, several cohort studies have 

shown an association of C3 with metabolic disturbances such as adiposity, dyslipidaemia, 

insulin resistance and liver dysfunction, as well as with incident diabetes and CVD [5, 6]. We 

previously found a similar association between C3 and coronary heart disease (CHD) in a 

comparable population, but showed that this association is restricted to smokers [7]. This is 

in line with studies suggesting that smoking might affect the C3 − C3a − C3aR axis [8-11]. It 

has generally been assumed that these adverse associations of C3 are not due to C3 itself, 

but to activation of C3 with generation of C3a. C3a is a proinflammatory mediator that can 

signal via its specific membrane-bound receptor (C3aR) present on immune cells, endothelial 

cells and smooth muscle cells [12]. Effects of C3a include release of proinflammatory 

cytokines, degranulation of mast cells, increase in vascular permeability, smooth muscle cell 

contraction and chemotaxis of immune cells. However in humans, data on the relation 

between C3a and the development of CVD are scarce. To the best of our knowledge, only 

one study has been published on this subject [13]. This case-control study reported elevated 

plasma C3a concentrations in patients with coronary artery disease (CAD) compared to 

healthy, age-matched controls, but did not consider potential confounding factors, such as 

obesity, diabetes, smoking status or use of medication. 

To obtain more insight in the role of the C3-C3a axis in the development of human CVD, we 

investigated the associations of C3 and C3a with several measures of atherosclerosis (carotid 

intima-media thickness [cIMT] and ankle-arm blood pressure index [AAIx]) and prevalent CVD 

in a cohort of middle-aged to older Caucasian individuals with a moderately increased risk of 

type 2 diabetes (T2DM) and CVD. Next, we explored the interaction of C3 and C3a with 

smoking behaviour, and we evaluated to what extent C3a could explain any associations 

observed for C3. Finally, we evaluated to what extent low-grade inflammation could explain 

the associations observed for C3a and C3.  



62 |  C h a p t e r  4  

 

2 Materials and Methods  

2.1 Participants  

The current study presents cross-sectional analyses among 545 participants of the Cohort 

study on Diabetes and Atherosclerosis Maastricht (CODAM) cohort (n = 574), which has been 

described in detail previously [14]. Briefly, participants of a large population-based cohort 

were invited for screening according to the following criteria: Caucasian descent, age >40 

years, and additionally at least one of the following criteria: body mass index (BMI) >25 

kg/m2; use of anti-hypertensive medication; positive family history of T2DM; postprandial 

blood glucose >6.0 mmol/L; history of gestational diabetes and/or glucosuria. After an oral 

glucose tolerance test (OGTT), all those screened with T2DM and a random selection of those 

with normal glucose metabolism (NGM) and impaired glucose metabolism (IGM, combining 

impaired fasting glucose and impaired glucose tolerance) were invited to participate in 

CODAM. According to this inclusion procedure, the CODAM cohort was oversampled for IGM 

and T2DM. The study was approved by the Medical Ethics Committee of the Maastricht 

University Medical Centre, and all participants gave written informed consent.  

We excluded in all analyses individuals with missing data in C3 or C3a (n=6) or covariates 

(n=23). Individuals lacking data on cIMT (n=41) were also excluded in analyses with cIMT as 

outcome, while in analyses with AAIx as outcome we excluded individuals lacking data on the 

AAIx (n=1) and those with an AAIx ≥ 1.5 (n=3), as elevated AAIx values have been linked with 

vascular stiffness [15]. Thus, we investigated associations with CVD in 545 individuals, 

associations with cIMT in 504 individuals and associations with AAIx in 541 individuals. 

2.2 Measurements  

Participants were requested to stop lipid-modifying medication 14 days beforehand, while 

all other medication was stopped the day before the visit. Current smokers were instructed 

to refrain from smoking from the evening before the blood draw. Blood samples were 

collected after an overnight fast by venepuncture. Serum was allowed to clot at room 

temperature for 45 minutes, centrifuged at 1950 g for 15 minutes and aliquots were stored 

at −80°C until use. EDTA tubes were kept on ice until blood was centrifuged at 4°C (within 3 

hours). Plasma aliquots were stored at −80°C until use. Complement C3 was measured in 

serum by auto analyser (Hitachi 912) using a Roche kit assay (Roche Diagnostics Nederland 

BV, Almere, The Netherlands). C3a was determined in EDTA plasma by ELISA (MicroVue C3a 

plus EIA kit, Quidel, San Diego, USA). This assay measures both the short-lived anaphylatoxin 

C3a and its stable degradation product C3a-desarg. Inter-assay variation of C3 and C3a were 

2.1% and 6.6%, respectively. The main dependent variables were measured as previously 

described [16-18]. In short, cIMT was measured in the left and right common carotid artery 

with an ultrasound scanner (Ultramark 4+) that was placed 10-20 mm proximal to the carotic 

bulb. AAIx was measured using a handheld 8-MHZ Doppler device and calculated by dividing 

the highest of the systolic pressures in the posterior tibial or dorsalis pedis arteries by the 

highest systolic pressure at the brachial arteries. CVD was defined as the occurrence of at 

least one of the following: previous myocardial infarction (MI); coronary bypass; 
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percutaneous coronary intervention (PCI) or stroke reported by questionnaires (Subjects’ 

Disease History Questionnaire); signs on a 12-lead electrocardiogram of myocardial 

infarction (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 amputation; and/or an AAIx <0.9. 

Glucose metabolism status was assessed by a standard 75 g OGTT and classified as NGM, 

IGM or T2DM according to the WHO criteria [19]. Waist, BMI and blood pressure were 

measured by a research assistant as described previously [20]. Smoking behaviour was 

measured in pack years (one pack year is defined as 20 g of tobacco smoked per day, over 

the course of one year), reported by questionnaire. Habitual physical activity was assessed 

by use of a validated short questionnaire [21] and participants were defined as physically 

active if they were moderately physically active for at least 30 minutes a day for at least 5 

days a week [21, 22]. The estimated glomerular filtration rate (eGFR) was calculated with the 

MDRD [23] formula from creatinine levels, measured in EDTA plasma with a Jaffé diagnostic 

test (Roche Diagnostics). Other plasma and serum components were measured as described 

previously: in NaF/KOx plasma: glucose [20]; in EDTA plasma: high density lipoprotein (HDL) 

cholesterol, total cholesterol, triacylglycerols [20]; in serum: ceruloplasmin and haptoglobin 

[18]. Interleukin-8 (Il-8) and tumour necrosis factor-α (TNFα) were measured in EDTA plasma 

using a multiarray detection system (MesoScale Discovery, SECTOR Imager 2400, 

Gaithersburg, Maryland, USA). C-reactive protein (CRP), Interleukin-6 (Il-6), soluble 

intercellular adhesion molecule-1 (sICAM-1) and serum amyloid A (SAA) were measured 

twice, once in serum or EDTA plasma with ELISA [24] and once in EDTA plasma using a 

multiarray detection system (MesoScale Discovery, SECTOR Imager 2400), and were 

calibrated after cross-validation as described in [25]. 

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 log2 transformed to achieve normal 

distribution prior to the analyses. One-way ANOVA was used to compare continuous or log2 

transformed variables, and Pearson Chi2 to compare categorical variables across tertiles of 

C3a concentrations. In all regression analyses, the effect sizes for C3a correspond to a 

doubling in C3a while for C3 they are presented per SD increase in C3.  

Main analyses: Multiple linear regression analysis was used to investigate the associations of 

C3 and log2 transformed C3a with cIMT and AAIx. Multiple logistic regression analysis was 

used to investigate the association of C3 and log2 transformed C3a with CVD. We first 

analysed models that were adjusted for variables inherent to the study design, including 

stratified sampling for age and sex, and oversampling for IGM and T2DM (model 1: age, sex, 

glucose metabolism status). Subsequently, we additionally adjusted for blood lipids (model 

2: model 1 + triacylglycerols, total cholesterol, HDL-cholesterol) and for weight, fat 

distribution, systolic blood pressure (SBP), kidney function, pack years and physical activity 

(model 3: + BMI, waist, SBP, eGFR, smoking, physical activity), because these are known 

determinants of atherosclerosis and have been associated with C3 and/or C3a [5]. In the full 
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model, we further adjusted for use of relevant medication (model 4: + use of glucose-

lowering medication, use of anti-hypertensive medication) because these are associated with 

CVD and might influence C3 or C3a levels. All assumptions for linear and logistic regression 

analyses were met. 

Interaction with smoking behaviour: Since we previously observed effect modification by 

smoking in the association of C3 with CHD [7], we also investigated this interaction in the 

current analyses. We used the same classification for smoking behaviour, creating one group 

that combines the never and light smokers (never smokers combined with former and 

current smokers who smoked ≤median of pack years of all smokers) and a group of heavy 

smokers (former and current smokers; >median of pack years of all smokers). The median of 

pack years in ever smokers was 23.0 pack years. We tested for interaction by adding cross-

products of C3a and smoking behaviour, and of C3 and smoking behaviour to the respective 

regression models.  

Evaluating the C3-C3a axis: In all fully adjusted models we first performed mutual adjustments 

for C3 or C3a in order to evaluate their independent associations. Subsequently, we 

conducted mediation analyses as described elsewhere [26], to determine the extent to which 

the association(s) of C3, if present, were mediated (i.e. explained) by C3a. In short, we 

estimated the indirect effect of C3 via C3a on the outcome and computed bootstrapped 

(bias-corrected) confidence intervals (5000 samples) for the size of the mediated effect, 

using SPSS macros provided by Preacher and Hayes [27]. 

Mediation by low-grade inflammation: As C3a is a potent inducer of inflammation and as C3 

is also an acute-phase protein, we evaluated the extent to which low-grade inflammation 

accounted for the observed associations. For this, a low-grade inflammation score, 

representing an individual’s overall low grade inflammatory status, was calculated for each 

subject by averaging the Z-scores of the 8 markers of low-grade inflammation CRP, IL-6, 

TNFα, IL-8, sICAM-1, SAA, ceruloplasmin and haptoglobin [28] . Mediation analyses were 

conducted as described above. 

Additional analyses: Our a priori CVD definition may result in a heterogeneous group of cases, 

including patients with atherothrombotic events as well as other patients with CVD. As these 

cardiovascular pathologies differ in their underlying aetiologies, we repeated the logistic 

regression analyses after sub-classifying CVD into atherothrombotic events (comprising MI, 

stroke and/or non-traumatic amputation) and CVD of other aetiology (ischaemia, angina 

pectoris, coronary bypass, PCI). In multinomial logistic regression, both sub-groups of cases 

were compared to non-CVD subjects (as reference group). Furthermore, we performed 

several sensitivity analyses. First, we repeated all analyses with exclusion of participants with 

a possible acute inflammation (serum CRP concentrations >10 mg/L, n=37). In the 

associations with AAIx, we additionally repeated the analyses with exclusion of participants 

with clinical peripheral arterial disease (PAD, n=29) in order to preclude influential impact of 

PAD patients; and also with exclusion of participants with an AAIx higher than 1.3 (n=18), as 

occasionally 1.3 is proposed as cut-off for vascular stiffness [15]. Furthermore, we performed 

additional adjustments for use of lipid-modifying medication [yes/no], which might in cross-

sectional evaluations act both as a confounder and as a collider. A collider is defined as a 
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common effect of exposure (or of causes of exposure) and outcome [29]. Particularly in the 

analyses with CVD as outcome, lipid-modifying medication might be a collider, because lipid-

modifying medication is in practice often prescribed after a clinical event, regardless of actual 

lipid profiles, and can therefore be considered a consequence of disease. On the other hand, 

lipid-modifying medication might act as a confounder when this is a determinant of CVD, and 

might also influence C3 or C3a levels [30]. For as far as lipid-modifying medication acts as a 

confounder, failure to adjust for it may result in residual confounding, while adjustment may 

generate bias if it acts as a collider [29]. Finally, we investigated effect modification by sex by 

adding interaction terms to the fully adjusted models. We found no such interaction (P for 

interaction>0.1) and therefore all results are presented for men and women combined.  

All statistical analyses were performed using the SPSS package version 18.0 (SPSS, Chicago, 

IL, USA) and statistical significance was set at P<0.05, except for testing for interaction where 

statistical significance was set at P<0.10.  

 

 

3 Results  

3.1 General characteristics of the study population  

C3a levels ranged from 26 to 212 mg/L, with a median of 59 [IQR: 49-73] mg/L. C3 levels 

ranged from 1.01 to 3.35 g/L, with a mean of 1.80±0.33 g/L. C3a and C3 concentrations were 

modestly correlated (Spearman’s correlation coefficient 0.34, P<0.001). General 

characteristics of the study population across tertiles of C3a concentration and tertiles of C3 

concentration are presented in table 1. Participants in the higher tertiles of plasma C3a had 

higher plasma C3, BMI, waist circumference, systolic blood pressure, HOMA2IR, CRP, IL-6 and 

TNFα compared to participants in the lowest C3a tertile. Furthermore, the higher tertiles of 

C3a were characterized by a greater proportion of women and a greater proportion of 

participants using lipid-modifying and anti-hypertensive medication than the lowest tertile. 

Compared to the lowest tertile, individuals in the higher tertiles of C3a concentration also 

more often had CVD, CHD and PAD. Notably, only HDL-cholesterol but not triacylglycerides, 

LDL-cholesterol or total cholesterol differed among tertiles of C3a. 

3.2 Associations of C3a and C3 with markers of atherosclerosis and CVD  

Plasma C3a was positively associated with cIMT and inversely with the AAIx (table 2, model 

1a, adjusted for age, sex and glucose metabolism status). A doubling in plasma C3a was 

associated with 0.043 mm higher cIMT [95%CI: 0.015; 0.071] and with 0.030 lower AAIx 

[95%CI: -0.051; -0.009], both reflecting more atherosclerosis. A doubling in C3a represents 

the range between the median of the 1st and the 3rd tertile of C3a (see table 1). When model 

1a was additionally adjusted for lipids (model 2a) the associations were only marginally 

attenuated. The associations of C3a with cIMT and AAIx also remained significant when all 

potential confounders were included (model 4a). In this fully adjusted model, a doubling in 

plasma C3a was associated with 0.032 mm higher cIMT [95%CI: 0.004; 0.060] and with 0.022 

lower AAIx [95%CI: -0.043; -0.001]. Plasma C3a was also positively associated with prevalent  
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CVD (table 3, all participants, model 1a), but this association was substantially attenuated 

and became non-significant in the fully adjusted model (model 4a). 

C3 was not associated with the AAIx in any of the linear regression analyses (table 2, models 

1b-4b). C3 was positively associated with cIMT in the minimally adjusted model (table 2, 

model 1b) but in the fully adjusted model (model 4b) the association with cIMT was almost 

completely lost. In contrast, C3 was associated with CVD (table 3, all participants, models 1b-

4b). In the fully adjusted model, the odds ratio (OR) was 1.42 [95%CI: 1.10; 1.84]. 

3.3 Effect modification by smoking behaviour  

Addition of cross-products of smoking behaviour and plasma C3a or C3 to the respective 

linear regression models indicated that smoking behaviour did not modify the associations 

of C3a or C3 with cIMT (Psmoking*C3a=0.712; Psmoking*C3=0.730) or with the AAIx 

(Psmoking*C3a=0.482; Psmoking*C3=0.243). In contrast, we observed significant interaction 

between smoking and C3a with regard to the association between C3a and CVD (Psmoking*C3a 

=0.008). In line with our previous report on C3 and CHD [12], the association of C3 with CVD 

also differed according to smoking behaviour (Psmoking*C3=0.018). Subsequent stratified 

analyses revealed that C3a was independently and positively associated with CVD in heavy 

smokers but not in never/light smokers (table 3). In heavy smokers, the OR was 4.06 [95%CI: 

1.71; 9.61] (model 1a). This association remained significant when all potential confounders 

were included (model 4a, OR was 2.96 [95%CI: 1.15; 7.62]). Likewise, C3 was independently 

and positively associated with CVD in the fully adjusted model, again only in heavy smokers 

(table 3, model 4b, OR was 1.98 [95%CI: 1.21; 3.22]). 

3.4 Mutual independence of the associations of C3 and C3a  

When we included C3 and C3a simultaneously in the fully adjusted models in table 2 and 3 

respectively, adjustment for C3 slightly strengthened the observed associations of C3a with 

cIMT and AAIx (table 2, model 5a). The associations of C3 and C3a with CVD were only partly 

attenuated after mutual adjustments (table 3, models 5a and 5b). In heavy smokers, the 

association of C3 with CVD remained significant after adjustment for C3a (P=0.014), while 

the association of C3a with CVD was attenuated and became non-significant after adjustment 

for C3 (P=0.059). Also, in a formal mediation model, the association of C3 in heavy smokers 

was not explained by C3a (see supplemental figure 1), as the effect of C3 on CVD mediated 

via C3a was small and not significant (indirect effect of C3 via C3a: OR was 1.09, 95%CI: 0.94; 

1.26). 

3.5 The role of low-grade inflammation in the associations of C3a and C3 

We performed mediation analyses to determine the extent to which low-grade inflammation 

accounted for the significant associations observed for C3a and C3 in paragraph 3.2 and 3.3. 

Low-grade inflammation explained ≈ 30% of the association of C3a with AAIx (indirect effect 

of C3a via low-grade inflammation: β was -0.007, 95%CI: -0.016; -0.001). In contrast, low-

grade inflammation did not significantly attenuate the associations of C3a with cIMT, and of 

C3a or C3 with CVD in the group of heavy smokers (see supplemental figures 2a-d).
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3.6 Additional analyses  

To explore the observed differences in the associations of C3a and C3 with markers of 

atherosclerosis and CVD, we sub-classified the outcome measure in the logistic regression 

analyses into atherothrombotic events (N=35 in the heavy smokers) and into events of other 

aetiology (N=35 in the heavy smokers) In this sub-analysis, the association of C3 with 

atherothrombotic events was stronger than the association with overall CVD (70 cases in the 

heavy smokers, see table 3, model 4b), while there was no association of C3 with non-

atherothrombotic events: in the fully adjusted model, the OR for atherothrombotic events in 

the group of heavy smokers was 3.04 [95%CI: 1.55; 5.96, P=0.001] and the OR for non-

atherothrombotic events was 1.34 [0.74; 2.43, P=0.336]. Upon additional adjustment for 

C3a, the OR for atherothrombotic events was unchanged [OR was 2.88, 95%CI: 1.47; 5.67, 

P=0.002], indicating that this association of C3 was fully independent of C3a. On the other 

hand, C3a was in this sub-analysis equally associated with atherothrombotic events (OR was 

2.92, 95%CI: 0.84; 10.18, P=0.092) as with non-atherothrombotic events (OR was 2.92, 

95%CI: 0.91; 9.32, P=0.071). Additional adjustments for C3 did not materially alter these 

results (data not shown). 

In the sensitivity analyses, exclusion of participants with serum CRP concentrations above 10 

mg/L, or of participants with PAD or AAIx>1.3 did not materially alter the results (data not 

shown). Additional adjustment for use of lipid-modifying medication in the fully adjusted 

models did not materially alter the associations of C3a with cIMT (β was 0.031, 95%CI: 0.002; 

0.059, P=0.034) and AAIx (β was -0.021, 95%CI: -0.043; 0.000, P=0.051). In contrast, in the 

models with CVD as outcome additional adjustment for use of lipid-modifying medication in 

the fully adjusted model did slightly attenuate the association of C3a (heavy smokers: OR was 

2.47, 95%CI: 0.88; 6.92, P=0.084) and of C3 (heavy smokers: OR was 1.79; 95%CI: 1.00; 3.02, 

P=0.031).  

 

 
4 Discussion  
The current study has four main findings. First, higher concentrations of C3a, but not of C3, 

were independently associated with more severe atherosclerosis, as represented by higher 

cIMT and lower AAIx. Second, we observed strong and significant effect modification by 

smoking behaviour in the associations of both C3 and C3a with CVD. Only in the group of 

heavy smokers were C3 and C3a associated with CVD, again independently of a large number 

of confounders. Sub-analyses showed that in heavy smokers, C3 was specifically associated 

with atherothrombotic events, while C3a was equally associated with atherothrombotic 

events and events of other aetiology. Third, the associations of C3 with CVD and 

atherothrombotic events were independent of C3a. Finally, systemic low-grade inflammation 

explained ≈ 30% of the association between C3a and AAIx, but did not significantly attenuate 

the association of C3a with cIMT or of C3a and C3 with CVD in heavy smokers.  

This is the first large cohort study that has investigated the C3-C3a axis in human CVD. To the 

best of our knowledge, there is only one former study on C3a in human CVD [13], which 

showed that C3a was higher in patients with CAD than in healthy, age-matched controls. 
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Furthermore, C3a has been shown to be higher in unstable compared to stable angina 

pectoris [31]. Other studies have focused on complications of established CVD and found C3a 

a prognostic marker in patients with heart failure [32] or receiving a stent implantation [33]. 

However, these previous studies either lacked important potential confounders, were small 

or restricted, and C3 was not measured.  

Our current data clearly show that C3 and C3a may reflect different pathways contributing 

to CVD. C3a was independently associated with cIMT and AAIx, but C3 was not. This lack of 

an association of C3 with estimates of atherosclerosis is remarkable, given the existing body 

of evidence that has implicated C3 in CVD. As far as we are aware, our study is the first on 

the association of C3 with AAIx. Previous studies on the relation of C3 with cIMT were 

inconclusive, [34-36]. Notably, the association of C3 with CVD in heavy smokers was only 

partly attenuated by adding C3a to the model and was independent of C3a. Also, in a 

mediation model C3a did not account for the association of C3 with CVD. This suggests that 

C3a does not explain a substantial part of the cardiovascular pathology associated with 

circulating C3. Despite the fact that positive associations of C3 with adverse cardiovascular 

outcomes [5, 6] have often been attributed to C3 activation with generation of C3a, this 

assumption is not supported by our current observations. 

The discrepancies between C3a and C3 in their associations with IMT, AAIx and CVD might 

be explained by the concept that atherosclerosis and CVD reflect different aspects of the 

aetiology of vascular disease. In our current analyses, cIMT and AAIx predominantly reflect 

atherosclerosis, whereas CVD may additionally involve atherothrombosis, and possibly also 

hypofibrinolysis [37]. Thus, C3a may be involved in atherogenesis, while C3 seems to be a 

determinant of atherothrombosis, apparently via mechanisms influenced by smoking. To 

evaluate this concept we reanalysed the data by sub-classifying CVD into atherothrombotic 

and non-atherothrombotic CVD. In these analyses, C3 was exclusively associated with 

atherothrombosis, and this association was stronger than with overall CVD. In contrast, C3a 

was equally associated with both subclasses of CVD.  

The observed associations of C3a with atherosclerosis are in agreement with the well-known 

proinflammatory and proposed proatherogenic effects of C3a. C3a-receptors are present on 

immune cells, smooth muscle cells and endothelial cells, and were also detected in human 

atherosclerotic plaques [38]. Complement activation and generation of C3a might promote 

atherosclerosis via recruitment and activation of immune cells and via stimulation of smooth 

muscle cell proliferation, endothelial activation and induction of low-grade inflammation [39, 

40]. When we explored the role of low-grade inflammation in the associations observed for 

C3a, we found that a significant portion (≈ 30%) of the association of C3a with AAIx, but not 

with cIMT or CVD, was explained by low-grade inflammation. This suggests that C3a might 

partly contribute to cardiovascular dysfunction via induction of low-grade inflammation, but 

other routes may be relevant as well. Notably, the associations of C3a and C3 with CVD in 

the heavy smokers (discussed in detail below) were not significantly explained by low-grade 

inflammation. We stress that our approach of averaging 8 biomarkers of low-grade 

inflammation produces a robust estimate of the overall inflammatory state with 
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minimization of random error. This suggests that C3a and C3 may affect the underlying 

processes - at least partly - via other routes than inflammation. 

Interestingly, our current analyses showed that smoking behaviour modified the association 

of C3a with CVD. An interaction of C3a with smoking behaviour is supported by observations 

showing that cigarette smoke enhanced C3aR mRNA expression in vascular myofibroblasts 

[10], and that smoking was shown to activate the transcription factor activator-protein-1 

[41], which regulates C3aR expression [42]. Accordingly, smoking might render an individual 

hypersensitive for C3a, but we do not have a clear explanation of how smoking could affect 

the impact of C3a on CVD, but not on atherosclerosis. Taken together, our findings suggest 

that C3a might in heavy smokers promote CVD of both atherothrombotic and non-

atherothrombotic aetiology, but the underlying mechanisms remain to be established. 

In our previous publication on the association of C3 with CHD [7] we had observed that this 

association was actually attributable to the group of former and current heavy smokers, even 

though the association was also detectable in the whole CODAM population. We proposed 

that this interaction might originate from higher C3 activation and C3a generation in heavy 

smokers [7]. Accordingly, one would expect higher C3a in heavy smokers, but in the current 

study C3a concentrations were not higher in the heavy (median C3a=61 ng/ml) than in 

never/light smokers (median C3a=58 ng/ml, non-significant). This observation actually points 

to a discrete interaction of smoking and C3 that is not mediated via effects of smoking on 

C3a generation. Interestingly, C3 may also be non-proteolytically activated to form the 

reactive intermediate C3•H2O without release of C3a [43]. Non-proteolytic complement 

activation may occur on activated platelets [43, 44] and might also underlie smoking-induced 

C3 activation [9]. Furthermore, C3 is a structural component of fibrin clots and was recently 

implicated in hypofibrinolysis [45, 46], although the precise molecular mechanism is as yet 

unidentified. In our view, both these processes might, at least to some extent, explain the 

observed associations of C3 with atherothrombosis rather than atherosclerosis that we 

presented herein. 

With respect to the associations observed for C3a in the present evaluations, one should 

keep in mind that the assay we used to determine the plasma C3a concentration measures 

both C3a and its stable degradation product C3a-desarg. C3a-desarg was described as a 

lipogenic hormone with crucial functions in plasma lipid metabolism [47], but its role in 

atherosclerosis is as yet unclear. In our human cohort, C3a/C3a-desarg was not associated 

with triacylglycerols, total or LDL-cholesterol (table 1), and adjustment for plasma lipids did 

not affect the associations with cIMT, AAIx or CVD (regression models 2a versus 1a). Thus, 

the beneficial effects of C3a-desarg on lipid metabolism appear to be less prominent in 

human atherosclerosis. However, we measured C3a/C3a-desarg in the fasted state, which 

may incompletely reflect its function in postprandial lipaemia [48, 49]. Murine data also 

support the relevance of C3a in atherosclerosis, as transgenic mice lacking the C3aR, a 

receptor specific for C3a but not activated by C3a-desarg, had less atherosclerosis than their 

respective control [50, 51].  

The most prominent strengths of our study are the evaluation of both C3 and C3a in relation 

to several aetiological measures of CVD within one cohort, and the comprehensive 



74 |  C h a p t e r  4  

 

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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Supplemental data 
 

Supplemental figure 1: Mediation of the association of C3 with CVD in heavy smokers (n=193) by C3a in a simple 
mediation model. The c-path represents the total effect of C3 on CVD, adjusted for covariates (see also table 3b, model 
4). The a-path represents the association between C3 and C3a, adjusted for covariates. The b-path represents the 
association between C3a and CVD, adjusted for C3 and covariates (see also table 3a, model 5). The c’-path represents 
the direct effect of C3 on CVD and the a*b-path represents the indirect effect of C3 on CVD via C3a (see also table 3b, 
model 5). Due to different estimation procedures (ordinary least squares for the a-path and maximum likelihood for 
the b-path), the sum of (a*b + c') does not add to the c-path. 

 

2a) Mediation of the association of C3a with cIMT by low-grade inflammation (N=504). 

 

2b) Mediation of the association of C3a with AAIx by low-grade inflammation (N=541).  
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2c) Mediation of the association of C3a with CVD in heavy smokers by low-grade inflammation (N=193).  

 

2d) Mediation of the association of C3 with CVD in heavy smokers by low-grade inflammation (N=193). 

 

Supplemental figure 2: Mediation of the associations of C3a and C3 by low-grade inflammation (calculated as the mean 
of the Z-scores of CRP, IL-6, TNFα, IL-8, sICAM-1, SAA, ceruloplasmin and haptoglobin) in simple mediation models. 
The c-path represents the total effect of C3a or C3 on the outcome (cIMT, AAIx, CVD), adjusted for covariates (see also 
table 3b, model 4). The a-path represents the association between C3a or C3 and low-grade inflammation, adjusted 
for covariates. The b-path represents the association between low-grade inflammation and the outcome (cIMT, AAIx, 
CVD), adjusted for C3a or C3 and covariates. The c’-path represents the direct effect of C3a or C3 on the outcome 
(cIMT, AAIx, CVD), and the a*b-path represents the indirect effects of C3a or C3 on the outcome via low-grade 
inflammation. In the mediation models with CVD as outcome the sum of (a*b + c') does not add to the c-path due to 
different estimation procedures (ordinary least squares for the a-path and maximum likelihood for the b-path). 
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Complement activation products C5a and sC5b-9 are associated 

with low-grade inflammation and endothelial dysfunction, but not 

with atherosclerosis in a cross-sectional analysis: the CODAM study 
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Abstract 
Complement activation products C5a and soluble C5b-9 (sC5b-9) are increased in acute 

inflammation and in acute cardiovascular events. However, it is unknown whether they 

contribute to low-grade inflammation, endothelial dysfunction, atherosclerosis and/or stable 

cardiovascular disease (CVD). 

We performed cross-sectional analyses among 537 individuals [61% men, 59.4±6.9 years, 

26% with type 2 diabetes, 28% with CVD] of CODAM. Scores for low-grade inflammation and 

endothelial dysfunction were calculated by averaging the Z-scores of 8 biomarkers of low-

grade inflammation, and 3 biomarkers of endothelial dysfunction, respectively. Markers of 

atherosclerosis were carotid intima-media thickness (cIMT) and ankle-arm blood pressure 

index (AAIx). Prevalent CVD was assessed with self-reports, ECG examinations and/or 

AAIx<0.9. We conducted multiple linear and logistic regression analyses with adjustments for 

age, sex, glucose metabolism status, BMI, waist, lipids, blood pressure, renal function, 

physical activity, smoking and use of medication. 

Per 1SD increase, C5a (β(SD)=0.180 [95%CI: 0.105; 0.255]) and sC5b-9 (β(SD)=0.217 [0.143; 

0.292]) were positively associated with low-grade inflammation. Also, C5a (β(SD)=0.080 

[0.003; 0.156]) and sC5b-9 (β(SD)=0.127 [0.051; 0.203]) were positively associated with 

endothelial dysfunction. In contrast, C5a and sC5b-9 were not associated with cIMT, AAIx or 

CVD (P-value>0.15). 

In conclusion, higher plasma C5a and sC5b-9 concentrations were independently associated 

with more systemic low-grade inflammation and more endothelial dysfunction. However, 

C5a and sC5b-9 were not associated with markers of atherosclerosis or CVD. Systemic 

activation of the terminal complement pathway may thus participate in a chronic 

inflammatory state and impair endothelial function, but is not increased in atherosclerosis or 

stable CVD. 
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1 Introduction 
Low-grade inflammation plays a crucial role in all stages of cardiovascular disease (CVD), from 

the development of endothelial dysfunction and atherosclerosis to the acute event of 

atherothrombosis [1]. Inflammatory processes can be induced and regulated by the 

complement system, which is a complex protease network that orchestrates various 

immune, inflammatory and metabolic circuits [2]. Activation of the complement network 

generates multiple effectors in sequential stages, and activation of the terminal pathway, 

which generates complement C5a and C5b-9, is the final step in the complement cascade 

[3]. Both C5a and C5b-9 are thought to be involved in the pathophysiology of CVD [4]. 

The anaphylatoxin C5a is a soluble mediator, which can signal via different receptors on a 

wide variety of immune and non-immune cells [5]. C5a is the most powerful of the known 

anaphylatoxins in inducing chemotaxis, immune and endothelial activation [6]. C5b-9, in turn, 

is a complex of complement proteins C5b, C6, C7, C8 and C9, and is also denoted terminal 

complement complex (TCC) or membrane attack complex (MAC). On the target membrane, 

C5b-9 forms a pore, and promotes cell lysis or intracellular signalling that activates 

inflammatory pathways, depending on the amount and size of pores formed [7-11]. Soluble 

C5b-9 (sC5b-9) is the circulating form of C5b-9, which is assumed to be formed 

simultaneously to membrane-bound C5b-9 and also to arise from membrane-shed C5b-9, 

consequently reflecting burden of terminal complement activation. Soluble terminal 

complement complexes can also induce intracellular signalling [12] and have been shown to 

induce vascular leakage [13] and endothelial activation [14] in vitro. Animal studies suggest 

a role of terminal complement activation in atherosclerosis, as inhibition of C5a signalling 

[15] or C6 deficiency (resulting in the inability to form C5b-9) [16, 17] reduced 

atherosclerosis. In humans, prospective studies in patients with advanced CVD or acute 

cardiovascular events have shown associations of systemic concentrations of C5a and sC5b-

9 with adverse cardiovascular outcomes [18-22]. However, these previous findings were 

confined to more extreme situations of terminal complement activation, as they were 

obtained in the acute phase of a cardiovascular event or in patients with advanced and 

unstable CVD. Currently, it is unknown whether C5a and sC5b-9 are also involved in chronic 

low-grade inflammation, endothelial dysfunction and atherosclerosis, and thereby 

contribute to the development of CVD.  

In the present study, we investigated the associations of plasma C5a and sC5b-9 with 

systemic low-grade inflammation, endothelial dysfunction, markers of atherosclerosis 

[carotid intima-media thickness (cIMT), ankle-arm blood pressure index (AAIx)] and/or with 

prevalent CVD, representing progressive stages of CVD, in a cohort of middle-aged, Caucasian 

individuals with a moderately increased risk of type 2 diabetes (T2DM) and CVD – the CODAM 

study (Cohort study on diabetes and atherosclerosis Maastricht). Our last aim was to 

investigate whether potential associations of C5a and sC5b-9 with these cardiovascular 

outcomes are mediated via low-grade inflammation.   
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2 Methods 

2.1 Study Participants  

This cross-sectional study was performed in the CODAM cohort [23]. Briefly, participants of 

a population-based cohort were invited for screening if they were Caucasian, aged >40 years, 

and met one of the following criteria: body mass index (BMI) >25 kg/m2; use of anti-

hypertensive medication; positive family history of type 2 diabetes (T2DM); postprandial 

blood glucose >6.0 mmol/L; history of gestational diabetes, and/or glucosuria. The screening 

involved an oral glucose tolerance test (OGTT), and all those screened with T2DM or impaired 

glucose metabolism (IGM, combining impaired fasting glucose [IFG] and impaired glucose 

tolerance [IGT]) and a random selection of those with normal glucose metabolism (NGM) 

were invited to participate in CODAM (N=574). The study was approved by the Medical Ethics 

Committee of the Maastricht University Medical Centre. All participants gave written 

informed consent. 

In the current study, we excluded individuals with missing data in C5a or sC5b-9 (n=16), 

inflammatory markers (n=2) or covariates (n=19). Additionally, we excluded in the respective 

analyses of endothelial dysfunction, cIMT and AAIx individuals lacking data on endothelial 

dysfunction markers (n=7), cIMT (n=41), or individuals lacking data on the AAIx (n=1) and 

those with AAIx values suggesting arterial calcification (AAIx≥1.5, n=3) [24]. Thus, the 

associations with inflammation, endothelial dysfunction, AAIx and CVD were investigated in 

530-537 individuals, while associations with cIMT were investigated in 496 individuals.  

2.2 Laboratory measurements  

Participants were asked to stop lipid-modifying medication 14 days prior to blood 

withdrawal, while other medication was stopped one day beforehand. Blood samples were 

collected after an overnight fast by venipuncture. EDTA and citrate tubes were kept on ice 

until blood was centrifuged at 4°C (within 3 hours). Serum was allowed to clot at room 

temperature for 45 minutes. Aliquots were stored at −80°C until use. 

Complement factors: Aliquots were thawed rapidly at 37°C and subsequently transferred to 

ice. Complement C5a was measured in EDTA plasma by ELISA (MicroVue C5a EIA kit, Quidel, 

Catalogue number A021, San Diego, USA). sC5b-9 was measured in citrate plasma by ELISA 

(MicroVue sC5b-9 EIA kit, Quidel, Catalogue number A029). This assay uses anti-C9-

neoepitope antibodies and will as such not be able to distinguish between SC5b-9 (soluble 

C5b-9 complexes containing inhibitory proteins such as S-protein), sC5b-9 (soluble C5b-9) 

and plasma MAC (plasma membrane vesicles containing membrane-bound C5b-9), which all 

reflect activation of the terminal complement pathway [25]. Inter-assay coefficients of 

variation (CV) were 5.3% for C5a and 11.8% for sC5b-9. 

Inflammatory markers: Interleukin-8 (IL-8) and tumour necrosis factor-α (TNFα) were 

measured in EDTA plasma using a multiarray detection system (MesoScale Discovery, 

SECTOR Imager 2400, Gaithersburg, Maryland, USA). C-reactive protein (CRP), interleukin-6 

(IL-6 ), soluble intercellular adhesion molecule-1 (sICAM-1) and serum amyloid A (SAA) were 

measured twice, once in serum or EDTA plasma with ELISA [26] and once in EDTA plasma 
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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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variables, and Pearson Chi2 to compare categorical variables across tertiles of C5a or sC5b-9 

concentrations. To provide a robust estimate of inflammation and endothelial dysfunction 

with minimization of random error, composite scores were calculated by averaging the Z-

scores (Z-score: [individual value minus mean of all values]/SD of all values) of CRP, IL-6, IL-8, 

TNFα, sICAM-1, SAA, haptoglobin and ceruloplasmin for inflammation [28], and the Z-scores 

of vWF, sEs and sVCAM-1 for endothelial dysfunction [30]. These composite scores were 

converted to their standardized scores afterwards. To allow for a direct comparison of the 

effect sizes, also C5a, sC5b-9, cIMT and AAIx were converted to their standardized scores. 

Consequently, in all regression analyses the associations are presented per 1 SD increase in 

C5a or sC5b-9, and in the linear regression analyses, outcomes (inflammation, endothelial 

dysfunction, cIMT, AAIx) are also expressed in SDs.   

Linear and logistic regression analyses: Multiple linear regression was used to investigate the 

associations of C5a and sC5b-9 with inflammation (aim 1) and endothelial dysfunction, cIMT 

and AAIx (aim 2). Multiple logistic regression was used to investigate the associations of C5a 

and sC5b-9 with prevalent CVD (aim 2). First we adjusted for variables that are related to the 

inclusion procedure, which incorporated stratified sampling for age and sex, and 

oversampling for IGM and T2DM [model 1]. Next, we additionally adjusted for measures of 

obesity (BMI, waist) [model 2] as adipose tissue can express both complement and 

inflammatory factors [38, 39]. Finally, in the fully adjusted model, we additionally adjusted 

for cardiovascular risk factors and drug use that might affect inflammatory and 

immunological processes (triacylglycerols, total cholesterol, high-density lipoprotein 

cholesterol, SBP, eGFR, smoking, physical activity and use of anti-hypertensive or glucose-

lowering medication) [model 3].  

Next, we performed mediation analyses to investigate the role of inflammation in the 

associations of C5a and sC5b-9 (aim 3). For this, we first evaluated the association of low-

grade inflammation itself with the cardiovascular measures. Next, we conducted mediation 

analyses as described elsewhere [40], to determine the extent to which the association(s) of 

C5a and sC5b-9 with cardiovascular measures, if present, were mediated (i.e. explained) by 

inflammation. In short, we estimated the indirect effect of C5a and sC5b-9 on the outcome 

via inflammation and computed bootstrapped (bias-corrected) confidence intervals (5000 

samples) for the size of the mediated effect, using SPSS macros provided by Preacher and 

Hayes [41]. 

Additional analyses: To substantiate the robustness of our observations, we performed 

several additional analyses. First, we analysed the associations of C5a and sC5b-9 with 

endothelial dysfunction when sICAM-1, and when both sICAM-1 and sTm were included in 

the endothelial dysfunction score. sICAM-1 is widely used as marker of inflammation, but as 

both monocytes and endothelial cells express sICAM-1 it can also be regarded as marker of 

endothelial dysfunction [42]. For sTm, both in vitro and human studies so far yielded 

contradictory findings whether higher or lower concentrations reflect endothelial 

dysfunction [43]. Next, we adjusted all fully adjusted associations for use of lipid-modifying 

medication, which might in cross-sectional analysis act both as a collider and as a confounder. 

A collider is defined as a common effect of exposure (or of causes of exposure) and outcome 
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[44]. As lipid-modifying medication is in practice often prescribed after a clinical event 

regardless of actual lipid profiles it can be considered a consequence of disease. Adjustment 

for such a collider might generate bias, while failure to adjust might result in confounding.  

Then, we repeated all analyses with exclusion of participants with a possible acute 

inflammation (serum CRP concentrations >10 mg/L, n=37). Last, we analysed the associations 

with AAIx with exclusion of participants with peripheral arterial disease (PAD, n=29) and also 

with exclusion of participants with an AAIx higher than 1.3 (n=17), as 1.3 is discussed as 

lowest cut-off for arterial calcification [24].  

Assumptions for linear and logistic regression analyses were met. Statistical analyses were 

performed using the SPSS package version 20.0 (SPSS, Chicago, IL, USA) and statistical 

significance was set at P<0.05. 

 

 

3 Results 

3.1 General characteristics of the study population 

Plasma C5a concentrations ranged from 1.2 to 20.5 μg/L, with a mean±SD of 7.6±3.9 μg/L. 

Plasma sC5b-9 concentrations ranged from 32 to 272 μg/L, with a mean±SD of 113±34 μg/L. 

C5a and sC5b-9 concentrations were significantly but weakly correlated (Pearson’s 

correlation coefficient 0.13, P=0.002). Table 1 shows characteristics of the study population 

as a whole and across tertiles of plasma C5a and sC5b-9 concentrations. Higher tertiles of 

C5a and sC5b-9 were characterized by a larger proportion of women, but did not show 

relevant differences in most other general characteristics, such as age, blood pressure, blood 

lipids or use of medication. In increasing tertiles of C5a, only HbA1c and the portion of 

subjects with an abnormal glucose metabolism were higher, and the highest tertile of sC5b-

9 was characterized by higher BMI and lower physical activity. Most inflammatory markers 

and vWF were increasing in the higher tertiles of C5a and/or sC5b-9, but there were no 

differences in cIMT, AAIx or prevalent CVD. 
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3.2 Associations of C5a and sC5b-9 with low-grade inflammation 

Plasma C5a and sC5b-9 were positively associated with the low-grade inflammation score 

(table 2, model 1). Additional adjustment for relevant covariates (models 2 and 3) only slightly 

attenuated these associations. In the fully adjusted model (model 3), one SD increase in C5a 

and sC5b-9 were associated with 0.180 SD [0.105; 0.255] and 0.217 SD [0.143; 0.292] higher 

inflammation score, respectively. In the analyses of the individual inflammatory markers 

(figure 1), all associations of C5a with inflammatory markers were positive except the 

association with IL-8, with significant associations for CRP, IL-6, SAA, haptoglobin, and 

ceruloplasmin. All associations of sC5b-9 with inflammatory markers were positive, with 

significant associations for all markers except for TNFα. 

 
Table 2: Associations of C5a and sC5b-9 with low-grade inflammation 

Association with low-grade inflammation (N=537)   

 β for the inflammatory score  [95% CI]  P-value 

C5a (effect on the inflammatory score (in SD) per 1SD increase in C5a) 

model 1  0.205 [0.125; 0.285]  <0.001 

model 2  0.189 [0.111; 0.267]  <0.001 

model 3  0.180 [0.105; 0.255]  <0.001 

sCb-9 (effect on the inflammatory score (in SD) per 1SD increase in sC5b-9) 

model 1  0.238 [0.159; 0.317]  <0.001 

model 2  0.231 [0.155; 0.308]  <0.001 

model 3  0.217 [0.143; 0.292]  <0.001 

model 1: adjusted for age [years]; sex [men/women]; impaired glucose metabolism [yes/no]; type 2 
diabetes [yes/no] 
model 2: model 1 + body mass index [kg•(m2)-1]; waist [cm] 
model 3: model 2 + triacylglycerols [mmol/L]; total cholesterol [mmol/L]; high-density lipoprotein 
cholesterol [mmol/L]; systolic blood pressure [mmHg]; eGFR [ml•1.73m2•(min)-1]; smoking [pack years]; 
physical activity [total score]; use of glucose-lowering medication [yes/no]; use of anti-hypertensive 
medication [yes/no] 
Skewed variables were loge transformed prior to the analyses. 
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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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3.3 Associations of C5a and sC5b-9 with cardiovascular measures 

C5a and sC5b-9 were positively associated with the endothelial dysfunction score, but were 

not associated with any of the other cardiovascular outcomes (table 3, model 1). The positive 

associations of C5a and sC5b-9 with the endothelial dysfunction score were only slightly 

attenuated and remained significant upon further adjustment (model 3, β for C5a and sC5b-

9 were 0.080 [0.003; 0.156] and 0.127 [0.051; 0.203]). In the analysis of the individual 

endothelial dysfunction markers (figure 2), there was no association of C5a with sEs and 

sVCAM-1, but C5a was positively and significantly associated with vWF. For sC5b-9, the 

associations with vWF, sEs and sVCAM-1 were all positive, and significant or borderline 

significant. 

In contrast, C5a and sC5b-9 were not associated with cIMT (model 3, βs for C5a and sC5b-9 

were -0.006 [-0.090, 0.078] and -0.059 [-0.142, 0.023], respectively). Likewise, C5a and sC5b-

9 were not associated with AAIx (model 3, βs were 0.041 [-0.038, 0.120] and 0.024 [-0.054, 

0.103], respectively). Also, C5a and sC5b-9 were not associated with prevalent CVD (model 

3, ORs were 0.92 [0.75, 1.14] and 0.98 [0.79, 1.21], respectively).  

 
Figure 2: Associations of C5a (A) and sC5b-9 (B) with the endothelial dysfunction score and the individual markers of 
endothelial dysfunction. 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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3.4 Low-grade inflammation in the associations of C5a and sC5b-9 with 

cardiovascular measures 

The low-grade inflammation score itself was positively associated with the endothelial 

dysfunction score, was positively associated with cIMT and inversely associated with the 

AAIx, both reflecting more atherosclerosis, and was also positively associated with prevalent 

CVD (supplemental table, model 1). These associations remained significant upon further 

adjustment, except for the association of low-grade inflammation with cIMT, which was 

attenuated and became non-significant (supplemental table, model 3).  

In mediation analyses, addition of the low-grade inflammation score to the fully adjusted 

associations of C5a and sC5b-9 with the endothelial dysfunction score strongly attenuated 

the regression coefficients of C5a and sC5b-9. The direct effects of C5a and sC5b-9 on 

endothelial dysfunction not mediated via inflammation were 0.030 [-0.045; 0.105] and 0.068 

[-0.008; 0.143], respectively. Low-grade inflammation significantly explained 63% of the 

association of C5a with the endothelial dysfunction score (indirect effect of C5a via low-grade 

inflammation: β was 0.050 [0.028; 0.083]), and significantly explained 46% of the association 

of sC5b-9 with the endothelial dysfunction score (indirect effect of sC5b-9 via low-grade 

inflammation: β was 0.059 [0.034; 0.098]).  

Addition of the low-grade inflammation score to the models with cIMT, AAIx and CVD as 

outcome did not alter these non-significant associations (data not shown).  

3.5 Additional analyses 

When sICAM-1 was additionally included in the endothelial dysfunction score, the 

associations of C5a and sC5b-9 with endothelial dysfunction were not materially altered 

(model 3, β (C5a) was 0.068 [-0.008; 0.143], P=0.080 and β (sC5b-9) was 0.140 [0.064; 0.215], 

P<0.001). When both sICAM-1 and sTm were included in the endothelial dysfunction score, 

the associations of C5a and sC5b-9 with the endothelial dysfunction score were partly 

attenuated (model 3, β (C5a) was 0.052 [-0.025; 0.129], P=0.187 and β (sC5b-9) was 0.116 

[0.039; 0.193], P=0.003). C5a nor sCb5-9 was associated with sTm (model 3, β (C5a) was -

0.017 [-0.097; 0.063], P=0.679 and β (sC5b-9) was -0.008 [0-0.088; 0.072], P=0.850). 

Additional adjustment for use of lipid-modifying medication did not materially alter the 

associations of C5a and sC5b-9 with the low-grade inflammation score, the endothelial 

dysfunction score, cIMT or AAIx, and also did not alter the non-significant associations of C5a 

and sC5b-9 with prevalent CVD (data not shown). When participants with CRP concentrations 

above 10 mg/L (N=37) were excluded, the associations of C5a and sC5b-9 with the low-grade 

inflammation score were attenuated but remained highly significant (model 3, β (C5a) was 

0.097 [0.026; 0.168], P=0.008 and β (sC5b-9) was 0.159 [0.089; 0.229], P<0.001). The 

strength of association of C5a with endothelial dysfunction increased (model 3, β was 0.104 

[0.023; 0.186], P=0.012) while the strength of the association of sC5b-9 with endothelial 

dysfunction decreased (β was 0.093 [0.011; 0.175], P=0.025). The non-significant 

associations of C5a and sC5b-9 with cIMT, AAIx and prevalent CVD were not materially 

altered upon exclusion of subjects with elevated CRP (data not shown). When participants 
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with PAD or an AAIx above 1.3 were excluded from the analyses, the non-significant 

associations of C5a and sC5b-9 with the AAIx were not materially altered (data not shown). 

 

 

4 Discussion  
This is the first relatively large human study that has evaluated the independent associations 

of circulating C5a and sC5b-9 with low-grade inflammation and different manifestations of 

CVD. There were three main findings. First, higher plasma concentrations of C5a and sC5b-9 

were associated with increased systemic low-grade inflammation, independently of a large 

number of confounders. Second, higher concentrations of C5a and sC5b-9 were associated 

with more endothelial dysfunction. These associations were also independent of a large 

number of confounders, and were for a substantial part explained by low-grade 

inflammation. Third, C5a and sC5b-9 were not associated with markers of atherosclerosis or 

prevalent CVD.  

No prior studies on C5a and sC5b-9 in chronic inflammation have been published, although 

their role in acute inflammatory processes is well-known. Both C5a and sC5b-9 increase 

during sepsis [45], and C5a has been implicated in specific inflammatory responses such as 

in allergic asthma, rheumatoid arthritis or multiple sclerosis [6]. Moreover, C5a was shown 

to regulate inflammation in adipose tissue in mice [46] and in vitro studies showed that C5a 

and sC5b-9 can induce cytokines and chemokines in neutrophils, monocytes, macrophages, 

endothelial cells and hepatic stellate and Kupffer cells [2, 11, 25, 47, 48]. Our current findings 

indicate that C5a and sC5b-9 may not only contribute to the above-mentioned specific 

inflammatory responses, but may in humans also participate in chronic low-grade 

inflammation. We averaged eight biomarkers of low-grade inflammation to obtain a robust 

estimate of inflammation, and showed that C5a and sC5b-9 were associated with this overall 

inflammatory state. Also, C5a and sC5b-9 were consistently associated with most individual 

markers CRP, IL-6, IL-8, TNFα, sICAM-1, SAA, haptoglobin and ceruloplasmin. This suggests 

that C5a and sC5b-9 may participate in multiple inflammatory processes in different organs, 

such as in the endothelium, in the liver and in adipose tissue, and thereby contribute to 

systemic low-grade inflammation. Our findings remained highly significant when we 

excluded participants with elevated CRP (> 10 mg/L) concentrations, which underscores that 

the associations we observed indeed represent an association with low-grade inflammation. 

C5a and sC5b-9 were also positively associated with plasma markers of endothelial 

dysfunction, but this association was weaker than with low-grade inflammation. Also, the 

association with endothelial dysfunction was less consistent among the individual markers, 

as sC5b-9 was associated with overall endothelial dysfunction, while C5a was associated only 

with vWF. C5a and sC5b-9 may contribute to endothelial dysfunction via on the one hand 

direct effects on the endothelium and on the other hand indirectly via stimulation of systemic 

low-grade inflammation. In the mediation analysis, we showed that 46-63% of the 

associations of C5a and sC5b-9 with the endothelial dysfunction score was mediated via 

inflammation, leaving a minor part of this association independent of inflammation. This is 

in line with a potential role for both direct and indirect effects of C5a and sC5b-9 on the 
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endothelium. The endothelium is directly influenced by humoral cytokines, chemokines and 

metabolites, and is constantly exposed to systemic C5a and sC5b-9 concentrations. Several 

in vitro studies showed that C5a and sC5b-9 can induce different processes of endothelial 

activation [7, 9, 14, 49, 50]. Moreover, C5a has been shown to release vWF [51] from 

endothelial cells and sC5b-9 to induce VCAM-1 [52]. Of note, plasma markers of endothelial 

dysfunction are considered to not only reflect the large vessels that are affected in 

atherosclerosis and CVD, but also to reflect the microvasculature [53]. The microvasculature 

represents the greatest part of the total vascular surface area and is therefore suggested to 

contribute the most part to circulating endothelial markers. C5a and sC5b-9 might thus 

potentially be involved in microvascular impairments given their associations with these 

endothelial markers. In contrast, C5a and sC5b-9 were not associated with additional 

cardiovascular measures cIMT and AAIx. Notably, these measures of atherosclerosis are 

estimates of large artery impairments, and in contrast to the endothelial markers discussed 

above, do not reflect microvascular impairments. This lack of an association with cIMT and 

AAIx was surprising, given previous studies that have implicated terminal complement 

activation in atherosclerosis. In humans, no previous studies have been published on 

systemic levels of C5a and C5b-9 and severity of atherosclerosis, but C5a and sC5b-9 were 

detected in atherosclerotic plaques [54]. In animals, C5a and/or (s)C5b-9 have been 

implicated in atherosclerosis in some [15-17] but not all [55] studies, using cholesterol-fed 

rabbits or ApoE-/- or LDL-/- mice. Furthermore, (s)C5b-9 was shown to activate vascular 

smooth muscle cells [8]. Of note, cellular processes of atherosclerosis occur in a locally 

confined fashion, and sub-endothelial and intra-plaque generation of C5a and sC5b-9 may in 

atherosclerosis be more relevant [54] than systemic complement activation. Our findings do 

not preclude that C5a and sC5b-9 may play a role at the sites of atherosclerosis, rather they 

indicate that their systemic concentrations do not appear to be related to atherosclerosis.  

C5a and sC5b-9 were not associated with prevalent CVD. We have no reasons to believe that 

any methodological shortcoming may have contributed to these null associations. We have 

in the CODAM Study previously shown positive associations of inflammation and endothelial 

dysfunction with AAIx and CVD [26, 30] and the observed associations of inflammation with 

endothelial dysfunction and cIMT were also as expected. Previous human studies on C5a and 

sC5b-9 have demonstrated that their levels rise in acute cardiovascular events, where they 

are thought to mediate ischaemia/reperfusion-injury [56]. In addition, levels of sC5b-9 at 

admission for acute MI or stroke were associated with stroke severity or with worse outcome 

[21, 57], but post-admission or follow-up values were not [21]. Furthermore, C5a was, in 

patients with advanced PAD or patients undergoing interventions to restore blood flow in 

peripheral or coronary arteries, positively associated with second CVD events or restenosis 

[18-20]. These [18-21, 57] and other studies [58, 59] suggest that systemic C5a and sC5b-9 

concentrations reflect the severity of active disease processes in advanced CVD or in acute 

cardiovascular events. The greatest difference compared to our study may be the study 

population used. These previous studies [18-21, 57-59] all included hospital patients with 

acute or advanced CVD. In contrast, our study population comprises individuals with stable 

and milder forms of CVD, as our study participants originate from the general population and 
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as we included silent MI (assessed with ECG) in our definition of CVD. Our finding that 

systemic levels of C5a and sC5b-9 are not increased in atherosclerosis and in established CVD 

thus suggests that systemic terminal complement pathway activation may be less prominent 

in mild and stable CVD.  

Taken together, the current findings suggest that C5a and sC5b-9 play a role in chronic 

inflammatory processes and in endothelial dysfunction. This is congruent with observations 

from the orphan diseases, atypical haemolytic uraemic syndrome and paroxysmal nocturnal 

haemoglobinuria [60, 61]. In those patients, uncontrolled activation of the terminal 

complement pathway causes systemic inflammation and endothelial damage. A further 

hallmark of these diseases is venous or microvascular thrombosis, triggered by endothelial 

damage and coagulation abnormalities. This presentation of vascular damage is markedly 

different from atherothrombosis in CVD patients of the general population, and suggests that 

one major point of attack of C5a and sC5b-9 may be the endothelium of vessel segments 

other than large arteries. This might explain why we observed an association of C5a and sC5b-

9 with endothelial dysfunction but not with cIMT, AAIx and CVD. The successful use of drugs 

that inhibit terminal complement activation in the therapy of atypical haemolytic uraemic 

syndrome and paroxysmal nocturnal haemoglobinuria [62] demonstrates a causal role of 

terminal complement activation in overt inflammation and endothelial dysfunction, and 

suggests that the associations of C5a and sC5b-9 with endothelial dysfunction and low-grade 

inflammation observed in the current study may be biologically relevant. 

Our study has several strengths but also limitations. A major strength is the availability of 

both C5a and sC5b-9 in a large cohort that has been comprehensively characterized. This 

allowed us to thoroughly account for potentially confounding factors. A further strength is 

the availability of several aetiological measures of CVD (cIMT, AAIx, prevalent CVD). The 

consistent lack of an association of C5a and sC5b-9 with these measures makes us confident 

in the robustness of this null finding. We determined three widely used and accepted plasma 

markers for endothelial dysfunction, but it may be regarded a limitation that we did not have 

a direct measurement of endothelial (dys)function available. A further limitation of our study 

is its cross-sectional design, which prohibits conclusions on the direction of these relation-

ships. However in diseased states, complement, inflammation and endothelial function also 

interact in vicious circles [2], and the present findings suggest that such interrelation also 

participates in chronic low-grade inflammation and endothelial dysfunction.  

In summary, C5a and sC5b-9, as markers for terminal complement activation, were positively 

and independently associated with systemic low-grade inflammation and with plasma 

markers of endothelial dysfunction. This suggests that systemic activation of the terminal 

complement pathway may participate in a chronic inflammatory state and may impair the 

vascular endothelium. In contrast, plasma concentrations of C5a and sC5b-9 were not 

associated with markers of atherosclerosis or prevalent CVD. This suggests that in 

atherosclerosis local generation of C5a and sC5b-9 may be more relevant than systemic 

activation of the terminal complement pathway. Compared to their demonstrated role in 

acute cardiovascular events, systemic increases in C5a and sC5b-9 are less prominent in 

patients with established CVD from the general population. In conclusion, C5a and sC5b-9 
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may play a role in chronic inflammation and endothelial dysfunction, but their systemic 

concentrations are not increased in atherosclerosis and in stable CVD. 
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Abstract 
The alternative pathway of complement activation is highly reactive and can be activated 

spontaneously in the vasculature. Activation may contribute to vascular damage and 

development of cardiovascular disease (CVD). We aimed to investigate functional 

components of the alternative pathway in cardiovascular risk.  

We studied 573 individuals who were followed-up for seven years. At baseline, we measured 

the enhancer properdin; the rate-limiting protease factor D (FD); and a marker of systemic 

activation, Bb. Using generalized estimating equations, we investigated their longitudinal 

associations with cardiovascular events (CVE, N=89), CVD (N=159), low-grade inflammation 

(LGI), endothelial dysfunction (ED) and carotid intima-media thickness (cIMT). Furthermore, 

we investigated associations with incident CVE (N=39) and CVD (N=73) in 342 participants 

free of CVD at baseline. CVE included myocardial infarction, stroke, cardiac angioplasty 

and/or cardiac bypass. CVD additionally included ischaemia on an electrocardiogram and/or 

ankle-brachial index<0.9. 

In adjusted analyses, properdin was positively associated with CVE (per 1SD, longitudinal 

OR=1.36 [1.07; 1.74], OR for incident CVE=1.53 [1.06; 2.20]), but not with CVD. Properdin 

was also positively associated with ED (=0.13 [95%CI 0.06; 0.20]), but not with LGI or cIMT. 

FD and Bb were positively associated with LGI (per 1SD, FD: =0.21 [0.12; 0.29], Bb: =0.14 

[0.07; 0.21]), and ED (FD: =0.20 [0.11; 0.29], Bb: =0.10 [0.03; 0.18]), but not with cIMT, 

CVE or CVD.  

Taken together, this suggests that the alternative complement pathway contributes to 

processes of vascular damage, and that in particular a high potential to enhance alternative 

pathway activation may promote unfavourable cardiovascular outcomes in humans. 
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1 Introduction 
The complement system has repeatedly been implicated in cardiovascular disease (CVD) 

[1-4]. Complement can be activated by the classical, the lectin and the alternative pathway 

of complement activation, which all converge on the central complement component C3, 

resulting in activation of the terminal complement pathway [5]. The alternative complement 

pathway can be activated spontaneously in the circulation and functions also as amplifier of 

other routes of complement activation [5, 6]. Alternative pathway factors are highly reactive, 

and can start a self-amplifying mechanism to promote complement attack and damage [7, 

8]. The endothelium, especially, is subjected to constant attack of the alternative pathway 

[9, 10]. Complement activation on endothelial cells induces endothelial activation and 

release of inflammatory mediators [11, 12]. Moreover, systemic complement activation is 

associated with low-grade inflammation, potentially via effects on liver and adipose tissue 

[13]. Furthermore, complement is now recognized to participate in coagulation and 

fibrinolysis [14, 15]. The alternative complement pathway may thus be instrumental in 

different processes leading to vascular damage and development of cardiovascular disease 

(CVD).  

As yet, human studies on the alternative pathway factors properdin, factor D (FD) and factor 

B (FB) or its activated product Bb in relation to cardiovascular or metabolic disease are scarce. 

FD, also known as adipsin, is mainly produced in adipose tissue [16]. FD was shown to 

increase with obesity and was elevated in individuals with hypertension [17-19]. The only 

study on FD and CVD reported FD to be associated with risk of ischaemic stroke [18], but not 

with risk of coronary heart disease (CHD) [19]. FB is produced in the liver, by immune cells, 

endothelial cells and also in adipose tissue. Expression of FB in adipose tissue was observed 

to correlate with a worse lipid profile or disturbed glucose metabolism [20]. Its activated 

product Bb was, in one case-control study, shown to be elevated in patients with acute 

myocardial infarction (MI), but not in patients with angina pectoris compared to healthy 

controls [21]. Properdin is produced by immune and endothelial cells [16, 22] and has so far 

only been measured in one human cohort, which found properdin to be elevated in 

individuals with first-degree relatives with type 2 diabetes (T2DM) and in individuals with the 

metabolic syndrome [23]. These previous human studies thus suggest that the alternative 

pathway might be involved in cardiometabolic disease. However, there are no prospective 

studies on Bb and properdin, and there is no study on CVD that measured several factors of 

the alternative pathway at the same time. 

Therefore, we investigated these different functional components of the alternative pathway 

in a prospective cohort of middle-aged, Caucasian individuals – the CODAM study. We 

hypothesized that higher capacity to activate the alternative pathway and higher activation 

may contribute to vascular damage. We measured properdin, which is the only known 

positive regulator of complement activation; FD, which is a protease that participates in the 

alternative pathway activation mechanism; and Bb, a marker of systemic alternative pathway 

activation (figure 1) [6, 24]. We evaluated their associations with development of 

cardiovascular events (CVE) and CVD. Furthermore, we explored their relationship with 

processes underlying the development of CVD, i.e. with biomarker scores reflecting low-
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grade inflammation and endothelial dysfunction and with carotid intima-media thickness 

(cIMT) as reflection of atherosclerosis. 

 

 

 

 

Figure 1: The alternative pathway of complement activation. The alternative pathway is initiated by activation of C3, 
originating either from C3 autoactivation (C3H2O) or from C3 activation as result of previous alternative, classical or 
lectin pathway activation (C3b). Activated C3 binds Factor B (B), and the complex of activated C3 and B binds factor D 
(FD). FD is a constitutively active protease and cleaves B in Ba and Bb. This complex of activated C3 and Bb functions 
itself as C3 convertase and activates further C3 molecules by cleaving C3 in C3b and C3a. Binding of properdin to the 
C3H2OBb or C3bBb complex prolongs the half-life of the active C3-convertase. Thereby the alternative pathway can 
expand rapidly and can amplify a few activated C3 molecules into extensive C3 activation. Furthermore, the alternative 
pathway also serves as potent amplification loop of C3 activation initiated via the classical and lectin pathway. 
Currently, the alternative pathway is estimated to account for ≈80% of complement activation originating from initial 
classical or lectin pathway activation [6].  

 



A l t e r n a t i v e  p a t h w a y :  P r o p e r d i n ,  F a c t o r  D  a n d  B b  | 107 

 

2 Materials and methods 

2.1 Study population 

The Cohort on Diabetes and Atherosclerosis Maastricht (CODAM) includes 574 participants 

who were selected from a population-based cohort study if they were Caucasian, aged 

>40 years, and had one or more cardiometabolic risk factor (BMI>25 kg/m2, use of anti-

hypertensive medication, positive family history of T2DM, history of gestational diabetes 

and/or glycosuria) [4]. After a median follow-up of 7.0 years [interquartile range 6.9-7.1 

years], 495 individuals participated in follow-up measurements. The study was approved by 

the Medical Ethics Committee of the Maastricht University Medical Centre. All participants 

gave written informed consent. Participants included in the current analyses are summarized 

in figure 2. 

Figure 2: Flow-chart of study participants. CVD, cardiovascular disease; CVE, cardiovascular events; ED, endothelial 
dysfunction; LGI, low-grade inflammation; cIMT, carotid intima-media thickness. N=572 ever measured in longitudinal 
analysis of LGI and ED, of which N=473 have complete data at both baseline and follow-up, N=90 have complete data 
only at baseline and N=9 have complete data only at follow-up, adding up to 1045 observations. N=556 ever measured 
in longitudinal analysis of cIMT, of which N=412 have complete data at both baseline and follow-up, N=121 have 
complete data only at baseline and N=23 have complete data only at follow-up, adding up to 968 observations. N=573 
ever measured in longitudinal analysis of CVE and CVD, of which N=467 have complete data at both baseline and 
follow-up, N=106 have complete data only at baseline, adding up to 1040 observations.  
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2.2 Measurements 

Venous blood samples were collected after an overnight fast, processed as described before 

and stored at -80° [4].  

Complement factors (measured at baseline): Aliquots were thawed rapidly at 37°C and 

subsequently transferred to ice. Properdin was measured in citrate plasma that had never 

been thawed before with sandwich-ELISA, with an inter-assay coefficient of variation of 7.7%. 

For this, microtiter plates were coated overnight at 4 °C with 1 μg/ml monoclonal mouse 

anti-human properdin antibody (HYB039-04, BioPorto, Gentofte, Denmark) in carbonate 

buffer (pH 9.6). After 1 wash with PBS containing 0.05 % Tween20 (PBS-Tween) plates were 

blocked at 20 °C for 1 h with 2 % bovine serum albumin (BSA). Plasma and purified properdin 

(Catalogue number A412, Quidel, San Diego, USA) dilutions were prepared in PBS-Tween 

with 0.5 % BSA. After 3 washes, plasma samples (diluted 1:500) and properdin standards 

were incubated at 20 °C for 2 h. After 3 washes, plates were incubated with 1 μg/ml 

biotinylated mouse anti-human properdin antibody (HYB039-04-B, BioPorto) for 1 h at 20 °C.  

After 4 washes, plates were incubated with streptavidin-horseradish peroxidase for 1 h at 

20 °C. After 4 washes, the amount of bound properdin was determined with a chromogenic 

reaction using o-phenylenediamine. Absorbance was read at 450 nm and the amount of 

properdin in the samples was calculated based on a spline regression curve (1.5 - 100 ng/ml). 

FD was measured in EDTA plasma that had been thawed only once before using a 

commercially available ELISA development kit (DuoSet, R&D Systems, Minneapolis, USA) at a 

1/4000 dilution according to the manufacturer’s instructions, inter-assay variation 4.2%. Bb 

was measured in EDTA plasma that had never been thawed before by ELISA (MicroVue Bb 

EIA kit, Quidel, Catalogue number A027, San Diego, USA), inter-assay variation 5.6%. . At the 

time these measurements were performed, samples had been stored for >10 years. We 

cannot fully exclude that the absolute concentrations of these factors were to some extent 

affected during storage, but if this has happened, the extent appears to have been minor. Bb 

has been reported to be relatively stable even during repeated freeze-thaw cycles [25] and 

the concentrations of Bb we observed were exactly within the reference range reported by 

the manufacturer and by others [26]. Also for properdin and FD, concentrations measured in 

our study were exactly as reported in pivotal publications in the field [26-28]. Notably, for 

properdin and FD, absolute concentrations reported in previous studies varied around 4-fold 

for properdin and 1000-fold for FD [18, 19, 23, 28-30]. C3 was measured twice, once in serum 

by automatic analyser (Hitachi 912) with a Roche kit (Roche Diagnostics Netherlands BV), 

inter-assay variation 2.1% [4, 31], and once in plasma by IMMAGE immunochemistry system 

C3 assay (Beckman Coulter), inter-assay variation 7%. The two measurements were 

calibrated after cross-validation as described [32], and the mean of two measurements was 

used [33]. 

Biomarkers of inflammation and endothelial dysfunction (measured at baseline and follow-

up): C-reactive protein (CRP), interleukin-6, soluble intercellular adhesion molecule-1 

(sICAM-1), serum amyloid A, soluble E-selectin and soluble vascular cell adhesion molecule-1 

(sVCAM-1) were measured twice in the baseline samples: once with individual ELISA assays 

[34, 35], and once paired with the follow-up samples using a multiarray detection system 
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(MesoScale Discovery, SECTOR Imager 2400). For baseline values, the two measurements 

were calibrated after cross-validation as described [32], and the mean of two measurements 

was used. Baseline and follow-up interleukin-8 and tumour necrosis factor-α were measured 

paired using a multiarray detection system (MesoScale Discovery, SECTOR Imager 2400, 

Gaithersburg, Maryland, USA) [32]. Baseline and follow-up von Willebrand factor was 

measured with an in-house ELISA as described previously [36].  

Cardiovascular measures (measured at baseline and follow-up): cIMT was measured at both 

the left and right common carotid artery 10-20 mm proximal to the carotid bulb with 

ultrasound (baseline: Ultramark 4+, Advance Technology Laboratories, Bothel, Washington, 

USA [37]; follow-up: Picus, ESAOTE, Maastricht, Netherlands). CVE were defined as the 

occurrence of myocardial infarction (MI); coronary bypass; percutaneous coronary 

intervention and/or stroke reported by questionnaires; as well as signs of MI on an 

electrocardiogram (Minnesota codes 1-1 or 1-2). CVD additionally included signs of coronary 

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 ankle-brachial index <0.9 [35].  

Covariates: Normal glucose metabolism (NGM), impaired glucose metabolism (IGM), T2DM, 

waist, blood pressure, smoking, habitual physical activity, estimated glomerular filtration 

rate, HDL-cholesterol, LDL-cholesterol, total cholesterol, triacylglycerols, use of anti-

hypertensive, lipid-modifying and glucose-lowering medication were measured as described 

[4, 31]. Use of anti-thrombotic medication was defined as use of either anti-platelet agents 

or coumarin derivatives. 

2.3 Statistical methods 

Main analyses: We used multiple imputation to impute missing data in the exposure and 

covariates in order to decrease bias and to increase the power of the analyses [38, 39]. 

Imputation of missing values has the purpose to avoid the omission of observations with 

missing data. Especially when observations are not missing completely at random, exclusion 

of those observations may result in bias in the observed associations. Furthermore, missing 

values of a single variable can cumulatively result in the exclusion of a substantial part of 

study population, which leads to a loss of power [39]. We imputed missing values in 

properdin (N=6) or FD (N=11) and missing values of covariates (N=22). Missing data in the 

outcome variables were not imputed (see figure 2). The percentage of missing values per 

variable varied from 0% (Bb, age, sex NGM, IGM, T2DM, blood pressure, use of medication, 

lipids) to 2.1% (smoking pack years). We generated five imputed datasets and the reported 

results were derived from pooled analyses of all five data sets.  

Normally distributed variables are presented as mean±standard deviation (SD). Skewed 

variables are presented as medians (interquartile range). Skewed variables were loge-trans-

formed to achieve normal distribution prior to the analyses. To provide a robust estimate of 

inflammation and endothelial dysfunction with minimization of random error, composite 

scores were calculated of CRP, interleukin-6, interleukin-8, tumour necrosis factor-α , sICAM-

1 and serum amyloid A for inflammation, and of von Willebrand factor, soluble E-selectin, 

sICAM-1 and sVCAM-1 for endothelial dysfunction [4]. For this, each individual biomarker of 
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inflammation or endothelial dysfunction was standardized to the mean of the baseline and 

follow-up examination (combined Z-score: [individual value minus mean of all values]/SD of 

all values). These individual Z-scores were averaged into an inflammation score and an 

endothelial dysfunction score. To allow for a direct comparison of the effect sizes, baseline 

properdin, FD, Bb and C3 were also converted to their respective Z-scores. Consequently, in 

all analyses the associations are presented per 1 SD increase in properdin, FD, Bb or C3. 

Longitudinal associations of baseline properdin, FD and Bb with inflammation, endothelial 

dysfunction and cIMT were investigated using linear GEE. The regression coefficient from 

GEE indicates the relationship between properdin, FD or Bb (measured at baseline) and the 

respective outcome (measured at baseline and follow-up) over the 7-year follow-up period. 

Longitudinal associations with CVE and CVD were investigated with logistic GEE. Logistic GEE 

includes participants with prevalent and with incident disease. The longitudinal OR obtained 

in GEE thus combines disease-free participants and participants with either prevalent or 

incident disease in one measure of association. We used an exchangeable correlation 

structure and tested whether the association of properdin, FD and Bb with inflammation, 

endothelial dysfunction, cIMT, CVE or CVD differed over time by including an interaction term 

with time (baseline / follow-up) in the GEE models. We did not find such interactions 

(P-value>0.05). All GEE models were adjusted for follow-up time [years]. Logistic regression 

analysis was used to study the association with incident CVE and CVD in individuals who were 

free of CVD at baseline. All GEE and logistic regression analyses were adjusted for baseline 

confounders. First we adjusted for variables that are related to the inclusion procedure, i.e. 

stratified sampling for age and sex, and oversampling for IGM and T2DM (model 1, age 

[years]; sex [men/women]; impaired glucose metabolism [yes/no]; type 2 diabetes [yes/no]). 

Next we adjusted for cardiovascular risk factors and medication use that might affect 

inflammatory and immunological processes (model 2, waist [cm]; systolic blood pressure 

[mmHg]; estimated glomerular filtration rate [ml•1.73m2•min-1]; current smoking [yes/no], 

former smoking [yes/no], amount smoked [pack years], physically active [yes/no]; use of 

lipid-modifying medication [yes/no]; use of glucose-lowering medication [yes/no]; use of 

anti-hypertensive medication [yes/no], use of anti-thrombotic medication [yes/no]). In order 

to explore potential pathways between properdin, FD or Bb and the development of CVE and 

CVD, we additionally adjusted the logistic models 2 for baseline values of the inflammation 

score, the endothelial dysfunction score and cIMT, respectively. This was only done if, in 

linear GEE, a significant association between was observed between properdin, FD or Bb and 

the inflammation score, the endothelial dysfunction score or cIMT.  

Additional analyses: In the main analyses we did not adjust for plasma lipids (triacylglycerols, 

total cholesterol and HDL-cholesterol) because lipids may act as a confounder but may also 

lie in the causal path between alternative pathway activation and cardiovascular endpoints. 

Genetic mouse models suggested that the alternative pathway may causally influence lipid 

metabolism [40, 41], and human studies suggested involvement in postprandial lipid 

metabolism [42, 43]. Adjustment for lipids may therefore result in overadjustment while 

unadjusted analyses may suffer from residual confounding. In the additional analyses we 

therefore additionally adjusted model 2 of the main analyses for plasma lipids. Furthermore, 
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we repeated all analyses with exclusion of participants with a possible acute inflammation 

(serum CRP concentrations >10 mg/L, n=38 at baseline and n=42 at follow-up). Next, we 

tested for interaction with sex by including interaction terms with sex to the fully adjusted 

models. Furthermore, we performed complete case analyses including only participants with 

complete data in properdin, FD, Bb and covariates, resulting in N=537 (982 observations) in 

the GEE analyses of inflammation and endothelial dysfunction, N=519 (904 observations) in 

the GEE analyses of cIMT, N=537 (975 observations) in the logistic GEE analyses on CVD and 

CVE, and N=317 in the analyses on incident CVD and CVE.  

Lastly, we evaluated the role of C3 in significant associations of properdin, FD or Bb with 

incident CVD and CVE. C3 has been implicated in CVD and processes contributing to CVD in 

several studies [13] and forms part of the alternative pathway activation mechanism 

(figure 1). Therefore, we first investigated the association of C3 itself with incident CVD and 

CVE. Subsequently, we adjusted significant associations of properdin, FD or Bb with incident 

CVD or CVE for C3. 

Statistical analyses were performed using the SPSS package version 22.0 (SPSS, Chicago, IL, 

USA) and statistical significance was set at P<0.05. 
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Table 1: Baseline characteristics of the total study population and according to tertiles of properdin 
concentrations 

 
Total study 
population 

 Tertiles of baseline plasma properdin concentration 

 N=573 *  
1st tertile 

1.69-5.52 mg/L 
2nd tertile 

5.53-6.47 mg/L 
3rd tertile 

6.48-11.21 mg/L 

Properdin (mg/L) 6.06 ±1.28  4.75 ±0.66 6.00 ±0.27 7.43 ±0.90 
FD (mg/L) 1.00 ±0.24  0.96 ±0.25 1.03 ±0.24 1.01 ±0.21 
Bb (mg/L) 0.72 ±0.19  0.74 ±0.20 0.72 ±0.19 0.69 ±0.17 
C3 (g/L) 1.02 ±0.16  0.94 ±0.15 1.02 ±0.14 1.08 ±0.16 
      

Age (years) 59.6 ±7.0  58.8 ±7.2 59.9 ±6.9 60.1 ±6.6 
Sex (%men) 61  59 66 58 
NGM/IGM/T2DM (%) 52/22/26  61/18/21 47/25/28 49/23/28 
HbA1c (%) 6.0 ±0.8  5.9 ±0.8 6.0 ±0.9 6.0 ±0.8 
Waist (cm) 99 ±12  97 ±12 99 ±12 102 ±11 
Systolic blood pressure (mmHg) 140 ±19  137 ±19 140 ±19 143 ±18 
Diastolic blood pressure (mmHg) 82 ±9  80 ±9 82 ±9 84 ±9 
Triacylglycerols (mmol/L) 1.4 [1.0-2.2]  1.10 [0.90-1.60] 1.50 [1.00-2.00] 1.60 [1.20-2.20] 
Total cholesterol (mmol/L) 5.2 ±1.0  5.0 ±0.9 5.2 ±1.0 5.4 ±1.0 
HDL (mmol/L) 1.2 ±0.3  1.3 ±0.3 1.2 ±0.4 1.1 ±0.3 
LDL (mmol/L) 3.3 ±0.9  3.1 ±0.9 3.3 ±0.9 3.5 ±0.8 
eGFR (ml/min/1.73cm2) 94 [83-106]  93 [83-103] 95 [83-105] 94 [84-111] 
Physically active (%) 62  62 67 57 
Current smokers/former smokers (%) 20/51  18/51 21/52 21/48 
Pack years of smoking in former/current 
smokers  

23 [12-36]  24 [13-36] 23 [13-39] 23 [11-37] 

Use of anti-hypertensive medication (%) 38  35 39 41 
Use of glucose-lowering medication (%) 13  14 11 15 
Use of lipid-modifying medication (%) 19  20 18 20 
Use of anti-thrombotic medication (%) 21  19 22 22 
CRP (mg/L) 2.07 [0.97-3.92]  1.62 [0.75-3.16] 2.10 [1.02-4.40] 2.31 [1.21-4.20] 
Interleukin-6 (ng/L) 1.55 [1.13-2.27]  1.40 [1.01-2.29] 1.59 [1.17-2.22] 1.62 [1.21-2.30] 
Interleukin-8 (ng/L) 4.40 [3.60-5.56]  4.45 [3.55-5.56] 4.31 [3.59-5.63] 4.44 [3.63-5.57] 
Tumour necrosis factor-α (ng/L) 6.21 [5.26-7.52]  5.91 [5.01-7.22] 6.38 [5.45-7.58] 6.43 [5.48-7.87] 
sICAM-1 (mg/L) 0.21 [0.19-0.24]  0.20 [0.18-0.23] 0.22 [0.19-0.25] 0.22 [0.20-0.25] 
Serum amyloid A (mg/L) 1.42 [0.99-2.26]  1.31 [0.92-2.21] 1.49 [1.00-2.30] 1.51 [1.04-2.32] 
Von Willebrand factor (% of normal 
pooled plasma) 

119 [91-161]  120 [87-164] 118 [91-154] 120 [92-164] 

Soluble E-selectin (μg/L) 8.16 [5.98-10.40]  7.62 [5.33-10.08] 8.33 [6.47-10.48] 8.67 [6.57-10.62] 
sVCAM-1 (μg/L) 332 [293-379]  316 [285-359] 334 [299-382] 347 [297-393] 
Inflammation score -0.09 ±0.94  -0.31 ±1.00 -0.02 ±0.93 0.06 ±0.87 
Endothelial dysfunction score -0.07 ± 0.96  -0.34 ±0.99 0.03 ±0.91 0.10 ±0.92 
Carotid IMT (µm) 774 ±157  760 ±156 781 ±163 780 ±153 
Prevalent CVD (%) 28  29 23 31 
Prevalent CVE (%) 16  16 14 16 

Data are presented as mean ±standard deviation (normally distributed variables), median [interquartile range] 
(skewed variables) or proportion (%, categorical variables). CRP indicates C-reactive protein; CVD, cardiovascular 
disease; CVE, cardiovascular events; FD, factor D; eGFR, estimated glomerular filtration rate; HbA1c, glycosylated 
haemoglobin, HDL, high-density lipoprotein; IGM, impaired glucose metabolism; cIMT, carotid intima-media 
thickness; LDL, low-density lipoprotein; NGM, normal glucose metabolism; sICAM-1 , soluble intercellular adhesion 
molecule-1; sVCAM-1, soluble vascular cell adhesion molecule-1; T2DM, type 2 diabetes mellitus. 
* data were available in N=547 (HbA1c) to 573 participants. 
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3 Results 
Table 1 shows baseline characteristics of the study population (N=573) according to tertiles 

of baseline properdin concentrations. Characteristics according to tertiles of FD and Bb are 

given in supplemental table 1. 

3.1 Associations of properdin, FD and Bb with low-grade inflammation, 

endothelial dysfunction and cIMT over the 7-year follow-up period 

Participants with follow-up data were marginally younger than the total study population 

(baseline age 59.1±7.0 years compared to 59.6±7.0 years) and had a slightly better metabolic 

profile at baseline (data not shown). Over the 7-year period, participants who were included 

in the follow-up increased in the inflammation score from -0.16±0.90 to 0.10±1.05, in the 

endothelial dysfunction score from -0.12±0.94 to 0.08±1.04, and in cIMT from 768±157 µm 

to 818±101 µm. 

Over the 7-year follow-up period, properdin, FD and Bb concentrations were positively and 

significantly associated with the low-grade inflammation score (table 2, model 1). Upon 

adjustment for confounders (model 2), the association of properdin with the inflammation 

score became borderline significant while the associations of Bb and FD with inflammation 

were only slightly attenuated. In the fully adjusted model, 1 SD higher baseline properdin, FD 

or Bb was associated with 0.06 SD [-0.01; 0.12], 0.21 SD [0.12; 0.29], and 0.14 SD [0.07; 0.21] 

higher inflammation score, respectively. Properdin, FD and Bb were also 

 

Table 2: Longitudinal associations (GEE) of properdin, FD and Bb with low-grade inflammation, 
endothelial dysfunction and cIMT over the 7-year follow-up period  

 
Low-grade inflammation score 

(SD) 
N=572, 1045 observations 

 
Endothelial dysfunction score 

(SD) 
N=572, 1045 observations 

 
cIMT  
(µm) 

N=556, 968 observations 

 β 95%CI P-value  β 95%CI P-value  β 95%CI P-value 

Properdin (per 1 SD increase)           

model 1 0.11 0.04; 0.17 0.001  0.17 0.10; 0.24 <0.001  -0.0 -10.2; 10.2 0.995 

model 2 0.06 -0.01; 0.12 0.081  0.13 0.06; 0.20 0.001  -3.8 -13.7; 6.1 0.453 

FD (per 1 SD increase)            

model 1 0.22 0.15; 0.30 <0.001  0.25 0.18; 0.33 <0.001  -6.2 -15.6; 3.2 0.197 

model 2 0.21 0.12; 0.29 <0.001  0.20 0.11; 0.29 <0.001  -7.0 -18.2; 4.2 0.220 

Bb (per 1 SD increase)            

model 1 0.18 0.10; 0.25 <0.001  0.13 0.06; 0.20 0.001  3.0 -6.6; 12.6 0.543 

model 2 0.14 0.07; 0.21 <0.001  0.10 0.03; 0.18 0.005  -2.9 -12.4; 12.6 0.564 

 indicates the longitudinal regression coefficient as obtained from GEE which indicates the relationship between 
baseline properdin, FD and Bb on the one hand and low-grade inflammation, endothelial dysfunction and cIMT on 
the other hand over the 7-year follow-up period; 95%CI, 95% confidence interval; FD, factor D; cIMT, carotid 
intima-media thickness. 
model 1: adjusted for age; sex; impaired glucose metabolism; type 2 diabetes, follow-up, follow-up time 
model 2: model 1 + waist; systolic blood pressure; estimated glomerular filtration rate; current smoking; former 
smoking; smoking pack years; physical activity; use of lipid-modifying, glucose-lowering, anti-hypertensive or anti-
thrombotic medication 
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positively and significantly associated with the endothelial dysfunction score (table 2, 

model 1). Over the 7-year follow-up period, 1 SD higher baseline properdin, FD or Bb was, in 

the fully adjusted model (model 2), associated with 0.13 SD [0.06; 0.20], 0.20 SD [0.11; 0.29] 

and 0.10 SD [0.03; 0.18] higher endothelial dysfunction score, respectively.  

In contrast, properdin, FD and Bb were not associated with cIMT. In model 1, there was no 

association of properdin, FD or Bb with cIMT (per 1 SD higher properdin: -0.0 µm [-10.2; 

10.2]; FD: -6.2 µm [-15.6; 3.2]; and Bb: 3.0 µm [-6.6; 12.6]). Further adjustment did not 

influence these regression coefficients. 

3.2 Associations of properdin, FD and Bb with CVD and CVE over the 7-year 

follow-up period  

Next, we investigated associations of baseline properdin, FD and Bb with CVE and CVD in a 

logistic GEE model (table 3), which includes both prevalent and incident cases.  

Properdin was positively and significantly associated with CVE. In model 1, per 1 SD higher 

properdin the OR for CVE was 1.28 [1.05; 1.55], and further adjustment for confounders did 

not materially alter this association (model 2, OR was 1.36 [1.07; 1.74]). Properdin was also 

positively, but borderline significantly, associated with CVD in a model adjusted for age, sex, 

IGM and T2DM (model 1, per 1 SD higher properdin, the OR for CVD was 1.16 [0.98; 1.38]). 

This was however attenuated after adjustment for confounders (OR=1.09 [0.89; 1.33]). FD 

was positively and significantly associated with CVE and CVD when adjusted for age, sex, IGM 

and T2DM (model 1, per 1 SD higher FD, the OR for CVE was 1.25 [1.04; 1.51], and OR for 

CVD was 1.20 [1.01; 1.42]). These associations were attenuated and became non-significant 

after adjustment for confounders (model 2). Bb was not clearly associated with CVE or CVD 

in either model 1 or after full adjustments (model 2).  

As shown above, properdin, FD and Bb were positively associated with the inflammation 

score and/or endothelial dysfunction score. Inflammation and endothelial dysfunction may 

lie in the causal path leading from alternative pathway activation to cardiovascular 

endpoints. However, additional adjustment of the association of properdin with CVE for 

either the endothelial dysfunction score or the inflammation sore in model 2 only slightly 

attenuated the OR from 1.36 to OR=1.35 [1.05; 1.73], P=0.020, and OR=1.33 [1.04; 1.70], 

P=0.022, respectively. Non-significant associations of FD and Bb with CVE or CVD were not 

materially altered. 
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Table 3: Longitudinal associations (logistic GEE) of properdin, FD and Bb with CVE and CVD over the 7-year 
follow-up period  

 
CVE 

N=573, 1040 observations 
 CVD 

N=573, 1040 observations 

 OR 95% CI P-value  OR 95% CI P-value 

Properdin (per 1 SD increase)        

model 1 1.28 1.05; 1.55 0.013  1.16 0.98; 1.38 0.081 

model 2 1.36 1.07; 1.74 0.012  1.09 0.89; 1.33 0.398 

FD (per 1 SD increase)        

model 1 1.25 1.04; 1.51 0.019  1.20 1.01; 1.42 0.038 

model 2 1.10 0.82; 1.46 0.532  1.11 0.88; 1.40 0.371 

Bb (per 1 SD increase)        

model 1 1.18 0.97; 1.43 0.100  1.11 0.94; 1.31 0.210 

model 2 1.15 0.90; 1.46 0.266  1.08 0.89; 1.33 0.447 

OR indicates the longitudinal odds ratio as obtained from logistic GEE which indicates the relationship between 
baseline properdin, FD and Bb on the one hand and both prevalent and incident CVE or CVD on the other hand 
over the 7-year follow-up period; 95%CI, 95% confidence interval; CVD, cardiovascular disease; CVE, 
cardiovascular events; FD, factor D.  
model 1: adjusted for age; sex; impaired glucose metabolism; type 2 diabetes, follow-up, follow-up time 
model 2: model 1 + waist; systolic blood pressure; estimated glomerular filtration rate; current smoking; former 
smoking; smoking pack years; physical activity; use of lipid-modifying, glucose-lowering, anti-hypertensive or anti-
thrombotic medication 
 

 

3.3 Associations of properdin, FD and Bb with incident CVE and CVD 

The logistic GEE analyses presented above have the advantage that they include more cases; 

however the OR obtained in GEE does not discriminate between prevalent and incident 

disease. Theoretically, an OR in GEE may on the one hand represent a cross-sectional 

association or on the other hand a prospective association, and may in practice be a 

combination of both. To explore this further, we investigated the associations of baseline 

properdin, FD and Bb with 7-year risk of CVE and CVD in individuals who were free of CVD at 

baseline (N=342, table 4). Over the 7-year follow-up period, 73 out of 342 developed CVD 

(21%) and 39 of those experienced an actual event (CVE, 11%). Individuals with incident CVD 

were at baseline older, more often had T2DM, were characterized by a higher inflammation 

and endothelial dysfunction score, and a higher cIMT compared to individuals who remained 

free of CVD during the follow-up (data not shown).  

Properdin was positively and significantly associated with incident CVE (table 4). In model 1, 

per 1 SD higher baseline properdin, the OR for CVE was 1.54 [1.11; 2.14], and further 

adjustment for confounders did not materially alter this association (model 2, OR was 1.53 

[1.06; 2.20]). Properdin was not associated with incident CVD in either model 1 or model 2. 

FD was positively associated with incident CVE in model 1 (OR was 1.43 [1.03; 1.97], but this 

association became non-significant after further adjustments. FD was also positively, but 

non-significantly, associated with incident CVD in model 1 (OR was 1.23 [0.95; 1.61]). This 

association was attenuated after further adjustments. Bb was not associated with incident 
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CVE, and was positively although non-significantly associated with incident CVD in both 

model 1 and model 2 (model 2, OR=1.25 [0.96; 1.64]). 

Additional adjustment of the association of properdin with incident CVE for either the 

endothelial dysfunction score or the inflammation score in model 2 slightly attenuated the 

OR from 1.53 to OR=1.51 [1.04; 2.18], P=0.031 and OR=1.47 [1.01; 2.12], P=0.042, 

respectively. Non-significant associations of FD and Bb with incident CVE or CVD were not 

materially altered. 

 

Table 4: Associations of properdin, FD and Bb with 7-year incidence of CVE and CVD in participants free 
of CVD at baseline 

 
Incident CVE 

N=342, 39 cases 
 Incident CVD 

N=342, 73 cases 

 OR 95% CI P-value  OR 95% CI P-value 

Properdin (per 1 SD increase)        

model 1 1.54 1.11; 2.14 0.009  1.11 0.86; 1.44 0.423 

model 2 1.53 1.06; 2.20 0.023  1.09 0.82; 1.43 0.562 

FD (per 1 SD increase)        

model 1 1.43 1.03; 1.97 0.032  1.23 0.95; 1.61 0.127 

model 2 1.29 0.82; 2.01 0.275  1.22 0.87; 1.70 0.252 

Bb (per 1 SD increase)        

model 1 1.10 0.79; 1.54 0.569  1.24 0.96; 1.59 0.105 

model 2 1.13 0.78; 1.62 0.523  1.25 0.96; 1.64 0.098 

OR indicates odds ratio; 95%CI, 95% confidence interval; CVD, cardiovascular disease; CVE, cardiovascular events; 
FD, factor D.  
model 1: adjusted for age; sex; impaired glucose metabolism; type 2 diabetes 
model 2: model 1 + waist; systolic blood pressure; estimated glomerular filtration rate; current smoking; former 
smoking; smoking pack years; physical activity; use of lipid-modifying, glucose-lowering, anti-hypertensive or anti-
thrombotic medication 
 

 

3.4 Additional analyses 

When models 2 in all analyses presented above were additionally adjusted for plasma lipids, 

the associations of properdin, FD and Bb with the inflammation score and the endothelial 

dysfunction score were not materially altered (data not shown). The positive associations of 

properdin with CVE were also not materially altered. With additional adjustment for lipids, 

the OR in the logistic GEE was 1.33 [1.04; 1.70], P=0.031, and the OR for incident CVE was 

1.46 [0.98; 2.19], P=0.065. Exclusion of participants with CRP concentrations above 10 mg/L 

did not materially alter the associations (data not shown). No interaction with sex was 

observed, except for the longitudinal associations of properdin, FD and Bb with the 

endothelial dysfunction score. When stratified for sex, associations of properdin, FD and Bb 

with the endothelial dysfunction score were more pronounced in women compared to men 

(supplemental table 2). 
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In complete cases analyses, we obtained similar results in all analyses presented above. In 

537 participants with complete data, the OR of properdin for CVE in the fully adjusted GEE 

model was 1.38 [1.08; 1.78], P=0.011). In the analysis of incident CVE, the fully adjusted OR 

of properdin in 317 participants with complete data was 1.61 [1.09; 2.36], P=0.016). 

Associations of C3 with incident CVD and CVE, and effect of additional adjustment for C3: In 

order to relate the association of properdin with CVE to the associations of C3 with CVD or 

CVE, we first investigated the association of C3 with incident CVD and CVE. In the fully 

adjusted model, C3 was not associated with incident CVD (per 1 SD, OR was 0.98 [0.69; 1.37], 

P=0.990). The association between C3 and CVE was positive, but was non-significant (OR was 

1.19 [0.73; 1.92], P=0.485). When we additionally adjusted the fully adjusted association of 

properdin with CVE for C3, the association of properdin with CVE was not materially altered 

(OR was 1.52 [1.04; 2.21], P=0.030). 

 

 

4 Discussion 
This is the first longitudinal study on the alternative complement pathway in human CVD. We 

herein performed a comprehensive evaluation of the potential for alternative pathway 

activation. We measured factors that participate in the activation mechanism – FD and 

properdin, as well as a systemic estimate of alternative pathway activation – Bb. This study 

has four main findings: first, properdin was positively associated with endothelial dysfunction 

and with risk of CVE. Second, FD and Bb were not significantly associated with CVE or CVD, 

although FD was positively associated with CVE and CVD in analyses adjusted only for age, 

sex and glucose metabolism status. Third, FD and Bb were positively associated with low-

grade inflammation and endothelial dysfunction. Fourth, properdin, FD and Bb were not 

associated with cIMT. Taken together, these data implicate the alternative complement 

pathway in human CVD, and indicate a contribution via inflammatory, endothelial and 

possibly thrombotic disease mechanisms.  

Human data on properdin, FD and Bb in relation to CVD are very scarce. So far, only one study 

measured properdin, and reported properdin to be elevated in apparently healthy 

individuals with first-degree relatives with T2DM [23]. In a large cohort of men, FD was 

associated with risk of ischaemic stroke, but not with risk of CHD [18, 19]. One former case-

control study observed Bb to be elevated in patients upon an acute MI but not in patients 

with angina pectoris compared to healthy controls [21]. Our current study extends these 

previous observations by showing that properdin, FD and Bb were all associated with 

processes of vascular damage, while in particular properdin was associated with a higher risk 

of CVE.  

Properdin stabilizes the active enzyme complex of the alternative pathway and is the only 

known positive regulator of complement activation. Moreover, properdin is thought to 

function not only as stabilizer, but also as activator of the alternative pathway [44]. The 

alternative pathway is initiated either by random activation of C3 in fluids or on surfaces, or 

by C3 activation resulting from classical or lectin pathway activity. Interestingly, properdin 

was reported to serve as enhancer only upon autonomous activation, but not when the 
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alternative pathway was activated secondarily to other pathways [24, 45]. Together with our 

findings, this suggests that properdin may contribute especially to random (surface) 

activation of the alternative pathway in the vasculature, which will be most crucially 

dependent on properdin. In line with this, properdin was in the current study positively 

associated with endothelial dysfunction, but was not independently associated with low-

grade inflammation. Endothelial dysfunction did however not substantially attenuate the 

association of properdin with CVE, suggesting that properdin may contribute to CVE through 

other mechanisms. Notably, properdin was not associated with cIMT. In agreement with this, 

a recent study in properdin-deficient mice did not report a clear effect on development of 

atherosclerosis [46]. We emphasize that cIMT reflects thickening of the carotid arterial the 

wall and that our observations do not preclude that properdin may play a role in other 

aspects of atherosclerosis, such as in plaque burden or plaque phenotype. We observed that 

properdin was associated with CVE but only to a lesser extent with CVD. Apparently, 

properdin was associated particularly with atherothrombotic events, such as stroke and MI, 

which comprise a major part of the CVE cases while our definition of CVD also includes the 

less advanced cases such as patients with coronary ischaemia on an electrocardiogram or 

ABI<0.9. Participation of properdin in CVE through an effect on thrombosis is indeed 

supported by recent data that properdin may be involved in platelet activation [47, 48].  

FD was positively associated with CVE and CVD, but in contrast to what was observed for 

properdin, these associations were attenuated after full adjustment for confounders. 

Furthermore, FD was positively and most strongly associated with low-grade inflammation 

and endothelial dysfunction. FD is a constitutively active protease and is rate-limiting in the 

activation of the alternative pathway. Human data on FD and CVD are not fully consistent. In 

a large cohort of men, FD was associated with risk of ischaemic stroke but not with risk of 

CHD [18, 19]. In contrast, a plasma proteome study identified FD as risk marker for CHD but 

not for stroke (ischaemic and haemorrhagic stroke combined) [49]. Our cohort was not 

powered to distinguish between CHD and stroke, or between ischaemic and haemorrhagic 

stroke, but we did observe that FD was not associated with cIMT. Altogether, our findings 

suggest that FD may contribute to the development of CVD through inflammation and 

endothelial dysfunction. However, the lack of an independent association with CVE or CVD 

indicates that contribution of FD to CVD risk may be small or dependent on other 

mechanisms. 

We measured Bb as a marker of systemic alternative pathway activation. Bb was positively 

associated with inflammation and endothelial dysfunction, but did not show conclusive 

associations with CVE or CVD. Previous cross-sectional studies did also not show an increase 

of activated Factor B when patients with angina pectoris or coronary stenosis were compared 

to healthy controls [21, 50]. In contrast, Bb was observed to be markedly increased in acute 

MI [21], which illustrates that the alternative pathway is indeed activated during CVE. 

Apparently, systemic levels of Bb rather reflect dynamic processes such as inflammation and 

endothelial dysfunction. A single measurement of Bb may only reflect acute activation of the 

alternative pathway in the circulation but may insufficiently reflect the degree of alternative 

pathway activation over time. 
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Higher levels of properdin result in a higher capacity to activate the alternative pathway and 

may therefore represent activation of the alternative pathway in relevant situations. In the 

development of CVE, the alternative pathway may be activated at a relatively low level 

compared to pronounced activation during acute events, but may cumulatively contribute 

to CVE via sustained, potentially local effects on the vasculature. As alternative explanation 

for the association of properdin with CVE we consider the possibility that the potential to 

activate the alternative pathway upon acute incidents in the vasculature determines the 

severity of subsequent vascular damage. The alternative pathway is thought to be involved 

in platelet activation and is activated during ischaemia-reperfusion injury [51]. This suggests 

that a higher capacity to activate the alternative pathway upon haemostatic changes or 

during acute vascular injury may result in a higher degree of platelet activation and in more 

tissue injury, respectively. Upon higher properdin levels, plaque rupture or vessel stenosis 

may then more easily escalate into acute ischaemic events.  

In order to relate associations of properdin to those of C3, we also investigated C3 in the 

current evaluation. C3 was not associated with incident CVD, while the association with 

incident CVE was positive but non-significant. The association of baseline properdin with 

future CVE is thus substantially stronger than for C3. In our previous cross-sectional study, 

the association of C3 with prevalent CVD was positive and significant [31]. Furthermore, we 

had observed that this association was affected by smoking behaviour and that C3 was in 

particular associated with atherothrombotic events [4, 31]. In the present study, the number 

of current smokers (N=64) in participants free of CVD at baseline was too small to investigate 

effect modification by smoking behaviour. In our view, the difference between the cross-

sectional and prospective findings may not exclusively be explained by a lack of power. 

Notably, in cross-sectional studies, C3 was consistently reported to be associated with CVD 

[13], while the few prospective studies on C3 and CVD had conflicting findings [1, 52, 53]. 

These studies investigated incident CHD, MI or stroke, which are manifestations of CVD 

comparable to our definition of CVE. In the first study, a significant association with MI was 

observed, but this association was only adjusted for age and sex [1]. In a large study in men 

(N6000), C3 was not independently associated with MI and stroke [52]. Only in one study, 

an independent association of C3 with CHD was observed [53]. Overall, C3 appears to be a 

reliable marker of prevalent CVD/CVE, while evidence for an association with future CVD/CVE 

in individuals without prior CVD is less conclusive. The association of properdin with CVE in 

our study was also independent of C3. This suggests that baseline properdin may be more 

relevant than C3 in the development of CVE. 

Our study has several strengths but also limitations. Strengths include its prospective nature, 

the thorough evaluation of different functional components of the alternative complement 

pathway, and the detailed phenotyping of participants. Limitations include the relatively 

small number of cases with incident disease, which may have limited the power in the 

analysis of incident CVD and especially incident CVE. Furthermore, extrapolation of our 

findings should be done with caution, as our study includes individuals with at least one 

cardiometabolic risk factor. Notwithstanding, our cohort represents a large part of typical 
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Western populations, namely middle-aged to elderly individuals with a moderately increased 

risk to develop cardiometabolic disease.  

In summary, systemic activation of the alternative complement pathway was associated with 

a proinflammatory state and more endothelial dysfunction. In particular properdin, which is 

an enhancer of alternative pathway activation, was associated with a higher risk of CVE. This 

suggests that spontaneous activation of the alternative pathway in the circulation 

contributes to several aspects of vascular damage (summarized in figure 3). In conclusion, 

the alternative complement pathway may promote unfavourable cardiovascular outcomes 

in humans. 

 

 
Figure 3: Graphical presentation of main findings.  
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Supplemental data 
Supplemental table 1: Characteristics of the study population across tertiles of FD and Bb concentrations 

a) Tertiles of baseline plasma Factor D concentration 

 
1st tertile 

0.45-0.88 mg/L 
2nd tertile 

0.88-1.07 mg/L 
3rd tertile 

1.07-2.16 mg/L 

Properdin (mg/L) 5.86 ±1.28 6.10 ±1.31 6.18 ±1.23 
FD (mg/L) 0.77 ±0.09 0.97 ±0.05 1.26 ±0.19 
Bb (mg/L) 0.69 ±0.18 0.69 ±0.17 0.77 ±0.20 
    

Age (years) 57.2 ±7.3 59.9 ±6.6 61.8 ±6.3 
Sex (%men) 55 65 65 
NGM/IGM/T2DM (%) 47/26/27 55/19/26 53/23/24 
HbA1c (%) 6.0 ±0.9 6.0 ±0.9 6.0 ±0.7 
Waist (cm) 96 ±12 99 ±11 102 ±12 
Systolic blood pressure (mmHg) 138 ±19 142 ±18 142 ±20 
Diastolic blood pressure (mmHg) 91 ±10 82 ±9 82 ±9 
Triacylglycerols (mmol/L) 1.40 [0.90-1.80] 1.40 [1.00-2.00] 1.50 [1.10-2.00] 
Total cholesterol (mmol/L) 5.2 ±1.0 5.2 ±1.0 5.2 ±1.0 
HDL (mmol/L) 1.3 ±0.4 1.2 ±0.3 1.1 ±0.3 
LDL (mmol/L) 3.3 ±0.9 3.3 ±0.8 3.3 ±0.9 
eGFR (ml/min/1.73cm2) 102 [91-114] 96 [85-104] 86 [76-96] 
Physically active (%) 57 70 62 
Current smokers/former smokers (%) 24/47 18/54 19/51 
Pack years of smoking in former/current smokers  20 [11-34] 23 [13-36] 26 [15-40] 
Use of anti-hypertensive medication (%) 29 37 49 
Use of glucose-lowering medication (%) 14 13 12 
Use of lipid-modifying medication (%) 15 20 23 
Use of anti-thrombotic medication (%) 17 20 26 
    

CRP (mg/L) 1.85 [0.89-3.75] 1.74 [0.86-3.46] 2.35 [1.1-4.46] 
Interleukin-6 (ng/L) 1.43 [0.99-2.09] 1.52 [1.15-2.16] 1.80 [1.29-2.58] 
Interleukin-8 (ng/L) 4.09 [3.34-5.41] 4.46 [3.57-5.92] 4.52 [3.82-5.48] 
Tumour necrosis factor-α (ng/L) 5.65 [4.71-6.88] 6.29 [5.30-7.35] 6.97 [5.79-8.10] 
sICAM-1 (mg/L) 0.21 [0.18-0.23] 0.21 [0.19-0.24] 0.22 [0.20-0.25] 
Serum amyloid A (mg/L) 1.40 [0.95-2.20] 1.32 [0.96-2.32] 1.61 [1.03-2.45] 
Von Willebrand factor (% of normal pooled plasma) 110 [80-144] 116 [88-163] 132 [97-176] 
Soluble E-selectin (μg/L) 8.09 [5.53-10.52] 8.16 [6.40-10.27] 8.20 [6.46-10.52] 
sVCAM-1 (μg/L) 314 [277-347] 334 [294-378] 356 [308-409] 
Inflammation score -0.30 ±0.96 -0.12 ±0.95 0.16 ±0.88 
Endothelial dysfunction score -0.36 ±0.92 -0.07 ±0.96 0.24 ±0.91 
Carotid IMT (µm) 758 ±158 197 ±164 774 ±145 
Prevalent CVD (%) 21 29 34 
Prevalent CVE (%) 11 17 20 

Data are presented as mean ±standard deviation (normally distributed variables), median [interquartile range] 
(skewed variables) or proportion (%, categorical variables). CRP indicates C-reactive protein; CVD, cardiovascular 
disease; CVE, cardiovascular events; FD, Factor D; eGFR, estimated glomerular filtration rate; HbA1c, glycosylated 
haemoglobin, HDL, high-density lipoprotein; IGM, impaired glucose metabolism; cIMT, carotid intima-media 
thickness; LDL, low-density lipoprotein; NGM, normal glucose metabolism; sICAM-1 , soluble intercellular adhesion 
molecule-1; sVCAM-1, soluble vascular cell adhesion molecule-1; T2DM, type 2 diabetes mellitus. 
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b) Tertiles of baseline plasma Bb concentration 

 
1st tertile 

0.29-0.63 mg/L 
2nd tertile 

0.63-0.77 mg/L 
3rd tertile 

0.78-1.48 mg/L 

Properdin (mg/L) 6.22 ±1.32 6.06 ±1.16 5.90 ±1.33 
FD (mg/L) 0.93 ±0.19 1.01 ±0.23 1.06 ±0.27 
Bb (mg/L) 0.53 ±0.07 0.69 ±0.04 0.93 ±0.14 
    
Age (years) 59.8 ±7.0 59.6 ±6.8 59.4 ±7.1 
Sex (%men) 65 60 59 
NGM/IGM/T2DM (%) 50/21/30 56/23/21 53/22/25 
HbA1c (%) 6.0 ±1.0 6.0 ±0.7 5.9 ±0.7 
Waist (cm) 100 ±11 100 ±13 98 ±12 
Systolic blood pressure (mmHg) 141 ±19 140 ±19 140 ±19 
Diastolic blood pressure (mmHg) 83 ±9 82 ±9 81 ±9 
Triacylglycerols (mmol/L) 1.40 [1.08-2.10] 1.40 [1.00-1.90] 1.40 [0.90-1.80] 
Total cholesterol (mmol/L) 5.3 ±0.9 5.3 ±1.0 5.1 ±1.0 
HDL (mmol/L) 1.2 ±0.4 1.2 ±0.3 1.2 ±0.3 
LDL (mmol/L) 3.3 ±0.8 3.4 ±0.8 3.3 ±0.9 
eGFR (ml/min/1.73cm2) 94 [85-105] 95 [84-108] 92 [81-104] 
Physically active (%) 67 61 59 
Current smokers/former smokers (%) 9/56 26/44 26/52 
Pack years of smoking in former/current smokers  19 [9-35] 24 [12-35] 23 [15-39] 
Use of anti-hypertensive medication (%) 34 40 41 
Use of glucose-lowering medication (%) 17 11 12 
Use of lipid-modifying medication (%) 17 19 20 
Use of anti-thrombotic medication (%) 18 22 22 
    
CRP (mg/L) 1.43 [0.80-2.71] 2.32 [1.07-4.21] 2.33 [1.10-5.15] 
Interleukin-6 (ng/L) 1.39 [1.04-1.94] 1.56 [1.13-2.36] 1.73 [1.24-2.48] 
Interleukin-8 (ng/L) 4.25 [3.49-5.63] 4.34 [3.64-5.19] 4.59 [3.77-5.75] 
Tumour necrosis factor-α (ng/L) 5.95 [4.93-7.27] 6.14 [5.30-7.52] 6.44 [5.53-7.87] 
sICAM-1 (mg/L) 0.20 [0.18-0.23] 0.21 [0.19-0.24] 0.23 [0.20-0.25] 
Serum amyloid A (mg/L) 1.29 [0.95-1.91] 1.50 [1.06-2.22] 1.62 [0.97-2.64] 
Von Willebrand factor (% of normal pooled plasma) 118 [87-159] 119 [93-152] 122 [87-171] 
Soluble E-selectin (μg/L) 8.63 [5.95-10.63] 7.84 [5.86-10.13] 8.26 [6.53-10.47] 
sVCAM-1 (μg/L) 331 [283-379] 324 [292-368] 336 [302-388] 
Inflammation score -0.36 ±0.86 -0.07 ±0.92 0.15 ±0.98 
Endothelial dysfunction score -0.18 ±0.93 -0.11 ±0.93 0.08 ±1.00 
Carotid IMT (µm) 788 ±167 759 ±156 776 ±147 
Prevalent CVD (%) 25 27 31 
Prevalent CVE (%) 12 16 19 

Data are presented as mean ±standard deviation (normally distributed variables), median [interquartile range] 
(skewed variables) or proportion (%, categorical variables). CRP indicates C-reactive protein; CVD, cardiovascular 
disease; CVE, cardiovascular events; FD, Factor D; eGFR, estimated glomerular filtration rate; HbA1c, glycosylated 
haemoglobin, HDL, high-density lipoprotein; IGM, impaired glucose metabolism; cIMT, carotid intima-media 
thickness; LDL, low-density lipoprotein; NGM, normal glucose metabolism; sICAM-1 , soluble intercellular adhesion 
molecule-1; sVCAM-1, soluble vascular cell adhesion molecule-1; T2DM, type 2 diabetes mellitus. 
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Supplemental table 2: Longitudinal associations (GEE) of properdin, FD and Bb with endothelial 
dysfunction over the 7-year follow-up period, stratified according to sex 

 

Men 
 

Endothelial dysfunction score 
N=350, 643 observations 

 

Women 
 

Endothelial dysfunction score 
N=222, 402 observations 

  95%CI P-value   95%CI P-value 

Properdin (per 1 SD increase)        

model 1 0.12 0.03; 0.22 0.011  0.24 0.14; 0.34 <0.001 

model 2 0.09 -0.01; 0.19 0.064  0.18 0.07; 0.29 <0.001 

FD (per 1 SD increase)        

model 1 0.19 0.08; 0.30 0.001  0.33 0.24; 0.43 <0.001 

model 2 0.11 -0.02; 0.23 0.092  0.35 0.22; 0.47 <0.001 

Bb (per 1 SD increase)        

model 1 0.11 0.01; 0.20 0.027  0.17 0.05; 0.29 0.006 

model 2:  0.05 -0.04; 0.15 0.282  0.21 0.10; 0.32 <0.001 

 indicates the longitudinal regression coefficient as obtained from GEE which indicates the relationship between 
baseline properdin, FD and Bb and endothelial dysfunction over the 7-year follow-up period; 95%CI, 95% 
confidence interval; FD, Factor D. 
model 1: adjusted for age; sex; impaired glucose metabolism; type 2 diabetes, follow-up time 
model 2: model 1 + waist; systolic blood pressure; estimated glomerular filtration rate; current smoking; former 
smoking; smoking pack years; physical activity; use of lipid-modifying, glucose-lowering, anti-hypertensive or anti-
thrombotic medication 
 
 



 

 

 

 

 

 

 

Chapter 7 

 

 

 

Longitudinal associations of factors of the classical complement 

pathway with cardiovascular outcomes: The CODAM study 

 

E. Hertle, I.C.W. Arts, C.J.H. van der Kallen, E.J.M. Feskens, C.G. Schalkwijk, 

C.D.A. Stehouwer, M.M.J. van Greevenbroek 

    



128 |  C h a p t e r  7  

 

Abstract 
The classical complement pathway has been assigned both protective and pathological 

effects in cardiovascular disease (CVD). We measured crucial factors of classical pathway 

activation in a prospective human cohort and determined their associations with incident 

CVD, with carotid intima-media thickness (cIMT), low-grade inflammation (LGI) and 

endothelial dysfunction (ED).  

We measured systemic concentrations of the pattern recognition factor C1q; the inhibitor 

C1-INH; and the activation marker C4d at baseline in the CODAM study (N=574, 61% men, 

age 60±7 years). Associations with 7-year incidence of CVD (73 cases) were studied with 

logistic regression analyses. Associations with cIMT and with biomarker scores reflecting LGI 

and ED, over the 7-year follow-up period, were studied with generalized estimating 

equations. All analyses were adjusted for potential confounders.  

Individuals in the second tertile (T2) of C1q had the lowest incidence of CVD (T1 compared 

to T2, OR=2.38 [95%CI: 1.14; 4.95]; T3 compared to T2, OR=1.96 [0.94; 4.07]). C1-INH was 

not associated with CVD. We observed significant effect modification by sex in associations 

of C4d with CVD. C4d was inversely associated with CVD in men (per 1SD, OR=0.59 [0.40; 

0.87]), while effect estimates were unstable in women. C1q, C1-INH and C4d were not, or 

inconsistently, associated with LGI, ED and cIMT.  

In conclusion, our results suggest a U-shaped association between C1q and CVD. Additionally, 

C4d may be protective in men. Our findings support the concept that the classical pathway 

may have both protective and pathological effects in human CVD.  
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1 Introduction 
The complement system is involved in cardiovascular disease (CVD) and can be activated via 

different pathways [1]. The classical pathway of complement activation is thought to have 

both protective and pathological effects in CVD [2-4]. The classical pathway is initiated by 

pattern recognition of external as well as internal danger signals, such as apoptotic cells, 

immune-complexes, CRP-marked surfaces, modified lipoproteins and cholesterol crystals 

(figure 1) [5-7]. Experimental studies suggested that this pattern recognition-induced 

complement activation can lead to ‘silent’ removal of unwanted products without full 

complement activation [4, 8, 9]. However, full activation of the classical pathway can be 

amplified via the alternative pathway and can induce terminal complement activation and 

proinflammatory signalling [10, 11]. In mice models, a dual role of the classical pathway in 

atherosclerosis was observed with both inhibition and stimulation of classical pathway 

activation contributing to atherosclerosis: mice genetically deficient in classical pathway 

components developed more atherosclerosis, apparently because they could not efficiently 

dispose of apoptotic cells [12, 13]. On the other hand, pharmacologic inhibition of classical 

pathway activation in atherosclerosis-prone mice resulted in reduced inflammation and 

plaque formation [14]. Thus, limited activation of the classical complement pathway may 

hamper the ‘silent’ clear-up processes that are considered beneficial for vascular integrity, 

while extensive activation may contribute to tissue damage and vascular dysfunction. The 

classical pathway has also been implicated in additional processes underlying CVD, such as 

in shear stress-induced endothelial dysfunction or in metabolic impairments [15, 16]. 

Human data on the classical pathway in CVD are scarce. Some smaller case-control studies 

are available, which each measured a single factor of the classical pathway, such as the 

pattern recognition factor C1q, the inhibitor C1-Inhibitor (C1-INH) or the activation product 

C4d (figure 1). These previous studies compared systemic concentrations of these 

complement factors between patients with CVD and healthy controls, or between patients 

with stable and unstable angina pectoris. In these studies, no associations were observed 

between C1q or C4d and CVD, and inconsistent associations were observed for C1-INH [17-

21]. However, these comparisons may not have provided a conclusive picture, because of 

their size, their design and the fact that C1q, C1-INH or C4d were measured in established 

disease. Since the classical pathway may have heterogeneous effects in different stages of 

CVD, these cross-sectional studies were unsuitable to thoroughly address the role of the 

classical pathway in the development of CVD 

For these reasons, we measured, in a prospective cohort, C1q, C1-INH and C4d, the latter as 

estimate of classical pathway activation. We investigated associations of C1q, C1-INH and 

C4d with incident CVD and cardiovascular events (CVE) over a 7-year follow-up period. 

Furthermore, we aimed to distinguish different processes underlying the aetiology of CVD. 

For this, we determined associations of C1q, C1-INH and C4d with biomarker scores reflecting 

low-grade inflammation and endothelial dysfunction, and with cIMT reflecting 

atherosclerosis. Based on experimental studies that suggested both protective and 

pathological effects, we hypothesized that both under- and overactivation may lead to more 

CVD. Because this may manifest itself in non-linear, potentially U-shaped associations with 
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cardiovascular outcomes, we carefully checked for potential deviations from linearity in all 

analyses. Furthermore, we aimed to investigate whether associations are comparable in men 

and women, given the known sex differences in development and presentation of CVD. 

 

 
Figure 1: The classical pathway of complement activation. The classical pathway of complement activation is initiated 
by binding of the pattern recognition factor C1q to molecular danger signals. C1q recognizes pathogen-associated 
molecular patterns (PAMPs) on microbes as well as endogenous danger-associated molecular patterns (DAMPs), such 
as structures exposed on apoptotic cells, immunoglobulin- or CRP-marked surfaces, modified lipoproteins or 
cholesterol crystals. C1q bound to PAMPs or DAMPs can activate cells that express C1q-receptors, such as immune 
cells and in particular phagocytic cells. Thereby, C1q can stimulate clear-up processes independently of further 
complement activation [8]. Besides, binding of C1q can induce activation of the classical complement cascade. In this 
cascade, binding of C1q to surfaces activates the complement proteases C1r and C1s, and C1s subsequently activates 
the proteases C2 and C4. This cascade is tightly regulated by C1-INH, which inhibits the proteases C1r and C1s and 
thereby blocks activation downstream of C1q [22]. When the cascade progresses to activation of C4, a C3-convertase 
is formed, containing activated C4. At this level, C3 activation resulting from initial classical pathway activation can be 
amplified via the alternative complement pathway, and the common end-route of terminal pathway activation 
downstream of C3 can be initiated. Activated C4 that is part of the active C3 convertase is later degraded, and the 
fragment C4d is released. C4d reflects thus progression of classical pathway activation until the common end route 
starting at C3.  
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2 Methods 

2.1 Study design and participants 

The Cohort on Diabetes and Atherosclerosis Maastricht (CODAM) is a prospective cohort 

study [23]. Briefly, participants were selected from a population-based cohort study if they 

were Caucasian, aged >40 years, and met at least one of the following criteria: BMI>25 kg/m2, 

use of anti-hypertensive medication, a positive family history of type 2 diabetes, history of 

gestational diabetes and/or glycosuria [24]. 574 participants were included and extensively 

phenotyped. After a median follow-up of 7.0 years [interquartile range (IQR) 6.9-7.1 years], 

495 individuals participated in follow-up measurements (for details see flow-chart, figure 2). 

The study was approved by the Medical Ethics Committee of the Maastricht University 

Medical Centre. All participants gave written informed consent. 

 
Figure 2: Flow-chart of study participants. CVD, cardiovascular disease; CVE, cardiovascular events; LGI, low-grade 
inflammation; ED, endothelial dysfunction; IMT, intima-media thickness. N=572 ever measured in longitudinal analysis 
of LGI and ED, of which N=473 have complete data at both baseline and follow-up, N=90 have complete data only at 
baseline and N=9 have complete data only at follow-up, adding up to 1045 observations included in the GEE analysis 
of LGI and ED. N=556 ever measured in longitudinal analysis of IMT, of which N=412 have complete data at both 
baseline and follow-up, N=121 have complete data only at baseline  and N=23 have complete data only at follow-up, 
adding up to 968 observations included in the GEE analysis of IMT. For the analyses with incident CVE and CVD, persons 
with prevalent CVD at baseline were excluded. 
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2.2 Measurements 

Participants were asked to stop lipid-modifying medication 14 days prior to blood 

withdrawal, while other medication was stopped one day beforehand. Venous blood samples 

were collected by venipuncture after an overnight fast.  

Complement factors (baseline only): Aliquots were thawed rapidly at 37°C and subsequently 

transferred to ice. Complement C1q, C1-INH and C4d were measured in EDTA plasma by 

ELISA (C1q: as described in [25]; C1-INH: MicroVue C1-INH EIA kit, Quidel, Catalogue number 

A037, San Diego, USA; C4d: MicroVue C4d EIA kit, Quidel, Catalogue number A008, San 

Diego, USA). C4 was measured as a covariate in serum by auto analyser (Hitachi 912) using a 

Roche kit assay (Roche Diagnostics Nederland BV, Almere, The Netherlands). Inter-assay 

coefficients of variation were 18.5% for C1q, 4.4% for C1-INH, 4.5% for C4d and 2.0% for C4. 

We cannot fully exclude that the absolute concentrations of these factors were to some 

extent affected during storage, but if this has happened, the extent was probably minor: C4d 

has been reported to be relatively stable even during repeated freeze-thaw cycles [26]. 

Concentrations of C1q and C1-INH in our study were of the same order of magnitude as 

reported in previous studies [17, 18, 21, 27, 28], and concentrations of C4 were within the 

published reference range [29]. 

Biomarkers of inflammation and endothelial dysfunction (baseline and follow-up): C-reactive 

protein (CRP), interleukin-6 (IL-6), soluble intercellular adhesion molecule-1 (sICAM-1), 

serum amyloid A (SAA), soluble E-selectin (sEs) and soluble vascular cell adhesion molecule-

1 (sVCAM-1) were measured twice in the baseline samples: once with individual ELISA assays 

in serum or EDTA plasma [30, 31], and once paired with the follow-up samples plasma using 

a multiarray detection system (MesoScale Discovery, SECTOR Imager 2400, Gaithersburg, 

Maryland, USA). The two baseline measurements of CRP, IL-6, sICAM-1, SAA, sEs and sVCAM-

1 were calibrated after cross-validation as described [32], and the mean of two 

measurements was used for analyses. Paired measurements of baseline and follow-up 

interleukin-8 (IL-8) and tumour necrosis factor-α (TNFα) were done in EDTA plasma using a 

multiarray detection system (MesoScale Discovery, SECTOR Imager 2400) [32]. Baseline and 

follow-up von Willebrand factor (vWF) was measured with an in-house ELISA in citrated 

plasma as described [33], and the concentration was expressed as percentage of normal 

pooled plasma.  

Cardiovascular measures: Carotid IMT was measured by a trained vascular sonographer at 

both the left and right common carotid artery 10-20 mm proximal to the carotid bulb with a 

non-invasive ultrasound imaging device (at baseline with Ultramark 4+, Advance Technology 

Laboratories, Bothel, Washington, USA [34]; at follow-up with Picus, ESAOTE, Maastricht, 

Netherlands). CVD was defined as the occurrence of at least one of the following: previous 

myocardial infarction (MI); coronary bypass; percutaneous coronary intervention (PCI) 

reported by questionnaires (subjects’ disease history questionnaire); 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); stroke or transient ischaemic attack reported by 

questionnaire; non-traumatic limb amputation; and/or an ankle-brachial index <0.9 [35]. The 

ankle-brachial index was determined as previously described [31, 36]. This CVD definition 
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was established to obtain a reference population that was truly free of CVD. This may, 

however, have resulted in identification of a heterogeneous group of cases, ranging from 

subclinical disease (e.g. stable atherosclerosis) to clinical events (atherothrombosis). 

Therefore we also investigated cardiovascular events (CVE), which comprised MI, stroke, 

coronary bypass and/or PCI. 

Other covariates: Normal glucose metabolism (NGM), impaired glucose metabolism (IGM, 

combining impaired fasting glucose [IFG] and impaired glucose tolerance [IGT]) and T2DM 

were identified with a standard 75g OGTT according to the WHO criteria of 1999 [37]. Waist 

and blood pressure were measured as reported previously [38]. Smoking, habitual physical 

activity, use of anti-hypertensive, glucose-lowering and lipid-modifying medication was 

assessed with on-site administered questionnaires [38, 39]. Use of anti-thrombotic 

medication was defined as use of either anti-platelet agents or coumarin derivatives. 

Participants were defined as physically active if they were compliant with the Dutch physical 

activity guideline [40]. Estimated glomerular filtration rate (eGFR) was calculated with the 

MDRD formula [41] using creatinine levels, measured in EDTA plasma with a Jaffé diagnostic 

test (Roche Diagnostics). High-density lipoprotein-cholesterol (HDL-cholesterol), total 

cholesterol and triacylglycerols (TGs) were measured in EDTA plasma as previously described 

[38]. Low-density lipoprotein cholesterol was estimated with the Friedewald formula [42]. 

2.3 Statistical analysis 

Imputation of missing data: Multiple imputation (five imputed data sets) was used to impute 

missing data in the exposure and confounders in order to decrease bias and to increase the 

power of the analyses [43]. Missing values in C1q (n=1), C1-INH (n=1), C4d (n=1), C4 (n=3) 

and confounders (N=22) were imputed. The percentage of missing values per variable varied 

from 0% (age, sex, NGM, IGM, T2DM, blood pressure, use of medication, lipids) to 2.1% 

(smoking pack years).Missing data in the outcome variables were not imputed (see figure 2).  

Main analyses: Normally distributed variables are presented as mean±standard deviation 

(SD). Skewed variables (C4d, triacylglycerols, eGFR, biomarkers of inflammation and 

endothelial dysfunction) are presented as medians with interquartile range (IQR). Skewed 

variables were loge-transformed to achieve normal distribution prior to the regression 

analyses. To provide a robust estimate of inflammation and endothelial dysfunction with 

minimization of random error, composite scores were calculated of loge-transformed CRP, 

IL-6, IL-8, TNFα, sICAM-1 and SAA for inflammation [44] and of loge-transformed vWF, sEs, 

sICAM-1 and sVCAM-1 for endothelial dysfunction [45]. For this, each individual biomarker 

of inflammation or endothelial dysfunction was standardized to the mean of the baseline and 

follow-up examination (Z-score: [individual value minus mean of all values]/SD of all values). 

These individual Z-scores were averaged into an inflammation score and an endothelial 

dysfunction score. To allow for a direct comparison of the effect sizes, baseline C1q, C1-INH 

and logeC4d were subsequently converted to their respective Z-score. Consequently, in all 

analyses the associations are presented per 1 SD increase in C1q, C1-INH or logeC4d. 

Longitudinal associations of baseline C1q, C1-INH or C4d with inflammation, endothelial 

dysfunction or IMT were investigated with generalized estimating equations (GEE) using an 
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exchangeable correlation structure. Associations of baseline C1q, C1-INH or C4d with 

incident CVD and CVE in participants free of CVD at baseline were investigated with logistic 

regression. In all analyses, first non-linearity of any potential relationship was examined by 

investigating associations of tertiles of C1q, C1-INH or C4d with the respective outcomes. 

When no evidence for non-linearity was found, C1q, C1-INH or C4d were analysed as 

continuous variables. If associations of tertiles with an outcome indicated a non-linear 

relationship, tertiles were used throughout the analyses of that outcome. We also tested if 

the association of C1q, C1-INH or C4d with inflammation, endothelial dysfunction or IMT 

changed over time by including an interaction term between time and C1q, C1-INH or C4d in 

the fully adjusted GEE models. In case of significant interaction with time, GEE analyses were 

stratified according to baseline and follow-up examination. Such stratified analyses are 

comparable to cross-sectional and prospective analyses. Furthermore, all analyses were 

examined for effect modification by sex by including interaction terms between sex and C1q, 

C1-INH or C4d in the model. If the interaction term was significant, separate analyses among 

men and women were conducted. 

Analyses were first adjusted for variables related to the inclusion procedure, which 

incorporated stratified sampling for age [years] and sex [men/women], and oversampling of 

IGM [yes/no] and T2DM [yes/no] (model 1). Subsequently, analyses were adjusted for the 

following potentially confounding cardiovascular risk factors: waist [cm], systolic blood 

pressure (SBP) [mmHg], total cholesterol [mmol/L], HDL-cholesterol [mmol/L], 

triacylglycerols [mmol/L], eGFR [ml•1.73m2•(min)-1], smoking [pack years], smoking 

behaviour [former smoker, current smoker], physical activity [yes/no] and use of anti-

hypertensive [yes/no], lipid-modifying [yes/no], anti-thrombotic [yes/no] or glucose-

lowering medication [yes/no] (model 2). All adjustments were done with the baseline value 

of confounders, and all GEE models were additionally adjusted for time of examination 

[follow-up: yes/no] and follow-up time [years]. 

Additional analyses: All analyses were repeated with exclusion of participants with a possible 

acute inflammation (serum CRP concentrations >10 mg/L, n=38 at baseline and n=42 at 

follow-up). Furthermore, complete case analyses were performed. Analyses using only 

participants with complete data in C1q, C1-INH, C4d and confounders, resulted in N=553 

(965 observations) in the GEE analyses of inflammation and endothelial dysfunction, N=519 

(910 observations) in the GEE analyses of IMT and N=324 in the analyses on incident CVD 

and CVE. The results were comparable in all analyses, therefore only results obtained with 

the imputed data sets are presented. In significant associations of C4d with cardiovascular 

outcomes, we additionally adjusted the fully adjusted model for systemic C4 concentrations 

in order to evaluate whether associations of C4d were independent of its inactive precursor 

C4. 

Assumptions for GEE and logistic regression analyses were met. Statistical analyses were 

performed using the SPSS package version 22.0 (SPSS, Chicago, IL, USA) and statistical 

significance was set at P<0.05. 
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3 Results 

3.1 General characteristics of the study population 

Table 1 shows baseline characteristics of the study population as a whole (N=545). At 

baseline, 28% had CVD and 16% had CVE. In supplemental table 1a-c, baseline characteristics 

across tertiles of C1q, C1-INH and C4d, respectively, are provided. Overall, C1q, C1-INH and 

C4d were not consistently associated with an adverse cardiometabolic profile. 

The 459 participants with complete follow-up data were at baseline marginally younger 

(59.2±7.0 years) compared to the total population at baseline (59.6±7.0 years) and had a 

slightly better metabolic profile than the total population (data not shown). Over the 7-year 

follow-up period, participants increased in inflammation score from -0.16±0.90 to 0.10±1.05, 

increased in endothelial dysfunction score from -0.12±0.94 to 0.08±1.04, and increased in 

cIMT from 768±157 µm to 818±101 µm.  

Of the 342 individuals who were free of CVD at baseline, 73 developed CVD (21%), of whom 

39 experienced an event (CVE, 11%) during follow-up. Individuals with incident CVD had at 

baseline more often T2DM, and were characterized by more inflammation and endothelial 

dysfunction, and a higher cIMT compared to individuals who remained free of CVD during 

the follow-up (table 1).  
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Table 1: Baseline characteristics of the study population  

 
Total study 
population 

 Participants free of CVD at baseline 

   no CVD at follow-up CVD at follow-up 
 N=545 *  N=269 N=73 

C1q (mg/L) 72 ±15  73 ±15 72 ±16 
C1-Inhibitor (mg/L) 170 ±12  169 ±12 169 ±11 
C4d (mg/L) 1.13 [0.70; 1.72]  1.11 [0.68; 1.75] 0.99 [0.61; 1.64] 
C4 (g/L) 0.29 ±0.07  286 ±67 297 ±92 
     

Age (years) 59.6 ±7.0  58 ±7 59 ±7 
Sex (%men) 61  60 59 
NGM/IGM/T2DM (%) 52/22/26  59/24/17 58/16/26 
HbA1c (%) 6.0 ±0.8  5.84 ±0.77 5.90 ±0.65 
Waist (cm) 99 ±12  97 ±12 99 ±13 
Systolic blood pressure (mmHg) 140 ±19  136 ±18 140 ±18 
Diastolic blood pressure (mmHg) 82 ±9  81 ±9 83 ±9 
Fasting triacylglycerols (mmol/L) 1.4 [1.0-2.2]  1.40 [0.90; 1.90] 1.40 [0.90; 2.00] 
Fasting cholesterol (mmol/L) 5.2 ±1.0  5.28 ±0.99 5.29 ±0.98 
Fasting HDL cholesterol (mmol/L) 1.2 ±0.3  1.23 ±0.35 1.19 ±0.36 
Fasting LDL cholesterol (mmol/L) 3.3 ±0.9  3.35 ±0.87 3.41 ±0.92 
eGFR (ml/min/1.73cm2) 94 [83-106]  94 [84; 107] 95 [84; 104] 
Physically active (%) 62  63 55 
Current smokers/former smokers (%) 20/51  20/47 14/51 
Pack years of smoking in ex/current smokers  23 [12-36]    
Use of anti-hypertensive medication (%) 38  24 38 
Use of glucose-lowering medication (%) 13  7 14 
Use of lipid-modifying medication (%) 19  10 10 
Use of anti-thrombotic medication (%) 21  5 18 
     

CRP (mg/L) 2.07 [0.97-3.92]  1.56 [0.84; 3.21] 2.55 [1.02; 3.41] 
IL-6 (ng/L) 1.55 [1.13-2.27]  1.34 [0.99; 1.95] 1.61 [1.12; 2.22] 
IL-8 (ng/L) 4.40 [3.60-5.56]  4.32 [3.47; 5.47] 4.19 [3.50; 5.20] 
TNFα (ng/L) 6.21 [5.26-7.52]  6.08 [5.16; 7.19] 5.91 [5.18; 7.30] 
sICAM-1 (μg/L) 0.21 [0.19-0.24]  204 [182; 237] 210 [186; 235] 
Serum amyloid A (mg/L) 1.42 [0.99-2.26]  1.33 [0.94; 1.96] 1.49 [1.10; 2.54] 
Von Willebrand factor (%) 119 [91-161]  113 [88; 155] 126 [91; 178] 
Soluble E-selectin (μg/L) 8.16 [5.98-10.40]  7.85 [5.94; 9.94] 8.18 [5.68; 10.10] 
sVCAM-1 (μg/L) 332 [293-379]  324 [285; 363] 322 [293; 369] 
Inflammation score -0.09 ±0.94  -0.34 ±0.85 -0.10 ±0.92 
Endothelial dysfunction score -0.07 ± 0.96  -0.26 ±0.91 -0.09 ±0.88 
Carotid IMT (µm) 774 ±157  753 ±155 793 ±169 
Prevalent CVD (%) 28  - - 
Prevalent CVE (%) 16  - - 

Data are presented as mean ±standard deviation (normally distributed variables), median [interquartile range] 
(skewed variables) or proportion (%, categorical variables). C1-INH indicates C1-inhibitor; CRP, C-reactive protein;  
CVD, cardiovascular disease; CVE, cardiovascular events; eGFR, estimated glomerular filtration rate; HbA1c, 
glycosylated haemoglobin, HDL, high-density lipoprotein; IGM, impaired glucose metabolism; IL-6,  interleukin-6; 
IL-8, interleukin-8; IMT, intima-media thickness; LDL, low-density lipoprotein; NGM, normal glucose metabolism; 
sICAM-1 , soluble intercellular adhesion molecule-1; sVCAM-1, soluble vascular cell adhesion molecule-1; TNFα, 
tumour necrosis factor-α; T2DM, type 2 diabetes. 
* data before multiple imputation were available in N=523 (HbA1c) to 545 participants. 
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3.2 Associations with incident CVD and CVE 

We observed clear deviations from linearity in associations of C1q with incident CVD and 

CVE. Therefore C1q was subsequently analysed in tertiles. In contrast, we did not observe 

deviations from linearity in associations of C1-INH or C4d with the CVD or CVE. Therefore 

C1-INH and C4d were subsequently analysed as continuous variables.  

Participants in the second tertile (T2) of C1q had the lowest incidence of CVD; therefore T2 

was chosen as reference in the analyses of CVD and CVE (figure 3). In a model adjusted for 

age, sex, impaired glucose metabolism and T2DM, the OR for CVD of the first tertile (T1) 

compared to T2 of C1q was 2.20 [95%CI: 1.10; 4.39], and the OR of the third tertile (T3) 

compared to T2 was 2.09 [1.05; 4.17]. After adjustment for relevant confounders, the OR of 

T1 compared to T2 remained significant and the OR for T3 compared to T2 became 

borderline significant (model 2, T1 compared to T2, OR=2.38 [1.14; 4.95], P=0.021, T3 

compared to T2, OR=1.96 [0.94; 4.07], P=0.071). This suggested a potentially U-shaped 

relation between C1q and incident CVD. For incident CVE, a similar pattern was observed. 

Participants in T2 of C1q had the lowest incidence of CVE (figure 3), but this was not 

significantly different from T1 or T3 (model 1, T1 compared to T2, OR=1.66 [0.70; 3.95], 

P=0.253, T3 compared to T2, OR=1.55 [0.65; 3.70], P=0.326; model 2, T1 compared to T2, 

OR=1.77 [0.66; 4.79], P=0.260, T3 compared to T2, OR=1.42 [0.52; 3.91], P=0.499). 

Associations were comparable in men and women (P-values for interaction>0.05). 

Associations were unchanged when participants with a potential acute inflammation 

(CRP>10 mg/L) were excluded.  

 

 
 

Figure 3: Association of baseline C1q with incident CVD and CVE over the 7-year follow-up. Tertiles of C1q were 
analysed in 342 participants free of CVD at baseline. Tertile 1 (T1, N=114), tertile 2 (T2, N=114), tertile 3 (N=114). 
Model 1, adjusted for age; sex; impaired glucose metabolism; type 2 diabetes; model 2, additionally adjusted for waist; 
systolic blood pressure; total cholesterol; HDL-cholesterol; triacylglycerols; eGFR; current smoking; former smoking; 
smoking pack years; physical activity; use of lipid-modifying medication; use of glucose-lowering medication; use of 
anti-hypertensive medication; use of anti-thrombotic medication. For detailed effect estimates see text.  
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C1-INH was not associated with incident CVD or CVE (table 2, all P-values>0.05). Associations 

were comparable in men and women (P-values for interaction>0.05). Associations were 

unchanged when participants with a potential acute inflammation (CRP>10 mg/L) were 

excluded.  

 
Table 2: Associations of baseline C1-INH and C4d with incident CVD and CVE 

 Incident CVD  Incident CVE 
 N=342, 73 cases  N=342, 39 cases 

  OR [95% CI] P-value   OR [95% CI] P-value  

C1-INH (per 1SD) 

model 1   0.99 [0.75; 1.31] 0.947   0.96 [0.66; 1.39] 0.820  

model 2   1.02 [0.76; 1.38] 0.895   1.06 [0.69; 163] 0.797  

Loge C4d (per 1SD) 

model 1   0.90 [0.70; 1.16] 0.420   0.91 [0.65; 1.27] 0.258  

model 2   0.88 [0.67; 1.16] 0.360 i.s.*  0.78 [0.53; 1.15] 0.209 i.s.* 

OR indicates odds ratio; 95%CI, 95% confidence interval; CVD, cardiovascular disease; CVE, cardiovascular events; 
i.s., interaction term significant. Skewed variables were loge-transformed prior to the analyses. 
model 1: age; sex; impaired glucose metabolism; type 2 diabetes 
model 2: model 1 + waist; systolic blood pressure; total cholesterol; HDL-cholesterol ; triacylglycerols; eGFR; 
current smoking; former smoking; smoking pack years; physical activity; use of lipid-modifying medication; use of 
glucose-lowering medication; use of anti-hypertensive medication; use of anti-thrombotic medication 
* significant interaction terms between loge C4d and sex in the associations with CVD (P-value for 
interaction=0.004) and CVE (P-value for interaction=0.003). Associations of loge C4d with CVD and CVE stratified 
according to sex are shown in table 3. 

 

For C4d, we observed significant effect modification by sex in the associations with CVD 

(P-value=0.004) and CVE (P-value=0.003), therefore these associations were analysed 

separately in men and women (table 3). In men, C4d was associated with a lower incidence 

of CVD and CVE (model 2, OR was 0.59 [0.40; 0.87] for CVD and 0.42 [0.23; 0.75] for CVE). In 

contrast, in women, C4d appeared to be associated with a higher incidence of CVD and CVE 

(model 2, CVD: OR=2.14 [1.19; 3.88], CVE: OR=4.68 [1.22; 17.92]). Associations were 

unchanged when participants with a potential acute inflammation (CRP>10 mg/L) were 

excluded.  
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3.3 Associations with inflammation, endothelial dysfunction and cIMT 

We did not observe deviations from linearity in associations of C1q, C1-INH or C4d with the 

inflammation score, the endothelial dysfunction score or cIMT. Therefore C1q, C1-INH and 

C4d were subsequently analysed as continuous variables.  

C1q was positively associated with the endothelial dysfunction score over the 7-year follow-

up period (table 4). Since the interaction term between C1q and time was significant in the 

associations with the endothelial dysfunction score as well as the inflammation score, 

baseline and follow-up observations were analysed separately. There was a positive 

association of C1q (measured only at baseline) with the baseline inflammation score and the 

baseline endothelial dysfunction score (table 5, model 2, per 1 SD higher baseline C1q, β for 

the inflammation score was 0.09 [95%CI: 0.01; 0.16], β for the endothelial dysfunction score 

was 0.14 [0.07; 0.21]). In contrast, there was no association of C1q with the inflammation or 

endothelial dysfunction score at follow-up, indicating the lack of a prospective association 

(all P-values >0.05). C1q was not associated with cIMT (P>0.05). Associations were 

comparable in men and women (P-values for interaction >0.05) and were unchanged when 

participants with a potential acute inflammation (CRP>10 mg/L) were excluded.  

 

Table 4: Associations of baseline C1q, C1-INH and C4d with inflammation, endothelial dysfunction and 
cIMT over the 7-year follow-up period 

 
Low-grade inflammation score 

(SD) 
 N=572, 1045 observations 

 
Endothelial dysfunction score 

(SD) 
 N=572, 1045 observations 

 
cIMT 
(µm) 

N=556, 968 observations 

 β [95% CI] P-value   β [95% CI] P-value   β [95% CI] P-value 

C1q (per 1SD)           

model 1 0.09 [0.01; 0.16] 0.018   0.15 [0.08; 0.22] <0.001   2 [-3; 8] 0.669 

model 2 0.06 [-0.01; 0.13] 0.109 i.s.*  0.10 [0.03; 0.18] 0.006 i.s.*  1 [-9; 12] 0.773 

C1-INH (per 1SD) 

model 1 0.07 [-0.00; 0.13] 0.066   0.02 [-0.05; 0.10] 0.522   7 [-2; 15] 0.156 

model 2 0.04 [-0.03; 0.11] 0.232   0.01 [-0.06; 0.08] 0.727   6 [-4; 15] 0.216 

loge C4d (per 1SD) 

model 1 0.12 [0.03; 0.21] 0.008   0.00 [-0.10; 0.20] 0.505   6 [-3; 16] 0.177 

model 2 0.05 [-0.04; 0.13] 0.292 i.s.#  -0.08 [-0.17; 0.02] 0.119   0 [-9; 10] 0.946 

β indicates the longitudinal regression coefficient over the 7-year follow-up period, as obtained from GEE. 
95%CI, 95% confidence interval; C1-INH, C1-inhibitor; GEE, generalized estimating equations; i.s., interaction term 
significant. Skewed variables were loge-transformed prior to the analyses. 

model 1: time of examination; follow-up time; age; sex; impaired glucose metabolism; type 2 diabetes 

model 2: model 1 + waist; systolic blood pressure; total cholesterol; HDL-cholesterol ; triacylglycerols; eGFR; 
current smoking; former smoking; smoking pack years; physical activity; use of lipid-modifying medication; use of 
glucose-lowering medication; use of anti-hypertensive medication; use of anti-thrombotic medication 

* significant interaction terms between C1q and time in the associations with the low-grade inflammation score 
(P-value for interaction=0.049) and the endothelial dysfunction score (P-value for interaction=0.024). Stratification 
of these associations according to time of examination are shown in table 5.  
# significant interaction terms between logeC4d and sex in the associations with the low-grade inflammation score 
(P-value for interaction=0.049). Associations of logeC4d with the inflammation score stratified according to sex are 
given in the text. 



C l a s s i c a l  p a t h w a y :  C 1 q ,  C 1 - I N H  a n d  C 4 d  | 141 

 

C1-INH tended to be positively associated with 

the inflammation score in a model adjusted only 

for age, sex, impaired glucose metabolism and 

T2DM (table 4, per 1 SD higher C1-INH, β was 

0.07 [-0.00; 0.13]), but this association was 

attenuated after adjustment for relevant 

confounders. C1-INH was not associated with 

the endothelial dysfunction score or cIMT (all 

P-values>0.05). There was no interaction 

between C1-INH and time in the GEE models. 

Associations were comparable in men and 

women (P-values for interaction>0.05) and 

were unchanged when participants with a 

potential acute inflammation (CRP>10 mg/L) 

were excluded.  

There was no interaction between C4d and time 

in the GEE models. C4d was not associated with 

the inflammation score in the whole population 

(table 4). For C4d, we observed significant effect 

modification by sex in the associations with the 

inflammation score (P-value=0.040). Therefore 

this association was analysed separately in men 

and women. In men, C4d was in the fully 

adjusted model positively associated with the 

inflammation score (per 1SD, β=0.11 [0.02; 

0.20], P=0.018), while in women, C4d was not 

associated with the inflammation score (-0.08 [-

0.22; 0.07], P=0.310). When participants with a 

potential acute inflammation (CRP>10 mg/L) 

were excluded in the sensitivity analysis, the 

positive association in men was however 

attenuated and became borderline significant 

(β=0.09 [-0.01; 0.19], P=0.069). C4d was not 

associated with the endothelial dysfunction 

score or cIMT (table 4, all P-values>0.05). 

Associations of C4d with the endothelial 

dysfunction score and with cIMT were 

comparable in men and women (all P-values for 

interaction>0.05).  
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3.4 Additional analyses 

When we additionally adjusted the associations of C4d with incident CVD and CVE for C4, the 

inverse associations of C4d with CVD and CVE in men remained significant (CVD, OR=0.56 

[0.37; 0.86], P=0.008; CVE, OR=0.35 [0.17; 0.67], P=0.002), while the positive associations 

with CVD and CVE in women were attenuated and became non-significant (CVD, OR=1.60 

[0.83; 3.08], P=0.159; CVE, OR=2.42 [0.51; 11.40], P=0.264). When we additionally adjusted 

the association of C4d with the low-grade inflammation score for C4, the positive association 

in men became non-significant (β=0.22 [-0.17; 0.60], P=0.277). 

 

 

4 Discussion 
This study is the first longitudinal investigation of systemic concentrations of classical 

pathway factors in human CVD and has several main observations. First, there was a 

U-shaped association between C1q and CVD. The association between C1q and CVE also 

appeared to be U-shaped, but was non-significant. Second, we observed significant effect 

modification by sex in associations of C4d with CVD and CVE. C4d was inversely associated 

with CVD and CVE in men, while effect estimates were unstable in women. Third, C1q, C1-INH 

and C4d were not, or inconsistently, associated with LGI, ED and cIMT.  

These findings substantially extend previous knowledge. In the present study, we 

simultaneously measured C1q, C1-INH and C4d. This allows a more complete evaluation of 

determinants of classical pathway activation in human CVD compared with previous studies 

that each measured a single factor. In our prospective study we observed a U-shaped 

association of C1q with future CVD. This may at first sight appear to contrast with previous 

studies that did not report an association between C1q and prevalent CVD [17, 18]. However, 

those previous studies were cross-sectional, considerably smaller than our cohort, and did 

not explore a non-linear relationship. Our sex-stratified analyses suggested that classical 

pathway activation, as represented by C4d, may have a different effect on CVD in men and 

women. Notably, previous studies did not address these associations in men and women 

separately [19]. The current study is also the first to investigate whether the classical pathway 

is associated with low-grade inflammation and/or endothelial dysfunction. In this respect, 

the absence of positive associations between C4d and inflammation or endothelial 

dysfunction is noteworthy given that complement activation is generally thought to promote 

inflammation and vascular dysfunction. 

The risk to develop CVD was lowest in the second tertile of baseline C1q concentrations. 

Apparently, both low and high systemic concentrations of C1q are related to adverse 

processes in CVD. Such a dual role may be explained by protective as well as pathological 

effects of C1q in CVD, as was also suggested by experimental studies [2-4]. We did not 

observe similar U-shaped associations between C1q and inflammation, endothelial 

dysfunction or cIMT. Therefore, the observed U-shaped association with CVD is unlikely to 

be explained by U-shaped associations with these processes underlying the aetiology of CVD. 

Notably, several in vitro studies have suggested additional mechanisms that might underlie 
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a dual relationship with CVD. On the one hand, C1q was reported to direct macrophage 

polarization towards a more anti-inflammatory M2-like phenotype [46-48]. Accordingly, 

upon vascular injury C1q may promote a regulatory, anti-inflammatory immune response, 

which might have a beneficial effect in CVD. In the current study, we could only investigate 

the association of C1q with proinflammatory cytokines, but, unfortunately, not with anti-

inflammatory or regulatory cytokines such as interleukin-10. On the other hand, C1q may 

reflect adverse metabolic effects. In mice, C1q was implicated in induction of adipose tissue 

inflammation and insulin resistance [16]. In agreement, we observed in our population that 

C1q correlated with a higher prevalence of T2DM, with higher triacylglycerols and lower HDL-

cholesterol (supplemental data, table 1). In our view, beneficial effects of C1q in immune 

regulation combined with simultaneous adverse effects on metabolism and general low-

grade inflammation could underlie the U-shaped association of C1q with CVD observed in 

the current study. 

We did not observe an association between C1q and inflammation or endothelial dysfunction 

over time. Baseline C1q was positively associated with baseline markers of inflammation and 

endothelial dysfunction, which suggests that plasma C1q concentrations reflect 

inflammation and endothelial dysfunction only in the short-term. In contrast, baseline C1q 

was not associated with markers of inflammation and endothelial dysfunction seven years 

later. One possible explanation is that C1q may be causally involved in inflammation and 

endothelial dysfunction, but that imprecision in the measurements may have introduced bias 

towards null, and may have especially weakened the prospective association. Alternatively, 

lack of a prospective association could be interpreted as argument against causality in this 

relation. Such a reverse causation scenario is conceivable. C1q is produced extrahepatically 

by macrophages, adipocytes and endothelial cells [6, 49, 50] and secretion of C1q by 

macrophages was observed to be increased by proinflammatory stimuli [4]. As such, higher 

systemic C1q concentrations may, at least partly, be the result of ongoing inflammatory 

processes or endothelial activation and not vice versa.  

We did not observe an association of C1q with atherosclerosis as reflected by cIMT. This was 

in line with the only previous but substantially smaller human study on C1q and cIMT [27]. 

Notably, cIMT reflects only thickening of the arterial wall and our findings do not preclude a 

role of C1q in other aspects of atherosclerosis, such as in adverse arterial remodelling, plaque 

burden or plaque phenotype [51, 52]. Both C1q and C1q-receptors were found in human 

atherosclerotic plaques [53, 54], which supports relevance of C1q also in human 

atherosclerosis. Animal studies suggested a protective effect of C1q in atherosclerosis. In 

mice, genetic deficiency of C1q resulted in more atherosclerosis due to impaired clearance 

of apoptotic cells. Moreover, C1q may also be produced locally by infiltrated immune cells 

[53], which suggests that plasma concentrations might insufficiently reflect local, potentially 

more relevant effects of C1q in the vascular wall. This may explain the discrepancy between 

human and animal data with regard to atherosclerosis, and also the discrepancy between 

observations on cIMT and CVD/CVE in the current study.  

C1-INH was not independently associated with any cardiovascular outcome. C1-INH itself is 

known to have potent anti-inflammatory effects that are already used therapeutically to 



144 |  C h a p t e r  7  

 

treat acute inflammatory attacks in hereditary angioedema [28, 55]. We had therefore 

anticipated inverse associations of C1-INH with adverse cardiovascular outcomes, especially 

with inflammation. The lack of an association of C1-INH with inflammation in our study thus 

suggests that the anti-inflammatory properties of C1-INH are of minor relevance in obesity-

associated chronic low-grade inflammation. The only previous human studies on C1-INH and 

CVD included patients with angina pectoris and had inconsistent findings [20, 21]. Notably, 

besides acting as the main inhibitor of complement activation downstream of C1q, C1-INH 

also inhibits proteases of the lectin pathway and of the contact system of coagulation [25]. 

Furthermore, C1-INH may have additional biological activities independent of its function as 

protease inhibitor [56]. But taken together, systemic concentrations of C1-INH do in our 

study apparently not reflect relevant functions of C1-INH in development of CVD. 

Associations of C4d with CVD and CVE were substantially different between men and women. 

This observation might potentially contribute to a better understanding of the known sex 

differences in risk factors and presentation of CVD [57, 58]. At this point in time, we can, 

however, not conclusively explain how higher C4d could be protective in development of 

CVD in men, but not in women. In our view, the positive associations of C4d with CVD and 

CVE observed in women should be interpreted with caution. In women, the number of cases 

in the analyses of CVD and CVE was relatively small, and we observed wide confidence 

intervals around the effect estimates for CVD and CVE. Furthermore, these positive 

associations in women were not independent of C4, which is the inactive precursor of C4d; 

while in men, inverse associations with CVD and CVE were independent of C4. When we 

considered female sex hormones, i.e. menopausal status, hormone replacement therapy or 

use of oral contraceptives as confounders or effect modifiers in our analyses, our findings 

were unaltered (data not shown). In previous studies on C4d and CVD or T2DM, results were 

not reported separately for men and women [19, 59]. These studies were relatively small and 

may therefore not have specifically addressed possible differences between men and 

women. Also, to the best of our knowledge, most experimental studies on the contribution 

of the classical pathway to CVD included only male mice [12, 13, 60]. Noteworthy, we 

measured C4d as marker of classical pathway activation, but C4d is also released during 

activation of the lectin pathway. It is therefore possible, that associations of C4d partly 

represent events of lectin pathway activation. Notwithstanding, our findings of a protective 

effect in men and a null effect in women indicate that higher complement activation at the 

level of C4, irrespective whether arising from classical or lectin pathway activation, is not 

harmful in the development of CVD. 

Our study is the hitherto most comprehensive study on the classical pathway in human CVD 

and has several strengths but also limitations. The greatest strength is its prospective design, 

which allowed us to investigate associations with incident CVD and CVE. Importantly, our 

study was large enough to investigate potential non-linear associations and to investigate 

associations in men and women separately. Furthermore, the detailed phenotyping of the 

participants allowed us to investigate different processes underlying the development of 

CVD. The most relevant limitation of our study is its observational nature. Furthermore, 

laboratory measures of C1q, C1-INH and C4d are not standardized and consequently, 
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reported concentrations vary between studies. Yet, our study is a single-centre cohort with 

a standardized sample processing and storage protocol. Furthermore, we acknowledge the 

relatively high variation in the C1q measurement, despite the use of a well-described, 

published assay [25]. This may have introduced random error in the C1q concentrations. 

Importantly, this can only have resulted in underestimation of the reported associations [61]. 

Also, the power in the analysis of incident CVD and especially incident CVE was relatively low. 

This may explain why the associations between C1q and CVD were significant, while the 

associations between C1q and CVE showed a similar but non-significant pattern. Finally, our 

study cohort was selected for a moderately increased risk of cardiometabolic disease, which 

might limit the generalizability of our results. Notwithstanding, our cohort represents a large 

part of typical Western populations, namely middle-aged to elderly individuals that are 

overweight, modestly hypertensive, have some signs of a disturbed glucose metabolism 

and/or use medication for various reasons.  

In summary, both high and low plasma concentrations of the pattern recognition molecule 

C1q were associated with an approximately 2 to 2.5-fold higher risk to develop CVD, with a 

similar trend for CVE. This suggests a U-shaped relationship of C1q with risk of CVD and 

implies that C1q may have both protective and pathological effects in CVD. Furthermore, we 

observed, in men, inverse associations of C4d with CVD and CVE. This suggests that higher 

activation of the classical pathway may be protective in disease mechanisms that are 

particularly relevant in CVD in men. In conclusion, elevated systemic levels of C1q, C1-INH 

and C4d do overall not reflect an adverse cardiovascular profile. Rather, our findings support 

the concept that the classical pathway may have both protective and pathological effects in 

development of CVD.
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Supplemental data 
 

Supplemental table 1: Characteristics across tertiles of C1q, C1-INH or C4d 

1a) Characteristics according to tertiles of C1q 
 Lowest tertile Middle tertile Highest tertile 
 n=189 n=190 n=190 
 31-64 mg/L 64-78 mg/L 78-129 mg/L 

C1q (mg/L) 56 ±6 71 ±4 90 ±10 
C1-Inhibitor (mg/L) 171 ±13 169 ±12 170 ±12 
C4d (mg/L) 1.18 [0.68; 1.68] 1.11 [0.74; 1.62] 1.12 [0.72; 1.87] 
C4 (g/L) 0.29 ±0.07 0.28 ±0.07 0.30 ±0.08 
    
Age (years) 60 ±7 59 ±7 60 ±7 
Sex (%men) 65 59 60 
NGM/IGM/T2DM (%) 60/21/19 49/21/30 48/25/27 
HbA1c (%) 5.98 ±0.76 5.99 ±0.80 5.96 ±0.90 
Waist (cm) 99 ±12 100 ±12 100 ±12 
Systolic blood pressure (mmHg) 139 ±19 140 ±19 142 ±20 
Diastolic blood pressure (mmHg) 81 ±8 82 ±9 83 ±11 
Fasting triacylglycerols (mmol/L) 1.30 [0.90; 1.90] 1.40 [1.00; 1.93] 1.50 [1.08; 2.00] 
Fasting cholesterol (mmol/L) 5.20 ±1.04 5.22 ±0.82 5.21 ±1.04 
Fasting HDL cholesterol (mmol/L) 1.27 ±0.34 1.18 ±0.36 1.13 ±0.32 
Fasting LDL cholesterol (mmol/L) 3.25 ±0.91 3.36 ±0.77 3.30 ±0.90 
eGFR (ml/min/1.73cm2) 93 [83; 106] 97 [87; 108] 92 [80; 104] 
Physically active (%) 61 62 64 
Current smokers/former smokers (%) 23/52 20/48 18/52 
Pack years of smoking in ex/current smokers  23 [11; 43] 23 [14; 34] 23 [11; 38] 
Use of anti-hypertensive medication (%) 34 36 45 
Use of glucose-lowering medication (%) 12 13 16 
Use of lipid-modifying medication (%) 19 16 22 
Use of anti-thrombotic medication (%) 20 18 25 
    

CRP (mg/L) 1.54 [82; 3.19] 2.31 [0.99; 4.49] 2.29 [1.14; 4.42] 
IL-6 (ng/L) 1.51 [1.03; 2.06] 1.54 [1.20; 2.38] 1.68 [1.16; 2.40] 
IL-8 (ng/L) 4.39 [3.44; 5.67] 4.34 [3.74; 5.58] 4.42 [3.70; 5.56] 
TNFα (ng/L) 5.96 [5.16; 7.40] 6.19 [5.16; 7.66] 6.38 [5.51; 7.62] 
sICAM-1 (μg/L) 204 [184; 237] 215 [191; 249] 219 [192; 251] 
Serum amyloid A (mg/L) 1.39 [0.95; 1.86] 1.44 [1.03; 2.41] 1.51 [0.94; 2.59] 
Von Willebrand factor (%) 117 [88; 157] 119 [92; 157] 125 [88; 168] 
Soluble E-selectin (μg/L) 8.03 [5.77; 10.11] 8.06 [6.42; 10.49] 8.29 [6.44; 10.58] 
sVCAM-1 (μg/L) 319 [286; 361] 328 [284; 365] 351 [309; 405] 
Inflammation score -0.25 ±0.90 -0.08 ±0.97 0.05 ±0.96 
Endothelial dysfunction score -0.25 ±0.87 -0.09 ±0.93 0.15 ±1.03 
Carotid IMT (µm) 783 ±161 762 ±144 777 ±166 
Prevalent CVD (%) 27 28 28 
Prevalent CVE (%) 16 13 18 

Data are presented as mean ±standard deviation (normally distributed variables), median [interquartile range] 
(skewed variables) or proportion (%, categorical variables). C1-INH indicates C1-inhibitor; CRP, C-reactive protein;  
CVD, cardiovascular disease; CVE, cardiovascular events; eGFR, estimated glomerular filtration rate; HbA1c, 
glycosylated haemoglobin, HDL, high-density lipoprotein; IGM, impaired glucose metabolism; IL-6, interleukin-6; 
IL-8, interleukin-8; IMT, intima-media thickness; LDL, low-density lipoprotein; NGM, normal glucose metabolism; 
sICAM-1 , soluble intercellular adhesion molecule-1; sVCAM-1, soluble vascular cell adhesion molecule-1; TNFα, 
tumour necrosis factor-α; T2DM, type 2 diabetes. 
* data before multiple imputation were available in N=523 (HbA1c) to 545 participants. 
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1b) Characteristics according to tertiles of C1-INH 
 Lowest tertile Middle tertile Highest tertile 
 n=189 n=190 n=190 
 109-164 mg/L 164-174 mg/L 175-205 mg/L 

C1q (mg/L) 73 ±16 72 ±14 72 ±17 
C1-Inhibitor (mg/L) 157 ±7 170 ±3 183 ±7 
C4d (mg/L) 0.97 [0.67; 1.60] 1.08 [0.71; 1.66] 1.35 [0.82; 1.99] 
C4 (g/L) 0.28 ±0.07 0.29 ±0.07 0.31 ±0.08 
    
Age (years) 58 ±7 60 ±7 61 ±7 
Sex (%men) 69 62 53 
NGM/IGM/T2DM (%) 55/23/22 55/19/26 47/25/28 
HbA1c (%) 5.85 ±0.81 6.01 ±0.83 6.08 ±0.81 
Waist (cm) 100 ±12 99 ±12 100 ±12 
Systolic blood pressure (mmHg) 136 ±16 141 ±20 143 ±21 
Diastolic blood pressure (mmHg) 81 ±9 82 ±9 82 ±9 
Fasting triacylglycerols (mmol/L) 1.40 [1.00; 1.90] 1.40 [1.00; 2.00] 1.40 [1.00; 2.00] 
Fasting cholesterol (mmol/L) 5.13 ±0.96 5.24 ±0.85 5.26 ±1.08 
Fasting HDL cholesterol (mmol/L) 1.13 ±0.34 1.24 ±0.37 1.20 ±0.32 
Fasting LDL cholesterol (mmol/L) 3.32 ±0.88 3.28 ±0.82 3.30 ±0.88 
eGFR (ml/min/1.73cm2) 94 [86; 104] 93 [83; 109] 94 [83; 106] 
Physically active (%) 64 61 64 
Current smokers/former smokers (%) 18/51 19/57 24/44 
Pack years of smoking in ex/current smokers  20 [10; 36] 23 [21; 34] 26 [13; 42] 
Use of anti-hypertensive medication (%) 33 39 43 
Use of glucose-lowering medication (%) 12 11 17 
Use of lipid-modifying medication (%) 15 19 23 
Use of anti-thrombotic medication (%) 24 21 18 
    

CRP (mg/L) 1.64 [0.83; 3.22] 2.21 [1.01; 3.80] 2.32 [1.13; 4.69] 
IL-6 (ng/L) 1.52 [1.11; 2.21] 1.52 [1.10; 2.23] 1.62 [1.22; 2.38] 
IL-8 (ng/L) 4.31 [3.49; 5.66] 4.46 [3.70; 5.62] 4.40 [3.60; 5.39] 
TNFα (ng/L) 6.08 [5.19; 7.40] 6.17 [5.29; 7.54] 6.31 [5.27; 7.62] 
sICAM-1 (μg/L) 205 [185; 244] 212 [187; 244] 218 [192; 246] 
Serum amyloid A (mg/L) 1.25 [0.88; 1.95] 1.35 [0.99; 2.27] 1.68 [1.10; 2.71] 
Von Willebrand factor (%) 117 [87; 152] 122 [93; 170] 121 [90; 158] 
Soluble E-selectin (μg/L) 8.03 [5.77; 10.14] 8.06 [6.16; 10.65] 8.22 [6.00; 10.39] 
sVCAM-1 (μg/L) 325 [286; 371] 329 [290; 377] 346 [299; 394] 
Inflammation score -0.25 ±0.94 -0.07 ±0.92 0.05 ±0.96 
Endothelial dysfunction score -0.18 ±1.05 -0.02 ±0.96 0.01 ±0.86 
Carotid IMT (µm) 755 ±147 784 ±167 783 ±155 
Prevalent CVD (%) 23 26 33 
Prevalent CVE (%) 14 14 18 

Data are presented as mean ±standard deviation (normally distributed variables), median [interquartile range] 
(skewed variables) or proportion (%, categorical variables). C1-INH indicates C1-inhibitor; CRP, C-reactive protein;  
CVD, cardiovascular disease; CVE, cardiovascular events; eGFR, estimated glomerular filtration rate; HbA1c, 
glycosylated haemoglobin, HDL, high-density lipoprotein; IGM, impaired glucose metabolism; IL-6, interleukin-6; 
IL-8, interleukin-8; IMT, intima-media thickness; LDL, low-density lipoprotein; NGM, normal glucose metabolism; 
sICAM-1 , soluble intercellular adhesion molecule-1; sVCAM-1, soluble vascular cell adhesion molecule-1; TNFα, 
tumour necrosis factor-α; T2DM, type 2 diabetes. 
* data before multiple imputation were available in N=523 (HbA1c) to 545 participants. 
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1c) Characteristics according to tertiles of C4d 
 Lowest tertile Middle tertile Highest tertile 
 n=190 n=190 n=189 
 0.16-0.82 mg/L 0.83-1.52 mg/L 1.53-13.09 mg/L 

C1q (mg/L) 72 ±16 71 ±15 73 ±15 
C1-Inhibitor (mg/L) 168 ±12 171 ±11 170 ±13 
C4d (mg/L) 0.59 [0.48; 0.71] 1.13 [0.97; 1.34] 2.12 [1.72; 2.75] 
C4 (mg/L) 259 ±57 590 ±72 324 ±71 
    
Age (years) 59 ±7 61 ±7 59 ±7 
Sex (%men) 63 63 59 
NGM/IGM/T2DM (%) 45/24/31 57/20/23 54/24/22 
HbA1c (%) 6.00 ±0.87 5.99 ±0.86 5.95 ±0.73 
Waist (cm) 99±11 99 ±11 99 ±12 
Systolic blood pressure (mmHg) 140 ±19 140 ±19 141 ±20 
Diastolic blood pressure (mmHg) 81 ±9 82 ±9 83 ±9 
Fasting triacylglycerols (mmol/L) 1.40 [0.90; 1.90] 1.45 [1.00; 2.03] 1.40 [1.00; 1.90] 
Fasting cholesterol (mmol/L) 5.12 ±0.94 5.31 ±0.98 5.21 ±0.98 
Fasting HDL cholesterol (mmol/L) 1.20 ±0.38 1.18 ±0.33 1.20 ±0.32 
Fasting LDL cholesterol (mmol/L) 3.22 ±0.83 3.36 ±0.85 3.32 ±0.91 
eGFR (ml/min/1.73cm2) 97 [85; 108] 92 [82; 104] 93 [81; 106] 
Physically active (%) 60 70 60 
Current smokers/former smokers (%) 21/52 18/56 22/44 
Pack years of smoking in ex/current smokers  23 [11; 39] 24 [12; 34] 20 [12; 38] 
Use of anti-hypertensive medication (%) 38 37 40 
Use of glucose-lowering medication (%) 17 10 13 
Use of lipid-modifying medication (%) 15 18 24 
Use of anti-thrombotic medication (%) 23 20 21 
 

   

CRP (mg/L) 1.89 [0.99; 4.02] 2.07 [0.91; 3.94] 2.15 [0.97; 3.91] 
IL-6 (ng/L) 1.59 [1.18; 2.30] 1.52 [1.12; 2.24] 1.55 [1.11; 2.27] 
IL-8 (ng/L) 4.40 [3.70; 5.88] 4.53 [3.68; 5.62] 4.21 [3.47; 5.36] 
TNFα (ng/L) 6.29 [5.35; 7.63] 6.11 [5.23; 7.49] 6.23 [5.02; 7.55] 
sICAM-1 (μg/L) 217 [191; 243] 213 [189; 250] 208 [184; 235] 
Serum amyloid A (mg/L) 1.29 [0.98; 2.09] 1.48 [1.01; 2.27] 1.49 [0.96; 2.43] 
Von Willebrand factor (%) 118 [86; 156] 121 [92; 164] 121 [92; 166] 
Soluble E-selectin (μg/L) 8.78 [6.04; 10.62] 7.87 [6.07; 10.19] 8.06 [5.89; 10.38] 
sVCAM-1 (μg/L) 334 [294; 379] 331 [290; 382] 3278 [290; 381] 
Inflammation score -0.03 ±0.93 -0.10 ±0.97 -0.14 ±0.94 
Endothelial dysfunction score -0.01 ±0.99 -0.05 ±0.94 -0.12 ±0.95 
Carotid IMT (µm) 765 ±154 777 ±164 780 ±155 
Prevalent CVD (%) 25 30 28 
Prevalent CVE (%) 15 15 16 

Data are presented as mean ±standard deviation (normally distributed variables), median [interquartile range] 
(skewed variables) or proportion (%, categorical variables). C1-INH indicates C1-inhibitor; CRP, C-reactive protein;  
CVD, cardiovascular disease; CVE, cardiovascular events; eGFR, estimated glomerular filtration rate; HbA1c, 
glycosylated haemoglobin, HDL, high-density lipoprotein; IGM, impaired glucose metabolism; IL-6, interleukin-6; 
IL-8, interleukin-8; IMT, intima-media thickness; LDL, low-density lipoprotein; NGM, normal glucose metabolism; 
sICAM-1 , soluble intercellular adhesion molecule-1; sVCAM-1, soluble vascular cell adhesion molecule-1; TNFα, 
tumour necrosis factor-α; T2DM, type 2 diabetes. 
* data before multiple imputation were available in N=523 (HbA1c) to 545 participants. 
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Abstract 
Objective 

Previous studies have suggested a complex role of the lectin complement pathway in 

cardiovascular disease (CVD). There are no prospective human studies on the relationship of 

the initiating factor of the lectin pathway, i.e. mannose-binding lectin (MBL) with low-grade 

inflammation (LGI), endothelial dysfunction (ED) or carotid intima-media thickness (cIMT). 

Moreover, MBL-associated proteases (MASPs) and MBL-associated proteins (MAps), which 

mediate downstream complement activation, have not been studied in development of CVD. 

Approach and results 

In a prospective cohort (N=574, age 60 ± 7 years, 7 years follow-up), we investigated 

longitudinal associations of plasma MBL, MASP-1, MASP-2, MASP-3 and MAp44 with 

biomarker scores reflecting LGI and ED, and with cIMT; and investigated their associations 

with incident CVD. In adjusted analyses, LGI was lowest in the middle tertile (TMiddle) of MBL. 

TLow was 0.19 SD [0.03; 0.34] higher than TMiddle, and THigh was 0.15 SD [-0.02; 0.31] higher 

than TMiddle, suggesting a U-shaped relationship. cIMT was 28 µm [-50; -5] lower in THigh than 

in TMiddle, while cIMT did not differ between TLow and TMiddle. MBL was not associated with ED 

or CVD. MASP-1 and MASP-2 were not associated with LGI, ED, cIMT or CVD. MASP-3 and 

MAp44 were independently of MBL associated with ED (per 1 SD, MASP-3: β=0.10 SD [0.02; 

0.18]; MAp44: β=0.12 SD [0.04; 0.20]), but not with LGI, cIMT or CVD.  

Conclusions 

MBL may have a dual role in low-grade inflammation and contribute to low cIMT. MASP-1 

and MASP-2 were not associated with adverse cardiovascular outcomes. MASP-3 and MAp44 

may play a role in endothelial dysfunction, potentially independently of lectin pathway 

activation.  
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1 Introduction 
The immune system, and more specifically to the present report, the lectin pathway of 

complement activation, have been suggested to have a complex role in cardiovascular 

disease (CVD) [1]. The lectin pathway is initiated when foreign structures are recognized by 

soluble pattern-recognition molecules, one of which is mannose-binding lectin (MBL) [2]. 

Several large studies have investigated the role of MBL in CVD, but have yielded contradictory 

findings. Studies that investigated MBL genotypes as proxy for circulating MBL consistently 

found that genotypes resulting in low or deficient MBL were a risk factor for the development 

of CVD [3-6]. This harmful effect of diminished MBL was explained by the role of MBL in the 

clearance of pathogens and apoptotic cells in the vessel wall [7-9]. However, when MBL 

concentrations instead of genotypes were investigated, most studies observed positive [10-

12] rather than inverse [13] associations with future CVD. Besides, MBL was suggested to be 

a key pathological mechanism in complications of established CVD. Wildtype genotypes and 

high MBL concentrations were associated with worse outcomes in most studies [14-16]. The 

discrepancy between these observations suggests a dual role of MBL in the pathophysiology 

of CVD.  

To gain insight into the complex role of the lectin pathway in CVD, a more comprehensive 

evaluation of the lectin pathway is needed. Firstly, a better understanding of the role of MBL 

in different etiological aspects of CVD is required. Only few human studies have investigated 

MBL in low-grade inflammation, endothelial dysfunction and atherosclerosis. A previous 

study on carotid intima-media thickness (cIMT) observed a U-shaped association of MBL 

concentrations with cIMT [17]. However, this study was rather small (N=114) and included 

only patients with rheumatoid arthritis. Secondly, factors that mediate downstream 

complement activation through MBL should be considered as well. MBL circulates in plasma 

as a complex with MBL-associated proteases (MASPs) and MBL-associated proteins (MAps) 

[8]. MASPs are proteases with different substrates involved in activation of both the lectin 

and the alternative complement pathway [18, 19]. MAps are thought to have regulatory 

functions in complement activation [18, 19]. Currently, little is known about the function of 

MASPs and MAps in CVD. In humans, MASPs and MAps have so far only been measured in 

case-control studies or during acute cardiovascular events [20-22], but there are no 

longitudinal studies on MASPs and MAps in development of CVD.   

For these reasons, we determined MBL concentrations as well as genotypes, and 

concentrations of MASP-1, MASP-2, MASP-3 and MAp44 in a prospective human cohort. We 

investigated their longitudinal associations with biomarker scores reflecting inflammation 

and endothelial dysfunction, and with cIMT as a marker of atherosclerosis. Furthermore, we 

determined their associations with incident CVD and cardiovascular events (CVE) over a 

7-year follow-up period. Previous studies suggested both beneficial as well as adverse effects 

of MBL in CVD, which may yield non-linear associations with cardiovascular outcomes. 

Therefore, we checked for deviations from linearity in all analyses. 
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2 Methods 

2.1 Study design and participants 

The Cohort on Diabetes and Atherosclerosis Maastricht (CODAM) is a prospective cohort 

study [23]. Briefly, participants were selected from a population-based cohort study if they 

were Caucasian, aged >40 years, and met at least one of the following criteria: BMI>25 

kg/m2, use of anti-hypertensive medication, a positive family history of type 2 diabetes, 

history of gestational diabetes and/or glycosuria [24]. 574 participants were included and 

extensively phenotyped. After a median follow-up of 7.0 years [interquartile range (IQR) 6.9-

7.1 years], 495 individuals participated in follow-up measurements (for details see flow-

chart, figure 1). The study was approved by the Medical Ethics Committee of the Maastricht 

University Medical Centre. All participants gave written informed consent. 

 
Figure 1: Flow-chart of study participants. CVD, cardiovascular disease; CVE, cardiovascular events; LGI, low-grade 
inflammation; ED, endothelial dysfunction; cIMT, intima-media thickness. N=572 ever measured in longitudinal 
analysis of LGI and ED, of which N=473 have complete data at both baseline and follow-up, N=90 have complete data 
only at baseline and N=9 have complete data only at follow-up, adding up to 1045 observations included in the GEE 
analysis of LGI and ED. N=556 ever measured in longitudinal analysis of cIMT, of which N=412 have complete data at 
both baseline and follow-up, N=121 have complete data only at baseline  and N=23 have complete data only at follow-
up, adding up to 968 observations included in the GEE analysis of cIMT. For the analyses with incident CVE and CVD, 
persons with prevalent CVD at baseline were excluded. 
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2.2 Measurements 

Participants were asked to stop lipid-modifying medication 14 days prior to blood 

withdrawal, while other medication was stopped one day beforehand. Venous blood samples 

were collected by venipuncture after an overnight fast. Plasma aliquots were stored at −80°C 

until use. 

Complement factors (measured at baseline): MBL was measured in EDTA plasma by ELISA 

(MBL ELISA kit, Hycult Biotech, catalogue number HK323, Uden, The Netherlands). MASP-1, 

MASP-2, MASP-3 and MAp44 were measured in citrate plasma with ELISA (MASP-2 with 

MASP-2 ELISA kit, Hycult Biotech, catalogue number HK326; MASP-1, MASP-3 and MAp44 

with in-house time-resolved immunofluorometric assays as described in [25]). Inter-assay 

coefficients of variation were 12% for MBL, 8% for MASP-1, 13% for MASP-2, 13% for MASP-3 

and 6% for MAp44. Median plasma MBL concentration was in our study lower than in two 

large population-based studies [10, 13], but was similar compared to two other cohorts of 

middle-aged to older individuals with T2DM [5, 26]. Concentrations of MASP-1, MASP-3 and 

MAp44 were similar as reported in previous studies, while concentrations of MASP-2 were 

of the same order of magnitude [20-22]. C3a, C5a and sC5b-9 were measured as described 

previously [24, 27]. 

MBL genotypes: DNA was isolated from peripheral blood buffy coats (obtained from EDTA-

anticoagulated blood) by QIAamp DNA Mini Kit (Quiagen, Germantown, MD, USA). Single 

nucleotide polymorphisms in the mbl2 gene at codon 52 (D-allele, rs5030737) and codon 57 

(C-allele, rs1800451) were detected by polymerase chain reaction (PCR) using the primers 

5’CCAGGGATGGGTCATCTATTT 3’ (forward) and 5’TGCCAGAGAATGAGAGCTGA 3’ (reverse). 

After amplification, the PCR products were digested with the restriction endonucleases BanI 

and MboII, and subsequently separated on a 2% agarose gel and visualized by ethidium-

bromide staining. Furthermore, all CODAM participants have been genotyped using the 

Illumina HumanOmniExpress BeadChip assay (Illumina, San Diego, CA, USA). MBL 

polymorphisms at codon 54 (B-allele, rs1800450) as well as at codon 52 (D-allele, rs5030737) 

was extracted from the curated dataset. For the polymorphism at codon 52 (D-allele, 

rs5030737) the identity in the genotypes detected by PCR or as extracted from the 

HumanOmniExpress dataset was >99%. The presence of exclusively wildtype alleles was 

designated as A/A genotype, the presence of one variant allele (B, C, or D) was designated as 

A/0 genotype, and the homozygous presence of one variant allele as well as the heterozygous 

presence of two variant alleles (compound heterozygosity) was designated as 0/0 [28, 29]. 

The distribution of genotypes was comparable to previous studies, such as a large 

population-based study of Caucasians or a study of patients with T2DM [4, 30]. 

Biomarkers of inflammation and endothelial dysfunction (measured at baseline and follow-

up): C-reactive protein (CRP), interleukin-6, soluble intercellular adhesion molecule-1 

(sICAM-1), serum amyloid A, soluble E-selectin and soluble vascular cell adhesion molecule-

1 (sVCAM-1) were measured twice in the baseline samples: once with individual ELISA assays 

in serum or EDTA plasma [31, 32], and once paired with the follow-up samples plasma using 

a multiarray detection system (MesoScale Discovery, SECTOR Imager 2400, Gaithersburg, 

Maryland, USA). The two baseline measurements of CRP, interleukin-6, sICAM-1, serum 
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amyloid A, soluble E-selectin and sVCAM-1 were calibrated after cross-validation as 

described [33], and the mean of two measurements was used for analyses. Paired 

measurements of baseline and follow-up interleukin-8 and tumour necrosis factor-α were 

done in EDTA plasma using a multiarray detection system (MesoScale Discovery, SECTOR 

Imager 2400) [33]. Baseline and follow-up von Willebrand factor was measured with an in-

house ELISA in citrated plasma as described [34], and the concentration was expressed as 

percentage of normal pooled plasma.  

cIMT, incident CVD and CVE: cIMT was measured by a trained vascular sonographer at both 

the left and right common carotid artery 10-20 mm proximal to the carotid bulb with a non-

invasive ultrasound imaging device (at baseline with Ultramark 4+, Advance Technology 

Laboratories, Bothel, Washington, USA [35]; at follow-up with Picus, ESAOTE, Maastricht, 

Netherlands). CVD was defined as the occurrence of at least one of the following: previous 

myocardial infarction; coronary bypass; percutaneous coronary intervention (PCI) reported 

by questionnaires (subjects’ disease history questionnaire); signs on a 12-lead 

electrocardiogram of myocardial infarction (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); stroke or transient ischaemic attack 

reported by questionnaire; non-traumatic limb amputation; and/or an ankle-brachial index 

<0.9 [36]. The ankle-brachial index was determined as previously described [32, 37]. This CVD 

definition was established to obtain a reference population that was truly free of CVD. This 

may, however, have resulted in identification of a heterogeneous group of cases, ranging 

from subclinical disease (e.g. stable atherosclerosis) to clinical events (atherothrombosis). 

Therefore we also investigated cardiovascular events (CVE), which comprised myocardial 

infarction, stroke, coronary bypass and/or PCI. 

Other covariates: normal glucose metabolism, impaired glucose metabolism (impaired 

glucose metabolism, combining impaired fasting glucose, and impaired glucose tolerance) 

and T2DM were identified with a standard 75g oral glucose tolerance test according to the 

WHO criteria of 1999 [38]. Waist and blood pressure were measured as reported previously 

[39]. Smoking, habitual physical activity, use of anti-hypertensive, glucose-lowering, anti-

thrombotic and lipid-modifying medication was assessed with on-site administered 

questionnaires [39, 40]. Use of anti-thrombotic medication was defined as use of either anti-

platelet agents or coumarin derivatives. Participants were defined as physically active if they 

were compliant with the Dutch physical activity guideline [41]. Estimated glomerular 

filtration rate (eGFR) was calculated with the MDRD formula [42] using creatinine 

concentrations, measured in EDTA plasma with a Jaffé diagnostic test (Roche Diagnostics). 

High-density lipoprotein-cholesterol (HDL-cholesterol), total cholesterol and triacylglycerols 

were measured in EDTA plasma as previously described [39]. Low-density lipoprotein-

cholesterol (LDL-cholesterol) was estimated with the Friedewald formula [43]. Homeostasis 

model assessment of insulin resistance was determined as previously described [44]. 
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2.3 Statistical analysis 

Multiple imputation (five imputed data sets) was used to impute missing data in the exposure 

and potential confounders in order to decrease bias and to increase the power of the 

analyses [45]. Missing values in MBL (n=7), MBL-genotypes (N=8), MASP-1 (N=11), MASP-2 

(N=9), MASP-3 (N=11) and MAp44 (N=7) and confounders (N=22) were imputed. The 

percentage of missing values per variable varied from 0% (age, sex, impaired glucose 

metabolism, T2DM, blood pressure, use of medication, lipids) to 2.1% (smoking pack 

years).Missing data in the outcome variables were not imputed (see figure 2).  

Normally distributed variables are presented as mean±standard deviation (SD). Skewed 

variables (triacylglycerols, eGFR, biomarkers of inflammation and endothelial dysfunction) 

and plasma MBL are presented as medians with interquartile range (IQR). Skewed variables 

were loge-transformed to achieve normal distribution prior to the regression analyses. MBL 

was not normally distributed (figure 2). A part of the population had no detectable MBL 

protein, and in participants with detectable MBL, the distribution of MBL was skewed to the 

right. Due to MBL-deficient participants, normal distribution of MBL cannot be achieved by 

standard loge-transformation. Therefore, plasma MBL was in all regression associations 

analysed as tertiles. To provide a robust estimate of inflammation and endothelial 

dysfunction with minimization of random error, composite scores were calculated of loge-

transformed CRP, interleukin-6, interleukin-8, tumour necrosis factor-α, sICAM-1 and serum 

amyloid A for inflammation [46] and of loge-transformed von Willebrand factor, soluble E-

selectin, sICAM-1 and sVCAM-1 for endothelial dysfunction [27]. For this, each individual 

biomarker of inflammation or endothelial dysfunction was standardized to the mean of the 

baseline and follow-up examination (Z-score: [individual value minus mean of all values]/SD 

of all values). These individual Z-scores were averaged into an inflammation score and an 

endothelial dysfunction score.  

 

Figure 2: Distribution of plasma MBL. 
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Regression analyses: longitudinal associations of lectin pathway factors with inflammation, 

endothelial dysfunction or cIMT were investigated with generalized estimating equations 

(GEE) using an exchangeable correlation structure. Associations of lectin pathway factors 

with incident CVD and CVE were investigated with logistic regression.  

Based on previous studies that suggested a U-shaped association with cardiovascular 

outcomes such as with cIMT [17], the second tertile of MBL was chosen as reference 

category. In the analyses of MBL genotypes, the wildtype allele (A/A) was chosen as 

reference, and variant genotypes A/0 and 0/0 were pooled into one group of individuals with 

diminished plasma MBL because the group of participants with the 0/0-genotype (N=31) was 

too small to be analysed separately. In analyses of MASP-1, MASP-2, MASP-3 and MAp44, 

first non-linearity of any potential relationship was examined by investigating associations of 

tertiles with the respective outcomes. Because no evidence for non-linearity was found, 

MASPs and MAp44 were analysed as continuous variables. To allow for a direct comparison 

of their effect sizes, MASPs and MAp44 were subsequently converted to their respective 

Z-score. Consequently, in all analyses the associations are presented per 1 SD increase in 

MASP-1, MASP-2, MASP-3 or MAp44.  

Analyses were first adjusted for variables related to the inclusion procedure, which 

incorporated stratified sampling for age and sex, and oversampling of impaired glucose 

metabolism and T2DM (model 1, age [years]; sex [men/women]; impaired glucose 

metabolism [yes/no]; T2DM [yes/no]). Subsequently, analyses were adjusted for the 

following potentially confounding cardiovascular risk factors: waist, systolic blood pressure, 

total cholesterol, HDL-cholesterol, triacylglycerols, eGFR, smoking, physical activity and use 

of anti-hypertensive, lipid-modifying, anti-thrombotic or glucose-lowering medication 

(model 2, model 1 + waist [cm]; systolic blood pressure [mmHg]; total cholesterol [mmol/L]; 

HDL-cholesterol [mmol/L]; triacylglycerides [mmol/L]; eGFR [ml•1.73m2•(min-1)]; current 

smoking [yes/no], ex-smoking [yes/no], smoking [pack years], meeting the Dutch 

recommendation for habitual physical activity [yes/no] [41]; use of lipid-modifying 

medication [yes/no]; use of glucose-lowering medication [yes/no]; use of anti-hypertensive 

medication [yes/no]; use of anti-thrombotic medication [yes/no]). All adjustments were done 

with the baseline value of confounders, and all GEE models were additionally adjusted for 

time of examination (follow-up [yes/no]) and follow-up time [years]. 

We also tested if the association of lectin pathway factors with inflammation, endothelial 

dysfunction or cIMT changed over time by including an interaction term between time and 

lectin pathway factors in the fully adjusted GEE models. In case of significant interaction with 

time, GEE analyses were stratified according to baseline and follow-up examination. Such 

stratified analyses are comparable to cross-sectional analyses (baseline lectin pathway 

factors are investigated for their relationship with cardiovascular outcomes at baseline) and 

prospective analyses (baseline lectin pathway factors are investigated for their relationship 

with cardiovascular outcomes at follow-up). Furthermore, all analyses were examined for 

effect modification by sex by including interaction terms between sex and MBL tertiles, MBL 

genotypes, MASP-1, MASP-2, MASP-3 or MAp44 in the model. If the interaction term was 

significant, separate analyses among men and women were conducted. 
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Sensitivity analyses: all analyses were repeated with exclusion of participants with a possible 

acute inflammation (serum CRP concentrations >10 mg/L, n=38 at baseline and n=42 at 

follow-up). Furthermore, complete case analyses were performed. The results were 

comparable in all analyses; therefore only results obtained with the imputed data sets are 

presented. Finally, significant associations of lectin pathway factors with cardiovascular 

outcomes were additionally adjusted for other lectin pathway factors that showed significant 

associations with the respective outcome. 

Assumptions for GEE and logistic regression analyses were met. Statistical analyses were 

performed using the SPSS package version 22.0 (SPSS, Chicago, IL, USA) and statistical 

significance was set at P<0.05. 

 

 

3 Results 

3.1 Study population 

574 participants were included and extensively phenotyped. After a median follow-up of 7.0 

years [interquartile range (IQR) 6.9-7.1 years], 495 individuals participated in follow-up 

measurements (for details see flow-chart, figure 1). Table 1 shows baseline characteristics of 

the study population as a whole. At baseline, 28% had CVD and 16% had CVE. In supplemental 

table 1, baseline characteristics across tertiles of MBL, MASP-1, MASP-2, MASP-3 and MAp44 

and according to MBL genotypes, respectively, are provided. The frequencies of the MBL 

genotype were 62% A/A (=wildtype), 33% A/0 and 5% 00. As the A/A individuals were 

previously described to have highest MBL levels whereas both the A/0 and 00 individuals 

have lower MBL levels, the A/0 and 00 individuals were combined into one group for the 

regression analyses.  

Over the 7-year follow-up period, the 459 participants with complete follow-up data showed 

an increase in the inflammation score from -0.16±0.90 to 0.10±1.05, an increase in the 

endothelial dysfunction score from -0.12±0.94 to 0.08±1.04, and an increase in cIMT from 

768±157 µm to 818±101 µm.  

Of the 342 individuals without CVD at baseline, 73 developed CVD (21%), of whom 39 

experienced an event (CVE, 11%) during follow-up. Individuals who experienced incident CVD 

had more often T2DM at baseline, and were characterized by higher inflammation, higher 

endothelial dysfunction, and a higher cIMT as compared to those who remained free of CVD 

during follow-up (supplemental table 2).  
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Table 1: Baseline characteristics of the study population 

 Total study population 
 N=567 * 

MBL (µg/L) 614 [187-1088] 
MBL genotypes, A/0 and 0/0 combined (%) 38% 
MASP-1 (µg/L) 9140 ±3112 
MASP-2 (µg/L) 1230 ±608 
MASP-3 (µg/L) 7161 ±2338 
MAp44 (µg/L) 2441 ±562 
  
Age (years) 59.6 ±7.0 
Sex (%men) 61 
Normal/impaired glucose metabolism/T2DM (%) 52/22/26 
HbA1c (%) 6.0 ±0.8 
HOMA2-IR 1.61 [1.11-2.54] 
Waist (cm) 99 ±12 
Systolic blood pressure (mmHg) 140 ±19 
Diastolic blood pressure (mmHg) 82 ±9 
Fasting triacylglycerols (mmol/L) 1.4 [1.0-2.2] 
Fasting cholesterol (mmol/L) 5.2 ±1.0 
Fasting HDL cholesterol (mmol/L) 1.2 ±0.3 
Fasting LDL cholesterol (mmol/L) 3.3 ±0.9 
Estimated glomerular filtration rate (ml/min/1.73cm2) 94 [83-106] 
Physically active (%) 62 
Current smokers/former smokers (%) 20/51 
Pack years of smoking in ex/current smokers  23 [12-36] 
Use of anti-hypertensive medication (%) 38 
Use of glucose-lowering medication (%) 13 
Use of lipid-modifying medication (%) 19 
Use of anti-thrombotic medication (%) 21 
  
CRP (mg/L) 2.07 [0.97-3.92] 
Interleukin-6 (ng/L) 1.55 [1.13-2.27] 
Interleukin-8 (ng/L) 4.40 [3.60-5.56] 
Tumour necrosis factor-α (ng/L) 6.21 [5.26-7.52] 
Soluble intercellular adhesion molecule-1 (μg/L) 0.21 [0.19-0.24] 
Serum amyloid A (mg/L) 1.42 [0.99-2.26] 
Von Willebrand factor (%) 119 [91-161] 
Soluble E-selectin (μg/L) 8.16 [5.98-10.40] 
Soluble vascular cell adhesion molecule-1 (μg/L) 332 [293-379] 
cIMT (µm) 774 ±157 
Prevalent CVD (%) 28 
Prevalent CVE (%) 16 

Data are presented as mean ±standard deviation, median [interquartile range] or proportion. 
* data before multiple imputation were available in N=533 to 567 participants. 
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3.2 Associations of MBL with low-grade inflammation and endothelial 

dysfunction 

In the association of plasma MBL with the low-grade inflammation score, deviations from 

linearity were observed. Over the 7-year follow-up period, the inflammation score was 

lowest in participants in the middle tertile (TMiddle) of MBL (table 2). In a model adjusted for 

age, sex, impaired glucose metabolism and T2DM, the inflammation score was in the lowest 

tertile (TLow) 0.18 SD [95%CI: 0.01; 0.36] higher than in TMiddle, and was in the highest tertile 

(THigh) 0.18 SD [0.02; 0.36] higher than in TMiddle. After adjustment for potential confounders, 

the difference between TLow and TMiddle remained significant (model 2, β=0.19 SD [0.03; 0.34]) 

and the difference between THigh and TMiddle became borderline significant (β=0.15 SD [-0.02; 

0.31]). This suggested a U-shaped relationship between plasma MBL and the inflammation 

score. When participants with a potential acute inflammation (C-reactive protein (CRP) >10 

mg/L, n=38 at baseline, n=42 at follow-up) were excluded from the analyses, these 

associations were strengthened: the inflammation score in TLow was 0.25 SD [0.09; 0.49] 

higher than in TMiddle, and was in THigh 0.20 SD [0.03; 0.36] higher than in TMiddle. 

In contrast, plasma MBL was not associated with the endothelial dysfunction score in either 

model 1 or model 2 (table 2). Associations were unchanged when participants with a 

potential acute inflammation (CRP>10 mg/L) were excluded. 

There was no interaction between MBL and time in these generalized estimating equations 

(GEE) models, and associations were comparable in men and women (P-values for 

interaction>0.05). 

3.3 Associations of MBL with cIMT, incident CVD and incident CVE 

In the association between plasma MBL and cIMT, deviations from linearity were again 

observed. There was no difference in cIMT between TLow and TMiddle. Participants in THigh had 

the lowest cIMT (table 2). In the fully adjusted model, cIMT was 28 µm [-50; -5]) lower in THigh 

than in TMiddle, and was not different between TLow and TMiddle (β=-7 µm [-31; 15]). Since the 

interaction term between THigh and time was significant (P=0.044), associations of MBL 

tertiles with cIMT were analysed separately for baseline and follow-up. In these stratified 

analyses, the difference in cIMT between THigh and the lower tertiles in MBL (measured only 

at baseline) was more pronounced at baseline than at follow-up. In the fully adjusted model, 

baseline cIMT was 44 µm [-73; -14] lower in THigh than in TMiddle of baseline MBL, while cIMT 

at follow-up was 7 µm [-29; 14] lower in THigh than in TMiddle of baseline MBL, indicating a 

cross-sectional but no prospective association. When participants with a potential acute 

inflammation (CRP>10 mg/L) were excluded from the analyses, the difference between THigh 

and TMiddle in cIMT was strengthened, both in the unstratified GEE association (β=-34 µm [-

58; -11]) as well as in the cross-sectional association (β=-52 µm [-83; -22]). Associations were 

comparable in men and women (P-values for interaction>0.05). 

In the associations with incident CVD, TLow of baseline MBL had the highest and THigh had the 

lowest incidence of CVD (table 3). The difference between THigh and TMiddle was borderline 
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significant in a model adjusted for age, sex, impaired glucose metabolism and T2DM 

(model 1, OR=0.52 [0.26; 1.02]). In the fully adjusted model, there were, however, no 

significant differences in CVD incidence between the tertiles. In the association with incident 

CVD, the interaction term between TLow of MBL and sex was significant (P=0.042). In analyses 

stratified for sex, however, no significant associations between MBL tertiles and CVD were 

observed in either men or women (model 2, men, TLow compared to TMiddle: OR= 2.19 [0.87; 

5.52], THigh compared to TMiddle: OR=0.86 [0.31; 2.44]; women, TLow compared to TMiddle: 

OR=0.56 [0.18; 1.80], THigh compared to TMiddle: OR=0.81 [0.23; 0.87]). In the associations with 

incident CVE, TLow again had the highest incidence of CVE (table 3). There were, however, no 

significant differences in CVE incidence between the tertiles. Associations with incident CVD 

and CVE were unchanged when participants with a potential acute inflammation (CRP>10 

mg/L) were excluded. Because previous studies on MBL and CVD often contrasted two 

extremes in plasma MBL, we also performed an analysis using TLow as reference. In the fully 

adjusted model, the OR of THigh compared to TLow for CVD was 0.58 [0.29; 1.18], and the OR 

for CVE was 0.86 [0.33; 2.21].  

In addition to the actual MBL plasma concentrations, we also investigated whether the 

genotypes coding for intermediate and low plasma MBL (the A/0 and 0/0 individuals) were 

associated with incident CVD or CVE. Participants with genotypes coding for lower plasma 

MBL had a slightly higher incidence of CVD (24% in combined A/0 and 0/0, 20% in A/A) and 

also CVE (15% in combined A/0 and 0/0, 10% in A/A), but this difference was not significant 

(model 2, combined A/0 and 0/0 compared to A/A, CVD: OR=1.20 [0.68; 2.11]; CVE, OR=1.60 

[0.73; 3.51]). Associations were comparable in men and women (P-values for 

interaction>0.05) 

3.4 Associations of MASP-1, MASP-2, MASP-3 and MAp44 with low-grade 

inflammation and endothelial dysfunction 

We did not observe deviations from linearity in associations of MASPs or MAp44 with the 

low-grade inflammation score or the endothelial dysfunction score, therefore MASPs and 

MAp44 were analysed as continuous variables.  

MASP-1, MASP-2, MASP-3 and MAp44 were not associated with the inflammation score in 

the fully adjusted model (table 4). There was no interaction between MASPs or MAp44 and 

time in these GEE models. 

MASP-1 and MASP-2 were not associated with the endothelial dysfunction score. In contrast, 

MASP-3 and MAp44 were positively associated with the endothelial dysfunction score 

(table 4). In the fully adjusted model (model 2), 1 SD higher baseline MASP-3 was associated 

with 0.10 SD [0.02; 0.18] higher endothelial dysfunction score. Regarding MAp44, 1 SD higher 

baseline MAp44 was associated with 0.12 SD [0.04; 0.20] higher endothelial dysfunction 

score. Since the interaction term between MASP-3 and time was significant in the association 

with the endothelial dysfunction score (P for interaction=0.049), baseline and follow-up 

examinations were analysed separately. In this stratified analysis, the positive association 

between MASP-3 (measured only at baseline) with the baseline endothelial dysfunction  
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score was slightly stronger than with the endothelial dysfunction score at follow-up (baseline, 

β=0.12 SD [0.05; 0.19]; follow-up, β=0.08 SD [-0.02; 0.18]).  

These associations were comparable in men and women (P-values for interaction>0.05), and 

were unchanged when participants with a potential acute inflammation (CRP>10 mg/L) were 

excluded. 

3.5 Associations of MASP-1, MASP-2, MASP-3 and MAp44 with cIMT, incident 

CVD and incident CVE 

We did not observe deviations from linearity in associations of MASPs or MAp44 with cIMT, 

incident CVD or incident CVE. MASP-1, MASP-2, MASP-3 and MAp44 were not associated 

with cIMT in either model 1 or model 2 (table 4). There was no interaction between MASP-

1, MASP-2 or MASP-3 and time in any of these GEE models. Since the interaction term 

between MAp44 and time was significant in the association with cIMT (P for 

interaction<0.001), baseline and follow-up examinations were analysed separately. In this 

stratified analysis, however, no significant associations between baseline MAp44 and cIMT 

at either baseline or follow-up were observed (model 2, baseline: β=11 µm [-2; 34]; follow-

up: β=-5 µm [-15; 6]). There were no associations between MASP-1, MASP-2, MASP-3 or 

MAp44 with incident CVD or CVE (table 5). 

These associations were comparable in men and women (P-values for interaction>0.05), and 

were unchanged when participants with a potential acute inflammation (CRP>10 mg/L) were 

excluded. 

 

Table 5: Associations of baseline plasma MASP-1, MASP-2, MASP-3 and MAp44 with incident CVD and 
CVE (logistic regression analysis) 

 
Incident CVD 

N=342, 73 cases 
 

Incident CVE 
N=342, 39 cases 

 OR [95% CI] P-value  OR [95% CI] P-value 

MASP-1 (per 1SD)        

model 1 0.84 0.63; 1.12 0.232  0.73 0.49; 1.07 0.107 

model 2 0.83 0.62; 1.13 0.241  0.70 0.43; 1.13 0.139 

MASP-2 (per 1SD)        

model 1 0.91 0.70; 1.18 0.475  0.95 0.68; 1.32 0.757 

model 2 0.92 0.69; 1.23 0.574  1.00 0.67; 1.50 0.999 

MASP-3 (per 1SD)        

model 1 1.21 0.95; 1.54 0.121  1.14 0.85; 1.53 0.376 

model 2 1.23 0.95; 1.59 0.121  1.20 0.85; 1.69 0.291 

MAp44 (per 1SD)        

model 1 0.99 0.74; 1.32 0.918  0.88 0.60; 1.29 0.507 

model 2 0.97 0.70; 1.35 0.857  0.72 0.44; 1.19 0.200 

model 1: adjusted for age; sex; impaired glucose metabolism; type 2 diabetes 
model 2: model 1 + waist; systolic blood pressure; total cholesterol; HDL-cholesterol; triacylglycerols; estimated 
glomerular filtration rate; current smoking; former smoking; smoking pack years; physical activity; use of lipid-
modifying medication; use of glucose-lowering medication; use of anti-hypertensive medication; use of anti-
thrombotic medication  
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3.6 Sensitivity analyses 

When we mutually adjusted the respective associations of plasma MBL, MASP-3 and MAp44 

with cardiovascular outcomes for one another, these associations were not materially 

altered. Regarding the association between MBL and the inflammation score, upon 

additional adjustment for MASP-3 and MAp44, TLow of plasma MBL was 0.19 SD [0.03; 0.34] 

higher than TMiddle, and THigh was 0.13 SD [-0.03; 0.30] higher than TMiddle. Regarding the 

association between MBL and cIMT, upon additional adjustment for MASP-3 and MAp44, 

THigh of plasma MBL was 29 µm [-52; -6] lower than TMiddle. Regarding the association between 

MASP-3 and the endothelial dysfunction score, upon additional adjustment for MBL tertiles 

and MAp44, β was 0.08 SD [0.01; 0.16]. Regarding the association of MAp44 with the 

endothelial dysfunction score, upon additional adjustment for MBL tertiles and MASP-3, β 

was 0.10 SD [0.02; 0.18]. 

 
 
4 Discussion 
The present comprehensive evaluation of initiating factors of the lectin pathway of 

complement activation in relation to development of CVD had several main findings: with 

respect to tertiles of plasma MBL, we observed that both high and low MBL was associated 

with low-grade inflammation, but that MBL was not associated with endothelial dysfunction. 

Furthermore, high plasma MBL was associated with lower cIMT, but was not significantly 

associated with CVD or CVE. Associations of MBL genotypes with CVD were similar to those 

of plasma MBL, and were also not significant. With respect to MASPs and MAp44, we 

observed that increasing concentrations of MASP-3 and MAp44 but not MASP-1 or MASP-2 

were associated with augmented endothelial dysfunction. MASP-1, MASP-2, MASP-3 and 

MAp44 were not associated with low-grade inflammation or cIMT, nor with incident CVD or 

CVE. 

These findings substantially extend previous knowledge. In previous studies, unadjusted 

correlations between plasma MBL and a single inflammatory marker, such as CRP, were 

investigated [5, 10, 12, 13, 47]. Mostly no correlation between MBL and inflammatory 

markers was found, but these studies did not consider a potential non-linear relationship. 

This is the first large, prospective study on MBL and cIMT. Previous studies on cIMT were 

cross-sectional, substantially smaller, and were done in selected populations [17, 48]. We 

observed that high plasma MBL may be beneficial in atherosclerosis as reflected by cIMT, 

while both high and low MBL may be adverse with regard to low-grade inflammation. This 

suggests that MBL may indeed have protective as well as harmful effects in the vasculature, 

which explains why previous large studies on MBL and incident CVD partly had contradictory 

findings. This is also the first study on the role of MASPs and MAp44 in development of CVD. 

The few previous studies on MASPs in CVD were case-control studies [20], or measured 

MASPs at admission for an acute cardiovascular event [21], or measured only a single MASP 

(MASP-2) [22].  

Over the 7-year follow-up period, the low and high MBL tertiles were associated with more 

inflammation than the middle tertile. A dual role of MBL in inflammation (i.e. beneficial 
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effects for anti-microbial defence and adverse effects as an initiator of auto-inflammatory 

mechanisms) may be explained by impaired clearance processes upon low MBL, while high 

MBL may result in hyperresponsiveness to inflammatory triggers. Low MBL was shown to 

compromise the immune response and to limit the capacity to remove waste products such 

as apoptotic cells [9]. Consequently, low MBL may entail more inflammation as a result of 

chronic infections and impaired turnover of dysfunctional tissues. On the other hand, high 

MBL may result in hyperalertness of the lectin pathway and may increase inflammation as a 

result of oxidative stress or membrane damage. This is suggested by studies in ischemia-

reperfusion injury, rheumatoid arthritis or diabetic nephropathy, which showed that high 

MBL was associated with cardiovascular and renal damage [11, 14, 15, 49, 50]. We observed 

that this U-shaped association of MBL with inflammation was considerably strengthened 

upon exclusion of participants with elevated CRP concentrations. Although MBL is only a 

weak acute phase-reactant [51, 52], analyses that limit the influence of acute inflammation 

are more likely to reflect the relationship of MBL with chronic low-grade inflammation. The 

fact that MBL was not associated with endothelial dysfunction suggests that associations of 

low MBL with low-grade inflammation and atherosclerosis may be explained by a crucial role 

of MBL in clear-up processes inside the vessel wall, but not by effects on endothelial 

activation or damage.  

Our observations on MBL and cIMT, CVD and CVE are in line with the hypothesized beneficial 

effects of MBL in vascular clear-up processes. Participants with high plasma MBL had lower 

cIMT and were also less likely to develop CVD and CVE, although the latter associations were 

non-significant. Associations of MBL genotypes with CVD and CVE were also non-significant, 

but showed similar patterns as observed in large studies in comparable populations. At first 

sight, our results for cIMT are in contrast with the previously largest study on cIMT (N=114), 

which reported a U-shaped association between MBL concentrations and cIMT [17]. Notably, 

in that study on patients with rheumatoid arthritis, MBL concentrations were up to twice as 

high as in our study. In line with our findings, a smaller study in systematic lupus 

erythematosus patients with MBL concentrations comparable to our study observed that 

high plasma MBL was indeed associated with lower cIMT [48]. Beneficial effects of high MBL 

in the vessel wall despite higher systemic inflammation may be explained by the opsonic 

activity of MBL, potentially independent of downstream complement activation [8, 9]. 

Associations of MASP-1, MASP-2, MASP-3 and MAp44 with cardiovascular outcomes differed 

from those of MBL. Over the 7-year follow-up, MASP-3 and MAp44 were positively 

associated with endothelial dysfunction, but not with low-grade inflammation. MASP-1 and 

MASP-2 were neither associated with low-grade inflammation nor with endothelial 

dysfunction. Biological functions of MASP-3 and MAp44 are hitherto unclear. In contrast to 

the proteases MASP-1 and MASP-2, for whom the enzymatic activities are well described, 

much less is known for MASP-3. MASP-3 may not primarily be involved in the activation of 

any downstream complement proteases [18, 19], but may rather be involved in 

developmental processes [53, 54]. MAp44 has no catalytic activity at all, and is thought to 

exert biological functions only via binding to other proteins [18, 19, 25]. An effect of MAp44 

is thus likely to involve a regulatory function on the activities of the three MASPs, i.e. by 
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competing for binding to MBL. Notably, MBL, MASP-1 and MASP-2 were not associated with 

endothelial dysfunction, and associations of MASP-3 and MAp44 with endothelial 

dysfunction were independent of plasma MBL. This opens up the possibility that these 

associations may be explained by effects beyond lectin pathway activation. So far, the only 

identified substrate for MASP-3 is insulin-like growth factor binding protein-5 [55], which 

regulates the activity of insulin-like growth factor. Insulin-like growth factor is increasingly 

implicated in endothelial function [56], which might potentially explain our observations. 

Future research may clarify the functions of MASP-3 and MAp44 in lectin pathway regulation, 

and may identify further, potentially non-complement substrates of MASP-3. Those insights 

are needed to understand how MASP-3 and MAp44 may contribute to endothelial 

dysfunction and indeed to basic tissue developmental processes. There are other proteins, 

i.e. the three ficolins and the collectin CL-LK that interact with MASP-3 and the other MASPs 

and MAp44 [2]. Whether the effect of MASP-3 and MAp44 is mediated via interactions with 

these other molecules remains to be examined in future studies. 

We did not observe associations of MASP-1, MASP-2, MASP-3 or MAp44 with cIMT, incident 

CVD or CVE. This was in line with a previous cross-sectional study on cases with coronary 

artery disease and controls [20]. We did observe a positive, but non-significant OR of MASP-

3 for CVD and CVE. Given the relatively low power to detect CVD and CVE in our study and 

the observed longitudinal association of MASP-3 with endothelial dysfunction, this 

observation might potentially be biologically relevant, but this needs to be confirmed in 

larger prospective studies. Overall, plasma concentrations of MASPs and MAp44 do not 

appear to reflect any major contribution to cardiovascular risk.  

Our study has several strengths but also limitations. The greatest strength is the concomitant 

measurement of MBL, MASP-1, MASP-2, MASP-3 and MAp44 in a large, extensively 

phenotyped cohort. The detailed phenotyping of the participants allowed us to investigate 

lectin pathway factors in low-grade inflammation, endothelial dysfunction and 

atherosclerosis in order to gain an insight into the role of the lectin pathway in different 

pathophysiological aspects of CVD. Additionally, our study was also large enough to 

investigate potential non-linear associations. The most relevant limitation of our study is its 

observational nature. Furthermore, our study cohort was selected for a moderately 

increased risk of cardiometabolic disease, which might limit the generalizability of our results. 

Notwithstanding, our cohort represents a large part of typical Western populations, namely 

middle-aged to elderly individuals that are overweight, modestly hypertensive, have some 

signs of a disturbed glucose metabolism and/or use medication for various reasons.  

In conclusion, our findings indicate that MBL may be protective in atherosclerosis but may 

have a dual role in low-grade inflammation. Low MBL may result in impaired clear-up 

processes, which in turn may induce inflammation and favour the development of 

atherosclerosis. High MBL may render the lectin pathway hyperresponsive to inflammatory 

triggers. Proteases MASP-1 and MASP-2, which induce further complement activation upon 

MBL-binding to ligands, were not associated with cardiovascular outcomes. This suggests 

that the capacity to recognize targets via MBL rather than the efficiency of MASP-1 and 

MASP-2-mediated complement activation is relevant for the role of the lectin pathway in 
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inflammation and atherosclerosis. MASP-3 and MAp44 were positively associated with 

endothelial dysfunction. Given that MBL itself was not associated with endothelial 

dysfunction, this suggests that MASP-3 and MAp44 may potentially have functions in 

endothelial activation independent of lectin-pathway activation. In figure 3, our observations 

on factors of the lectin pathway are summarized in a graphical representation. 

 

 

 
Figure 3: Schematic representation of the observed associations and proposed underlying mechanisms. 
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Supplemental data 
Supplemental table 1: Baseline characteristics of the study population according to tertiles of MBL, MASP-
1, MASP-2, MASP-3, MAp44 and according to MBL genotypes 

a) According to tertiles of plasma MBL concentrations 

Baseline characteristics *  Tertile 1 Tertile 2 Tertile 3 

 n=189 n=189 n=189 

MBL (µg/L) 86 [0.1-188] 614 [484-775] 1408 [1086-1839] 
MBL genotypes, A/0 and 0/0 combined (%) 84 24 4 
MASP-1 (µg/L) 10460 ±2940 9317 ±2889 7614 ±2844 
MASP-2 (µg/L) 1482 ±660 1182 ±538 1024 ±538 
MASP-3 (µg/L) 7272 ±2325 7009 ±2497 7239 ±2201 
MAp44 (µg/L) 2420 ±596 2407 ±574 2492 ±515 

C3a (µg/L) 61 [50-72] 58 [48-72] 58 [50-71] 

C5a (µg/L) 7.9 ±4.1 7.3 ±3.6 7.6 ±3.8 

sC5b-9 (µg/L) 113 ±35 113 ±36 114 ±33 

    
Age (years) 59 ±7 60 ±7 59 ±7 
Sex (%men) 69 58 68 
Normal/impaired glucose metabolism/T2DM (%) 51/20/29 54/26/20 50/21/29 
HbA1c (%) 6.0 ±0.9 5.9 ±0.7 6.0 ±0.9 
HOMA2-IR 1.51 [1.01-2.38] 1.63 [1.12-2.67] 1.70 [1.16-2.56] 
Waist (cm) 100 ±12 99 ±12 99 ±12 
Systolic blood pressure (mmHg) 140 ±18 142 ±21 139 ±19 
Diastolic blood pressure (mmHg) 81 ±10 83 ±9 82 ±9 
Fasting triacylglycerols (mmol/L) 1.50 [1.00-2.00] 1.40 [1.00-1.95] 1.30 [0.90-2.05] 
Fasting cholesterol (mmol/L) 5.3 ±1.1 5.3 ±0.9 5.1 ±0.9 
Fasting HDL cholesterol (mmol/L) 1.2 ±0.4 1.2 ±0.3 1.1 ±0.3 
Fasting LDL cholesterol (mmol/L) 3.3 ±0.9 3.3 ±0.8 3.3 ±0.8 
eGFR (ml/min/1.73cm2) 93 [84-105] 93 [82-104] 96 [84-110] 
Physically active (%) 56 64 68 
Current smokers/former smokers (%) 16/55 19/50 25/48 
Pack years of smoking in ex/current smokers  23 [11-34] 18 [9-36] 27 [15-44] 
Use of anti-hypertensive medication (%) 38 37 40 
Use of glucose-lowering medication (%) 15 10 15 
Use of lipid-modifying medication (%) 22 19 16 
Use of anti-thrombotic medication (%) 19 24 20 
    
CRP (mg/L) 2.10 [0.94-3.95] 1.81 [0.90-3.67] 2.15 [1.07-4.30] 
Interleukin-6 (ng/L) 1.68 [1.15-2.36] 1.43 [1.00-2.20] 1.60 [1.18-2.20] 
Interleukin-8 (ng/L) 4.46 [3.55-5.81] 4.26 [3.49-5.20] 4.49 [3.82-5.74] 
Tumour necrosis factor-α (ng/L) 6.08 [5.22-7.73] 6.28 [5.42-7.47] 6.18 [5.16-7.51] 
Soluble intercellular adhesion molecule-1 (μg/L) 209 [185-249] 213 [188-239] 218 [190-246] 
Serum amyloid A (mg/L) 1.36 [1.02-2.35] 1.33 [0.95-2.27] 1.50 [1.02-2.23] 
Von Willebrand factor (%) 115 [84-161] 114 [88-152] 132 [97-182] 
Soluble E-selectin (μg/L) 8.26 [6.59-10.55] 8.70 [6.01-10.93] 7.67 [5.43-9.79] 
Soluble vascular cell adhesion molecule-1 (μg/L) 329 [294-367] 334 [295-384] 332 [288-382] 
Inflammation score -0.07 ±1.0 -0.19 ±1.0 -0.02 ±0.9 
Endothelial dysfunction score -0.08 ±1.0 -0.09 ±0.9 -0.03 ±1.0 
cIMT (µm) 0.78 ±0.16 0.79 ±0.17 0.75 ±0.14 
Prevalent CVD (%) 29 27 28 
Prevalent CVE (%) 15 14 18 

Data are presented as mean ±standard deviation, median [interquartile range] or proportion. * data before 
multiple imputation were available in N=533 to 567 participants; eGFR, estimated glomerular filtration rate 
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b) According to tertiles of plasma MASP-1 concentrations 

Baseline characteristics † Tertile 1 Tertile 2 Tertile 3 

 n=187 n=188 n=188 

MBL (µg/L) 969 [560-1605] 524 [131-970] 355 [88-752] 
MBL genotypes, A/0 and 0/0 combined (%) 17 44 53 
MASP-1 (µg/L) 5878 ±1183 8953 ±748 12572 ±2152 
MASP-2 (µg/L) 1049 ±554 1230 ±563 1414 ±652 
MASP-3 (µg/L) 7046 ±2001 7039 ±2293 7406 ±2674 
MAp44 (µg/L) 2360 ±484 2397 ±528 2566 ±639 
C3a (µg/L) 60 [51-74] 59 [48-73] 58 [49-70] 

C5a (µg/L) 7.7 ±3.6 7.5 ±4.1 7.6 ±3.7 

sC5b-9 (µg/L) 113 ±32 112 ±37 115 ±36 

    
Age (years) 60 ±7 59 ±7 59 ±7 

Sex (%men) 66 64 54 
Normal/impaired glucose metabolism/T2DM (%) 51/23/26 55/21/24 50/24/26 

HbA1c (%) 5.9 ±0.8 6.0 ±0.8 6.0 ±0.9 
HOMA2-IR 1.77 [1.19-2.96] 1.61 [1.11-2.40] 1.47 [1.01-2.40] 
Waist (cm) 101 ±11 100 ±12 97 ±12 

Systolic blood pressure (mmHg) 142 ±20 138 ±18 140 ±20 
Diastolic blood pressure (mmHg) 83 ±9 81 ±9 82 ±10 

Fasting triacylglycerols (mmol/L) 1.40 [1.00-1.80] 1.40 [1.00-1.90] 1.50 [1.00-2.00] 
Fasting cholesterol (mmol/L) 5.1 ±0.9 5.2 ±0.9 5.4 ±1.1 

Fasting HDL cholesterol (mmol/L) 1.15 ±0.34 1.18 ±0.34 1.24 ±0.37 
Fasting LDL cholesterol (mmol/L) 3.2 ±0.8 3.3 ±0.9 3.3 ±0.9 
eGFR (ml/min/1.73cm2) 94 [83-109] 92 [83-103] 96 [85-106] 

Physically active (%) 67 55 66 
Current smokers/former smokers (%) 22/48 19/54 19/51 

Pack years of smoking in ex/current smokers  26 [15-43] 20 [11-34] 23 [11-36] 
Use of anti-hypertensive medication (%) 40 37 38 

Use of glucose-lowering medication (%) 14 11 15 
Use of lipid-modifying medication (%) 18 15 25 
Use of anti-thrombotic medication (%) 21 20 22 

    
CRP (mg/L) 2.24 [1.08-5.01] 2.09 [0.84-3.75] 1.87 [0.97-3.35] 

Interleukin-6 (ng/L) 1.59 [1.23-2.32] 1.58 [1.11-2.47] 1.46 [1.08-2.18] 
Interleukin-8 (ng/L) 4.37 [3.60-5.58] 4.30 [3.59-5.47] 4.58 [3.64-5.68] 
Tumour necrosis factor-α (ng/L) 6.42 [5.51-7.75] 6.12 [5.14-7.81] 6.15 [5.26-7.35] 
Soluble intercellular adhesion molecule-1 (μg/L) 213 [192-245] 217 [188-245] 209 [184-242] 
Serum amyloid A (mg/L) 1.54 [1.06-2.45] 1.49 [1.00-2.35] 1.28 [0.89-1.94] 

Von Willebrand factor (%) 127 [97-165] 117 [89-156] 114 [84-162] 
Soluble E-selectin (μg/L) 8.31 [6.55-10.2] 8.01 [5.91-10.5] 7.98 [5.74-10.4] 

Soluble vascular cell adhesion molecule-1 (μg/L) 336 [296-386] 329 [292-372] 331 [289-372] 
Inflammation score 0.03 ±0.94 -0.08 ±1.03 -0.21 ±0.84 
Endothelial dysfunction score 0.03 ±0.93 -0.04 ±0.98 -0.18 ±0.96 

cIMT (µm) 777 ±158 773 ±158 772 ±165 
Prevalent CVD (%) 29 23 30 

Prevalent CVE (%) 19 13 14 

Data are presented as mean ±standard deviation, median [interquartile range] or proportion. 
† data before multiple imputation were available in N=533 to 567 participants 
eGFR, estimated glomerular filtration rate 
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c) According to tertiles of plasma MASP-2 concentrations 

Baseline characteristics ‡ Tertile 1 Tertile 2 Tertile 3 

 n=188 n=189 n=188 

MBL (µg/L) 902 [524-1354] 553 [164-994] 314 [109-804] 

MBL genotypes, A/0 and 0/0 combined (%) 20 42 52 

MASP-1 (µg/L) 8088 ±3062 9456 ±2884 9870 ±3133 

MASP-2 (µg/L) 661 ±218 1126 ±117 1904 ±510 

MASP-3 (µg/L) 6965 ±2392 7051 ±2057 7429 ±2522 

MAp44 (µg/L) 2284 ±447 2480 ±593 2551 ±601 

C3a (µg/L) 58 [49-72] 58 [48-71] 61 [51-76] 

C5a (µg/L) 7.0 ±3.6 7.7 ±3.7 8.1 ±4.1 

sC5b-9 (µg/L) 110 ±36 111 ±36 118 ±33 

    

Age (years) 60 ±7 59 ±7 60 ±7 
Sex (%men) 65 61 58 

Normal/impaired glucose metabolism/T2DM (%) 57/21/22 53/22/25 47/24/29 
HbA1c (%) 6.0 ±0.9 6.0 ±0.8 6.0 ±0.7 
HOMA2-IR 1.59 [1.12-2.34] 1.47 [1.07-2.65] 1.86 [1.14-2.74] 

Waist (cm) 98 ±12 99 ±11 100 ±12 
Systolic blood pressure (mmHg) 140 ±22 139 ±18 141 ±18 

Diastolic blood pressure (mmHg) 82 ±10 82 ±9 82 ±9 
Fasting triacylglycerols (mmol/L) 1.30 [0.90-1.78] 1.40 [1.00-2.00] 1.50 [1.10-2.00] 

Fasting cholesterol (mmol/L) 5.0 ±0.9 5.2 ±0.9 5.4 ±1.1 
Fasting HDL cholesterol (mmol/L) 1.2 ±0.3 1.2 ±0.3 1.2 ±0.4 
Fasting LDL cholesterol (mmol/L) 3.2 ±0.9 3.3 ±0.8 3.4 ±0.9 

eGFR (ml/min/1.73cm2) 94 [82-105] 97 [85-108] 92 [83-104] 
Physically active (%) 64 65 60 

Current smokers/former smokers (%) 18/46 26/48 17/59 
Pack years of smoking in ex/current smokers  24 [13-38] 25 [12-37] 21 [11-34] 

Use of anti-hypertensive medication (%) 38 35 42 
Use of glucose-lowering medication (%) 12 15 14 
Use of lipid-modifying medication (%) 12 20 26 

Use of anti-thrombotic medication (%) 19 22 22 
    

CRP (mg/L) 1.91 [0.91-3.49] 1.87 [0.98-3.75] 2.28 [0.99-4.47] 
Interleukin-6 (ng/L) 1.51 [1.12-2.19] 1.59 [1.11-2.18] 1.63 [1.15-2.37] 

Interleukin-8 (ng/L) 4.32 [3.60-5.53] 4.41 [3.55-5.84] 4.46 [3.62-5.48] 
Tumour necrosis factor-α (ng/L) 6.34 [5.23-7.66] 6.08 [5.11-7.39] 6.28 [5.41-7.69] 
Soluble intercellular adhesion molecule-1 (μg/L) 212 [187-240] 210 [189-244] 217 [188-251] 

Serum amyloid A (mg/L) 1.31 [0.95-2.24] 1.47 [1.06-2.35] 1.46 [0.95-2.26] 
Von Willebrand factor (%) 124 [97-165] 116 [86-152] 117 [83-164] 

Soluble E-selectin (μg/L) 8.08 [5.97-10.1] 8.49 [5.89-10.5] 8.06 [6.13-10.7] 
Soluble vascular cell adhesion molecule-1 (μg/L) 335 [294-394] 327 [293-376] 332 [293-373] 
Inflammation score -0.15 ±1.00 -0.09 ±0.89 -0.03 ±0.94 

Endothelial dysfunction score -0.04 ±0.88 -0.12 ±0.96 -0.03 ±1.04 
cIMT (µm) 0.77 ±0.16 0.78 ±0.15 0.77 ±0.17 

Prevalent CVD (%) 26 28 29 
Prevalent CVE (%) 16 15 16 

Data are presented as mean ±standard deviation, median [interquartile range] or proportion. 
‡ data before multiple imputation were available in N=533 to 567 participants 

eGFR, estimated glomerular filtration rate 
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d) According to tertiles of plasma MASP-3 concentrations 

Baseline characteristics § Tertile 1 Tertile 2 Tertile 3 

 n=187 n=188 n=188 

MBL (µg/L) 565 [183-1039] 633 [189-1137] 640 [187-1184] 

MBL genotypes, A/0 and 0/0 combined (%) 40 38 37 

MASP-1 (µg/L) 9276 ±2987 8688 ±3066 9477 ±3232 

MASP-2 (µg/L) 1186 ±621 1234 ±621 1265 ±582 

MASP-3 (µg/L) 4987 ±716 6810 ±494 9673 ±2115 

MAp44 (µg/L) 2317 ±484 2375 ±474 2627 ±663 

C3a (µg/L) 60 [59-71] 58 [48-73] 59 [51-75] 

C5a (µg/L) 7.1 ±3.6 7.7 ±3.9 8.0 ±4.0 

sC5b-9 (µg/L) 111 ±33 115 ±36 115 ±36 

    

Age (years) 60 ±7 60 ±7 59 ±6 
Sex (%men) 63 61 59 

Normal/impaired glucose metabolism/T2DM (%) 58/23/19 52/23/25 46/21/33 
HbA1c (%) 5.9 ±0.8 6.0 ±0.8 6.1 ±0.9 
HOMA2-IR 1.38 [0.99-2.22] 1.48 [1.04-2.39] 2.06 [1.35-3.49] 

Waist (cm) 98 ±11 98 ±11 102 ±13 
Systolic blood pressure (mmHg) 140 ±20 141 ±19 140 ±19 

Diastolic blood pressure (mmHg) 82 ±9 82 ±9 83 ±10 
Fasting triacylglycerols (mmol/L) 1.30 [0.90-1.80] 1.40 [0.90-1.90] 1.60 [1.10-2.08] 

Fasting cholesterol (mmol/L) 5.2 ±1.0 5.2 ±0.9 5.3 ±1.0 
Fasting HDL cholesterol (mmol/L) 1.2 ±0.4 1.2 ±0.4 1.1 ±0.3 
Fasting LDL cholesterol (mmol/L) 3.3 ±0.9 3.3 ±0.8 3.4 ±0.9 

eGFR (ml/min/1.73cm2) 94 [83-104] 93 [81-104] 96 [85-111] 
Physically active (%) 65 64 59 

Current smokers/former smokers (%) 21/49 20/48 19/55 
Pack years of smoking in ex/current smokers  21 [12-38] 24 [13-34] 24 [13-34] 

Use of anti-hypertensive medication (%) 36 40 38 
Use of glucose-lowering medication (%) 10 16 14 
Use of lipid-modifying medication (%) 19 22 16 

Use of anti-thrombotic medication (%) 20 23 19 
    

CRP (mg/L) 1.85 [0.98-3.75] 1.84 [0.86-3.86] 2.34 [1.11-4.30] 
Interleukin-6 (ng/L) 1.52 [1.11-2.21] 1.55 [1.12-2.25] 1.58 [1.21-2.31] 

Interleukin-8 (ng/L) 4.24 [3.50-5.41] 4.46 [3.70-5.60] 4.56 [3.70-5.76] 
Tumour necrosis factor-α (ng/L) 6.11 [5.27-7.50] 6.30 [5.21-7.62] 6.26 [5.27-7.72] 
Soluble intercellular adhesion molecule-1 (μg/L) 208 [184-239] 209 [186-238] 223 [198-254] 

Serum amyloid A (mg/L) 1.33 [0.98-2.32] 1.49 [1.00-2.27] 1.46 [1.01-2.26] 
Von Willebrand factor (%) 114 [77-156] 121 [92-164] 121 [94-163] 

Soluble E-selectin (μg/L) 7.96 [5.75-9.76] 8.00 [5.97-10.3] 8.74 [6.50-11.9] 
Soluble vascular cell adhesion molecule-1 (μg/L) 329 [290-382] 329 [293-365] 337 [296-386] 
Inflammation score -0.17 ±0.93 -0.12 ±0.99 0.04 ±0.90 

Endothelial dysfunction score -0.22 ±0.88 -0.11 ±0.95 0.16 ±1.01 
cIMT (µm) 0.77 ±0.15 0.77 ±0.16 0.78 ±0.16 

Prevalent CVD (%) 24 33 25 
Prevalent CVE (%) 16 18 12 

Data are presented as mean ±standard deviation, median [interquartile range] or proportion. 
§ data before multiple imputation were available in N=533 to 567 participants 

eGFR, estimated glomerular filtration rate 
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e) According to tertiles of plasma MAp44 concentrations 

Baseline characteristics || Tertile 1 Tertile 2 Tertile 3 

 n=189 n=189 n=189 

MBL (µg/L) 522 [146-929] 805 [234-1218] 609 [169-1166] 

MBL genotypes, A/0 and 0/0 combined (%) 43 33 38 

MASP-1 (µg/L) 8596 ±2836 8879 ±3043 9960 ±3292 

MASP-2 (µg/L) 1081 ±534 1250 ±609 1363 ±647 

MASP-3 (µg/L) 6439 ±1929 7278 ±2160 7756 ±2682 

MAp44 (µg/L) 1962 ±186 2365 ±130 3041 ±505 

C3a (µg/L) 60 [59-71] 58 [48-73] 59 [51-75] 

C5a (µg/L) 7.1 ±3.6 7.7 ±3.9 8.0 ±4.0 

sC5b-9 (µg/L) 111 ±33 115 ±36 115 ±36 

    

Age (years) 60 ±7 60 ±6 59 ±7 
Sex (%men) 60 62 61 

Normal/impaired glucose metabolism/T2DM (%) 62/20/18 48/23/29 47/24/29 
HbA1c (%) 5.9 ±0.9 6.0 ±0.7 6.0 ±0.8 
HOMA2-IR 1.23 [0.89-2.01] 1.65 [1.13-2.45] 2.02 [1.43-3.29] 

Waist (cm) 96 ±11 100 ±11 102 ±12 
Systolic blood pressure (mmHg) 138 ±20 141 ±20 142 ±18 

Diastolic blood pressure (mmHg) 80 ±9 82 ±10 83 ±9 
Fasting triacylglycerols (mmol/L) 1.10 [0.80-1.40] 1.50 [1.10-2.00] 1.70 [1.30-2.20] 

Fasting cholesterol (mmol/L) 5.0 ±0.9 5.2 ±0.9 5.4 ±1.1 
Fasting HDL cholesterol (mmol/L) 1.3 ±0.4 1.2 ±0.3 1.1 ±0.3 
Fasting LDL cholesterol (mmol/L) 3.1 ±0.8 3.4 ±0.8 3.4 ±0.9 

eGFR (ml/min/1.73cm2) 95 [85-104] 92 [79-104] 95 [84-111] 
Physically active (%) 60 67 61 

Current smokers/former smokers (%) 22/48 23/51 16/53 
Pack years of smoking in ex/current smokers  23 [12-41] 24 [12-35] 21 [12-36] 

Use of anti-hypertensive medication (%) 36 40 39 
Use of glucose-lowering medication (%) 13 16 11 
Use of lipid-modifying medication (%) 20 18 20 

Use of anti-thrombotic medication (%) 21 22 20 
    

CRP (mg/L) 1.81 [0.86-3.87] 2.07 [0.97-3.85] 2.28 [1.09-4.50] 
Interleukin-6 (ng/L) 1.57 [1.12-2.42] 1.54 [1.16-2.17] 1.58 [1.09-2.23] 

Interleukin-8 (ng/L) 4.17 [3.425.31] 4.54 [3.71-5.51] 4.54 [3.70-5.84] 
Tumour necrosis factor-α (ng/L) 6.18 [5.26-7.63] 6.03 [5.13-7.31] 6.48 [5.44-7.85] 
Soluble intercellular adhesion molecule-1 (μg/L) 203 [182-237] 213 [187-243] 227 [198-253] 

Serum amyloid A (mg/L) 1.27 [0.92-2.21] 1.54 [1.08-2.25] 1.40 [0.98-2.34] 
Von Willebrand factor (%) 109 [81-151] 130 [97-172] 120 [92-163] 

Soluble E-selectin (μg/L) 7.94 [5.80-9.75] 7.84 [5.88-10.3] 8.90 [6.71-11.5] 
Soluble vascular cell adhesion molecule-1 (μg/L) 327 [289-377] 331 [293-374] 333 [296-386] 
Inflammation score -0.21 ±0.94 -0.10 ±0.90 0.03 ±0.98 

Endothelial dysfunction score -0.30 ±0.86 -0.02 ±0.93 0.13 ±1.03 
cIMT (µm) 0.75 ±0.15 0.78 ±0.16 0.79 ±0.16 

Prevalent CVD (%) 27 27 30 
Prevalent CVE (%) 15 16 15 

Data are presented as mean ±standard deviation, median [interquartile range] or proportion. 
|| data before multiple imputation were available in N=533 to 567 participants 

eGFR, estimated glomerular filtration rate 
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f) According to MBL genotypes 

Baseline characteristics # A/A A/0 0/0 

 n=343 n=181 n=31 

MBL (µg/L) 923 [497-1902] 183 [33-326] 0.1 [0.1-0.1] 

MBL genotypes, A/0 and 0/0 combined (%) - - - 

MASP-1 (µg/L) 8368 ±2998 10394 ±2953 10154 ±2426 

MASP-2 (µg/L) 1101 ±529 1435 ±656 1505 ±719 

MASP-3 (µg/L) 7143 ±2297 7190 ±2327 7128 ±2606 

MAp44 (µg/L) 2453 ±500 2429 ±683 2392 ±480 

C3a (µg/L) 60 [50-74] 59 [49-72] 55 [42-69] 

C5a (µg/L) 7.4 ±3.6 7.9 ±4.2 7.5 ±4.2 

sC5b-9 (µg/L) 115 ±36 112 ±34 109 ±27 

    

Age (years) 60 ±7 59 ±7 59 ±7 
Sex (%men) 62 60 71 

Normal/impaired glucose metabolism/T2DM (%) 53/22/25 50/22/28 68/16/16 
HbA1c (%) 6.0 ±0.8 6.0 ±0.9 5.8 ±0.5 
HOMA2-IR 1.65 [1.13-2.62] 1.51 [1.03-2.42] 1.88 [1.10-2.65] 

Waist (cm) 99 ±12 100 ±12 99 ±10 
Systolic blood pressure (mmHg) 141 ±20 140 ±19 138 ±17 

Diastolic blood pressure (mmHg) 81 ±9 82 ±9 79 ±9 
Fasting triacylglycerols (mmol/L) 1.40 [1.00-2.00] 1.40 [0.90-1.90] 1.40 [1.00-2.00] 

Fasting cholesterol (mmol/L) 5.2 ±0.9 5.2 ±1.11 5.2 ±1.01 
Fasting HDL cholesterol (mmol/L) 1.2 ±0.4 1.2 ±0.3 1.2 ±0.3 
Fasting LDL cholesterol (mmol/L) 3.3 ±0.9 3.3 ±0.9 3.2 ±0.9 

eGFR (ml/min/1.73cm2) 94 [83-108] 95 [84-105] 88 [82-97] 
Physically active (%) 65 57 63 

Current smokers/former smokers (%) 23/48 17/53 13/61 
Pack years of smoking in ex/current smokers  24 [14-39] 24 [11-35] 14 [9-23] 

Use of anti-hypertensive medication (%) 37 39 45 
Use of glucose-lowering medication (%) 12 16 7 
Use of lipid-modifying medication (%) 18 20 19 

Use of anti-thrombotic medication (%) 21 21 23 
    

CRP (mg/L) 1.99 [0.97-3.86] 2.14 [0.95-4.03] 2.10 [1.00-3.07] 
Interleukin-6 (ng/L) 1.55 [1.14-2.21] 1.62 [1.10-2.31] 1.93 [1.19-2.62] 

Interleukin-8 (ng/L) 4.42 [3.70-5.56] 4.31 [3.51-5.47] 4.45 [3.19-6.21] 
Tumour necrosis factor-α (ng/L) 6.14 [5.28-7.34] 6.25 [5.19-7.92] 6.73 [5.54-7.42] 
Soluble intercellular adhesion molecule-1 (μg/L) 215 [188-244] 213 [188-249] 200 [186-251] 

Serum amyloid A (mg/L) 1.44 [0.98-2.25] 1.43 [1.02-2.35] 1.36 [0.89-2.17] 
Von Willebrand factor (%) 121 [88-163] 115 [92-155] 110 [89-176] 

Soluble E-selectin (μg/L) 8.28 [6.01-10.5] 8.11 [5.94-10.08] 8.60 [5.95-11.29] 
Soluble vascular cell adhesion molecule-1 (μg/L) 329 [289-381] 339 [297-378] 324 [292-386] 
Inflammation score -0.10 ±0.92 -0.05 ±1.00 -0.08 ±0.89 

Endothelial dysfunction score -0.07 ±0.98 -0.04 ±0.96 -0.05 ±0.77 
cIMT (µm) 0.77 ±0.15 0.78 ±0.17 0.75 ±0.14 

Prevalent CVD (%) 29 23 36 
Prevalent CVE (%) 17 12 23 

Data are presented as mean ±standard deviation, median [interquartile range] or proportion. 
# data before multiple imputation were available in N=533 to 567 participants 

eGFR, estimated glomerular filtration rate 
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Supplemental table 2: Baseline characteristics of the participants free of CVD at baseline, stratified for 
incident CVD at follow-up 

Baseline characteristics  Participants free of CVD at baseline 

  no CVD 
at follow-up 

CVD 
at follow-up 

  N=269 N=73 

MBL (µg/L)  690 [228-1218] 529 [133-891] 
MBL genotypes, A/0 and 0/0 combined (%)  35% 40% 
MASP-1 (µg/L)  9304 ±3042 8729 ±3210 
MASP-2 (µg/L)  1228 ±629 1170 ±616 
MASP-3 (µg/L)  7040 ±2418 7566 ±571 
MAp44 (µg/L)  2445 ±526 2423 ±571 
    
Age (years)  58 ±7 59 ±7 
Sex (%men)  60 59 
Normal/impaired glucose metabolism/T2DM (%)  59/24/17 58/16/26 
HbA1c (%)  5.84 ±0.77 5.90 ±0.65 
HOMA2-IR  1.49 [1.07-2.14] 1.53 [1.06-2.56] 
Waist (cm)  97 ±12 99 ±13 
Systolic blood pressure (mmHg)  136 ±18 140 ±18 
Diastolic blood pressure (mmHg)  81 ±9 83 ±9 
Fasting triacylglycerols (mmol/L)  1.40 [0.90-1.90] 1.40 [0.90-2.00] 
Fasting cholesterol (mmol/L)  5.28 ±0.99 5.29 ±0.98 
Fasting HDL cholesterol (mmol/L)  1.23 ±0.35 1.19 ±0.36 
Fasting LDL cholesterol (mmol/L)  3.35 ±0.87 3.41 ±0.92 
eGFR (ml/min/1.73cm2)  94 [84-107] 95 [84-104] 
Physically active (%)  63 55 
Current smokers/former smokers (%)  20/47 14/51 
Pack years of smoking in ex/current smokers   22 [12-35] 18 [10-39] 
Use of anti-hypertensive medication (%)  24 38 
Use of glucose-lowering medication (%)  7 14 
Use of lipid-modifying medication (%)  10 10 
Use of anti-thrombotic medication (%)  5 18 
    
CRP (mg/L)  1.56 [0.84-3.21] 2.55 [1.02-3.41] 
Interleukin-6 (ng/L)  1.34 [0.99-1.95] 1.61 [1.12-2.22] 
Interleukin-8 (ng/L)  4.32 [3.47-5.47] 4.19 [3.50-5.20] 
Tumour necrosis factor-α (ng/L)  6.08 [5.16-7.19] 5.91 [5.18-7.30] 
Soluble intercellular adhesion molecule-1 (μg/L)  204 [182-237] 210 [186-235] 
Serum amyloid A (mg/L)  1.33 [0.94-1.96] 1.49 [1.10-2.54] 
Von Willebrand factor (%)  113 [88-155] 126 [91-178] 
Soluble E-selectin (μg/L)  7.85 [5.94-9.94] 8.18 [5.68-10.10] 
Soluble vascular cell adhesion molecule-1 (μg/L)  324 [285-363] 322 [293-369] 
Inflammation score  -0.34 ±0.85 -0.10 ±0.92 
Endothelial dysfunction score  -0.26 ±0.91 -0.09 ±0.88 
cIMT (µm)  753 ±155 793 ±169 

Data are presented as mean ±standard deviation, median [interquartile range] or proportion. 

eGFR, estimated glomerular filtration rate 
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General discussion 
Cardiovascular disease (CVD) is the leading cause of death worldwide [1]. In low-income 

countries, CVD burden is steeply increasing at the moment. In high-income countries, CVD 

mortality has been decreasing over the last years due to improved pharmacological 

treatment, but the current rise in type 2 diabetes (T2DM) may compromise the achievements 

made in the past. Currently, low-grade inflammation and dysregulation of the immune 

system are of particular interest in cardiovascular research. The complement system is part 

of the innate immune system and regulates inflammation in liver, adipose tissue and in 

immune cells. A great body of in vitro and animal studies suggested a causal role of the 

complement system in different processes contributing to CVD. The complement network is 

classified into four main pathways of complement activation. Findings from animal studies 

implied that these different pathways may have distinct roles in the development of CVD 

[2-4]. However, it is currently unclear whether the different complement activation pathways 

are also in humans relevant in CVD. The present thesis therefore aimed to investigate the 

four main complement activation pathways in development of CVD using epidemiological 

study designs. This chapter summarizes the main findings of this thesis and discusses the 

most important methodological considerations of this approach. Furthermore, it presents 

scientific and public health implications of these findings and proposes directions for future 

research. 

 

1 Summary of the main findings 
Chapter 2 summarized previous observations on complement factors in human 

cardiometabolic disease. The majority of studies investigated C3, and showed positive 

associations of C3 with insulin resistance, liver dysfunction, the metabolic syndrome, T2DM 

and, inconsistently, with CVD. Furthermore, several large studies investigated mannose-

binding lectin (MBL) in CVD, but yielded contradictory findings. Studies on other complement 

factors are scarce, and were mostly case-control studies, cross-sectional or were done in 

selected populations, such as in patients with T2DM. 

Chapter 3 provided a more detailed overview on the mechanisms that may involve C3 and 

C3 activation in development of T2DM, CVD and in particular diabetic CVD. For example, C3 

is a structural component of fibrin clots, where it increases clot solidity and resistance to lysis. 

The incorporation of C3 into clots appeared to be pronounced in patients with T2DM. Overall, 

the role of C3 in CVD may thus be modulated by other cardiovascular risk factors, such as 

hyperglycaemia. 

 

In each of the Chapters 4-8, we present original data on the different complement activation 

pathways in CVD.  

In Chapter 4, we investigated C3 and its activated product C3a in a cross-sectional analysis. 

We also examined whether a crucial cardiovascular risk factor, smoking, modulated the 

associations of C3 and C3a with CVD. Smoking was shown to activate C3 in several 

experimental studies [5-7]. C3 and C3a were both positively associated with low-grade 
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inflammation. However, only C3a but not C3 was positively associated with markers of 

atherosclerosis. Associations with inflammation and atherosclerosis were not modulated by 

smoking, but we observed strong effect modification by smoking in associations with 

prevalent CVD. Both C3 and C3a were significantly associated with prevalent CVD, but only 

in the group of heavy smokers. Importantly, their associations with CVD in smokers were 

independent of each other, which suggests that distinct mechanisms may underlie these 

associations. To explore this, we conducted a post-hoc analysis and sub-classified CVD into 

atherothrombotic and other aetiology. In this analysis, C3 was exclusively associated with 

atherothrombotic events, while C3a was equally associated with CVD of atherothrombotic 

and of other aetiology. Overall, these findings imply that C3 and C3a reflect different 

mechanisms in CVD. C3 by itself does obviously not represent complement activation, and 

may contribute to CVD via other mechanisms, potentially via hypofibrinolysis, as discussed in 

Chapter 3.  

In Chapter 5, we investigated products of terminal pathway activation C5a and sC5b-9 in a 

cross-sectional analysis. C5a and sC5b-9 were positively associated with low-grade 

inflammation and endothelial dysfunction. In contrast, C5a and sC5b-9 were not associated 

with markers of atherosclerosis or prevalent CVD. In the latter associations, the regression 

coefficients for markers of atherosclerosis were close to zero, and the ORs for CVD was close 

to one. This indicates that a lack of power is unlikely to explain these null-findings. Overall, 

systemic terminal complement activation may be involved in ongoing inflammatory 

processes and acute endothelial activation, but does not appear to be relevant in 

atherosclerosis and stable CVD. 

In Chapter 6, we investigated three factors of the alternative pathway in a longitudinal 

analysis. We measured Bb, which reflects current alternative pathway activation; factor D 

(FD), which is the rate-limiting protease in the activation step, and properdin. Properdin 

stabilizes the enzymatic complex of the alternative pathway and is thus an enhancer of 

alternative pathway activation. FD and Bb were positively associated with low-grade 

inflammation, and all three factors were positively associated with endothelial dysfunction. 

In the associations with incident CVD and cardiovascular events (CVE), the ORs of properdin, 

FD and Bb were all positive, and properdin was positively and significantly associated with 

incident CVE. Together, these observations suggest that the alternative pathway contributes 

to several processes of CVD and in particular to development of CVE. Properdin, FD and Bb 

were not associated with a marker of atherosclerosis, carotid intima-media thickness (cIMT). 

Obviously, the association with CVE may not be explained by a general role in atherosclerosis. 

The alternative pathway can be activated spontaneously in the vasculature, and is thought 

to be involved in platelet activation. Spontaneous activation of the alternative pathway may 

thus contribute to CVE via endothelial damage and, possibly, atherothrombosis. 

Furthermore, our findings indicate that especially a higher capacity to activate the alternative 

pathway as reflected by properdin, but not the current level of alternative pathway activation 

as reflected by Bb, appears to be relevant in the development of CVE over time. 

In chapter 7, we investigated three factors of the classical pathway in a longitudinal analysis. 

We measured the pattern-recognition factor C1q, the activation marker C4d, and an inhibitor 



186 | C h a p t e r  9  

 

of classical pathway activation, C1-inhibitor. We observed a significant U-shaped association 

of C1q with incident CVD, and a similar, but non-significant association with CVE. This 

suggests that C1q may have protective as well as harmful effects in the development of CVD. 

Animal studies showed indeed a beneficial function of C1q in atherosclerosis. However, C1q 

was not associated with cIMT. C1q can also direct macrophage polarisation towards an anti-

inflammatory phenotype. Therefore, a protective role of C1q in atherosclerosis could also 

involve effects on plaque phenotype, which is an aspect of atherosclerosis not reflected in 

cIMT. An adverse effect of C1q in CVD may be explained by its role in insulin resistance and 

metabolic inflammation. Observations on C4d were inconclusive, and C1-Inhibitor was not 

associated with any of the cardiovascular outcomes. Overall, these observations may imply 

that recognition of targets by C1q, but not downstream activation of the classical pathway is 

relevant in the development of CVD. 

In chapter 8, we investigated MBL, MBL-associated proteases (MASPs) and MBL-associated 

protein 44 (MAp44) of the lectin pathway in a longitudinal analysis. MBL can recognize 

abnormal structures and MASPs and MAp44 regulate complement activation. We observed 

a U-shaped association of MBL with low-grade inflammation, and observed that lower MBL 

was associated with higher cIMT. This suggests that low MBL may lead to more 

atherosclerosis and more low-grade inflammation, potentially due to impaired clearance of 

damaged tissues. On the other hand, high MBL may result in hyperresponsiveness to 

inflammatory triggers, and therefore also contribute to more low-grade inflammation. MBL 

can induce ‘silent’ clear-up processes without further complement activation, which may 

explain why high MBL was at the same time associated with more inflammation but a lower 

cIMT. MASP-1 and MASP-2, which mediate downstream complement activation upon MBL 

binding, were not associated with cardiovascular outcomes. Accordingly, the capacity to 

recognize targets via MBL, but not the efficiency to translate this binding into downstream 

complement activation, may be relevant in inflammation and atherosclerosis. MASP-3 and 

MAp44, for which the roles in complement activation are not well-defined, were 

independently of MBL associated with endothelial dysfunction. MASP-3 can also cleave non-

complement proteins, therefore its association with endothelial dysfunction might be 

explained by functions independent of lectin pathway activation. Overall, our findings 

suggest that also the lectin pathway may have beneficial as well as adverse roles in the 

development of CVD. 
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2 Methodological considerations 

2.1 Validity of determinants and outcomes 

a) Validity of complement factors  

We measured systemic concentrations of complement factors assuming that they reflect 

their concentrations in relevant tissues. In the associations with endothelial dysfunction, this 

assumption may be fulfilled, because the endothelium is directly exposed to the circulation 

and to circulating complement factors. In the associations with low-grade inflammation and 

atherosclerosis, this assumption may be less feasible, because local complement 

concentrations in liver, adipose tissue and the vessel wall may be more relevant than 

systemic concentrations. In liver and in adipose tissue, local complement concentrations may 

be instrumental in the induction of inflammation, leading to release of inflammatory factors 

into the circulation. In the vessel wall, local complement concentrations may be relevant in 

the recognition of abnormal structures, attraction and activation of immune cells and in 

stimulation of smooth muscle cell proliferation. Local concentrations in liver, adipose tissue 

and the vessel wall may partly originate from diffusion of complement factors from systemic 

circulation [8-10], but may partly also depend on local production and local complement 

activation. Most complement factors can be produced in liver, adipose tissue and by immune 

cells infiltrated into the vessel wall (see chapter 2; [3, 11]). For “inactive” complement factors 

with relatively high systemic concentrations such as C3 (see figure 1), the correlation 

between local and systemic concentrations may potentially be highest, because the capacity 

for local production may be unlikely to exceed diffusion from systemic circulation materially. 

In contrast, when systemic concentrations are relatively low, local production may have the 

potential to increase local concentrations substantially above systemic levels. Especially for 

the activated products such as C5a, local complement activation may increase local 

concentrations manifold above systemic levels. Higher local than systemic concentrations in 

relevant tissues were for example shown in synovial fluids from patients with rheumatoid 

arthritis [12-15]. In addition, local complement activation in liver and adipose tissue is 

thought to have mainly paracrine and autocrine effects [16-20], which also suggests that 

systemic concentrations may not fully represent concentrations that exert biological effects 

in inflammation and atherosclerosis in relevant tissues. Consequently, the associations 

described in this thesis most likely underestimate the relationship between complement 

factors and low-grade inflammation and atherosclerosis. 

b) Validity of outcomes  

We investigated low-grade inflammation, endothelial dysfunction and atherosclerosis 

because these are crucial pathophysiological processes of CVD. We assessed low-grade 

inflammation and endothelial dysfunction with biomarker scores, and used cIMT and ankle-

arm blood pressure index (AAIx) as markers of atherosclerosis. Biomarkers of low-grade 

inflammation and endothelial dysfunction as well as cIMT and AAIx were shown to be 

associated with future CVD in several studies, which implies that they indeed reflect crucial 

processes of CVD [21-31]. Based on some limitations, these measures may however not 
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perfectly represent the pathophysiological process of interest. For the measurement of low-

grade inflammation, no gold-standard has been established, and it is currently unclear 

whether systemic or local low-grade inflammation is most important in development of CVD. 

On the one hand, systemic low-grade inflammation is thought to induce pathophysiological 

processes in several organs and tissues [32], and studies that identified low-grade 

inflammation as a risk factor for CVD have almost always investigated systemic inflammation. 

Thus, measuring systemic inflammatory markers may be perfectly valid when inflammation 

is conceived as crucial risk factor for CVD. On the other hand, systemic low-grade 

inflammation originates from local inflammation in liver and adipose tissue [33-38], which 

suggests that measurement of local inflammation may be a more direct measure of the 

concept low-grade inflammation. Given that local, biopsy-proven inflammation in liver and 

adipose tissue was associated with systemic inflammation [39-42], measurement of 

circulating inflammatory markers may at least be a good reflection of local inflammation, in 

case that the latter is decisive in development of CVD. With regard to endothelial dysfunction, 

it should be noted that circulating markers secreted by a compromised endothelium are only 

indirect measures, while also direct, functional measurements exist, such as flow-mediated 

dilatation of peripheral arteries [43, 44]. Circulating markers and functional measurements 

were shown to correlate [45], but may each reflect distinct aspects of endothelial 

(dys)function. Circulating markers are thought to reflect endothelial activation and 

endothelial permeability, while functional measures reflect the capacity for vasodilation [46-

50]. Therefore, the associations investigated in this thesis could cover only one aspect but 

not the full complexity of endothelial (dys)function. Also cIMT and AAIx as markers for 

atherosclerosis each reflect only one specific aspect of atherosclerosis. First, cIMT and AAIx 

reflect atherosclerosis in discrete parts of the vasculature. cIMT reflects atherosclerosis in 

the carotid arteries supplying the brain and AAIx reflects atherosclerosis in the lower limbs. 

This is likely a minor limitation, as atherosclerosis is a systemic disease and atherosclerosis in 

a single arterial site was shown to correlate with atherosclerosis in other vascular beds 

[51-55]. More importantly, cIMT represents thickening of the arterial wall and AAIx 

represents narrowing or occlusion of peripheral arterial vessels. However, atherosclerosis 

involves many more aspects, such as plaque burden, plaque phenotype, arterial remodelling 

and calcification [56-64]. Especially the measurement of plaque burden and coronary 

calcification is nowadays considered to be superior to the measurement of cIMT in order to 

assess the severity of atherosclerosis [56, 65-67].  

The validity of the dichotomous outcomes CVD and CVE is very high, because here, the 

intention is to measure functional and clinically detectable impairments in the arterial 

vasculature. 
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2.2 Reliability 

a) Biological variability 

The complement factors were determined in single measurement in fasted samples, 

assuming that these reflect their habitual concentrations. For most complement factors, little 

is known on their short-term variability, i.e. diurnal variability and day-to-day variability, and 

their long-term variability. Diurnal variability may originate from acute effects of meals, 

physical exercise or mood on systemic complement factors. Food-intake was observed to 

acutely affect plasma FD, C4, C3 and C3a, while Factor B and C5a were observed to be stable 

in the postprandial phase [68-75]. Acute exercise was observed to change plasma C1q, C3, 

C3a, C5a and sC5b-9 [76-82]. Acute psychological stress was observed to change plasma Bb, 

C3a and C5 [83]. Furthermore, for plasma C4, C3 and C3a, a circadian rhythm was observed 

[84], and also sleep deprivation was observed to change plasma C3 and C4 [85]. In addition, 

variability in plasma C3a and C1-inhibitor was observed during the menstrual cycle [86, 87]. 

These studies each only measured one or a few complement factors, and thus do not give a 

comprehensive picture on the biological variability of plasma complement factors. But 

together, they illustrate that there may be substantial biological variability in several 

complement factors. Suboptimal reflection of habitual levels in a single fasted sample may 

have resulted in random error, as all participants were measured under the same conditions. 

This suggests that many observed associations are likely to underestimate the true 

associations of complement factors with cardiovascular outcomes. In contrast, MBL and 

MASP-2 were in healthy individuals relatively stable during the day, were not influenced by 

acute exercise and MBL was reported to be stable over a period of six months or even 20 

years [88, 89]. For low-grade inflammation and endothelial dysfunction, random error due to 

biological variability was minimized by measuring several plasma markers and combining 

them into a score [90-92]. The reliability of the low-grade inflammation score may be slightly 

higher than reliability of the endothelial dysfunction score, because for low-grade 

inflammation eight (cross-sectional analyses) or six (longitudinal analyses) plasma 

inflammatory markers were pooled, while for endothelial dysfunction only four plasma 

markers were available.  

b) Measurement error in the laboratory measurements 

All laboratory measurements of complement factors and biomarkers of low-grade 

inflammation and endothelial dysfunction were performed in duplicate and blinded to 

participant characteristics in order to limit random and systematic measurement error, 

respectively. However, long-term storage and freeze-thaw cycles of samples may have 

introduced measurement error in the laboratory measurements, although the effect appears 

to have been minor.  

All samples for the laboratory measurements had been stored at -80°C in order to minimize 

the effects of sample storage [93, 94]. Complement factors were only measured in the 

baseline samples, and we observed that absolute concentrations of all complement factors 

were within the same range as observed in previous studies (detailed discussion in the 

individual chapters). This suggests that the effect of sample storage on absolute 
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concentrations of complement factors is most likely neglectable. With regard to biomarkers 

of low-grade inflammation and endothelial dysfunction, sample storage may have affected 

their absolute concentrations differently at baseline and at follow-up. Most biomarkers were 

measured paired, consequently the follow-up samples had been stored for ≈3-5 years, while 

the baseline samples had been stored for ≈10-12 years at the time of the measurements. 

C-reactive protein has been shown to be relatively stable during long-term storage [95], while 

other biomarkers may be less stable. For example, concentrations of interleukin-6 and TNFα 

have been shown to decrease with longer sample-storage [96]. In that study [96], the 

greatest decline occurred between the second and the fourth year, which suggests that 

concentrations in samples stored for five years may have decreased to greater extent than 

concentrations in samples stored for three years. Consequently, at follow-up, sample storage 

time may be related to absolute biomarker concentrations. Together with the circumstance 

that in CODAM, relatively more patients with T2DM were included at the end of the inclusion 

procedure (see introduction), this may have resulted in a systematic measurement error, as 

storage time in the follow-up samples may be related to both absolute concentrations of 

biomarkers and T2DM. In contrast, at baseline, samples stored for ten years are unlikely to 

be substantially stronger affected from a storage effect than samples stored for twelve years, 

because with longer duration, storage effects may reach a plateau and may balance out over 

the samples. Thus, sample storage may only at follow-up have introduced a systematic error 

into the measurements of biomarkers of low-grade inflammation and endothelial 

dysfunction. Systematic measurement error may bias associations in either direction [97, 98]. 

In case associations with low-grade inflammation or endothelial dysfunction differed 

between baseline and follow-up, associations at follow-up were weaker. Thus, even though 

a systematic measurement error might have affected the follow-up samples, this appears to 

have introduced bias towards the null.  

In order to minimize the effect of freeze-thaw cycles, all activated products (C4d, Bb, C3a, 

C5a, sC5b-9) and also properdin, C3, C4 and MBL were measured in samples that had never 

been thawed before. Other complement factors were measured in samples that had been 

thawed maximally twice before, and for those measurements, tests had been performed 

beforehand to evaluate the effect of freeze-thaw cycles. In these tests, freeze-thaw cycles 

did not appear to affect the absolute concentrations measured. Biomarkers of low-grade 

inflammation and endothelial dysfunction were also measured in samples that had maximally 

been thawed twice before, and for several of those biomarkers (CRP, interleukin-6, sICAM-

1, sVCAM-1) with the exception of TNFα, it has been shown that repeated freeze-thaw cycles 

may have a minor effect on the absolute concentrations [96, 99].  

Lastly, it should be noted that none of these laboratory measurements are standardized; 

therefore the absolute concentrations of complement factors measured in our study 

(figure 1) may be slightly different from the true absolute concentrations. As this does not 

affect the ranking of the participants, this is unlikely to have affected the observed 

associations. 
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Figure 1: Median absolute systemic concentrations of complement factors in CODAM. 

 

2.3 Study design 

a) Cross-sectional and longitudinal analyses  

The current thesis presents cross-sectional as well as longitudinal analyses. Longitudinal 

analyses allow to investigate temporality between associations, which is considered to 

provide better evidence for causality [100]. However, longitudinal analyses may also have 

disadvantages related to typical problems with the follow-up procedure. In CODAM, 14% of 

participants were lost-to-follow up, and those participants also had a slightly worse 

cardiometabolic profile than participants who attended the follow-up measurements. This 

indicates that a selective drop-out of unhealthier participants has occurred, which may have 

resulted in a smaller chance to detect associations. For example, participants who 

experienced a lethal cardiovascular event were not included in the follow-up sample, which 

means that the most severe incident CVD cases were not included in the analyses. Thus, 

despite advantages of longitudinal analyses in terms of causality, the issue of selection bias 

may have resulted in underestimation of several associations. 

b) Confounding and overadjustment 

Confounding is a source of bias in the estimation of causal effects. A confounder is a variable 

that creates a spurious relation between the exposure and the outcome [101]. Traditionally, 

a confounder is defined as being associated with the outcome, being associated with the 

exposure, but not being a consequence of the exposure (thus not being a mediator). At first 

glance, the identification of confounders in the research question of interest appears thus to 

be straightforward. However, in practice, the issue of confounding is highly complex, making 

it difficult to categorize variables unequivocally as confounders or mediators. First of all, in 

biomedical research, bidirectional relations and vicious circles between an exposure and a 

potential confounder may exist. For example, adipose tissue secretes complement factors, 

but several complement factors were in animal studies shown to be causally linked to 

obesity, suggesting a bidirectional relation. Second, current views how to deal with common 

causes of exposure and disease are conflicting. For example, adipose tissue contributes to 

CVD and also secretes complement factors, therefore obesity is a common cause of 

circulating complement factors and of CVD. Conservatively, a common cause of exposure 

and disease is clearly categorised as confounder [102]. As opposed to this, others advocate, 

that when the exposure is caused by the confounder, but mediates the effect of the potential 



192 | C h a p t e r  9  

 

confounder on the outcome, adjusting for that variable would be incorrect [103]. According 

to this view, adjustment for obesity may be inappropriate when it is assumed that secretion 

of complement factors partly explains how obesity contributes to CVD. Lastly, it has now 

become clear, that the extent of measurement error in exposure and covariates has 

profound effects on the results [104, 105]. Simulation studies showed that adjustment for 

covariates that are more precisely measured than the exposure of interest may result in 

underestimation of the exposure effect [106], and in overestimation of the covariate effect. 

In this thesis, we adjusted all analyses for the most important cardiovascular risk factors. 

Most of these potentially confounding variables are likely to be measured with higher 

precision than the complement factors. For example, obesity or use of medication is 

measured more reliably because they feature basically no short-term variability. Blood 

pressure or blood lipids may have similar biological variability to complement factors, but the 

measurement procedure may be more reliable because these are clinical measures carried 

out according to standardized procedures. Together, these reflections aim to illustrate that 

any ‘true’ association may not be described with one definite statistical model. Several of the 

variables we adjusted for may be confounders and mediators at the same time, therefore, 

the fully adjusted models in this thesis may to some extent be overadjusted [107]. 

Furthermore, a higher degree of measurement error in complement factors than in 

covariates may have resulted in underestimation of associations of complement factors with 

cardiovascular outcomes. These issues are fundamentally relevant for the interpretation of 

the current results, because several of the associations presented in this thesis were just 

significant or borderline significant. Vagueness in the concept of confounding and practical 

problems in the implementation of adjustments should be considered when judging the 

overall relevance of our findings. On the other hand, the possibility of residual confounding 

can never be excluded in observational studies [108]. 

c) Causality 

Proof of causality was not the primary aim of the current thesis. As described above, our 

results may to some extent be affected by several forms of bias. Furthermore, reverse 

causation may have occurred in the cross-sectional associations with CVD. However, no study 

design may exist that is completely free of bias and is perfectly generalizable to the 

population of interest. Experimental animal and in vitro studies showed a causal role of the 

complement system in several processes of CVD, but may not be fully representative for the 

complex disease process in humans. Our study aimed to explore whether these mechanisms 

implicated in basic science studies are relevant in humans. Together with findings from 

experimental studies, the current observational evidence strengthens the concept that the 

complement system is causally involved in CVD. 

d) Generalizability 

The CODAM study includes individuals with an increased cardiovascular risk. Therefore, the 

effect sizes may be different in populations with other distributions of complement factors 

and cardiovascular outcomes [109]. However, the aim of this thesis was not to estimate the 

predictive effect of complement factors, but to explore their role in the aetiology of CVD. The 
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pathophysiological concept that the complement system is involved in CVD does not rely on 

the study population to be representative for another population [110]. Aside from that, our 

findings can be generalized to the large group of Western individuals who have one or more 

cardiovascular risk factor.  

 

 

3 Overall interpretation of results 

3.1 Relevance of the different complement pathways in human CVD  

Taken together, the findings presented in the current thesis sketch the following overall 

picture of the role of the complement system in human CVD (table 1): First, activation of the 

alternative pathway may be harmful in the development of CVD and in particular CVE. All 

measured components of the alternative pathway correlated positively with adverse 

cardiovascular outcomes, and higher levels of properdin were independently associated with 

future CVE. Second, the classical and the lectin pathway may have beneficial as well as 

adverse roles in development of CVD. Both high and low levels of the pattern recognition 

molecules C1q and MBL correlated with worse cardiovascular outcomes. Factors that reflect 

the level or the capacity for classical and lectin pathway activation, C4d and C1-inhibitor, 

were not consistently associated with cardiovascular outcomes. This also supports the 

concept that classical and lectin pathway activation is not exclusively harmful in CVD. Third, 

systemic activation of the terminal pathway may be adverse with regard to low-grade 

inflammation and endothelial dysfunction, but does not appear to be relevant in CVD. Lastly, 

the function of the C3-C3a axis in CVD appears to be complex. Higher levels of C3 and C3a 

may be adverse with regard to CVD, but appear to reflect distinct molecular mechanisms.  

3.2 Relevance of the individual complement factors in human CVD  

In addition, the findings of the current thesis reveal three further important aspects of the 

role of complement factors in CVD. First, we observed that different components of each 

pathway did not show similar associations with cardiovascular outcomes. For example, 

associations of MBL and MASPs as well as associations of C1q and C1-inhibtor with 

cardiovascular outcomes were substantially different. This may be explained by the concept 

that they reflect distinct molecular mechanisms: For example, C1q may rather represent the 

capacity to recognize and opsonize targets, while higher C1-inhibitor may reflect the 

potential to inhibit complement activation after binding of C1q to targets. A higher capacity 

for target recognition may however not necessarily lead to more complement activation, and 

therefore not critically depend on an inhibitor to exert effects. Second, higher concentrations 

of the pattern recognition factors C1q and MBL were not correlated with the activation 

product of the classical and the lectin pathway C4d. This may indicate, that associations of 

C1q and MBL with CVD and cIMT, respectively, may arise for partly from their function as 

pattern recognition factors and their capacity to opsonize targets without further 

complement activation. Alternatively, this may be explained by the third observation: all 

activated products correlated positively with low-grade inflammation, but most of them 
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(C4d, Bb, C5a, sC5b-9, with the exception of C3a) were not or only weakly associated with 

stable outcomes such as CVD and cIMT. This suggests that systemic concentrations of most 

activated products reflect dynamic processes such as low-grade inflammation, but may 

insufficiently reflect complement activation over time or local concentrations in relevant 

tissues.  

 
Table 1: Overview on the fully adjusted associations of complement factors with cardiovascular outcomes 
in the whole study population 

complement 
factor 

pathway function   low-grade 
inflammation 

endothelial 
dysfunction 

cIMT incident 
CVD 

incident 
CVE 

C1q  classical 
pattern-
recognition 

 + ++ ᴑ     

C1-Inhibitor classical/lectin inhibitor  ᴑ ᴑ ᴑ ᴑ ᴑ 

C4d classical/lectin 
activation 
marker 

 ᴑ ᴑ ᴑ ᴑ  ᴑ 

MBL lectin 
pattern-
recognition 

   ᴑ ▬  ▬ ▬  ▬ 

MASP-1 lectin protease  ᴑ ᴑ ᴑ ᴑ ▬ 

MASP-2 lectin protease  ᴑ ᴑ ᴑ ᴑ ᴑ 

MASP-3 lectin 
regulatory 
functions? 

 ᴑ ++ ᴑ + + 

MAp44 lectin 
regulatory 
functions? 

 ᴑ ++ ᴑ ᴑ ᴑ 

Properdin alternative 
enhancer 
initiator? 

 + ++ ᴑ ᴑ +++ 

Factor D alternative protease  +++ +++ ᴑ + + 

Bb alternative 
activation 
marker 

 ++ ++ ᴑ + ᴑ 

C3 
convergence 
alternative 

protease  +++ ++ ᴑ ᴑ + 

C3a convergence anaphylatoxin  +++ + +++ + ᴑ 

C5a terminal anaphylatoxin  +++ ++ ᴑ ᴑ ᴑ 

sC5b-9 terminal 
activation 
marker 

 +++ +++ ᴑ ᴑ ᴑ 

Legend: One ▬  or + sign denotes a negative or positive, but non-significant association; two ▬  ▬ or 
+ + signs denote a negative or positive, significant association; three ▬ ▬ ▬ or + + + signs denote a 
relatively strong negative or positive, significant association; one  sign denotes a U-shaped, but non-
significant pattern of an association; two   signs denote a U-shaped, significant pattern of an 
association; in grey: to provide a comprehensive picture, the following associations were analysed for 
completion of the current table but were not presented in chapters 4-8: fully adjusted model (as 
described in chapters 7 and 8), endothelial dysfunction, C3: =0.13 [0.04; 0.22]; C3a: =0.08 [-0.00; 
0.15]; incident CVD, C3a: OR=2.07 [0.90; 4.76], incident CVE, C3a: OR=1.19 [0.37; 3.80]. 
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3.3 Comparison with previous studies 

a) Human studies 

As summarized in chapter 2, C3 and MBL have been measured in several cohorts, while 

human studies on other complement factors are scarce. We observed that C3 was 

independently associated with prevalent CVD, but not with future CVD. Other studies 

consistently observed positive associations with prevalent CVD, while in the few prospective 

studies, the association of C3 with CVD was not always independent of confounders [111-

113]. This suggests that associations of C3 with prevalent CVD may partly arise from reverse 

causation, or may be mediated by covariates or unmeasured variables strongly related to 

covariates. Our observations revealed that activation of C3, i.e. reflected by C3a, did not 

explain associations of C3. Potentially, associations of C3 with CVD may partly arise from 

effects beyond complement activation. Interestingly, C3 was recently shown to bind 

unspecifically to several plasma proteins via its reactive thioester group, which can be 

exposed spontaneously [114, 115]. Considering the relatively high plasma concentration of 

C3, this mechanism may have interesting yet unresolved functions in CVD. Next, we observed 

that MBL may have beneficial as well as adverse effects in low-grade inflammation and 

atherosclerosis. This may explain why previous studies have been contradictory, and 

observed either positive or inverse associations with CVD. Regarding complement factors 

other than C3 or MBL, only one large prospective study is available on FD. FD was in a large 

cohort of men associated with risk of stroke, but not with risk of coronary heart disease [116, 

117]. This is in line with our findings, as it also suggests that the alternative pathway may in 

particular contribute to atherothrombosis. We measured several alternative pathway factors 

and observed the strongest association between properdin and CVE. With regard to other 

complement factors, this is the first longitudinal study on Bb, C1q, C1-inhibitor, C4d, MASPs 

and MAp44 in CVD. Therefore, comparison with previous studies is not possible. 

b) Animal and in vitro studies 

Our findings confirm that several causal mechanisms suggested by experimental studies are 

relevant in humans. Our findings on the classical and the lectin pathway are largely in 

agreement with animal studies, which already indicated protective as well as harmful 

functions of C1q and MBL in different processes of CVD. Protective functions of C1q and MBL 

were observed in mice models that mimic the early stages of atherosclerosis (LDL-receptor 

knockout mice, LDLR-/-) [118]. Mice genetically deficient in C1q or MBL had more severe 

atherosclerosis and an impaired clearance of apoptotic cells [119-121]. Harmful functions in 

CVD may be explained differently for C1q and MBL. C1q appears to have an adverse role in 

metabolism, as mice deficient in C1q developed less insulin resistance and glucose 

intolerance on a high-fat diet [122]. For MBL, a harmful role was shown in mice models that 

simulate later stages of CVD, when hyperglycaemia or oxidative stress advanced vascular 

tissue damage [123, 124]. In mice, MBL had thus a beneficial function in lipid-induced 

atherosclerosis, but had an adverse function in hyperglycaemic vascular damage.  

Our findings on the alternative pathway are in line with the available mice models on 

atherosclerosis; however they lead to different conclusions regarding the overall relevance 
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in CVD. In LDLR-/- mice, deficiency of properdin or Factor B did not have consistent effects on 

atherosclerosis [125-127], which would imply that the alternative pathway is not crucially 

relevant in CVD. In contrast, our findings suggest that in humans, the alternative pathway is 

highly relevant in CVD. In line with the mice models, we did not observe an association of the 

alternative pathway with atherosclerosis. However, we observed that the alternative 

pathway was in particular associated with CVE, which may be explained by a role in 

atherothrombosis. In agreement, deficiency of Factor B resulted in less microvascular 

thrombosis in a mouse model of haemolytic uraemic syndrome, although the translatability 

to arterial thrombosis may be limited [128]. Several in vitro studies also suggested functions 

of the alternative pathway in endothelial activation, endothelial release of procoagulant 

factors and platelet activation [129-134]. In line with that, we observed a relatively strong 

association of all measured alternative pathway components with endothelial dysfunction 

(regression coefficients up to twice as high than for example of MASP-3 or MAp44). Our 

findings thus support the large body of in vitro studies that implicated the alternative 

pathway in coagulation. Furthermore, they illustrate that mice models only cover very 

specific aspects in the cardiovascular disease process, and that studies in a single model such 

as LDLR-/- are limited to appraise the relevance of a certain factor in the complex 

development of human CVD. 

Our findings on the terminal pathway are not in line with the majority of experimental 

studies. In in vitro studies, C5a appeared to be the most potent anaphylatoxin [135-137], 

which would suggest that C5a is also most crucial in CVD. Furthermore, in mice models of 

atherosclerosis, deficiency of CD59, which protects cells from terminal pathway attack, 

resulted consistently in more atherosclerosis [138-141]. In line with an adverse role of 

terminal pathway activation, deficiency of C6 itself or inhibition of the C5a-receptor in mice 

decreased atherosclerosis [138, 142]. We did however observe that terminal complement 

activation was clearly not associated with atherosclerosis, and also not with CVD. Only one 

animal study is in line with our findings, and did not observe an effect of C5 deficiency on 

atherosclerosis [143]. Importantly, systemic levels of terminal pathway activation may not 

reflect local and potentially more crucial effects inside the vessel wall. Nevertheless, our 

findings indicate that systemic activation of the terminal pathway is in human CVD less 

relevant as one would infer at first glance when reviewing data from animal studies. 

Our findings on the C3-C3a axis are in the total picture consistent with experimental evidence 

from basic science, although they are partly in contrast with individual observations. Overall, 

animal studies already indicated that C3 and C3a may contribute to CVD via different 

mechanisms, and may have different roles in atherosclerosis and thrombosis. In mice models 

of atherosclerosis, effects of C3 deficiency were not consonant with effects of C3a-receptor 

deficiency: deficiency of the C3a-receptor decreased atherosclerosis [144], which is in line 

with the positive association of C3a with atherosclerosis observed in our study. Deficiency of 

C3 however resulted in more atherosclerosis, which would imply a beneficial function of C3 

in atherosclerosis [126, 145]. We did clearly observe that C3 was not associated with 

atherosclerosis, and our study suggested a harmful but not a beneficial role of C3 in other 

processes contributing to CVD. This contradiction may be explained by the fact that 
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atherosclerosis in these mice models is excessively driven by dyslipidaemia and that C3 was 

repeatedly implicated in lipid metabolism. In mice, C3 may thus have a beneficial effect on 

atherosclerosis partly via lipid metabolism, while in humans, beneficial effects on lipid 

metabolism may be of minor relevance. We did observe that C3 was particularly associated 

with atherothrombotic events, which is in line with a study that observed delayed thrombosis 

in C3 deficient mice [146]. 

Overall, our findings from a human cohort substantiate a large part of animal and in vitro 

data, but also suggest that some pathways may in humans be more relevant (alternative 

pathway), less relevant (terminal pathway) or relevant in other aspects of CVD (C3) than 

anticipated from available mice models on atherosclerosis. 

 
4 Implications and future directions 
CVD is the most common cause of death worldwide [1], and better understanding of 

mechanisms contributing to CVD is needed in order to decrease the burden of CVD. This 

thesis showed that concentrations of complement factors in the circulation were associated 

with CVD as well as with low-grade inflammation, endothelial dysfunction and 

atherosclerosis. This suggests that the complement system may be involved in the 

development of CVD. Importantly, the different pathways of complement activation may 

play different roles. Especially the alternative pathway, which can be activated 

spontaneously in the circulation, appeared to have harmful effects, while the classical and 

the lectin pathway appeared to have harmful but also beneficial effects. These findings have 

several scientific and also some clinical implications. First of all, our study provided for the 

first time a comprehensive evaluation of the complement system in CVD in humans. The 

present findings substantiated data from animal and in vitro studies and gave also some new 

insights. For example, the alternative pathway did not increase atherosclerosis in mice 

models [126, 127], but appeared to be highly relevant in human CVD. Future studies should 

investigate in detail, which factors enhance spontaneous activation of the alternative 

pathway in the circulation. From a clinical point of view, in particular the enhancer of 

alternative pathway activation properdin may in the future be used as prognostic marker to 

identify individuals with an increased cardiovascular risk. The associations of properdin with 

incident CVE were independent of C3 and of low-grade inflammation, which suggests that 

properdin reflects indeed a novel aspect in the aetiology of CVD. Next, our findings on the 

lectin pathway may be especially relevant in the aetiology of CVD among other ethnicities. 

We observed that lower MBL levels were associated with more atherosclerosis. Genotypes 

resulting in low circulating MBL levels are more prevalent in African and South American 

populations [147-149], therefore low MBL may partly explain the observation that black race 

is associated with more atherosclerosis compared to white race [150, 151]. However, 

pharmacological targeting of the complement system in CVD is unlikely in the near future. 

The complement system has diverse roles in many physiological processes; and 

pharmacological therapy may not be successful unless finely adjusted modulation with 

strictly site-targeted, controlled drug delivery is available. Strategies to target complement 

in acute myocardial infarction have so far been unsuccessful and were discontinued [152, 
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153]. On the other hand, a healthy diet, physical activity and commonly prescribed drugs may 

have beneficial effects on systemic complement factors, as described in chapter 2. 

In the future, our findings need of course replication in larger studies. However, also larger 

studies will suffer from similar limitations as our study regarding validity, reliability, and 

confounding/overadjustment. In order to further elucidate the role of complement in the 

aetiology of CVD, studies applying the principles of Mendelian randomization can add 

valuable information. In the Mendelian randomization approach, genetic variants that cause 

a change in concentration, activity or function in the respective protein are investigated as 

reflection of lifelong exposure. This approach limits bias by confounding as well as 

measurement error, and is considered superior to indicate a causal relationship. For most 

complement factors, already several polymorphisms are known that affect protein 

concentration or function [154-157]. Furthermore, several cases of genetic deficiency in for 

example C1, C4, C5, C6, C7, C8, C9 or Factor H have been reported [158-169]. In case that 

deficiencies did not lead to severe orphan diseases, their effects have so far been 

investigated mainly with regard to infectious diseases. In the future, polymorphisms should 

be characterized for their molecular effects and subsequently be merged in high- and low-

activity complotypes. Targeted investigation of complotypes in large GWAS databases 

combined with better characterization of cases with complement deficiencies may provide a 

deeper insight into the role of complement in CVD. 
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Nederlandstalige samenvatting 
Hart- en vaatziekten zijn de belangrijkste doodsoorzak wereldwijd. Hart- en vaat-ziekten is 

een verzamelbegrip voor aandoeningen van de bloedvaten, bijvoorbeeld in het hart, de 

hersenen of in de benen. Aandoeningen van de bloedvaten kunnen leiden tot een hartinfarct, 

beroerte of perifeer arterieel vaatlijden, ook wel etalagebenen genoemd. Deze ziekten 

vormen een grote last zowel voor patienten als voor de gezondheidszorg. Daarom is het 

belangrijk om meer inzicht te krijgen in de oorzaken van hart- en vaatziekten. Het ontdekken 

van oorzaken voor ziekten kan bijdragen aan het ontwikkelen van nieuwe 

behandelmethoden. Reeds bekende oorzaken van hart- en vaatziekten zijn laaggradige 

ontsteking, ongezonde en slecht functionerende vaten (vaatdisfunctie) en slagaderverkalking 

(atherosclerose). Leefstijlfactoren zoals overgewicht en roken kunnen leiden tot laaggradige 

ontsteking van de bloedvaten. In de loop van de tijd leidt laaggradige ontsteking tot 

vaatdisfunctie. Door een verslechterde functie van de binnenbekleding van de bloedvaten 

(het endotheel) ontstaat bijvoorbeeld endotheeldisfunctie. Een van de gevolgen van 

endotheeldisfunctie is slagaderverkalking, de verharding en vernauwing van de vaatwanden. 

Vernauwing van de slagaders zorgt voor een verslechterde bloed- en zuurstofvoorziening en 

kan leiden tot de afsluiting of scheuring van vaten. Door afgesloten vaten kan bloed minder 

goed aan- en afgevoerd worden en functioneren de weefsels minder goed, zoals bij 

etalagebenen, of kunnen deels afsterven, zoals bij een hartinfarct of beroerte. 

In de laatste jaren is er bijzondere belangsteling voor de rol van het afweersysteem gekomen 

in het ontstaan van hart- en vaatziekten. Het afweersysteem zorgt niet alleen voor de afweer 

tegen indringers, maar speelt ook een belangrijke rol in het initiëren van onsteking en het 

aansturen van weefselvernieuwing en -herstel. Het afweersysteem is ook betrokken bij het 

onderhoud van de bloedvaten, en onderzoek laat zien dat het afweersysteem een rol speelt 

in ontsteking van de bloedvaten, vaatdisfunctie en slagaderverkalking.  

Een belangrijk onderdeel van het afweersysteem is het complementsysteem. Het 

complementsysteem bestaat uit verschillende eiwitten, de zogenaamde complement-

factoren. Complementfactoren zijn aanwezig in het bloed en in de weefsels en kunnen via 

kettingreacties aanleiding geven tot productie van lokstoffen en signaalstoffen en kunnen 

bijdragen aan het opruimen van beschadigde weefsels. Een kettingreactie kan bijvoorbeeld 

gestart worden door het herkennen van beschadigde weefsels. Die kettingreacties van 

complementactivatie kunnen verlopen via drie verschillende routes: de klassieke route, de 

lectineroute en de alternatieve route. Alle drie deze routes maken eigen signaalstoffen vrij 

en ze monden uit op een gezamenlijke eindroute. Het voortschrijden van de kettingreactie 

tot de gezamenlijke eindroute leidt onder meer tot de productie van krachtige 

complementsignaalstoffen. Complementsignaalstoffen veroorzaken ontsteking, daarom kan 

overmatige activatie van het complementsysteem aanzienlijke schade toebrengen aan de 

weefsels. 

In dit proefschrift onderzochten we de rol van het complementsysteem in het ontstaan van 

hart- en vaatziekten. Daarbij hebben we gebruik gemaakt van de CODAM studie. In het bloed 

van deelnemers van de CODAM studie hebben we de hoeveelheiden van verschillende 

complementfactoren gemeten, en gekeken of deze samenhingen met laaggradige 

http://www.menselijk-lichaam.com/bloed-afweersysteem/bloed
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ontsteking, endotheeldisfunctie, slagaderverkalking en het krijgen van hart- en vaatziekten. 

De belangrijkste bevindingen zijn hieronder beschreven: 

 

Factoren van de alternatieve route bevorderen het onstaan van hart- en vaatziekten 

De kettingreactie van de alternatieve route kan spontaan en door toeval gestart worden. 

Eerder onderzoek in mensen heeft laten zien dat spontane sterke en ongerichte activatie van 

de alternatieve route tot schade aan het oog kan leiden. Dit suggereert dat een grotere 

hoeveelheid alternatieve complementfactoren in het bloed kan leiden tot meer spontane en 

ongerichte complementactivatie in de bloedvaten, met als gevolg beschadiging van de vaten. 

In dit proefschrift hebben we drie complementfactoren van de alternatieve route gemeten: 

twee factoren die deel vormen van de kettingreactie, en één factor die als aanjager van de 

kettingreactie werkt. Grotere hoeveelheiden van alle drie factoren van de alternatieve route 

hingen samen met meer ontsteking en meer endotheeldisfunctie. Daarnaast gaf een grotere 

hoeveelheid van de aanjager een hoger risico op het krijgen van hart- en vaatziekten. Dit 

suggereert dat het spontane starten van de alternatieve route inderdaad bij kan dragen aan 

vaatschade, en dat in het bijzondere het aanjagen van de kettingreactie het onstaan van hart- 

en vaatziekten bevordert. 

 

Factoren van de klassieke route en de lectineroute hebben zowel beschermende als 
beschadigende effekten op het hart- en vaatstelsel 

De kettingreacties van de klassieke route en de lectineroutes worden beide gestart door het 

herkennen van gevaarsignalen, zoals bijvoorbeeld afvalproducten of beschadigde weefsels. 

Uit onderzoek in proefdieren is gebleken, dat het starten van kettingreacties via de klassieke 

route en de lectineroute beschermend kan zijn tegen slagaderverkalking. Een mogelijke 

verklaring hiervoor is dat de klassieke route en de lectineroute belangrijk zijn voor het 

opruimen van afvalproducten en dat minder afvalproducten leiden tot minder hart- en 

vaatziekten. In dit proefschrift hebben we factoren van de klassieke route en de lectineroute  

gemeten die gevaarsignalen kunnen herkennen. Het bleek dat zowel grote als ook kleine 

hoeveelheiden van deze herkenningsfactoren samenhingen met meer ontsteking of het 

onstaan van hart- en vaatziekten. Dit suggereert een tweeledige rol van de klassieke route 

en de lectineroute in mensen: Aan de ene kant bestaan er beschermende effecten op het 

vaatstelsel. Daardoor kan een tekort aan herkenningsfactoren leiden tot onvoldoende 

opruiming van afvalproducten. Dit kan het onstaan van hart- en vaatziekten bevorderen. Aan 

de andere kant veroorzaakt een teveel aan herkenningsfactoren van de klassieke route en 

de lectineroute overmatige complementactivatie. Dit kan bijdragen aan ontsteking en 

vaatschade.  
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De meest sterke complementsignaalstoffen hangen niet samen met hart- en 
vaatziekten 

Vanuit de gezamelijke eindroute kunnen complementsignaalstoffen vrijgemaakt worden. 

Het is bekend dat deze complementsignaalstoffen verschillen in de mate waarin ze 

ontsteking kunnen aanjagen. Eerder onderzoek in proefdieren liet zien, dat al deze 

complementsignaalstoffen de ontwikkeling van slagaderverkalking bevorderen. In onze 

studies hing een signaalstof van gematigde sterkte samen met slagaderverkalking. Echter 

hingen de twee sterkste complementsignaalstoffen niet samen met slagaderverkalking of 

hart- en vaatziekten. Dit suggereert dat de sterkte van complementsignaalstoffen niet 

bepalend is voor de mate waarin ze samenhangen met hart- en vaatziekten. Een mogelijke 

verklaring hiervoor is dat complementsignaalstoffen voornamelijk binnen weefsels 

vrijgemaakt worden. Mogelijk is de hoeveelheid in het bloed geen heel goede weerspiegeling 

van de hoeveelheid complementsignaalstoffen die binnen de weefsels geproduceerd is. 

 

Conclusie 

Dit proefschrift laat zien dat complementfactoren in het bloed samenhangen met de 

ontwikkeling van hart- en vaatziekten. In het bijzonder leidt spontane en ongerichte 

complementactivatie via de alternatieve route tot ontsteking, endotheeldisfunctie en het 

ontstaan van hart- en vaatziekten. Daarentegen leiden zowel een teveel als een tekort van 

herkenningsfactoren van de klassieke route en de lectineroute tot ontsteking en het ontstaan 

van hart- en vaatziekten. Echter is mogelijk het meten van de sterkste complement-

signaalstoffen in het bloed geen goede weerspiegeling van de bijdrage van 

complementactivatie aan hart- en vaatziekten.  

Deze bevindingen geven inzicht in het ontstaan van hart- en vaatziekten in mensen en 

kunnen bijdragen aan het ontwikkelen van nieuwe preventie- en behandelmethoden. 

Complementfactoren van de alternatieve route zijn mogelijk geschikt voor het voorspellen 

van de kans op het krijgen van hart- en vaatziekten. Dat vergroot de mogelijkheid om mensen 

met een verhoogd risico te herkennen en vroeger en intensiever te behandelen. Daarnaast 

zijn deze bevindingen bemoedigend voor vervolgonderzoek, om methoden te ontwikkelen 

die leiden tot de remming van spontane complementactivatie via de alternatieve route. 
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Valorisation addendum 
Valorisation is the “process of value-creation out of knowledge, by making this knowledge 

suitable and available for economic or societal utilisation” [1]. Economic utilisation involves 

for example commercialisation of knowledge by generating patents and license contracts [2]. 

Societal utilisation means making knowledge available to individuals and public organizations 

who might apply research findings.  

The studies included in the current thesis investigated the associations between plasma 

complement factors and development of cardiovascular disease (CVD) in a cohort of middle-

aged to elderly individuals. We showed that circulating complement factors are associated 

with CVD and processes contributing to CVD. These findings are relevant to healthcare 

providers and to individuals at risk for CVD. However, this research project did not explore 

hypotheses that could directly lead to patent applications. Hence, this chapter describes how 

the current findings may be applied in order to decrease cardiovascular burden and provides 

an outlook on the steps to be taken in order to translate the current findings into prevention 

and treatment strategies of CVD. 

 

The investigation of novel risk factors for CVD can create value at different levels. First, it can 

result in finding novel risk markers in order to assess the cardiovascular risk of an individual. 

Quantifying an individual’s cardiovascular risk can be utilized in clinical decision making, and 

can decrease cardiovascular burden by delivering medical interventions earlier and by 

providing personalized treatment. Identification of novel risk markers can also yield 

economic utilization, for example when the measurement method can be patented and is 

applicable on a large scale in clinical practice. Second, novel risk factors for CVD may pose 

potential targets for novel medical treatments or healthy behaviours and thereby decrease 

overall CVD risk at the population level. Third, elucidating the pathophysiology of CVD creates 

valuable knowledge by itself as it advances the understanding of a highly prevalent and 

harmful disease and provides the basis for further investigations. 

 

Complement factors as potential novel risk markers  

Our investigations suggested that properdin and C1q may potentially be suitable as risk 

markers of CVD. Plasma properdin and C1q provided independent information on 

cardiovascular risk, while other complement factors were associated with early processes of 

vascular damage but not with future disease. The American Heart Association recommends 

several steps in the identification of novel markers of cardiovascular risk [3]. Accordingly, an 

“initial proof of concept”, and subsequently a “prospective validation in independent 

populations” are the first steps to identify risk markers of CVD. The data on properdin can be 

considered as first proof of concept, because this is the first investigation of properdin in 

human CVD. Regarding C1q, our study provided the first prospective evaluation, as previous 

studies on C1q in human CVD were cross-sectional. This thesis thus provides the first steps 

in the investigation of properdin and C1q as potential novel markers of CVD risk. To confirm 

their suitability as risk markers, replication of our findings in prospective evaluations in other, 

larger populations is needed for both properdin and C1q. Importantly, in order to be used 
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for risk prediction in practice, the laboratory measurements of risk markers must be reliable, 

accurate and cost-effective [4]. In the present investigation, the laboratory measurement of 

C1q was only moderately accurate (inter-assay coefficient of variation 18.5%), and for 

properdin, two-to-three-fold higher concentrations were reported in previous studies [5, 6]. 

Thereby our study also points up the need to optimize and standardize the laboratory 

methods prior to a potential routine use in the clinic. 

 

Complement activation pathways as potential targets  

Factors that are associated with CVD and processes contributing to CVD may serve as 

potential targets of future treatment and prevention strategies, provided that they also play 

a causal role in CVD. The current findings suggest a role for all complement activation 

pathways in CVD, as factors from each pathway were associated with pathophysiological 

processes, i.e. inflammation, endothelial dysfunction and/or atherosclerosis. Notably, our 

investigations suggested that the alternative pathway may be most relevant in development 

of CVD. Therefore, the alternative pathway may be the most promising target for potential 

treatment and prevention strategies. First, relevance of the alternative pathway should be 

confirmed at the tissue-level, given that our findings are based on observations on systemic 

complement concentrations. If confirmed, the alternative pathway may be a particularly 

interesting target because it can be activated spontaneously. Understanding in which 

circumstances the alternative pathway is activated could result in novel treatment strategies 

and optimization of current treatment approaches. For example, current strategies to 

develop antioxidant therapies for CVD could take potential effects on alternative pathway 

activation into account, as the alternative pathway can be activated by oxidative stress [7, 8]. 

Furthermore, alternative pathway activation may be partly modifiable by lifestyle factors, as 

lipid-rich meals and smoking were reported to affect the alternative pathway [9-11]. A better 

understanding of the interplay between lifestyle and alternative pathway activation may 

provide further rationale to support the promotion of healthy behaviours at the population 

level.  

 

Novel insights into the pathophysiology of CVD  

This comprehensive evaluation of complement factors provided several novel insights that 

enrich the understanding of CVD. A better understanding of the complexity of CVD is valuable 

by itself and, in addition, provides the basis for further research. For example, our studies 

suggested that MASP-3 and MAp44 may play a role in endothelial dysfunction independently 

of lectin pathway activation. Although this finding cannot directly be translated into an 

application to recognize or intervene on cardiovascular risk, it may stimulate further research 

and potentially result in the discovery of novel pathways in endothelial (dys)function. 

Endothelial dysfunction is not only involved in CVD, but also in development of other chronic 

diseases such as type 2 diabetes mellitus [12, 13]. Identification of novel pathophysiological 

interplays in endothelial dysfunction may in the long-term perspective yield novel targets to 

decrease chronic diseases such as CVD or type 2 diabetes.  
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In conclusion, there is a clear potential to apply the current findings in the development of 

clinical risk markers and in the development of treatment and prevention strategies. For this, 

confirmation of our findings in other studies and optimisation of the laboratory 

measurements are needed in advance. Furthermore, it should be kept in mind that 

treatment and prevention strategies must be very cost-effective in order to be applicable on 

a large scale. Screening of individuals based on risk markers, personalized interventions and 

(development of) novel pharmacological treatments are highly costly. Viewed realistically, 

societal utilization of the present findings may thus be feasible in the more distant future, 

and potentially only in high-income countries. Nevertheless, each and every small 

contribution to advance the understanding of CVD is one step forward to combat a major 

health issue. 
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