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1 Introduction

1.1  Atherosclerotic vascular diseases (Atherosclerosis)

Cardiovascular disease (CVD) is a group of diseases that engages both the heart and blood vessels,
thereby includes the coronary heart disease (CHD) and coronary artery disease (CAD) among the
major conditions (Mendis et al., 2011). CHD and other manifestations of CVDs were not among
the main causes of death until the early 20th century, but thereafter a dramatic rise was observed
in industrialized countries, peaking around 1960 to 1980 (Levy, 2012). Although CVD is
preventable, several factors such as physical inactivity, nicotine abuse and bad nutritional practices
(Danaei et al., 2009) are leading to an upsurge of its prevalence in most countries (WHO, 2013).
Today, CVDs claim annually more lives than all forms of cancer and chronic lower respiratory
disease combined (Benjamin et al., 2017). In 2015, an estimated 17.7 million people died from
CVDs, representing 31% of all global deaths and this number is expected to grow over 23.6 million
by 2030 (Mendis et al., 2011; WHO, 2017). CVD has been responsible for 47% of all deaths in
Europe and 40% of all deaths in the European Union (Nichols et al., 2014). In Germany alone,
CVDs accounted for 40 % of all the causes of death in the year 2013 (Statistisches Bundesamt,
2013).

Among the underlying causes of CVDs is Atherosclerosis or “hardening of the arteries”, a chronic
inflammatory disease characterized by formation of lipid laden foam cells in the vasculature
(Lusis, 2000). In one individual, atherosclerotic plaques may be present at many different
locations, in several vessels, most of which may remain asymptomatic (subclinical disease), some
become obstructive (stable angina), and others elicit acute thrombosis and lead to obstruction of
blood flow to the heart (myocardial infarction), brain (stroke), or lower extremities (critical limb
ischemia) (Simionescu and Sima, 2012). The traditional risk factors for atherosclerosis include
dyslipidemia, vasoconstrictor hormones incriminated in hypertension, products of glycoxidation
associated with hyperglycemia, pro-inflammatory cytokines, hyperhomocysteinemia, infectious
microorganisms and smoking (Simionescu and Sima, 2012). Among these risk factors
dyslipidemia is a prerequisite for the initiation and progression of about half of arterial lesions,

even in the absence of other risk factors (Glass and Witztum, 2001).



All the other traditional risk factors seem to accelerate a disease driven by atherogenic lipoproteins,
mainly low-density lipoprotein (LDL), perhaps through either increased atherogenicity of LDL
(e.g. particle size, number and composition) or increased susceptibility of the arterial wall (e.g.
permeability, inflammation, etc.) (Falk, 2006). The plaque initiation and development until the
final rupture is orchestrated by a complex array of molecular and cellular events where factors
such as mechanical forces (plaque stress, flow shear stress, blood pressure), plaque morphology
(thin cap, lipid-rich necrotic core, calcification, hemorrhage, ulcer, etc.), cell activities
(inflammation, remodeling), blood conditions (cholesterol level, injury-initiated blood changes)
play significant roles (McLaren et al., 2011; Tang et al., 2014; Buckley and Ramji, 2015). The

mechanism of lesion formation and development is shown in Figurel-1.
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Figure 1-1 Development and constituents of an atherosclerotic plaque. Low density lipoprotein (LDL,

Monocyte chemoattractant protein-1 (MCP-1), Macrophage colony-stimulating factor (mCSF),
Reactive oxygen species (ROS), Smooth muscle cell (SMC). Reproduced from Madamanchi et al.
(2005) with permission.

The initial trigger of atherosclerosis is the trapping and accumulation of the plasma molecules and
LDL particles in the intima of medium and large arteries where endothelium is destructed, and
blood flow is disturbed (McLaren et al., 2011; Buckley and Ramiji, 2015). Destruction of
endothelium so-called “endothelial dysfunction” is a condition characterized by excessive

generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS), reduced



endothelium-mediated vasorelaxation, increased expression of adhesion molecules such as
vascular adhesion molecule-1 (VCAM-1) and intracellular adhesion molecule-1 (ICAM-1),
increased expression of chemotactic molecules such as monocyte chemoattractant protein-1
(MCP-1), enhanced permeability of the cell layer, overproduction of growth factors, and
upregulation of several inflammatory genes (Mallika et al., 2007; Sena et al., 2012). Following the
retention, LDL particles may undergo oxidative modification due to oxidative excess in the
vascular wall, hence turn into oxidized-LDL (OxLDL) and activates the subsequent
proinflammatory and proatherogenic process (Karimi et al., 2013). The expression of adhesion
molecules allows the adherence of monocytes, T-lymphocytes and platelets to the endothelium
(Hansson and Libby, 2006). Among the mediators that regulate the cellular adherence and
permeability are “a disintegrin and metalloprotease” 17 (ADAM17) and “a disintegrin and
metalloprotease” 10 (ADAM10). These mediators are regarded as transmembrane “molecular
scissors” and their task is to proteolytically cleave, or shed, the extracellular regions of
transmembrane proteins (Figure 1-2). ADAM17 and ADAM10 act in concert to facilitate the
release of soluble forms of proinflammatory cytokines (e.g. tumor necrosis factor-a (TNF-a), etc.),
adhesion molecules including ICAM-1 and VCAM-1, vascular endothelial-cadherin (VE-
cadherin) and junctional adhesion molecule-A (JAM-A); contributing in part to atherogenesis
(Schulz et al., 2008; Oksala et al., 2009; Donners et al., 2010; Matthews et al., 2017).

Once entered, monocytes differentiate into macrophages under the influence of macrophage
colony-stimulating factor (mMCSF) and express several scavenger receptor (SR)s such as cluster of
differentiation (CD)zs. This event is a part of “macrophage trapping”, a vicious circle that involves
cell retention, oxidation of new LDL and the recruitment of more monocytes which in turn
facilitates internalization of more OXLDL (Szondy et al., 2014; Leiva et al., 2015). Internalization
of native LDL, occurs at a very low rate besides, LDL receptors may undergo downregulation. In
contrast, SRs have a high affinity for OxLDL and they are not down regulated by cellular
cholesterol accumulation, leading to massive intracellular lipid deposits (Barbieri et al., 2004). The
presence of macrophage foam cells defines the earliest pathological lesion referred as “fatty

streak”. Most fatty streaks are not occlusive and known to regress (Tabas et al., 2015).
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Figure 1-2 The role of ADAM10 and ADAM17 shedding activity in atherosclerosis. Schematic summary of
ADAMs shedding activities which leads to enhanced vascular adhesion and permibility, pro-
inflammatory reactions and atherogenesis. A disintegrin and metalloproteinase 10 (ADAM10), A
disintegrin and metalloproteinase 17 (ADAM17), Vascular adhesion molecule-1 (VCAM-1), Tumor
Necrosis Factor-a (TNF-o), Junctional adhesion molecule A (JAM-A), VE-cadherin vascular
endothelial-cadherin. Adapted from Saftig and Reiss, (2011).

In disease progression, a fibroproliferative response mediated by vascular smooth muscle cell
(VSMC)s leads to plaque growth and enlargement. In fact, smooth muscle cell (SMC)s undergo
“phenotypic switch” thereby differentiate from their specialized, contractile state to a secretory
phenotype and gain the abilities to migrate into the intima, proliferate and synthesize massive
amounts of extra cellular matrix components (Falk, 2006; Badimon and Vilahur, 2014). The extra
cellular matrix consists mainly of collagen, but also elastin and proteoglycans (Bentzon et al.,
2014). SMCs and collagen-rich matrix play a significant role in plague stability, hence are
considered beneficial in the disease progress (Schwartz et al., 2000). Atherosclerotic plaque
growth is also accompanied by a network of microvessels, namely “vasa vasorum”, that extends
from the adventitia into the base of the plaque and supply oxygen and nutrients to the outer layers
of the arterial wall (Tanaka and Sata, 2015). Recent findings have suggested that through vasa
vasorum, the inflammatory cytokines and chemotactic factors stimulate VSMCs migration, which
in turn result in plaque build-up and expansion (Xu et al., 2015). This might be the reason why
atherosclerotic plaques are currently believed to extend not only “inside-out” but also “outside-in”
(Tanaka and Sata, 2015; Yagi et al., 2017).



The proliferated VSMCs as well as macrophages located at the center of the plaque may undergo
apoptosis due to the lack of oxygen (Lusis, 2000). Depending on the efficiency of efferocytosis,
these apoptotic cells may be removed, leading to reduction of the lesion size (Szondy et al., 2014),
or they may accumulate and be subjected to secondary necrosis, generating necrotic cores as
coherent masses. Apoptosis induces plaque instability through decreases in the number of viable
SMCs necessary for collagen production and by compromising the structural integrity of the
fibrous cap after release of matrix metalloproteinase (MMP)s from apoptotic bodies (Lusis, 2000).
Advanced plaque lesions or so-called “vulnerable” plaques become gradually complex with
calcification, new vessel formation, thinning of the fibrous cap and eventually plaque rupture and
thrombus formation which lead to cardiovascular and cerebrovascular events (Badimon and
Vilahur, 2014).

1.2 Morphologic and histological assessment of atherosclerotic lesion as a tool for risk
prediction

Plague morphology has recently emerged as an important contributory factor to the degree of
plaque stenosis (Kanadasi et al., 2006; Spagnoli et al., 2007; Manoharan et al., 2009). Many
scientific studies have analyzed the morphological characteristics of atherosclerotic plaques with
the aim of identifying risk markers (Mathiesen et al., 2001; Matter et al., 2009).
Histomorphological studies have also led to the understanding that plaque structure can affect the
risk of lesion complication and rupture (Damianou and Couppis, 2016). Currently, the routine
contribution of histological analysis of plaque in scientific research is almost absent and
histological analysis has been mostly used to obtain data for instrumental methods while has little
space in clinical use (Ciccone et al., 2011). Histology-based classification of atherosclerotic
plaques was first released by the American Heart Association (AHA) categorizing the lesions to
types I-VII11 (Stary, 2000). Following AHA work, Virmani et al. (2000) introduced an alternative
and simpler classification (Figure 1-3), which emphasizes the link between lesion morphology and
clinical disease. Both works laid the basis for additional plaque evaluation using other approaches
than traditional factors. A series of post-mortem and angiographic studies have identified that the
occurrence of cardiovascular events was not reflected by increase in arterial stenosis and the actual
plaque size but instead by the stability of the plaque, outlining the plaque composition rather than

plaque regression a worthwhile clinical goal to pursue (Braganza and Bennett, 2001; Falk et al.,



1995). The PROSPECT project (Stone et al., 2011), and the joint work of Oxford Plaque Study
and AtheroExpress (Howard et al., 2015) have confirmed that the presence of instable plaques is

associated with an increased risk of future cardiovascular events.

Angiogenesis Necrotic core

Fibrocalcific plaque Fibroatheroma

Figure 1-3 Lesion types during the atherosclerotic plaque progression. A, Adaptive intimal
thickening (nonatherosclerotic intimal lesions) characterized by the normal accumulation
of smooth muscle cells within the intima in the absence of lipids or macrophages foam
cells. B, Intimal xanthoma (or fatty streak) corresponding to the luminal accumulation of
foam cell macrophages without a foam cells or fibrous cap. C, Pathological intimal
thickening denotes the presence of smooth muscle cells in a proteoglycan-rich matrix with
extracellular lipid pools in the absence of necrosis. D, Fibroatheroma demonstrating the
presence of a necrotic core. E, Fibrocalcific plague happens corresponding collagen-rich
plague with significant areas of calcification and few inflammatory cells; a necrotic core
might be also present. Reproduced from Bentzon et al. (2014) with permission.

Two main components which play a significant role in plaque stability are (i) soft, lipid-rich
atheromatous mass and (ii) hard, collagen-rich sclerotic tissue (Falk et al., 1995). The sclerotic
component, fibrous tissue, is more voluminous and appears to stabilize the plaque and protect

against disruption. On the contrary is the less voluminous, less stable and soft atheromatous



component which destabilizes the plaque, and leaves it vulnerable to rupture (Falk et al., 1995;
Moreno, 2010). Among the features of plaque instability leading to rupture are large numbers of
cells positive for markers such as CDegg assumed to be macrophages, a thin or fragmented fibrous
cap comprising smooth muscle a-actin—positive cells presumed to be derived from VSMCs and
the presence of large necrotic cores with extensive intra- and extra-cellular lipid accumulation
(Virmani et al., 2000; Tabas et al., 2015; Bennett et al., 2016).

The role of VSMC in atherosclerosis is still unclear. The historical view of VSMCs in
atherosclerosis is that aberrant VSMC proliferation causes plaque expansion but that VSMCs in
advanced lesions are entirely beneficial. This view has been based on the ideas that atherosclerotic
plaques consist of homogenous population of VSMCs which can be identified individually from
other plaque cells by using standard VSMC immunohistochemical markers (Virmani et al., 2000).
However, this historical view, has been challenged by more recent genetic lineage tracing studies
which have shown VSMC phenotypic switching results in less-differentiated forms that lack
VSMC markers (e.g. macrophage-like cells), and also this switching per se promotes
atherosclerosis (Gomez et al., 2013; Feil et al., 2014; Shankman et al., 2015). VSMCs are
predominantly reparative throughout the atherogenesis, and not the primary driver of plaque
formation. Therefore, enhancement and not inhibition of VSMC proliferation in advanced lesions
may be beneficial for plaque stability. In contrast, VSMC phenotypic switching to a macrophage-
like cell, VSMC death, and senescence may all promote plaque progression, inflammation,
monocyte recruitment, and subsequent secretion of VSMC mitogens (Wang et al., 2015a; Bennett
et al., 2016). Additionally, the age of VSMCs may influence the inflammatory activities of these
cells. A recent study showed that the aged aortic VSMCs from rodents had a higher basal secretion
of interlouekin(IL)-6 and also displayed gene upregulation of chemokines and adhesion molecules
compared with the young VSMCs. (Song et al, 2012). These properties generate a
proinflammatory environment, which promotes migration of more inflammatory cells and
eventually leads to plaque enlargement and other features of unstable plaques (Song et al., 2012;
Wang et al., 2015a).

Necrotic core contains cellular debris, crystalline cholesterol, lysosomal enzymes, inflammatory
cells and macrophage foam cells (Tabas et al., 2015). A larger necrotic core confers a greater risk

than a small one (Virmani et al., 2006). The importance of necrotic core size for plaque stability



is clear: the lack of supporting collagen in the necrotic core generates greater tensile stress to the
overlying fibrous cap and the enlargement of the core may erode the fibrous cap from below. These
factors increase the risk of thrombogenecity of the plaque material and accordingly the risk of
clinical events in case of plaque rupture (Fernandez-Ortiz et al., 1994). Plaque calcification has
also a crucial role in plaque stability. Plaque calcification is an active and controlled intracellular
molecular process, occurring in both lipid and connective tissue, and involving the differentiation
of macrophages and VSMCs into osteoclast-like cells in a manner resembling the calcification in
bone (Pletcher et al., 2004; Karwowski et al., 2012). Although vascular calcification has been
recognized to reduce elasticity and increase vascular stiffness, it may also create a barrier to protect
plaques against rupture (Wu et al., 2014). Several studies have shown that diffuse, “speckled”, or
“spotty” deposits have led to local stress and lesion instability whilst large colonies of calcification
have generated more stable plaques (Doherty and Detrano, 1994; Abedin et al., 2004; Vengrenyuk
et al., 2006). Vascular calcification has been shown to be associated with cardiovascular disease
burden (Wu et al., 2014) and also suggested to be an independent risk factor for cardiovascular
mortality (Liu et al., 2015). Today, the coronary artery calcium score (total amount of plaque
calcification in coronary arteries) is broadly used as an excellent marker for coronary plaque
burden, providing prognostic information about the cardiovascular events and fracture beyond that

provided by traditional risk factor scoring (Neves et al., 2017).

Altogether, morphological and histological methods that detect the actual plaque size, lipid content
and/or the thinnest fibrous cap as well as other critical plague constituents can be considerably
useful in profound understanding of how various interventions (e.g. dietary factors) may affect the
plaque structure and help with the prediction of lesion instability and rupture, hence the risk of
future CVD events (Butcovan et al., 2016). Histology can provide a platform for exploring
morphological features at extremely high resolutions, although this method has some limitations
such as its retrospective nature (Phinikaridou et al., 2012). Likewise, there are several invasive and
non-invasive imaging modalities which may provide prospective insights into the progression of
atherosclerotic plaques although they have much lower resolution compared with the histology.
Histological analysis can be performed on vessels from atherosclerotic animals as well as upon
excised human vessels collected either postmortem or surgically (Phinikaridou et al., 2012). Over

the past 30 years, the vast majority of insights into the natural history of atherosclerosis progress



has come from studies in mouse models which carry genetic mutations, causing them to generate
atherosclerotic plaques, identical to those found in humans (Hampton, 2017). Compared with the
studies using human subjects, mouse models can be used for invasive interrogation of plaque
quantification, plus the privileges of being easier to manage, with controllable nutrition and
environmental risk factors (Lee et al., 2017). The most used types of genetically modified mice in
atherosclerosis research are LDL receptor null (LdIr”") and apolipoprotein E null (ApoE™”") mice
that carry mutations which prevent removal of circulating cholesterol by the liver. ApoE” mice
develop severe dyslipidemia because of diminished clearance of apolipoprotein B (ApoB)-
containing lipoproteins, particularly when placed on a high-fat diet, while Ldlr”- mice develop less
of a severe dyslipidemic phenotype which is closer to human dyslipidemia (Zadelaar et al., 2007).
Ingesting Western-type diets with additional cholesterol (0.15% - 1.25% wi/w) can induce
significant atherosclerotic lesions after 12 weeks in Ldlr”" mice (Lichtman et al., 1999). Plaque
development is even more dramatic in ApoE”’~ mice fed a Western-type diet as fatty streak lesions
can be found as early as 6 weeks (Nakashima et al., 1994). In contrast, the wild type (WT) mouse,

is a “high density lipoprotein (HDL)” animal which contributes to its relative atheroresistance.

Mice and humans differ in several parameters that may influence atherogenesis. For example, a
critical limitation in ApoE” mice is the scarcity of plaque rupture and thrombosis, two major
complications of human atherosclerosis. Indeed, murine models do not develop a thick fibrous cap,
medial vasa vasorum or even unstable atherosclerotic plaques with overlying thrombosis similar
to those observed in humans (Getz and Reardon, 2012). Also, in humans, lesions occur more
frequently in the coronary arteries, carotids and peripheral vessels such as the iliac artery while in
mice it happens more frequently in the aortic root, aortic arch and innominate artery. The much
more rapid heart rate of the mouse and as a result the disturbed blood flow may account for the
tendency of atherosclerosis development at these sites (Getz and Reardon, 2012). It must be noted
that the regions of disturbed flow or low shear stress are atherosusceptible sites, whereas regions
of laminar flow and relatively high shear stress are atheroresistant sites. Although these two
regions are subjected to the same systemic risk profiles, yet they react differently to the plaque
progress. That is why, more than one site of lesion development in animal models should be
examined in order to distinguish between hemodynamics and the cell and cellular factors that

influence the atherogenic process (VanderLaan et al., 2004).



1.3 Therole of three dietary factors known to influence cardiovascular risks and diseases

1.3.1 Dietary lipids

In the early 1980s, the primary dietary advice for prevention of CVDs emphasized on restrictions
in total fats intake, including both saturated and unsaturated fats. Subsequently, the findings from
several cohort studies showed that the higher risk for CVD is associated with the increased intake
of saturated fatty acids (SFA)s and percentage of calories from fats (Goldbourt et al., 1993; Hu et
al., 1999). Paradis and Fodor (1999), further in a systematic review of various dietary fats and their
impacts on plasma lipid concentrations, showed that SFAs can significantly increase both LDL
and HDL concentrations while unsaturated fats seem to be cardioprotective. Substantial findings
then, led the dietary guidelines in the 1990s to stress more on replacing SFAs with unsaturated fats
as an approach for risk reduction (Willett, 1998). Successively, several large cohort studies
underlined the deleterious effects of trans fats and the strong association with higher risks of CHDs
(Willett et al., 1993; Hu et al., 1997). Similar to the act of saturated fats, trans fats tend to block
LDL receptors and prevent their uptake from the bloodstream although they appear to be even
worse than SFAs, because in addition to the increased LDL, they tend to lower HDL levels
(Mensink and Katan, 1990).

Currently, the role of saturated fats on cardiovascular risks is subjected to many controversial
debates (Ramsden et al., 2013; Chowdhury et al., 2014). In 2015, Li et al. reported that replacing
SFAs with equivalent energy from polyunsaturated fatty acids (PUFA)s, monounsaturated fatty
acids (MUFA)s, or even carbohydrates from whole grains was associated with a significant
reduction in CHD risk. Contrarily, a systematic review and meta-analysis of many prospective
cohort studies, reported that intake of saturated fats was not associated with all-cause mortality,
CVD, CHD, ischemic stroke, or type 2 diabetes, even though trans fats, in particular those of
industrial origin, were (De Souza et al., 2015). Also, the PURE study, representing data from 18
countries in 5 continents, reported that total fat and types of fat were not associated with CVD,
myocardial infarction, or CVD mortality, and compared to total fat and individual types of fat,
high carbohydrate intake was associated with higher risk of total mortality (Dehghan et al., 2017).
In contrast to SFASs, unsaturated fats and most importantly PUFAs have been repeatedly reported

to be cardioprotective (Hu et al., 2002a). Epidemiological (De Caterina et al., 2003) and clinical
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trial (Ueshima et al., 2007) studies have reported improvement of lipid profile and reduced risk of
myocardial infarction in those who have consumed diet rich in n-3 PUFAs whereas decreased
circulating levels of n-3 PUFAs have been associated with higher incidence of CVD events and
mortality (Hara et al., 2013). Growing evidence concerning cardiovascular benefits of PUFAs led
to the official recommendation by AHA for daily consumption of 500 mg n-3 PUFAs (Krauss et
al., 2000; Kris-Etherton et al., 2002) and by the European Food Safety Authority panel that
recommends daily consumption of 250 mg n-3 PUFAs (EFSA, 2010a).

Among the essential n-3 fatty acid (FA)s present in human’s diet are alpha-linolenic acid (ALA)
found in nut and plant oils (Freeman et al., 2006; Bent et al., 2009) as well as docosahexaenoic
acid (DHA), and eicosapentaenoic acid (EPA) found in seafood. The intake of n-3 FAS, either as
a supplement or oily fish, can improve n-3 index (defined as the sum of EPA and DHA, expressed
as a percentage of the total FA content of red blood cell membranes), and provide several health
benefits (Harris and Von Schacky 2004; McCombie et al., 2009). The mechanism linked to the
cardioprotective effects of n-3 FAs include their impacts on vascular resistance, blood pressure,
inflammation, serum triglyceride levels, platelet aggregation and endothelial function (Paradis and
Fodor, 1999; Kris-Etherton et al., 2002; Mozaffarian and Wu, 2011; Chang and Deckelbaum,
2013; Chang et al., 2014). A recent in vivo study indicated that dietary PUFAs are able to modify
the distribution and bioavailability of other FAs, and particularly to block the absorption of SFAs
(Yang et al., 2017). Despite this long list of positive effects, there are other studies including two
recent meta-analyses (Kwak et al., 2012; Rizos et al., 2012), and a well conducted randomized
control trial (RCT) (Bosch et al., 2012) that have reported ambiguous or even negative results
regarding the vascular effects of n-3 FAs, provoking some skeptics to negate their potential health

benefits.

Data concerning dietary cholesterol is similarly mixed. Among the considerable number of
longitudinal observational studies and meta-analysis of intervention trials, some studies have
reported dietary cholesterol increases CVD risk (Howell et al., 1997; Houston et al., 2011), and
even independently of plasma cholesterol levels (Shekelle et al., 1981; McGee et al., 1984)
whereas others have reported a decreased risk or no change with higher cholesterol intake (Herron
et al., 2004; Harman et al., 2008). The link between dietary cholesterol and serum cholesterol

appear to be linear up to 600 mg/d of cholesterol intake, but nonlinear for cholesterol intakes more
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than 600 mg/d, with negligible effect on serum lipid concentration in most people (McGill, 1979).
According to a recent meta-analysis, the rise in serum cholesterol is no longer statistically
significant when dietary cholesterol exceeds doses higher than 900 mg/d (Berger et al., 2015). The
Dietary Guidelines Advisory Committee has recommended no more than 300 mg/d of cholesterol
intake for healthy populations in the United States (Lichtenstein et al., 2006). Similarly, the
International Atherosclerosis Society recommended lowering the intake of dietary cholesterol as a
strategy for lowering LDL levels (1AS, 2014). Contrary to the guidelines in the United States, other
developed and developing countries do not have an upper limit on cholesterol intake but instead
they have mainly focused on controlling the intakes of saturated and trans fat as major

determinants of blood cholesterol levels (Graham et al., 2007).

1.3.2 Dietary proteins

High intakes of dietary protein may also benefit the cardiovascular health by assisting in
lipid/lipoprotein profile improvements, weight loss/maintenance, and reducing blood pressure
(Hu, 2005; Vasdev and Stuckless, 2010; Leidy et al., 2015). However, the impacts of increased
protein consumption must be interpreted with caution because protein is not consumed in isolation
but as part of a food matrix. The increased consumption of protein/protein-rich foods certainly
results in other changes in the diet such as alterations in the intakes of other nutrients (e.g. saturated
fat and refined carbohydrates) and/or foods (e.g. fruits, vegetables, and whole grains), depending
on what protein food sources are increased, and for which part of diet they are replaced (Richter
et al., 2015). According to the current dietary guidelines, the Recommended Dietary Allowance
(RDA) for adults is about 0.8 g protein/kg body weight, although based on individual needs and
preferences the range of 10-35% of total calories from protein is acceptable to allow higher
flexibility in meal planning (Trumbo et al., 2002; Rodriguez and Miller, 2015). There is also an
RDA for each essential amino acid available, which may let individual meet their needs through
variety of different protein-providing foods. However, recommendations for the relative

contribution of animal- and plant-based sources of protein are still lacking (Trumbo et al., 2002).
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For decades, observational studies have suggested that plant and animal protein affect CVD risk
differently (Ferdowsian and Barnard, 2009; Altorf-van der Kuil et al., 2010; Zhang et al., 2014).
These reports are mixed, depending on characteristics of the population studied and how protein
groups are specified (Altorf-van der Kuil et al., 2010; Zhang et al., 2014). For example, the primary
findings concerning vascular benefits of dietary plant proteins has come from vegetarian
populations, which tend to have a lower blood pressure and plasma cholesterol than their
omnivorous counterparts (Sacks et al., 1974 and 1975). Although the Seventh-Day Adventist study
discovered that vegetarians also tend to be nonsmokers, consume less alcohol, have a lower body
weight, be more physically active, and generally embrace a healthier life-style, all of which prevent
the risks for high blood pressure and other cardiovascular risk factors (Armstrong et al., 1977). On
the other hand, populations consuming animal-based protein may hugely vary in the type of
consumed food (fish compared with red meat), hence contribute differently to CVD risks (Richter
et al., 2015). Therefore, the occasionally observed positive contribution of animal proteins in
reducing CVD outcomes (e.g. stroke) compared with vegetable protein (Zhang et al., 2014),
perhaps is because in those studies fish rather than red meat has been the primary source of animal

protein.

A differential effect of plant vs. animal protein on cardiovascular health may additionally pertain
to other contributing factors such as non-protein compounds in the food matrix. For instance,
several components of red meat, including heme iron, cholesterol, and advanced glycation and
lipoxidation end-products, were suggested to be underlying factors responsible for the link
between red meat intake and type 2 diabetes as a significant CVD risk factor (Feskens et al., 2013).
Whereas, fish as an animal protein provides a different set of nutrients, including n-3 FASs, vitamin
D, multiple B vitamins, essential amino acids, and trace elements, which are all known for their
contribution to cardiovascular health (Mente et al., 2009; Zheng et al., 2012). A number of cohort
studies have reported neither animal protein nor vegetable protein are associated with CHD risk
(Hu et al., 2002b; Halton et al., 2006; Haring et al., 2014), while the the nutrients and bioactive
components that accompany the protein in the food matrix, such as saturated fat (Hu et al., 1997
and 1999b) polyunsaturated fat (Hu et al., 1997 and 2002a) and vitamins E, B6, and folate (Willett,

1998) are associated with the risk.
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The amino acid profile of a protein also plays a significant role. Compared with proteins from
animal sources, plant-based proteins provide less amounts of essential amino acids (particularly
methionine, lysine, and tryptophan) but are higher in nonessential amino acids (e.g. arginine,
glycine, alanine, and serine) (Krajcovicova-Kudlackova et al., 2005). The essential amino acids
lysine and methionine have been shown to produce a marked hypercholesterolemic response in
vivo (Giroux et al., 1999; Krajcovicova-Kudlackova et al., 2005) while nonessential amino acids
arginine, as a precursor of the vasodilatory nitric oxide, may be particularly valuable for lowering
blood pressure (Appel, 2003; Rodriguez and Miller, 2015). For the most part, the evidence
supporting the health effects of plan-based proteins vs. animal-proteins has come from intervention
studies in both animals and humans, which have compared soy protein to casein as the animal-
based protein (Kritchevsky and Tepper, 1968; Kritchevsky, 1979; Nilausen and Meinertz, 1999).
Although, fish protein as an animal protein is characterized with low ratios of methionine-glycine
and lysine-arginine which tends to lower cholesterol levels in contrast to the bovine casein. In fact,
proteins from variety of fish species have displayed hypocholesterolemic activities in vivo when

compared with casein (Carroll and Hamilton, 1975; Kritchevsky et al., 1982).

Recent findings have also pointed to the roles of toxic substances as well as gut microbiome in
mediating the impacts of animal proteins on CVD. The first findings were from the hypothesis-
generating metabolomics studies which revealed that plasma level of trimethylamine N-oxide
(TMAO) is correlated with CVD risk (Wang et al., 2011). TMAO is a small organic and odorless
compound in the class of amine oxides which is frequently found in the tissues of a variety of
marine organisms. TMAO can be formed from trimethylamine (TMA), an odorous gas (fishy
smell) which develops as a result of undesirable microbial activities in food products during
storage (Lidbury et al., 2014). While these toxic substances can be present in the food matrix,
either in the form of TMA or the performed TMAO, they can also be formed through hepatic or
microbial metabolism of diet rich in their precursors (e.g. phosphatidylcholine (lecithin), choline,
and carnitine), with major food sources including seafood, eggs, liver, beef, and pork (Al-Waiz et
al., 1992; Lang et al., 1998; Landfald et al., 2017). As shown in Figure 1-4, following the meal
consumption, these precursors are first metabolized to TMA via trimethylamine-lyase enzymes,
which are unique to gut microbiota, then further absorbed from gastrointestinal tract and undergoes

a subsequent oxidation via a member of hepatic flavin monooxygenase (FMO) family, FMO3, to
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generate TMAO (Al-Waiz et al., 1992; Lang et al., 1998). TMAO may in turn contribute to the
development of atherosclerosis through upregulation of several SRs such as CD3ss and scavenger
receptor A (SRA), known to promote the uptake of modified lipoproteins, leading to foam cells
formation (Wang et al., 2011; Koeth et al., 2013; Wang et al., 2015b).

Heart attack

Fatty acid
Fatty acid

0 CH 3

Hepatic

O- P =0 - Choline —» HO-CHz~CHa- N CH3ﬂ—P o C 3 W HO - N CH3

O' C 3 C 3
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Figure 1-4 TMAO generation from dietary phosphatidylcholine/TMA and its contributory role in
atherosclerosis. Schematic pathway displays the intestinal-microbiota metabolism of
dietary phosphatidylcholine to TMA which is further oxidized to TMAO by a member of
FMO. TMAO in turn enhances the expression of scavenger receptors CDss and SRA, hence
promoting atherosclerosis development. Hepatic Flavin Monooxygenase (FMO), Cluster
of Differentiation 36 (CDss), Scavenger Receptor A (SRA). Reproduced from Wang et al.
(2011) with permission.

The higher concentrations of circulating TMAO has been observed in meat-eaters compared with

vegetarian individuals (Koeth et al., 2013). This might be explained in part by the wide-ranging

compositional and functional changes that occur in the gut microbiota in response to either a plant-
based diet (low-fat and -protein, high- fiber) or an animal-based diet (low-fiber, high-fat and -
protein) (David et al., 2014). It is suggested that animal-based diets shift the gut microbial

composition to favor bacterial species that prefer TMA containing nutrients (eg, choline and L-

carnitine) as a fuel source, hence produce greater amounts of TMA and TMAO following the meal

intake (Koeth et al., 2013).
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Circulating levels of TMAO has been associated with prevalent CVD in Canadian multiethnic
population (Mente et al., 2015) and infarcted coronary artery number in patients undergoing
cardiovascular surgery (Mafune et al., 2016) as well as development of type-2 diabetes (Kim et
al., 2015). Elevated plasma level of TMAO has been suggested to be a strong predictor of major
adverse cardiac events, such as sudden death, nonfatal myocardial infarction and stroke (Tang et
al., 2013; Zhu et al., 2016). Putting all together, the evidence may suggest that attempting to assess
the cardiovascular impacts of a single protein from either plant or animal sources, may poorly
reflect how that protein, within the food matrix, and in presence of other contributing factors may

contribute to the risks and diseases.

1.3.3 Secondary plant metabolites

In recent years, secondary plant metabolites such as plant polyphenols have been the subject of
increasing scientific interest because of their favorable role in prevention of chronic human
diseases (Arts and Hollman, 2005; Scalbert et al., 2005), in particular CVDs (Mink et al., 2007;
Cheng et al., 2017). The main health effects derived from polyphenols, with respect to CVD risk
preventions have been linked to their strong antioxidant (Heim et al., 2002) and anti-inflammatory
(Garcia-Lafuente et al., 2009) activities as well as their effects on endothelial and platelet function
(Lamuela-Raventos et al., 2005; Vita, 2005). Cocoa and chocolate products are among the most
polyphenol-rich foods (460-610 mg/kg) along with tea and red wine (Spencer et al., 2008; Sudano
et al., 2012). The main polyphenol compounds in cocoa are flavonoids and their subfamily
flavanols, also called flavan-3-ols (Sudano et al., 2012). European Food Safety Authority has
issued two health claims regarding the bioactivity of cocoa flavanols: cocoa flavanols help
maintain normal blood pressure (EFSA, 2010b) and endothelium-dependent vasodilation which
contributes to normal blood flow (EFSA, 2012). In order to achieve the claimed health benefits,
200 mg/d of cocoa flavanols, provided by 2.5 g of high-flavanol cocoa powder or 10 g of high-

flavanol dark chocolate, must be consumed in the context of a balanced diet (Goya et al., 2016).

Flavanols are presented as either monomers (e.g. (+)- and (—)-isomers of catechin and epicatechin)
or build-up of (epi)catechin subunit polymers, so-called proanthocyanidins (Khan et al., 2014).
The molecular structure of flavanols determines the absorption through the gut and the rate of

elimination in vivo, and subsequently their overall health effects (Habauzit and Morand, 2012).
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Monomeric flavanols are absorbed in the small intestine with different rates depending on the type
of isomers ((+) or (-) forms) (Donovan et al., 2006). Dimeric and trimeric proanthocyanidins with
larger molecular size are degraded by intestinal and colonic microflora followed either by a poor
absorption through gastrointestinal tract (about 10-100 times less than monomeric flavanols) or
excretion in the feces (Habauzit and Morand, 2012; Field and Newton, 2013). Following the
absorption, the monomers and dimers can be methylated, sulfated, or glucuronidated in the liver
(Scalbert and Williamson, 2000). In general, these polyphenols have a relatively low
bioavailability and a short half-life (Cooper et al., 2008) and also vary greatly in their physiological
functions (Park et al., 2000; Kenny et al., 2007).

1.4  Cardiovascular impacts of fish and chocolate liquor as frequently consumed complex

foods

Foods are mixtures of more than one active ingredients and the likelihood of their interactions is
high. Therefore, recent investigations emphasize on the overall health effects from complete food
rather than assessing the role of single nutrients (Hlebowicz et al., 2013; Akesson et al., 2014).
Among the complex foods of special interest with respect to cardiovascular health are fish and

chocolate liquor which will be discussed further in the following sections.
1.4.1 Fish

Increased consumption of fish and fish oil has been shown to exert beneficial effects to the patients
with dyslipidemia, atherosclerosis, hypertension, obesity and inflammatory diseases (Aarsetoey et
al., 2012). Several meta-analyses of observational studies have been published evaluating the
effect of fish intake on various cardiovascular outcomes (Whelton et al., 2004; Bouzan et al., 2005;
Konig et al., 2005; Xun et al., 2012; Zheng et al., 2012). Fish consumption has been linked to
reduced risk of mortality from all causes as well as death from CHD and stroke, using data from
36 countries. According to these findings, an optimum fish intake (approximately 40-60 g/d) has
led to an estimated 50% reduction in death from CHD in high-risk populations (Zhang et al.,
1999a). Data from a recent meta-analysis showed that there is an inverse association between fish

intake and the risk of acute coronary syndrome (Leung Yinko et al., 2014).
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Similarly, a recent dose-response meta-analysis of 14 prospective cohort studies suggested that an
increase of ~ 20 g/d in fish intake is significantly and inversely associated with the risk of CVD
mortality but marginally and inversely associated with the risk of all-cause mortality (Jayedi et al.,
2018). Accumulating evidence has led AHA to release a scientific statement, reinforcing its
recommendation for intake of a variety of fish, preferably fatty fish, at least twice a week (Kris-
Etherton et al., 2002). Similarly, the European Society of Cardiology-European Society of
Hypertension 2013 guidelines advised patients with hypertension to eat fish at least twice a week
(Mancia et al., 2013). The main health effects of fish consumption are attributed to its n-3 PUFAS
which may reach to 40% in fatty fish (He et al., 2004; De Caterina, 2011), but may vary
considerably according to season and the district of harvest, with freshwater species containing
lower amounts than marine sources (Deckelbaum and Torrejon, 2012; FAO, 2012). The
cardioprotective actions of fish oil include anti-arrhythmic activities, reduction of thrombotic and
inflammatory processes, endothelial dysfunction and serum triacylglycerol level (Shimokawa,
2001; Kromhout et al., 2012).

Nevertheless, in recent years controversies on the cardiovascular benefits of fish oil have been
raised by reports from several recent epidemiological and clinical trials that failed to replicate their
health effects on CVD (Burr et al., 2003; Harris, 2013). Several papers have been published
(Bjerregaard et al., 2003; Fodor et al., 2014) which have even questioned the reliability of primary
evidence through which Bang and Dyerberg (1980) for the first time announced the alleged low
occurrence of CAD in Greenland Eskimos due to high consumption of fatty fish (rich in n-3 FAS).
Besides, data from the Diet and Reinfarction Trial-2, indicated that oily fish not only had no effects
on all-cause mortality or CVD events after 3 to 9 years of follow-up, but also increased sudden
cardiac death, largely confined to the subgroup given fish oil capsules (Ness et al., 2002). A
systematic review of 11 cohort studies suggested that fish intake was not associated with reduced
CHD mortality in low-risk populations whereas, a daily consumption of fish (40-60 g) was
associated with lower mortality from CHD in high-risk populations (Marckmann and Gronbaek,
1999). These results may suggest that the discrepancy in the reports might be partly justified with

the differences in the populations studied.
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In addition to lipids, fish consists of protein, essential amino acids, vitamins and trace elements
which their contribution to cardiovascular health cannot be ruled out (Mente et al., 2009; Zheng et
al., 2012). For instance, fish is rich in sulfur-containing free amino acid taurine which comprises
several cardioprotective properties (Larsen et al., 2013). There are also several other endogenous
compounds such as anti-oxidative peptides embedded in fish which protect the n-3 PUFASs in fish
from peroxidation (Jensen et al., 2009). The nutrient content of fish differs greatly between the
species, and also within the species based on age, sex, environment and season (FAO, 2012). Most
of the fish has 15%-20% of total body weight as protein with specific amino acid composition
which seem to favor a hypocholesterolemic effects (Shukla et al., 2006; Chiesa et al., 2016). One
possible mechanism can be through amplifying the expression of hepatic LDL receptors (Zhang
and Beynen, 1993). Fish protein peptides and hydrolysates are also known for their antioxidant
activities (Chalamaiah et al., 2012; Najafian and Babji, 2012).

The evidence from epidemiological and clinical studies have been contradictory regarding the role
of fish protein on CHD (Bernstein et al., 2010) and its related risk factors such as obesity (Alkerwi
et al., 2015). Besides, the findings from human studies comparing the intake of fish protein to other
sources of animal protein have indicated that changes in circulating blood lipids have not been
consistent, and in some cases were not favorable with respect to CVD risk factors. For example,
substitution of lean white fish for other sources of animal protein with comparable or adjusted FAs
profile, resulted in higher levels of total cholesterol (TC), HDL and LDL-ApoB in postmenopausal
women (Jacques et al., 1992), whereas in premenopausal women, it has led to lower levels of very-
low-density lipoprotein (VLDL)-triglyceride (TG) but higher levels of LDL-TG and LDL-ApoB
(Gascon et al., 1996). Also, Lacaille et al. (2000) reported that diets high in lean fish protein
compared with a combination of beef, pork, veal, eggs, milk, and milk protein in normolipidemic
subjects produced lower TG/ApoB and cholesterol/ApoB ratios, but higher total ApoB and LDL-

ApoB concentrations.

Additionally, fish seems to have the greatest impact on TMAO circulating levels (Cho et al., 2017)
or urinary excursion (Lenz et al., 2004; Dumas et al., 2006) compared with other sources of dietary
proteins. In a feeding trial by Cho et al. (2017), fish consumption produced nearly 50 times higher
postprandial circulating TMAO concentrations in healthy young men compared to when they

consumed eggs (abundant in choline) or beef (abundant in carnitine and choline). These findings,
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together with the findings demonstrating the possible exposure to other toxic substances found in
fish, such as methylmercury (Chan and Egeland, 2004), have raised the public concern regarding
potential harm from fish consumption (Landfald et al., 2017). This might oblige fish consumption
advisories to find a balance between the risks and benefits from fish consumption and provide the

advice that emphasizes on “valued fish but warns against “riskier fish" (Ginsberg and Toal, 2009).

1.4.2 Chocolate liquor

For centuries, cocoa-rich chocolate has been known for its good taste along with psychological
and other health benefits. Chocolate is a food made by combining cocoa liquor with cocoa butter
and sugar (Cooper et al., 2008). Cocoa liquor (chocolate liquor) is the paste made from fully
ground, roasted, shelled, and fermented cocoa beans which contains both non-fat cocoa solids and
cocoa butter (Hannum and Erdman, 2000). Although chocolate liquor contains relatively high
amounts of fats, predominantly MUFAs (33% oleic acid) and SFAs (25% palmitic acid and 33%
stearic acid), it is believed they are nonatherogenic and nonhypercholesterolemic for humans
(Bracco, 1994) due to its low absorbability and its inhibitory effects on cholesterol absorption
(Chen et al., 1989). This is supported by the findings from several human studies which have
reported positive effects on blood lipids, through reduced TC, LDL and TG levels and increased
HDL levels (Mursu et al. 2004; Baba et al., 2007; Hamed et al. 2008; Mellor et al., 2010; Di Renzo
et al., 2013) while others have reported a neutral effect on blood lipids (Kurlandsky and Stote,
2006; Almoosawi et al., 2010).

The consumption of cocoa/chocolate products has been associated with the lower risk of total and
cardiovascular mortality, diabetes, myocardial infarction, and/or stroke (Janszky et al., 2009;
Buijsse et al., 2010; Oba et al., 2010; Larsson et al., 2011; Petrone et al., 2014). Meta-analyses and
systematic reviews of intervention studies have also provided substantial evidence to display that
cocoa/chocolate consumption affects multiple cardiovascular risk factors (Shrime et al., 2011)
such as blood pressure (Ried et al., 2012) insulin resistance (Hooper et al., 2012), lipid profiles
(Jia et al., 2010; Tokede et al., 2011), and flow-mediated vascular dilatation (Hooper et al., 2008).
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Studies in both humans and animals, have mainly addressed the polyphenol contents of
cocoa/chocolate for their health effects (Fraga et al., 2005; Grassi et al., 2005; Cienfuegos-
Jovellanos et al., 2009; Yamazaki et al., 2010). Yet, chocolate liquor and all cocoa-based products
contain several other components which are less accounted for their health impacts. For example,
they are rich in methylxanthine compounds, predominantly caffeine and theobromine, both of
which are known for their antioxidant (Shively and Tarka, 1984) and neuroprotective (Weisburger,
2001; Smit et al., 2004) activities. Also, dietary fiber extracted from cocoa has been shown to
improve the lipidemic profile and serum antioxidant capacity in hypercholesterolemic rats,
suggesting its role in cardiovascular risk reduction (Lecumberri et al., 2006 and 2007). Chocolate
liguor and all cocoa-based products also contain several minerals necessary for vascular function
including dietary magnesium, copper, potassium, and calcium, all known to reduce the risk of

cardiovascular diseases (Katz et al., 2011).

Contrary to the evidence supporting the cardioprotective effects of chocolate consumption, several
studies failed to show any significant health effects. For example, the EPIC-Norfolk cohort study
found no association between chocolate intake and the risk of heart failure after controlling for
comorbidities (Kwok et al., 2016). Two cohort studies found that individual who consumed
chocolate were more likely to gain weight, which is an independent risk factor for the development
of cardiovascular diseases (Greenberg and Buijsse, 2013; Greenberg et al., 2015). Also, data from
a RCT evaluating the effects of dark chocolate rich in flavonoid revealed no significant alterations
in microcirculatory parameters and the vascular function, in patients with symptomatic peripheral
artery disease (Hammer et al., 2015). A meta-analysis of six cohorts and one cross sectional study,
showed that only highest levels of chocolate consumption have been associated with lower risk for
CVD and 29% reduced risk of stroke and yet it is not possible to establish a clear dose-response
relation of chocolate consumption (Buitrago-Lopez et al., 2011). The use of various chocolate
products with different polyphenol composition in diverse human sub-population groups (healthy,
hypercholesterolemic, obese, dyslipidemic or diabetic) accounts for some of these contradictory

findings and certainly influences potential conclusions.
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2  Scope of the thesis

To date, most of the studies examining vascular impacts of fish or cocoa/chocolate have assessed
their actions in isolation, for example, fish protein hydrolysate or cocoa extracts. However, the
inclusion of single agents in the study without considering the potential impact of all nutrients and
bioactive compounds in foods which work together in complex mechanisms may cause the
occasionally imparted undesirable or contradictory results. Besides, most of the studies assessing
the cardiovascular impacts of dietary food and components have been restricted to the analysis of
traditional cardiovascular risk factors such as serum lipids, blood pressure, etc., while the
contribution of morphological and histological analyses has been rare. This work was designed to
investigate the role of frequently consumed complex foods (fish and chocolate liquor) on vascular
lesion development and composition in genetically modified mice, using several morphological

analyses.

Fish is a widely consumed food with various cardiovascular health effects. Studies addressing the
vascular effects of fish have mainly focused on fish oil, while data on fish protein is particularly
scarce. Therefore, the current work assessed the role of untreated fish protein on atherosclerosis
development and composition in ApoE” mice using several morphological and histochemical
analysis (Paper 1). Also, as a part of the project investigating the possible involvements of
ADAMs in vascular influences of fish oil (University of Kiel), several histochemical analyses were
performed on aortic roots of Ldl” and WT mice (Martin Luther Univesity) to confirm the
atheroprotective effects of fish oil on the vasculature (Paper I1). Chocolate is another largely
consumed complex food, with well-known cardioprotective effects. Nevertheless, most of the
studies evaluating the vascular effects of chocolate have applied either cocoa/chocolate extracts or
chocolates enriched with high dosages of polyphenols. Accordingly, the contribution of other
bioactive components in chocolate for its vascular effects has been often neglected. Thus, in the
present study chocolate liquor (Paper I11) was subjected to investigation for atherosclerotic lesion
development and composition using ApoE”" mice. In the scope of this dissertation the following

questions were addressed:
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What is the role of fish protein in vascular lesion development and composition? Does
it engage the local or systemic risk profile?

What are the underlying mechanisms for fish protein vascular effects?

Do morphological assessments of atherosclerotic lesions confirm vascular protective

role of fish oil supplementation? What are the underlying mechanisms?

What is the role of chocolate liquor in vascular lesion development and composition?
Does it engage the local or systemic risk profile?

What are the underlying mechanisms for chocolate liquor vascular effects?
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3  Experimental studies

3.1 Paper |

Yazdekhasti N, Brandsch C, Schmidt N, Schloesser A, Huebbe P, Rimbach G, Stangl Gl: Fish
protein increases circulating levels of trimethylamine-N-oxide and accelerates aortic lesion

formation in apoE null mice. Molecular Nutrition & Food Research 2016; 60:358-36.
Abstract

SCOPE: The protective effect of fish consumption on the cardiovascular system has primarily been
ascribed to n-3 fatty acids, but data investigating the vascular effects of fish protein consumption
are scarce. This study aimed to investigate the vascular impact of fish protein in a mouse model of

atherosclerosis.

METHODS AND RESULTS: Male apoE null mice were fed a Western diet containing 20% fish
(turbot) protein, casein, or soy protein, for 16 wk. Morphometric analysis of the aorta revealed that
the atherosclerotic plaque area of fish protein fed mice was twofold larger than that in casein- or
soy protein-fed mice. The percentage area of calcification deposits in plaques of fish protein fed
mice was higher (7.57%) than that in casein-fed (2.86%) or soy protein-fed (3.46%) mice, and fish
protein fed mice exhibited higher plaque expression of CD68, CD36, and IL-6 than the other two
groups. Fish protein intake was accompanied by increased serum concentrations of
trimethylamine-N-oxide (7.03 & 2.83 umol/L), as compared with casein (0.92 + 0.46 umol/L) and
soy protein (1.32 + 0.54 pymol/L) intake.

CONCLUSION: The present data indicate adverse effects of fish protein on the vascular system,
which could be attributable to the high serum trimethylamine-N-oxide concentrations in these

mice.

KEYWORDS: Aortic lesion / Fish protein / Inflammation / Mice / Trimethylamine-N-oxide
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3.2 Paper 11

Speck N, Brandsch C, Schmidt N, Yazdekhasti N, Hirche F, Lucius R, Rimbach G, Stangl Gl,
Reiss K: The Antiatherogenic Effect of Fish Oil in Male Mice Is Associated with a Diminished
Release of Endothelial ADAM17 and ADAMI10 Substrates. Journal of Nutrition 2015;
145(6):1218-26.

Abstract

BACKGROUND: Growing evidence suggests that disintegrin and metalloprotease (ADAM) 17
(ADAM17) and ADAM10 contribute to the pathogenesis of vascular diseases. ADAM17 promotes
inflammatory processes by liberating tumor necrosis factor a, interleukin 6 receptor (IL-6R), and
tumor necrosis factor receptor 1 (TNFR1). ADAM17 and ADAMI10 modulate vascular
permeability by cleaving endothelial adhesion molecules such as junctional adhesion molecule A

(JAM-A) and vascular endothelial cadherin (VE-cadherin), respectively.

OBJECTIVE: This study was designed to investigate whether a link might exist between the

protective effects of fish oil (FO) supplementation against atherosclerosis and ADAM function.

METHODS: Male LDL receptor knockout (LDLR(-/-)) mice and male wild-type (WT) mice were
fed a Western diet (200 g/kg fat, 1.5 g/kg cholesterol) containing either 20% lard (LDLR(-/-)-lard
and WT-lard groups) or 10% lard combined with 10% FO (LDLR(-/-)-FO and WT-FO groups) for
12 wk. Atherosclerotic lesion development and fatty acid composition of liver microsomes were
evaluated. ADAM10 and ADAM17 expression was determined by quantitative real-time
polymerase chain reaction and immunoblot analyses. Concentrations of soluble ADAM substrates

in plasma and liver extracts were measured by ELISA.

RESULTS: Diets supplemented with FO markedly reduced development of early atherosclerotic
lesions in LDLR(-/-) mice (LDLR(-/-)-lard group vs. LDLR(-/-)-FO group mean = SD: 29.6 +
6.1% vs. 22.5 + 4.2%, P < 0.05). This was not accompanied by changes in expression of ADAM17
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or ADAM10 in the aorta or liver. No dietary effects on circulating TNFR1 (LDLR(-/-)-lard group
vs. LDLR(-/-)-FO group mean + SD: 1.22 + 0.23 vs. 1.39 £ 0.28, P > 0.2) or IL-6R (1.06 £ 0.12
vs. 0.98 £ 0.09 fold of WT-lard group, P > 0.1), classical substrates of ADAM17 on macrophages,
and neutrophil granulocytes were observed. However, a reduction in atherosclerotic lesions in the
LDLR(-/-)-FO group was accompanied by a significant reduction in the circulating endothelial
cell adhesion molecules JAM-A (LDLR(-/-)-lard group vs. LDLR(-/-)-FO group mean = SD: 1.42
+ 0.20 vs. 0.95 £ 0.56 fold of WT-lard group, P < 0.05), intercellular adhesion molecule 1 (1.15 =
0.14 vs. 0.88 + 0.17 fold of WT-lard group, P < 0.05), and VE-cadherin (0.88 + 0.12 vs. 0.72 £
0.15 fold of WT-Ilard group, P < 0.05), reflecting reduced ADAM activity in endothelial cells.

CONCLUSION: FO exerted an antiatherogenic effect on male LDLR(-/-) mice that was
accompanied by a reduced release of ADAM17 and ADAM10 substrates from endothelial cells.
It is suggested that FO-decreased ADAM activity contributes to improved endothelial barrier

function and thus counteracts intimal lipoprotein insudation and macrophage accumulation.

KEYWORDS: ADAM; LDLR knockout; atherosclerosis; endothelial permeability; fish oil,
shedding
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3.3  Paper 11l

Yazdekhasti N, Brandsch C, Hirche F, Kiihn J, Schloesser A, Esatbeyoglu T, Huebbe P, Wolffram
S, Rimbach G, Stangl GI: Impact of chocolate liquor on vascular lesions in apoE-knockout mice.
Clinical Science (London) 2017; 131(20):2549-2560.

Abstract

Cocoa polyphenols are thought to reduce the risk of cardiovascular diseases. Thus, cocoa-
containing foods may have significant health benefits. Here, we studied the impact of chocolate
liguor on vascular lesion development and plague composition in a mouse model of
atherosclerosis. Apolipoprotein E (apoE)-knockout mice were assigned to two groups and fed a
Western diet that contained 250 g/kg of either chocolate liquor or a polyphenol-free isoenergetic
control paste for 16 weeks. In addition to fat, protein, and fibers, the chocolate liquor contained 2
g/kg of polyphenols. Compared with the control group, mice fed the chocolate liquor had larger
plaque areas in the descending aorta and aortic root, which were attributed to a higher mass of
vascular smooth muscle cells (VSMCs) and collagen. Vascular lipid deposits and calcification
areas did not differ between the two groups. The aortic tissue level of interleukin-6 (IL-6) MRNA
was 5-fold higher in the mice fed chocolate liquor than in the control mice. Chocolate-fed mice
exhibited an increased hepatic saturated to polyunsaturated fatty acid ratio than the controls.
Although the chocolate liquor contained 14 pg/kg of vitamin D2, the chocolate liquor-fed mice
did not have measurable 25-hydroxyvitamin D2 in the serum. These mice even showed a 25%
reduction in the level of 25-hydroxyvitamin D3 compared with the control mice. Overall, present
data may contribute to our understanding how chocolate constituents can impact vascular lesion

development.

KEYWORDS: IL-6; apoE-knockout mice; atherosclerosis; chocolate liquor; vascular smooth

muscle cells

52


https://www.ncbi.nlm.nih.gov/pubmed/?term=Yazdekhasti%20N%5BAuthor%5D&cauthor=true&cauthor_uid=28935809
https://www.ncbi.nlm.nih.gov/pubmed/?term=Brandsch%20C%5BAuthor%5D&cauthor=true&cauthor_uid=28935809
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hirche%20F%5BAuthor%5D&cauthor=true&cauthor_uid=28935809
https://www.ncbi.nlm.nih.gov/pubmed/?term=K%C3%BChn%20J%5BAuthor%5D&cauthor=true&cauthor_uid=28935809
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schloesser%20A%5BAuthor%5D&cauthor=true&cauthor_uid=28935809
https://www.ncbi.nlm.nih.gov/pubmed/?term=Esatbeyoglu%20T%5BAuthor%5D&cauthor=true&cauthor_uid=28935809
https://www.ncbi.nlm.nih.gov/pubmed/?term=Huebbe%20P%5BAuthor%5D&cauthor=true&cauthor_uid=28935809
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wolffram%20S%5BAuthor%5D&cauthor=true&cauthor_uid=28935809
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wolffram%20S%5BAuthor%5D&cauthor=true&cauthor_uid=28935809
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rimbach%20G%5BAuthor%5D&cauthor=true&cauthor_uid=28935809
https://www.ncbi.nlm.nih.gov/pubmed/?term=Stangl%20GI%5BAuthor%5D&cauthor=true&cauthor_uid=28935809

4 Discussion

4.1  The role of fish in atherosclerotic lesion development and composition

The role of fish protein in vascular health and in particular their effects on atherosclerotic plaque
progression and composition is not yet clear. The current study assessed the impacts of fish protein
on atherosclerotic plaque development and composition in ApoE” mice. Animals were fed
Western type diet containing 20% fish protein, or casein, or soy protein, for 16 weeks. The main
findings were that ApoE” mice which consumed fish protein induced a larger vascular lesion area
(2-fold larger) with large necrotic cores (p < 0.001) compared with mice fed casein or soy protein.
Also, extensive calcification was observed on aortic roots of fish protein fed mice (7.57%)
compared with the casein (2.86%) and soy protein (3.46%) groups (p < 0.05) (Paper I). Plague
calcification is a feature of advanced lesions (Otsuka et al., 2014), and often occurs in the presence
of apoptotic SMCs and macrophages where they together with other cellular debris form the
necrotic cores (Otsuka et al., 2014; Tabas et al., 2015). Necrotic core per se is an excellent
morphologic marker for lesion instability and predicting rupture-prone plaques (Finn et al., 2010).
Therefore, these features suggest adverse effects of fish protein in accelerating atherosclerosis
process and shifting the lesion to an advanced-type lesion in an identical time span compared with
casein and soy protein (Paper 1). Similar results were reported by Goulding et al. (1983) where
fish protein diet, induced a larger aortic lesion area (c. 70% surface involvement) along by
extensive calcification of medial elastic tissue in rabbits, when compared with two isonitrogenous

diets containing either soy or milk protein.

On the contrary, several studies in humans and animals have reported atheroprotective role of fish
protein. For example, a recent observational study discovered that Portuguese who routinely
consumed more fish products (13.4%) compared to Swedes with less fish consumption (7.8%),
developed smaller atherosclerotic plaques characterized by less lipids, smaller cores, less
apoptosis, and more SMC, reflecting a more stable plaque type in Portuguese (Gongalves et al.,
2015). In this study however, the information about the exact types of seafood dietary sources, the
exact amounts of dietary elements, or other contributing factors were not provided, hence cannot

be fully comparable with those from the current study (Paper I).
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Also, two recent in vivo studies have suggested antiatherosclrotic properties of lean seafood
compared with other sources of animal proteins such as beef (Gabrielsson et al., 2012) or chicken
(Jensen et al., 2016). However, in both studies these atheroprotective effects were eventually
attributed to the high n-3 PUFA and taurine contents found in the seafood (Gabrielsson et al., 2012;
Jensen et al., 2016). Parolini et al. (2014) found that supplementation with % (w/w) salmon protein
hydrolysate attenuated atherosclerosis in ApoE™ mice and reduced several risk factors related to
atherosclerotic disorders. Likewise, these results cannot be compared to those from the present
study (Paper 1), because the fish protein used in the study by Parolini et al. (2014) was treated
with different proteases and fractionated by micro- and ultrafiltration to obtain peptides <1200
kDa. It has been shown that peptides produced by biotechnical procedures may differ in their
biofunctional properties with those emerged from endogenous gastrointestinal proteases (Cam and
Mejia, 2012).

Searching for possible roles of amino acids, all proteins were further subjected to the analysis of
their amino acid profile. The results showed identical amounts of branched chain amino acids in
fish protein and soy protein but higher amounts in casein (Paper I). Branched chain amino acids
were found by the Insulin Resistance Atherosclerosis Study to be strongly associated with the
incidence of diabetes and metabolic abnormalities, both known as underlying causes of
atherosclerosis (Lee et al., 2016). The amounts of methionine in fish protein and casein was almost
twice the values found in soy protein (Paper I). Dietary supplementation with methionine has been
shown to promote early atherosclerosis in ApoE” mice (Zhou et al., 2001). Of significant
importance was the lysine/arginine ratio of the proteins, known to be an important determinant of
a protein atherogenic potential (Kritchevsky et al., 1978; Czarnecki and Kritchevsky, 1979).
Indeed, the addition of lysine to soy protein has been sufficient to significantly increase its
atherogenicity while addition of arginine to casein has lowered its lysine/arginine ratio and reduced
its atherogenicity in rabbits (Kritchevsky and Tepper, 1968; Kritchevsky, 1979). In this work
(Paper 1) casein had the highest lysine/arginine ratio (2.56) compared with soy protein (0.92) and
fish protein (1.52). Surprisingly the lysin/argenine ratio of fish protein in the present study (1.52)
was almost similar to the calculated ratio for fish protein (1.44) in the study by Kritchevsky et al.
(1982), where fish protein resulted in smaller lesion size in rabbits. On the other hand, in the study

by Goulding et al. (1983) where fish meal diets caused an extensive plaque development (almost

73



7 times than that of casein), the lysine/arginine ratio of fish protein was only 0.95, similar to the
ratio from soy protein in the same study (0.85) as well as the ratio from soy protein used in the
present study (0.92). According to these mixed observations, it appears rather complicated to draw
a clear pattern between amino acid profile of dietary proteins and their vascular manifestations,
hence the amino acid profile of dietary proteins in the current study may not explicitly explain the

atherogenic role of fish protein in this study (Paper I).

The lipids and fatty acids of all experimental proteins were also evaluated. The result showed
strikingly higher amounts of total lipids and total FAs in fish protein, in contrast to casein and soy
protein. The fat content in fish protein comprised mainly of SFA (36.55 g/kg) and MUFAs (31.10
g/kg). All the experimental diets were low in PUFA (Paper 1). Several papers have debated that
diet rich in SFA and low in PUFA triggers the atherosclerosis development (Astrup et al., 2011).
Also, MUFA-enriched diets and even their replacement with SFA-enriched diets have been
associated with an increased risk of atherogenicity in both animals and humans (Brown et al.,
2007; Degirolamo et al., 2009). Therefore, it was tempting to speculate that the high levels of SFA
and MUFA as well as higher amonts of total fats in fish protein (Paper 1), have been the main
reason for its adverse effects of however, the evidence supporting this idea was not sufficient. For
example, the serum lipid parameters were not affected by the total fats and the type of FAs in this
study and were comparable across the three groups. Although the reason behind this observation
might be that in general ApoE” mice seem to have less susceptibility to the changes in dietary FA
composition when compared with other animal models of atherosclerosis such as Ldlr”" mice
(Merkel et al., 2001). Even studies addressing the vascular benefits of fish protein and seafood
consumption in experimental animals have found no changes in blood lipid concentrations of
ApoE” mice (Parolini et al., 2014; Jensen et al., 2016), whereas in LdIr’- mice the lipid profile has

improved (Gabrielsson et al., 2012).

To illustrate the possible involvement of local inflammation in vascular lesion alterations, aortic
roots were subjected to immunohistochemical staining of CDsg as well as gene expression analyses
of CDss and IL-6 (Paper 1). The results showed a higher expression of CDgs, CD3s and IL-6 on
aortic valves of mice fed fish protein diet (p < 0.05) compared with those on casein and soy protein
groups, suggesting local atherogenic activity of fish protein. The expression of MMP-9, TNF-a. ,

ICAM-1, and MCP-1 remained comparable among the three groups. Contrarily, Parolini et al.
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(2014) detected lower expression of the adhesion molecules ICAM-1 and VCAM-1, and the
chemokine MCP-1, in the pooled aortic arch of salmon protein hydrolysate-treated mice (Parolini
et al., 2014). Also, mice given cod-scallop exhibited lower expression of VCAM-1 (19%)
compared with mice fed chicken (Jensen et al., 2016). Lower circulating levels of proinflammatory
proteins such as IL-6, IL-12, TNF-a and MCP-1 have been observed following the treatment of
LdIr’- /ApoB!%1% mice with salmon peptide fractions (Chevrier et al., 2015). The comparative
data in human studies is scarce. Two human studies investigating lean fish intake reported no
significant effects on inflammatory parameters in patients with CHD (De Mello et al., 2009), or in
healthy subjects (Elvevoll et al., 2006). Only, in insulin resistant overweight subjects, C-reactive
protein was reduced by 24% following the cod intake while it was increased by 13% in individuals

consuming other animal proteins (Ouellet et al., 2008).

Subsequent investigation focused on the role of other contributing factors present in food, such as
food toxins. Among the toxic substances available in natural food is TMA, a product of
decomposition of plants and animals (Zhang et al., 1999b). TMA is used as an indicator of general
fish edibility, spoilage and overall quality. In this study TMA in fish protein was as high as 59.2
mg/100 g tissue which was almost 21-fold higher than the values found in casein or soy protein
(Paper I). The maximum allowable TMA levels for fish, in international trading, is between 5 to
10 mg/100 g tissue (Johnston et al., 1994). TMA is responsible for the fishy odor of seafood and
can be converted to proatherogenic TMAO, an odorless marine compound (Yancey and
Siebenaller, 2015). Several in vivo studies have shown that the direct provision of TMAO and its
dietary precursors (e.g. choline or L-carnitine) within the diet accelerates atherosclerosis
development (Wang et al., 2011; Koeth et al., 2013). In contrast, a targeted suppression of
microbial TMA/TMAO production has effectively inhibited diet-induced atherosclerosis (Wang
et al., 2015b).

Increased consumption of fish and other seafood containing significant quantities of TMA, TMAQO
or their precursors can increase the TMAO levels in blood circulations (Wang et al., 2011). The
circulating concentration of TMAO in the current work (Paper 1) was nearly 6-fold higher in
ApoE” mice which consumed fish protein (7.03 + 2.83 mol/L), as compared with animals fed
casein (0.92 + 0.46 mol/L) and soy protein (1.32 + 0.54 mol/L). An increased plasma level of

TMAO after fish consumption has been reported by several studies including a recent RCT (Cho
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et al., 2017). Also, the findings from a pilot study revealed that urinary TMAO may reach to its
highest levels in individuals who consumed a seafood diet (> 5000 umol/l) compared with those
who ate other sources of animal proteins such as red meat diet or an egg (139 umol/l) (Zhang et
al., 1999b). Fasting plasma TMAO levels is currently considered as an independent predictor for
presence of increased atherosclerotic burden and complexity in patients with CAD (Senthong et
al., 2016). Also, Wang et al. (2011) observed that high plasma levels of TMAO in ApoE™
C57BL/6J mice led to foam cell formation and large aortic atherosclerotic plague development.
This may provide an explanation for the observed athoergenic effects of fish protein in this study
(Paper 1). Surprisingly and in contrast to the others’ (Wang et al., 2011; Koeth et al., 2013) and
own findings, a recent study in ApoE~ transgenic mice expressing cholesteryl ester transfer protein
indicated that high TMAO levels were inversely, and independently from the changes in plasma
lipids associated with aortic lesion size in both aortic root and thoracic aorta; suggesting a
protective and not a causative effect of TMAO on atherosclerosis development (Collins et al.,
2016). These dissimilar results might be because of the differences in how this study was

conducted, particularly the use of male mice that express human cholesteryl ester transfer protein.

TMAO promotes atherosclerosis through arterial endothelial cell activation (Seldin et al., 2016) as
well as upregulation of pro-atherogenic SRs and accordingly enhancing the accumulation of
cholesterol in foam cells (Koeth et al., 2013; Zhu et al., 2016). Therefore, these results might
provide an explanation for the higher expressions of CDgg and CD3s on mice aorta following the
intake of fish protein (Paper 1). Also, numerous studies in both humans and animals have
discovered a potential involvement of TMAOQO in the expression of inflammatory marker IL-6
through activation of nuclear factor-kappa B (NF-kB) pathway (Seldin et al., 2016; Rohrmann et
al., 2016; Ma et al., 2017; Al-Obaide et al., 2017), suggesting a plausible mechanism for the
enhanced expression of IL-6 following fish protein intake (Paper I). It must be noted, that the
amounts of TMA or free TMAO found in the fish highly depend on the fish species (higher
amounts in marine- vs. freshwater-species), type of the fish (higher amounts in lean- vs. fatty fish),
and the degree of freshness (higher amounts in rotting- vs. fresh fish), hence the finding of the
current work cannot be fully associated to other types of fish with different origin or degree of
freshness. Nonetheless, the results from this work (Paper 1) may suggest that fish protein contains

various components which may affect the cardiovascular health differently.
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One of these components is fish oil, which is widely believed to be atheroprotective. The
mechanism governing the cellular and molecular actions of fish oil is not yet clear. Of special
interest for the project conducted by the research group at the Kiel University was to investigate
the possible involvement of ADAM17 and ADAM10 in atheroprotective effects of fish oil using
LdIr”- and WT mice (Paper I1). The use of LdIr’- mice in this study was because of their higher
susceptibility to dietary lipids compared with the other mice models such as ApoE” mice (Asset
et al., 2001; Zampolli et al., 2006). The animals were fed a Western diet containing either 20%
lard (LdlIr”" -lard and WT-lard groups), or 10% lard combined with 10% fish oil (LdIr”" -FO and
WT-FO groups) for 12 weeks. The aortic roots of the experimental animals underwent
histochemical staining at the laboratory of Martin Luther University for assessment of total plaque

area, lipid deposits and collagen content.

As expected, LdIr”~ mice developed extensive vascular lesions compared with WT mice,
characterized with more lipid deposits and higher collagen content (p for all < 0.001). Diet
supplemented with fish oil significantly inhibited the lesion development and lipid accumulations
in LdIr’”- mice compared with lard fed counterparts (Paper I1). Similar reports have been released
by other animal studies. An incremental substitution of fish oil for SFs, strongly inhibits the
atherosclerosis development in LdIr”- mice, exhibiting only small lesions (~100.103 mm?) after 12
weeks of intervention (Chang et al., 2014). Yang and coworkers (2016) showed that in LdIr’- mice
a diet enriched with fish oil-derived long chain MUFA (LCMUFA) alone, significantly reduced
the atherosclerotic lesions by 50 % and 45% compared with the control (no LCMUFA) and olive
oil diets respectively (Yang et al., 2016). Besides, mice fed fish oil-derived LCMUFA displayed a
more stable plaque morphology characterized by fewer lipid deposits and less macrophages
accumulation. Although LDL” mice are suggested to constitute the most appropriate model for
studying the vascular effects of n-3 FAs (Zampolli et al., 2006; Asset et al., 2001), several studies
have shown that fish oil has similarly inhibited atherosclerotic lesion formation in ApoE”" mice
(Wang et al., 2004; Eilertsen et al., 2011; Sun et al., 2014). Only few human studies have
investigated the role of fish oil on atherosclerotic plaque size and composition. A histological study
demonstrated that the carotid atherosclerotic lesions from patients who consumed fish oil before
carotid endarterectomy were less heavily infiltrated with macrophages compared with those who

ate sunflower oil. Besides, these plaques were more likely to be fibrous-cap atheromas and
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displayed fewer signs of inflammation, suggesting the role of fish oil in plaque stability (Thies et
al., 2003). In the current study plaque collagen content was not affected by the diet (Paper I1),
although in an earlier study, both ApoE” and LdlIr’ mice exhibited a higher plaque collagen
content along with increased SMCs, but less macrophages, after consumption of a diet rich in EPA
(Matsumoto et al., 2008).

Recent animal studies have suggested various mechanisms for atheroprotective role of fish oil
(Yang et al., 2011; Brown et al., 2012; Yang et al., 2013; Sun et al., 2014). It is also suggested that
fish oil may exert a direct influence on all components of atherosclerosis at the site of the lesions
(Yang et al., 2016). Among the local mediators are ADAMS, which participate in both cellular
adhesion and proteolytic cleavage of various cell surface molecules, therefore determine the
cellular fate, proliferation, and growth through various mechanisms (Blobel, 2005, Edwards et al.,
2008; Holdt et al., 2008; Schulz et al., 2008; Oksala et al., 2009; Donners et al., 2010). Of special
interest in the second work (Paper I1) was to investigate the role of ADAM10 and ADAML17 in
antiatherogenic actions of fish oil. Since, studies in human and mice have detected ADAM10 and
ADAML17 localizations at the site of atherosclerotic lesions (Canault et al., 2006; Satoh et al., 2008;
Donners et al., 2010), their cellular abundance in the aorta was also quantified in this work. The
findings showed no significant genotype-specific or nutrition-dependent differences amongst all

four groups (data from immunohistochemical analysis) (Paper I1).

Since fish oil is known to alter the course of inflammatory stimulation during the disease progress
(Thies et al., 2003; Weber and Noels, 2011), the extent of inflammation involved in the early
atherogenesis in Ldlr’”- mice was studied (Paper I1). The plasma and liver concentrations of
classical macrophage- and leukocyte-derived inflammatory markers (e.g. TNF-a, IL-6, etc.) were
evaluated. Despite the clear lesion development in knockout mice compared to the WT mice, and
also smaller lesion size in knockout mice fed fish oil than those fed with lard, there were no
significant difference in the circulating and hepatic levels of cytokines among the groups; only a
higher plasma concentration of MCP-1 was detected in knockout mice compared to the WT mice
(Paper I1). According to previous data, fish oil treatment in laboratory mice has resulted in
decreased (Sadeghi et al., 1999; Bhattacharya et al., 2007), increased (Petursdottir et al., 2002;
Carlson et al., 2015), or unaltered (Wallace et al., 1999) inflammatory responses. The inconsistent

findings might point to the application of different mouse models, high/low dosage of fish oil
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supplement, and/or the level of fish oil purification (Petursdottir et al., 2002; Carlson et al., 2015).
Similar discrepancy has been observed in results from human studies. Several human studies have
emphasized that dietary marine n-3 FAs were associated with reduced plasma levels of
inflammatory markers (Madsen et al., 2001; Lopez-Garcia et al., 2004), while others have reported
no significant changes in circulating proinflammatory cytokines obese hypertriglyceridemic
subjects following the treatment with PUFA-rich diet (Skulas-Ray et al., 2011). According to the
report from a recent systematic review of intervention studies, in healthy individuals and people
with cardiovascular risk and established CVD, the effects of fish oil on inflammatory markers has
been mixed with either reduction, or no change, in only one of the inflammatory markers (e.g. IL-

6), but the reasons for these controversies are yet unknown (Myhrstad et al., 2011).

The next attempt was to assess the ADAMSs activity in aorta and several other organs (Paper I1).
ADAMs shed several cell-signaling molecules and cell adhesion molecules, contributing to
successful recruitment of leukocytes to the inflammation site. ADAML17 is the main shaddase of
VCAM-1, ICAM-1, and JAM-A (Gooz, 2010; Scheller et al., 2011), while ADAM10 mainly
releases VE-cadherin (Schulz et al., 2008). VCAM-1 and ICAM-1 facilitates leukocyte adhesion
respectively to the vascular endothelium (Garton et al., 2003; Ponnuchamy and Khalil, 2008) and
integrins (Tsakadze et al., 2006), while JAM-A and VE-cadherin participate in leukocyte
diapedesis through the endothelial layer (Ponnuchamy and Khalil, 2008; VVestweber, 2008; Koenen
et al., 2009). The research group at the University of Kiel further addressed the question whether
dietary fish oil supplementation has affected the generation of these substrates in aorta and other
organs (Paper I1). According to their findings, the atheroprotective effects of fish oil
supplementation was reflected in a significant decline in the plasma concentration of JAM-A,
ICAM-1, and VE-cadherin, as well as a slight reduction in soluble VCAM-1 concentration. Several
human studies have reported reduced circulating levels of soluble VCAM-1 in elderly subjects
after supplementation with EPA and DHA (Miles et al., 2001) and reduced soluble ICAM-1 and
soluble VCAM-1 in the bloodstream of patients with metabolic syndrome after EPA
supplementation (Yamada et al., 2008). In a study by Zhao et al. (2004), diet rich in PUFA resulted
in significant decrease in circulating concentrations of ICAM-1, VCAM-1 and E-selectin.
Comparable data from animals are scarce, since most of the animal studies have focused on the

gene expression of these molecules in respect to the fish oil supplementation (Casos et al., 2008).
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Also, data from cell culture studies have shown that subsequent to the exposure to marine n-3
PUFAs, substantial reductions have been observed in expression of adhesion molecules on
monocytes (Hughes et al., 1996) and endothelial cells (De Caterina et al., 1994; Weber et al., 1995;
Collie-Duguid and Wahle, 1996), and also in expression of JAM-A in human endothelium
(Massaro et al., 2016). In conclusion, the findings from this work suggest that the reduced ADAMSs
shedding activity in endothelial cells has directly contributed to endothelial barrier improvement

and suppressed atherogenesis following the fish oil supplementation (Paper I1).
4.2  The role of chocolate liquor in atherosclerotic lesion development and composition

The evidence regarding the effects of cocoa/chocolate on the atherosclerosis progress are not
conclusive. The present trial was conducted to investigate the role of chocolate liquor on vascular
lesion development and composition in ApoE” mice fed a semisynthetic Western diet, containing
250 g/kg of either chocolate liquor, or a polyphenol-free isoenergetic control paste for 16 weeks
(Paper 111). The chocolate liquor contained ~2 g/kg polyphenols, in particular epicatechin (1.07
+ 0.05 g/kg). The results retrieved from en face analysis showed a significantly larger lesion area
in total aorta of mice fed chocolate liquor compared to the controls (p < 0.05). Similarly, the data
from histochemical and immunohistochemical assessments of aortic roots displayed that mice fed
chocolate liquor had a larger plaque size (p < 0.05), characterized with more VSMCs (3-fold
higher, p < 0.01) and larger collagen area (p < 0.01). The rest of plaque components including
calcified area, macrophages and lipid content remained identical between the two groups (Paper
I11). Collagen contributes to the plaque structural integrity and mechanical strength therefore, “not
enough” collagen leads to plaque weakness and vulnerability, while “too much” collagen could
also lead to arterial stenosis (Rekhter, 1999). Most of the collagen in the plaque is produced by
SMC:s. In fact, migrated and proliferated SMCs can synthesize up to 25 to 46 times more collagen,
contributing to the fibrous nature of the plague (Rekhter, 1999; Doran et al., 2008). In addition to
the role of VSMCs in plaque collagen production, collagen also plays a significant role in VSMC
proliferation and migration (Rocnik et al., 1998). Therefore, the parallel increase in both collagen
and VSMCs observed here (Paper I11) can be owing to their mutual interactions. Since these two
plaque components, VSMCs and collagen, are known to stabilize the atherosclerotic plaques
(Rudijanto, 2007; Badimon and Vilahur, 2014), it can be speculated that chocolate liquor has also

induced a stable-type of atherosclerotic lesions in ApoE”" mice.
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Comparable to own findings, Yakala et a. (2013) similarly reported unfavorable effects of
chocolate consumption on atherosclerosis. According to their results, ApoE*3-Leiden mice fed
two different types of chocolates (“chocolate A” with relatively higher polyphenol and lower fiber
content compared to “chocolate B”) and particularly those fed with “chocolate A”, experienced
increased plasma-cholesterol levels and extensive atherosclerotic plaque formation (Yakala et al.,
2013). On the contrary, Guan et al. (2016) reported that male ApoE” mice fed a Western diet
containing both low (0.2%), or high (2%) amounts of cocoa powder, had smaller lesion size in
their total aorta (en face) respectively by 42% and 63%, and less lipid deposits respectively by
47% and 32%, compared with the controls. The dosage of cocoa powder used in Guan et al. (2016)
study was equivalent to respectively 4.2 (low), or 42 (high) g daily consumption by humans, which
is in accordance with the amounts previously reported by other human studies (Monagas et al.,
2009; Khan et al., 2012). However, the dosage of chocolate applied in the current study (250 g/kg
diet) related to humans’ daily consumption equals to one bar of chocolate, which is rather high but

not irrelevant amounts (Paper 111).

In order to find the underlying cause for VSMCs migration and proliferation, the degree of local
(descending aorta) and systemic (serum) inflammation was further investigated. The messenger
ribonucleic acid (mMRNA) concentrations of ICAM-1, CDzs, TNF-a, MCP-1, MMP-9 were not
different between the groups (p > 0.05) whereas mice fed chocolate liquor had almost 5-fold higher
expression of IL-6 in their descending aorta compared with those on control paste diet (p < 0.05).
The higher gene expression of IL-6 on the aorta was not supported by higher serum concentration
of IL-6, henc suggesting a local action of chocolate liquor but not systemic (Paper I11). It has been
previously shown that IL-6 cytokines and their signaling events may contribute to both,
atherosclerotic plaque development and lesion destabilization through several mechanisms
(Schuett et al., 2009; Yoshimoto and Yoshimoto, 2014), among which provoked migration and
proliferation of VSMCs seem to prevail (Ikeda et al., 1991; Nabata et al., 1990; Klouche et al.,
2000). In return, VSMCs stimulate the secretion of more IL-6 at the local sites (Orr et al., 2010);

hence a vicious circle occurs which ultimately leads to plague expansion and complication.

Thus, it can be speculated that the intake of chocolate liquor (Paper I11) has stimulated the
expression of IL-6 in the vasculature, and IL-6 has further provoked VSMC migration and

proliferation, while in return VSMC has played its role in collagen production. Contrary to own
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findings, several in vivo and ex vivo studies have reported repressive roles of cocoa and its
polyphenols in markers of inflammation, in particular 1L-6 expression. Gu and colleagues (2014)
showed that male mice fed a high-fat diet supplemented with 8% cocoa powder, for 10 weeks,
presented a significantly reduced plasma IL-6 concentration (30.4%), compared with mice that
consumed only a high fat diet. Also, a mice model of experimental myocarditis showed that
treatments with the cocoa polyphenol extract markedly reduced mRNA expressions of IL-1p, IL-
6, E-selectin, VCAM-1 in the heart (Zempo et al., 2016). Administration of a high-cocoa diet (4.8
g/kg/day) for seven days lowered the production of pro-inflammatory cytokines I1L-6 and TNF-a
in rat peritoneal macrophages ex vivo (Ramos-Romero et al., 2012). The dissimilar outcomes
concerning the role of cocoa/chocolate intake on inflammatory responses, can be as a result of
differences in composition of nutrients in cocoa/chocolate (e.g. polyphenol content, fiber, added
milk and sugar), the dosage and duration of administration, the polyphenols bioavailability and

even the composition of the control diet.

Chocolate liquor applied in this work comprised high levels of SFAs (mainly palmitic and stearic
acids) and MUFAs (mainly oleic acid), but low levels of PUFAs (Paper I11). The analysis of liver
FAs concentrations correspondingly showed lower concentrations of n-3 (p=0.009) and n-6
(p=0.011) PUFAs in mice fed chocolate liquor, but comparable amounts of SFA and MUFA in
both groups. The significant difference in single fatty acid (PUFA concentration) led to a
significantly higher hepatic ration of SFA/PUFA in mice fed chocolate liquor in contrast to the
control group. In addition, the circulating ApoB level, as an indicative for total cholesterol-
carrying lipoprotein was not affected by the total fat and FAs composition of the diets. Also,
circulating levels of fructosamine yielded no significant difference between the two groups (Paper
I11). Serum fructosamine is a biomarker of glycated serum proteins and higher blood glucose
(Mosca et al., 1987) and recently has been shown to be associated with severity of coronary artery
atherosclerosis in insulin resistant pigs (Nichols et al., 2015). Ealier in 2007, Tomaru and
colleagues fed mice with cocoa liquor comprising various doses of proanthocyanidins and
similarly did not reach any significant changes in blood fructosamine levels in the healthy mice;
however, in obese-diabetic animals, cocoa liquor procyanidins declined the blood levels of

fructosamine significantly and dose-dependently.

82



Chocolate liquor also comprised slight amounts of serotonin (2.7 mg/kg) (Paper I11), which was
in accordance with the concentrations reported previously (Guillén-Casla et al., 2012). Serotonin
is a decarboxylated derivative of the amino acid tryptophan, known as a neurotransmitter and also
as a vasoactive substance, which participates in local vascular injury and inflammation associated
with atherosclerosis (Katz et al., 1994; Willerson et al., 1989). It is found that serotonin stimulates
VSMC proliferation, contraction and migration (Tamura et al., 1997) and enhances the secretion
of interleukin-6 in VSMCs, through its effects on 5-HT.a receptors (Ito et al., 2000). It was
tempting to assume that serotonin in chocolate liquor may have provoked inflammatory signals in
VSMCs, however the serum serotonin concentration was not affected by the low amounts of

dietary serotonin in chocolate liquor and remained comparable across the two groups (Paper I11).

A possible explanation for the observed results may concern the vitamin D, content of the
chocolate liquor. The current study was first to report a substantial amounts of vitamin D, (14.1
ug) in chocolate liquor (Paper I11). Nevertheless, the serum concentration of 25-hydroxy vitamin
D (25(OH)D)2was not detectable in both groups. A recent meta-analysis of several RCTs reported
that vitamin D> does not increase the serum total 25(OH)D concentrations similarly effective as
vitamin D3 (Tripkovic et al., 2012). The biological reason behind this phenomenon may be the
lower affinity of 25(OH)D, molecule for binding to vitamin D binding protein, therefore leads to
its increased catabolism and lower concentrations in the circulating blood (Hollis et al., 1984).
Surprisingly, the serum concentration of 25(OH)D3 was 25% lower in mice fed chocolate liquor
than the controls (Paper I11). Several studies have similarly reported a decline in serum 25(0OH)D3
levels after oral administration of vitamin D> (Glendenning et al., 2009; Lehmann et al., 2013;
Baur et al., 2016). It seems that vitamin D. impairs hydroxylation of vitamin Dz molecules that are
already present in the circulation (Holmberg et al., 1986). A large body of research from large
epidemiological (Cigolini et al., 2006; Martins et al., 2007; Dobnig et al., 2008) and clinical studies
(Carrelli et al., 2011; Cheraghi et al., 2012; Ellam et al., 2014) in mice and humans, has indicated
that low levels of circulating 25(OH)D are associated with atherosclerosis and other cardiovascular
disorders in humans. In an in vivo study, vitamin D-deficient mice developed 2-fold larger lesions
in aortic arch and 2-8-fold larger lesions in thoracic and abdominal aorta when compared with

vitamin D-sufficient mice (Weng et al., 2013).
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There are also reports indicating negative associations between serum vitamin D levels and pro-
inflammatory cytokines, such as TNF-a and IL-6 (Mateen et al., 2017). In diabetes mice, vitamin
D3 deficiency has been associated with enhanced IL-6 expression in the liver (Labudzynskyi et al.,
2016). Besides, crossing vitamin D receptors null (VDR™) and LdlIr’- mice has resulted in a mouse
model (LdIr’"VDR™") with accelerated atherogenesis (Szeto et al., 2012). Similarly, ApoE”VDR-
"mice have shown higher levels of serum IL-6 and extensive aortic lesions compared with ApoE-
"VDR*"* mice (Bozic et al., 2015). Whether the reason behind the vascular IL-6 expression and
the subsequent lesion development is the higher levels of vitamin D in chocolate liquor or the
subsequent lower 25(OH)Ds in mice fed chocolate liquor (Paper IIl) warrants further
investigation. Also due to the animal nature of the study, further studies in humans are needed to
investigate the direct effects of chocolate liquor and its various components on vascular lesion
development and composition. The findings from the current study did not show cardioprotective

effects of the chocolate liquor.
4.3  Conclusions

The findings from the performed animal studies answered the main questions addressed in this

work.

I.  Whatisthe role of fish protein in vascular lesion development and composition? Does
it engage the local or systemic risk profile? Fish protein induced 2-fold larger vascular
lesion area in ApoE”" compared with casein and soy protein. Compared with the control
groups, aortic roots of the mice fed fish protein exhibited a larger necrotic core and
extensive calcifications, both known as features of advanced lesions. Higher expressions
of CDsg, CD36 and IL-6 on aortic valves were detected in mice fed fish protein compared
with the controls, but no significant differences in systemic inflammation or even serum

lipids, suggesting a local atherogenic activity of fish protein.

Il.  What are the underlying mechanisms for fish protein vascular effects? Fish protein
had a 21-fold higher amounts of TMA in contrast to casein and soy protein. Accordingly,
the mice fed fish protein had a higher serum concentration of TMAO compared with the

control groups. TMAO is responsible for higher expressions of several SRs such as CD3s
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which in turn contribute to internalization of lipids and foam cells formation, hence

atherosclerosis development.

Do morphological assessments of atherosclerotic lesions confirm vascular protective
role of fish oil supplementation? What are the underlying mechanisms? Diet
supplemented with fish oil significantly inhibited the lesion development and lipid
accumulations in LdIr”" mice compared with lard fed counterparts hence, suggesting its
vascular protective effects. Fish oil reduced the release of ADAMSs substrates (JAM-A,
ICAM-1 and VE-cadherin) in endothelial cells, hence its vascular benefits were reflected
through improved endothelial barrier function.

Does chocolate liquor affect the atherosclerotic plagque development and
composition? Mice fed the chocolate liquor had larger plaque areas in the descending aorta
and aortic root compared with the control animals. The plaques in mice fed chocolate liquor
were characterized with higher mass of VSMCs and higher collagen content, both known
to stabilize the atherosclerotic plaques. Mice fed chocolate liquor had almost 5-fold higher
expression of IL-6 in their descending aorta compared with the control animals. However,
no significant difference was detected in systemic inflammatory parameters also not in
ApoB and fructosamine serum concentrations, suggesting a local but not a systemic effect

of chocolate liquor.

What are the underlying mechanisms for chocolate liquor vascular effects? Higher
amounts of vitamin D in chocolate liquor than control paste but a lower serum vitamin D3
levels in mice fed chocolate liquor than those fed control paste were detected. Lower levels
of serum vitamin D3z has been associated with atherogenesis and even enhanced IL-6
expressions. 1L-6 has been shown to induce VSMCs migration and proliferation. Also,
VSMCs produce most of the collagen within atherosclerotic plaques. Whether all these
interactions have been the underlying cause for the observed atherogenic effects of

chocolate liqguor demands further investigations.
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5 Summary

Atherosclerotic cardiovascular disease is among the leading causes of death worldwide. In recent
decades several food components such as unsaturated fatty acids have been identified to be
effective in reducing the risk of atherosclerosis. Most of the studies evaluating the role of dietary
food and components on atherosclerosis have been primarily restricted to the analysis of traditional
risk factors such as serum lipids, blood pressure, etc. and the contribution of morphological and
histological analyses has been uncommon. On the other hand, in the studies assessing
atherosclerotic plaque development and composition, the effect of complex foods has been less
investigated since most of these studies have applied either single nutrients or the extraction of

food active ingredients.

Most of the studies suggesting atheroprotective effects of fish have mainly focused on the role of
fish oil, while data on the vascular effects of fish protein are rather scarce. Therefore, the current
work, in a mouse model of atherosclerosis, investigated the vascular effect of fish protein
compared with casein and soy protein. After 16 wk consumption of a “Western diet”” containing
20% fish (turbot) protein, casein, or soy protein, the animals were terminated, and their blood
vessels were subjected to several morphological analyses. The data from en face and histochemical
analyses revealed that mice fed fish protein had larger lesion area respectively in aorta and aortic
roots than those on casein- or soy protein-diets. The atherosclerotic plaques in fish protein fed
mice were characterized by larger area of necrotic cores and calcification deposits, compared with
the other groups. Also, higher aortic expressions of CDes, CD3s, and IL-6 were detected in animals
fed fish protein than casein or soy protein. Since fish protein contained relatively higher amounts
of trimethylamine (TMA), the serum concentration of TMA oxide (TMAQ) was determined. It
was found that mice that received fish protein had significantly higher serum concentrations of
proatherogenic TMAO than the casein or soy protein supplement groups. These results suggest

that different components of the fish diet may have various effects on cardiovascular health.

In the second work, as a part of a project investigating the link between atheroprotective effects of
fish oil and ADAMs function (University of Kiel), LdIr”-and WT mice were fed a “Western diet”
containing either 20% lard or 10% lard combined with 10% fish oil for 12 wk. Successively, the

morphological and histological assessments of atherosclerotic plaques were performed (Martin
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Luther University), to confirm the protective effects of fish oil on atherosclerosis. The results
showed that a fish oil-enriched diet prevented lesion development and lipid accumulations in Ldlr-
" mice compared with the lard-rich diet. ADAMs expression in the aorta or liver were not affected
by fish oil supplementation. Also, these positive effects were not supported by changes in plasma
and liver concentrations of inflammatory markers (e.g. IL-6 and MCP-1). However, fish oil diet
significantly reduced the circulating levels of endothelial cell adhesion molecules such as JAM-A,
ICAM-1 and VE-cadherin. These results suggest that antiatherogenic role of fish oil is reflected in
reduced release of ADAMSs substrates in endothelial cells, hence improved endothelial barrier

function.

Chocolate is another complex food with well-known cardiovascular health effects, mainly because
of its high polyphenol content. However, the role of chocolate liquor on vasculature is not yet
conclusive. Thus, the current study investigated the vascular actions of chocolate liquor in a mouse
model of atherosclerosis. Animals ate a semi-synthetic “Western diet” containing 25% either
chocolate liquor or a polyphenol-free isoenergetic control paste. Mice receiving chocolate liquor
exhibited a larger plaque area in the descending aorta and aortic root, characterized with greater
number of VSMCs and extensive collagen, compared with the mice who ate control paste diet.
Compared with the controls, mice fed chocolate liquor had a 5-fold higher expression of IL-6 in
their aortic roots. The higher SFAs in chocolate liquor resulted in higher hepatic SFA/PUFA ratio
in mice consuming chocolate liquor than the control paste. Despite the considerable amounts of
vitamin D in chocolate liquor, the mice did not have measurable circulating 25(OH)D; after
consumption of chocolate liquor. Surprisingly, even a significant reduction (25%) in circulating
level of 25(OH)Ds was observed in mice fed chocolate liquor compared with the control mice.
Data from the current study did not show any positive effects of the chocolate liquor on the

vascular system.
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6  Zusammenfassung

Herz-Kreislauferkrankungen, die vornehmlich als direkte Folge der Arteriosklerose entstehen,
gehdren weltweit zu den Hauptursachen fur Tod. In den letzten Jahrzehnten konnten einige
Nahrungsmittelinhaltsstoffe identifiziert werden, die das Risiko flr vaskulare L&sionen senken.
Dazu gehoren beispielsweise ungeséttigte Fettsduren. Die meisten dieser Studien konzentrierten
sich in erster Linie auf die Untersuchung traditioneller Risikofaktoren wie Serumlipide, Blutdruck,
usw. und trugen dariber hinaus kaum zur morphologischen und histologischen Analyse dieser bei.
Des Weiteren haben Studien zu atherosklerotischen Plaques und deren Zusammensetzung meist
nur ungenigend den Einfluss von regelmél3igen Verzehr von komplexen Lebensmitteln
untersucht, da sie sich oft nur auf einen einzelnen Nahrstoff oder einen Extrakt von dessen aktiven
Bestandteilen bezogen. Die meisten Studien zur atheroprotektiven Wirkungen von
Nahrungsmitteln aus Fischen befassten sich, zum Beispiel, vorwiegend mit Fischdl, wéhrend kaum
Daten zu den vaskuldren Effekten von Fischprotein verfigbar sind. Mit Hilfe eines
Atherosklerose-Mausmodells wurde in der ersten Studie die Wirkung von Fischprotein im
Vergleich zu Kasein und Sojaprotein untersucht. Nach 16-wdchigen Verzehr einer Diat, die der
westlichen Ernahrungsweise entspricht, mit 20% Fisch (Steinbutt)-Protein, Kasein oder
Sojaprotein, wurden in den Mausen morphologische Analysen von deren BlutgefalRen
durchgefuhrt. Die Daten von en-Face- und histochemischen Analysen zeigten, dass Méuse, denen
Fischprotein verabreicht wurde, groRere Lasionen in der Aorta und Aortenwurzel aufwiesen als
Mause, die Kasein- oder Sojaprotein mit der Diat erhielten. Die Mause, die mit Fischprotein
gefuttert wurde, hatten auBerdem groRere nekrotische Bereiche, mehr Kalkablagerungen und eine
hohere Expression von CDeg, CD3s und IL-6. Da das Fischprotein relative hohe Gehalte an
Trimethylamin (TMA) aufwies, wurde die Serumkonzentration an TMA-Oxid (TMAOQO) bestimmt.
Dabei zeigte sich, dass die Gruppe, welche Fischprotein erhielt, deutlich hohere
Serumkonzentrationen des proatherogenen TMAO aufwiesen als die Gruppen mit Zugabe von
Kasein oder Sojaprotein. Die Ergebnisse weisen somit darauf hin, dass verschiedene Komponenten
des Lebensmittels Fisch ganz unterschiedliche Effekt auf die kardiovaskuldare Gesundheit haben
konnen. In der zweiten Studie, die Teil eines Projektes zur Unterstuchung dse Zusammenhanges
zwischen der atheroprotektiven Wirkung von Fischél und ADAMs (in Zusammenarbeit mit der

Universitit Kiel) war, wurden Ldlr”-und WT-Mause fiir 12 Wochen mit einer westlichen Dit
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gefuttert, die entweder 20% Schweineschmalz oder 10% Schweineschmalz zusammen mit 10%
Fischol enthielt. Aufeinander aufbauend wurden morphologische und histologische Messungen
der atheorskleortischen Plaque-Flachen (von der Martin-Luther Universitat) durchgefiihrt. Die
Ergebnisse wiesen darauf hin, dass mit Fischdl angereicherte Didten die Entwicklung von
Lasionen in LdIr’- Mausen reduzieren kénnen. Dieser positive Effekt auf die Lésionen konnte
leider nicht bei der ADAMs-Expression in der Aorta oder Leber bestatigt werden. Ebenfalls
wurden die in Plasma und Leber aufgefundene Konzentration von Leukozyten-abgeleiteten
Entziindungsmarkern (z.B. IL-6 und MCP-1) durch Fischdlergdnzung nicht messbar beeinflusst.
Allerdings wurde die im Blut zirkulierender Konzentration an Endothelzelladh&sionsmolekiile wie
JAM-A, ICAM-1 und VE-Cadherin verringert. Diese Ergebnisse deuten darauf hin, dass ein
antiatherogener Effekt von Fischdl durch die reduzierte Freisetzung von ADAMs -Substraten in

Endothelzellen besteht und somit zu einer verbesserten endothelialen Barrierefunktion beitragt.

Schokolade is ein weiteres Beispiel fur ein komplex zusammengesetztes Lebensmittel, das
aufgrund seines hohen Polyphenolgehalt als ginstiges Lebensmittel fur die Herz-
Kreislaufgesundheit erachtet wird. Daher wurde in jener Studie die Wirkung einer
Schokoladenmasse auf GefalRparameter in einem Mausmodell untersucht. Die Tiere erhielten eine
westliche Diat, die entweder zu 25% aus Schokoladenmasse oder aus einer Polyphenol-freien
isoenergetischen Vergleichsmasse mit ahnlichen Gehalten an Makronéhrstoffen bestand. Méuse,
welche die Schokoladenflissigkeit erhielten, wiesen im Vergleich zu Méusen aus der
Kontrollgruppe in der absteigenden Aorta und der Aortenwurzel gréRere Plaque-Flachen auf, mit
einer gréReren Anzahl von VSMCs und mehr Kollagen. Im Aortengewebe von Mausen der
Schokoladenmasse-Gruppe wurde auBerdem eine 5-fach hohere Expression von IL-6
nachgewiesen. Die htheren Konzentrationen von SFAs in der Schokoladenmasse resultierten in
einem hoheren SFA/PUFA-Verhéltnis in der Leber dieser Mé&use als in den Lebern der
Vergleichstiere. Obgleich die Schokoladenmasse nachweisbare Mengen an Vitamin D, aufwies,
zeigten die Mause nach deren Verzehr keine héheren Serumkonzentrationen an 25(OH)Da.
Uberraschenderweise wurde fiir diese Tiere sogar eine signifikante Verringerung (25%) ihres
zirkulierenden 25(OH)Ds-Niveaus im Vergleich zu den Kontrollm&usen gemessen. Daten aus der
aktuellen Studie konnten keine positiven Effekte der Schokoladenmasse auf das Gefalisystem

zeigen.
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