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1. Introduction 

1.1. Cardiovascular diseases 

Cardiovascular diseases (CVD) can be classified diagnostically in four major areas: coronary 

heart disease (CHD), cerebrovascular disease, peripheral arterial disease, and aortic 

atherosclerosis (1). In 2019, ischemic heart disease was the top leading cause of death 

globally, with 8.9 million victims (reflecting 16 % of total world deaths). Followed by strokes, 

which cause approximately 11 % of the world's global deaths (2). According to the global 

burden disease study from 2019, ischemic heart diseases and strokes have been unchanged 

for almost 30 years (1990-2019) as the leading causes of death. The top-ranked causes of 

disability-adjusted life years (DALYs) are in the group of 50-74 years and the 75 years and 

older group (3). High systolic blood pressure has been the leading cardiovascular risk factor 

for over 50 years. Also, under the top five (out of 87) risk factors are high fasting plasma 

glucose, high body-mass index (BMI), and high low-density lipoprotein (LDL) cholesterol levels 

(4). In summary, hypertension, ischemic heart disease, and cerebrovascular disease are 

responsible for approximately 40 % of all deaths globally. Thereby, atherosclerosis, an 

inflammatory vascular system disorder, is the major pathomechanism underlying almost all 

CVDs (see 1.4). An overview of CVD risk factors and a classification of CVDs is shown in 

Figure 1. 
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Figure 1: Risk factors of CVDs and disease classification. CVD risk factors can be classified into physiological 

risk factors (e.g., hypertension, obesity, and diabetes) and behavioral risk factors (e.g., unhealthy diet, smoking, 
and inactivity). An unhealthy lifestyle causes most of these modifiable risk factors. Endothelial dysfunction and 
atherosclerosis are the major pathomechanisms underlying CVD. Atherosclerosis could lead to severe outcomes 
in patients and is associated with myocardial infarction and stroke. Created with BioRender.com. 

CVD=cardiovascular disease. 

 

1.2. Fundamental cellular and molecular mechanisms in the pathogenesis of 

CVD 

1.2.1. Oxidative stress 

Reactive oxygen species (ROS) contain at least one oxygen molecule, are highly reactive, and 

appear in all aerobic cells. ROS family members are free radicals or molecules with oxidizing 

effects. Group members are, for example, superoxide anion (O2
-•), hydroxyl radical (HO•), 

hydrogen peroxide (H2O2), or hypochlorous acid (HOCl). In addition, reactive nitrogen species 

(RNS) like nitric oxide (•NO) or peroxynitrite (ONOO-) are also crucial in oxidative regulation. 

ROS and RNS are also described as reactive oxygen and nitrogen species (RONS) (5, 6). 

Increasing RONS levels are associated with oxidative stress and different CVDs like 

atherosclerosis, hypertension, or diabetes (6). Therefore, oxidative stress is defined as an 

imbalance between oxidants and antioxidants or failure of the organism to repair the oxidative 

damage. A disruption of redox signaling up to molecular damage is mediated by increasing 

RONS production and insufficient RONS scavenging (7). Some RONS could also act as 

cellular messengers essential for signaling under normal, healthy conditions. To be mentioned 

here is •NO-mediated signaling, which leads to beneficial vascular tone regulation and the 

suppression of platelet activation (see 1.2.3). Important pro-oxidant pathways and O2
-• sources 

in the vascular system are the xanthine oxidase (XO), nicotinamide-adenine-dinucleotide 

phosphate (NADPH) oxidase, uncoupled •NO synthase, and the mitochondrial respiratory 

chain. ONOO- is a highly reactive and strong oxidant produced by •NO and O2
-• reaction (5). A 

biomarker for ONOO- bioreactivity is 3-nitrotyrosine (3-NT). However, this biomarker is also 

formed in pro-inflammatory processes by myeloperoxidase (MPO) in the presence of 

peroxides and nitrite anions and is not an exclusive marker for ONOO- (8). Antioxidant defense 

systems in the vasculature are, for example, superoxide dismutase (SOD), catalase, 

glutathione peroxidase, thioredoxin, peroxiredoxins, and heme oxygenase. Also, the 

transcription factor erythroid-2 related factor 2 (Nrf2) is important to mention as mediating 

cellular anti-oxidant mechanisms (9). The following sections describe the role of RONS in 

developing CVD. 

 

1.2.2. •NO synthase (NOS) and •NO signaling in the focus of CVD 

•NO is generated via the enzyme •NO synthase (NOS), which has in mammals three different 

isoforms: neuronal NOS (nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS). The 
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utilized substrate of all NOS isoforms is L-arginine, utilizing oxygen and NADPH as co-

substrates. The following cofactors are also common among the different isoforms: flavin 

adenine dinucleotide (FAD), flavin mononucleotide (FMN), and (6R-)5,6,7,8-tetrahydro-L-

biopterin (BH4) (10). The structure and the catalytic mechanism of functional NOS are shown 

in Figure 2. 

 

 

Figure 2: Structure and catalytic mechanism of coupled •NO synthase (NOS). All functional NOS isoforms are 

heterodimers with a reductase and an oxygenase domain on each monomer. Electrons are transferred from the co-
substrate NADPH via the flavins FAD and FMN to the carboxyl-terminal reductase domain. The transfer to Heme is 
stimulated by increased cellular Ca2+ levels and calmodulin (CaM) binding. In addition to Heme, the oxygenase 
domain binds the cofactor BH4, molecular oxygen, and the substrate L-arginine. The electron transfer enables the 
iron-containing Heme to bind molecular oxygen and reduce Fe3+ to Fe2+. In consequence, L-arginine is oxidized to 
L-citrulline and •NO. Essential in •NO generation of NOS is also the binding of the cofactor BH4. Oxidized BH4, the 
BH3

• radical, is recycled either by NOS itself or by reducing agents like ascorbic acid. The electron transfer takes 
place at each monomer side. The figure is taken from (10) with permission. 

 

nNOS expression is commonly associated with physiological functions like learning, memory, 

and neurogenesis. However, there is also evidence that nNOS is involved in blood pressure 

regulation. For example, the innervation of the smooth muscle cell tissues by nNOS-containing 

nerves could lead to •NO release, thereby modulating the tone in blood vessels (11, 12). The 

activity of nNOS is regulated by Ca2+ and calmodulin levels in the cells. Abnormal •NO signaling 

via nNOS is associated with primarily neurodegenerative pathologies (13). Under healthy 

conditions, iNOS is usually not expressed; the expression can be induced by bacterial 

lipopolysaccharides or cytokines, which indicate an important role of iNOS in non-specific 

immune responses. Because of the very tight binding of the calcium-calmodulin complex to 

this isoform, iNOS is not sensitive to Ca2+-mediated regulation (10). In activated macrophages, 

iNOS expression leads to high •NO production, affecting, for example, parasites or tumor cells 

as a cytotoxic response. Indeed, high •NO levels lead to inhibition of iron-containing proteins, 

for example, in the mitochondrial electron transport chain, and further could also interfere with 

cellular deoxyribonucleic acid (DNA) to conduct DNA fragmentation (14, 15). Activated 
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macrophages are also involved in most pro-inflammatory processes or autoimmune diseases, 

and high •NO rates could lead to surrounding tissue damage (16). During a septic shock, 

excessive •NO production via iNOS leads to arterial vasodilation, hypotension, and 

microvascular damage, accompanied by the expression of other pro-inflammatory mediators 

like interleukin-1 (IL-1), tumor necrosis factor-α (TNFα), and interferon-γ (INFγ) (17). Abnormal 

•NO production via iNOS is associated, therefore, mainly with the mediation of inflammation 

and septic shock. eNOS is predominantly expressed in endothelial cells, and Ca2+/calmodulin 

levels can regulate its expression. Further, other proteins can modulate eNOS activity, like heat 

shock protein 90 (Hsp90) or caveolin-1 (10). In addition, independent of Ca2+ increase in the 

cell, eNOS expression can also be activated by stimuli like fluid shear stress, which leads to 

enhanced •NO production and phosphorylation of the eNOS enzyme on several serine (Ser), 

threonine (Thr), and tyrosine (Tyr) residues. For example, Ser1177 and Thr495 

phosphorylation are important for eNOS functionality and are independent mechanisms of 

eNOS activation (pSer1177) and inactivation (pThr495), respectively (10, 18, 19). Ser1177 

phosphorylation is mediated by estrogen and vascular endothelial growth factors (VEGF) via 

Ser/Thr kinase Akt, by insulin via Akt and adenosine monophosphate-activated protein kinase 

(AMPK), by bradykinin via Ca2+/calmodulin-dependent protein kinase II (CaMKII) and by shear 

stress via activating protein kinase A (PKA). This phosphorylation increases Ca2+ sensitivity 

and stimulates electron flux in the reductase domain of eNOS (10, 20). Phosphorylation of 

Thr495 via protein kinase C (PKC) is associated with eNOS dysfunction and increased eNOS 

activity by enhanced calmodulin binding that may lead to ROS formation (18, 21). The 

physiological aspects of eNOS are diverse and essential to cardiovascular function. 

Endothelium-produced •NO leads to vasodilation via soluble guanylyl cyclase (sGC) 

stimulation in smooth muscle cells (22). Further, platelet aggregation and adhesion are 

inhibited through •NO release into the vascular lumen (23). Important for an anti-

atherosclerosis effect is also the prevention of platelet-derived growth factor release, which 

stimulates smooth muscle cell proliferation and matrix molecule production (24). In addition, 

leukocyte adhesion and vascular inflammation are inhibited by endothelial •NO. For example, 

endothelium-derived •NO leads to decreased monocyte chemoattractant protein-1 (MCP-1) 

expression and prevention of endothelial cell apoptosis stimulated by inflammatory cytokines, 

ROS, or angiotensin-II (AT-II) (25, 26). Also, angiogenesis, for example, after post-ischemia 

events and the activation of endothelial progenitor cells, is stimulated by eNOS-derived •NO 

production. In ischemic heart disease patients, •NO bioavailability is typically reduced and 

leads presumably to impaired neovascularization (26-28). In summary, eNOS is important in 

mediating vasodilation, vasoprotective effects, and atherosclerosis prevention. 
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1.2.3. •NO mediated cGMP signaling and vasodilation 

Endothelial •NO biosynthesis is essential to mediate physiological smooth muscle relaxation in 

the vascular system. Further, endothelium-produced •NO diffuses fast into smooth muscle cells 

and binds to sGC. •NO leads to an activation of sGC and triggers the conversion of guanosine 

triphosphate (GTP) to cyclic guanosine monophosphate (cGMP). Phosphorylation of 

downstream targets and vasodilation is mediated by cGMP binding to protein kinase G (PKG) 

(29, 30). PKG phosphorylates inositol trisphosphate-regulated Ca2+ channels (IP3CC) and its 

associated protein regulator (IRAG) on the endoplasmatic reticulum (ER), leading to inhibition 

of the Ca2+ efflux from the ER to the cytosol, which in the smooth muscle cell prevent myosin 

light chain kinase activation by Ca2+ and thereby causes reduced contractility of the myosin-

actin filaments (31, 32). PKG leads to the phosphorylation of K+ channels, resulting in K+ influx 

and hyperpolarization of the cell membrane. The hyperpolarization led to the inhibition of 

voltage-gated Ca2+ channels, and therefore, the Ca2+ influx into the smooth muscle cells is 

reduced (29, 33). Further, increased cGMP levels and PKA activation in smooth muscle cells 

can also be induced by IL-1ß signaling, leading to suppressed smooth muscle cell proliferation 

(34). In addition, vasodilator-stimulated phosphoprotein (VASP) is another substrate of •NO-

cGMP signaling and is important for cell morphology changes during proliferation. 

Phosphorylation of VASP via PKG leads to inhibition of actin cytoskeleton reorganization of 

smooth muscle cells (35, 36). The signaling is terminated by converting cGMP to GMP 

mediated by different phosphodiesterases (29). Figure 3 shows eNOS signaling during normal 

vascular function. 
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Figure 3: Coupled eNOS and •NO signaling during normal vascular function. Endothelial •NO biosynthesis 

regulates smooth muscle cell relaxation and vasodilation. Shear stress and other chemical stimuli like acetylcholine, 
bradykinin, and angiotensin-II can activate eNOS, for example, by stimulating voltage-gated Ca2+ channels to 
increase intracellular Ca2+ levels. •NO released by endothelial cells into the bloodstream inhibits platelet aggregation 
and leukocyte adhesion. In smooth muscle cells, •NO activates sGC, leading to the conversion of GTP to cGMP. 
Increasing cGMP levels activates kinases and leads to hyperpolarization of smooth muscle cells, followed by the 
closing of voltage-gated Ca2+ channels. Decreased intracellular Ca2+ levels lead to a relaxation of smooth muscle 
cells and vasodilation. Adapted from (37). Created with BioRender.com. Abbreviations: AT2R=angiotensin-II 
receptor type 2, eNOS=endothelial •NO synthase, •NO=nitric oxide, AChR=acetylcholine receptor, BK2R=bradykinin 
receptor B2, GTP=guanosine triphosphate, sGC=soluble guanylyl cyclase, cGMP=cyclic guanosine 
monophosphate, PKG=protein kinase G, IP3CC=inositol trisphosphate-regulated Ca2+ channels, VGCC=voltage-
gated Ca2+ channels. 

 

1.2.4. NADPH oxidase (NOX) 

NADPH oxidases (NOX) represent a group of ROS-producing enzymes identified as one of 

the primary ROS sources in CVDs besides mitochondria (6, 38-43). Seven NOX isoforms are 

known: NOX1-5, dual oxidase 1 (DUOX1), and 2 (DUOX2). All NOX isoforms share a structural 

homology consisting of six conserved transmembrane domains, a catalytic core with four 

heme-binding histidines, a dehydrogenase domain that binds FAD as a cofactor, and NADPH 

as substrate. The NOXs differ in cellular and tissue distributions and the regulatory system's 

composition/mode of action. NOX activation leads to electron transfer across the plasma 

membrane by reducing O2 to O2
-• utilizing NADPH as an electron donor (44, 45): 

 

(I) NADPH + 2O2   2O2
-• + NADP+ + H+  (NOX) 

 

The NOX2 and p22phox complex is localized inactive in the plasma membrane and requires the 

assembly of multiple subunits for its activation. The following NOX2 subunits are recruited from 

the cytosol, leading to NOX2 activation: p40phox, p67phox, and p47phox. Further, NOX2 full 

activation requires the small GTPase RAC1 or RAC2 (Ras-related C3 botulinum toxin 

substrate) and phosphorylation of p47phox by PKC. NOX1 requires for activation p22phox, RAC1, 

p47phox (or the NOX organizer 1 (NOXO1)), and NOX activator 1 (NOXA1). NOX4 activation 

requires p22phox (and is mostly regulated by NOX4 expression level), whereas NOX5 activation 

is Ca2+ dependent and requires no further subunits (Figure 4). The focus here is on the isoforms 

NOX1, NOX2, NOX4, and NOX5, as they are expressed in cell types belonging to the 

cardiovascular system (44, 45). NOX1, NOX2, and NOX5 are producing O2
-•, whereas NOX4 

is mostly producing H2O2 (44, 46).  
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Figure 4: Assembly of different NADPH oxidase (NOX) complexes in the cardiovascular system. Four 

different NOX isoforms (NOX1, 2, 4, and 5) are expressed in the cardiovascular system. All NOX isoforms produce 
O2

-• by electron transfer from NADPH to molecular oxygen. In addition, NOX4 also produces H2O2. NOX1 requires 
activation of different subunits like p22phox, p47phox (or NOXO1), Rac, and NOXA1. NOX2 requires the same subunits 
except for NOXA1, which is replaced by p67phox. While NOX4 requires only p22phox and NOX5 activation is only 
Ca2+ level dependent. The figure is taken from (47) with permission. 

 

In the following, NOX signaling is described in more detail, focusing on the cardiovascular 

system and CVD. NOX1 is expressed in vascular smooth muscle cells and is distributed within 

the plasma membrane. NOX1-derived ROS is important in AT-II-induced endothelial 

dysfunction (acute), vascular hypertrophy, and systemic hypertension (chronic) (47-49). NOX2 

is important in acute innate immune system responses and is highly expressed in phagocytic 

cells like neutrophils and macrophages. Besides leukocytes, NOX2 is also expressed in 

endothelial cells and the adventitia. NOX2 expression is enhanced after infection or in pro-

inflammatory signaling (44, 47, 50). NOX4 is expressed in endothelial cells, vascular smooth 

muscle cells, and adventitia. NOX4 is constitutively active and is distributed in the endoplasmic 

reticulum of the cells. NOX4 mediates ROS signaling via direct interaction with the •NO/cGMP 

signaling pathway, resulting in H2O2 production. High H2O2 concentrations could lead to acute 

cytotoxicity (47, 50). NOX4 expression and its signaling mechanism are suggested to be 

involved in tissue damage, for example, after acute ischemic stroke and pressure overload in 

the heart. However, lower chronic NOX4 signaling is associated with more protective 

processes like angiogenesis or wound healing (50-52). Rodents lack the NOX5 gene; 

therefore, interventional studies are difficult. NOX5 expression is increased in endothelial cells 

and plaque-associated vascular smooth muscle cells, indicating a role of NOX5 in 

atherosclerotic pathology. Further, NOX5 could cause eNOS uncoupling, leading to endothelial 

dysfunction via enhanced ROS production (53, 54). NOX activation also promotes the 

activation of other oxidase systems, which causes oxidative stress like uncoupled eNOS, 

dysfunctional mitochondria, or xanthine oxidase (44, 45, 55, 56). This oxidative crosstalk is a 

major mechanism in oxidative stress generation in CVD pathologies. ROS generation, in 

general, starts with O2
-• production. Spontaneous or at low pH conditions, O2

-• dismutates 

rapidly to H2O2, a reaction that is further accelerated and catalyzed by SOD enzymes (57, 58). 
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(I) 2O2
-• + 2H+  H2O2 + O2  (SOD) 

 

Further, reactions based on H2O2 as a substrate are the Fenton reaction in the presence of 

iron and the Haber Weiss reaction. Meanwhile, H2O2 is degraded to H2O by catalase or 

peroxidases (57).  

 

(I) H2O2  OH- + OH•   (in the presence of Fe2+, Fenton reaction)  

(II) O2
-• + H2O2  O2 + HO- + OH•  (catalyzed by Fe3+, Haber Weiss reaction)  

(III) H2O2  O2 + H2O   (catalase)  

 

1.2.5. Peroxynitrite (ONOO-) 

ONOO- is a highly reactive non-radical, powerful, and short-lived oxidant. The fast reaction of 

•NO with O2
-• leads to the formation of ONOO- (59). 

 

(I) •NO + O2
-• -> ONOO- 

 

Thereby, SOD and ONOO- formation are competing kinetically for O2
-• radicals. The ratio of 

this competition is crucial in the development of •NO induced oxidative damage. ONOO- reacts 

directly in one or two electron oxidations with different metalloproteins, hemins, or glutathione 

protein thiols. For example, a reaction with a metal center can result in a loss of enzyme 

function. Further, ONOO- mediates radical reactions and leads in aqueous phases with CO2 to 

nitrogen dioxide (•NO2) and carbon trioxide (•CO3
-) radical formation (59, 60). 

 

(I) ONOO- + CO2  ONOOCO2
-  •NO2 + •CO3

- (in aqueous phase) 

 

These radicals are important for mediating protein tyrosine nitration, protein oxidation, DNA 

oxidation, and nitration. In addition, ONOO- mediates radical reactions in hydrophobic phases, 

which result in ONOO--mediated lipid oxidation, lipid nitration, and protein tyrosine nitration 

(59). 

 

(I) ONOO- + H+  ONOOH  •NO2 + OH•   (in hydrophobic phase) 

 

Important in ONOO-- and •NO2-mediated toxicity is the promotion of protein tyrosine nitration, 

which results in protein structure changes accompanied by loss or gain of a previously non-

existent function (59). Physiologically, oxidant production is crucial for pathogen defense 

mediated by macrophages and neutrophils. However, these posttranslational protein 
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modifications were also observed in CVDs, neurodegenerative diseases, inflammation, and 

cancer (61).  

 

1.2.6. eNOS uncoupling 

Alterations of enzymatic eNOS activity in response to inflammation or CVDs could contribute 

to eNOS uncoupling. Thereby, eNOS uncoupling is defined as a process of electron transfer 

from NADPH within the reductase domain to molecular oxygen, leading to the formation of O2
-

• instead of •NO. The O2
-• formation is accompanied by reduced vascular •NO bioavailability 

(62). Different mechanisms of eNOS uncoupling concepts are described in the literature. The 

oxidative depletion of BH4 should be mentioned first. BH4 is an essential cofactor to stabilize 

the dimeric state of eNOS; if BH4 is lacking, the eNOS dimer is disrupted, which results in an 

electron transfer to O2
-• instead of •NO. In general, BH4 can be generated in a de novo synthesis 

pathway by the enzyme GTP cyclohydrolase 1 (GTP-CH1) or via the salvage pathway by the 

enzyme dihydrofolate reductase (DHFR); the second one regenerates BH4 enzymatically from 

its oxidized form, dihydrobiopterin (BH2). Downstream of NOX activation, eNOS uncoupling 

can occur. Indeed, ONOO- could lead to oxidative degradation of BH4 to BH2, resulting in eNOS 

uncoupling (44, 62). In CVD patients, BH4 levels seem to be decreased (63-65). Oxidants like 

ONOO- could also disrupt the zinc tetrathiolate (ZnS4) cluster at the dimer interface of eNOS, 

which leads to eNOS uncoupling (44). Reversible S-glutathionylation of two cysteine residues 

within the eNOS reductase domain is another important mechanism in eNOS uncoupling. 

Oxidative stress promotes this protein modification, leading to increased O2
-• generation and 

reduced •NO formation (10). S-glutathionylation of eNOS is associated with different 

pathologies like hypertension, diabetes, and atherosclerosis (66). Another redox-sensitive 

modification of eNOS is represented by the phosphorylation of the enzyme. Phosphorylation 

of Ser1177 leads to increased eNOS productivity, and phosphorylation of Thr495 is associated 

with eNOS dysfunction or even uncoupling. In addition, phosphorylation of Tyr657 by the 

protein tyrosine kinase-2 leads to inhibition of eNOS. Both kinases mediating phosphorylation 

of Thr495 and Tyr657 are activated by oxidative stress and stimulated by H2O2 or AT-II (only 

Tyr657) (10, 62). A potent endogenous inhibitor of eNOS is asymmetrical dimethyl-L-arginine 

(ADMA), which is also properly involved in eNOS uncoupling. The ADMA-generating enzyme 

and ADMA-degrading enzyme dimethylarginine dimethylaminohydrolase (DDAH) are redox-

sensitive. Oxidative stress conditions in the vasculature lead to increased ADMA production 

and decreased DDAH activity, thereby diminishing ADMA degradation, resulting in higher 

ADMA concentrations and inhibition of eNOS activity (10, 62). The mentioned mechanisms 

contribute to eNOS uncoupling and are shown in Figure 5. However, not all mechanisms are 

fully understood or even discovered, and eNOS uncoupling needs careful elucidation. 
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Figure 5: The main redox regulation pathways of eNOS. Five redox regulation pathways contribute mainly to 

eNOS dysfunction/uncoupling during oxidative stress. For example, S-glutathionylation of specific cysteine residues 
is associated with eNOS uncoupling, which means that eNOS produces O2

-• instead of •NO. ROS-sensitive kinases 
like protein tyrosine kinase-2 (PYK-2) or protein kinase C (PKC) dependent phosphorylation induce eNOS inhibition. 
Another eNOS inhibiting ROS-sensitive pathway is an asymmetrical dimethyl-L-arginine (ADMA) accumulation. 
Oxidation of the zinc-sulfur-cluster or tetrahydrobiopterin (BH4) is also associated with eNOS uncoupling. The figure 
is taken from (5) with permission. 

 

1.2.7. Immune system and inflammation 

The immune system is a network of lymphoid organs, cells, proteins, and cytokines that 

regulate host defense mechanisms. Abnormal immune system function could lead to reduced 

activity, immunodeficiency, and infections, whereas overactivity could lead to allergic or 

autoimmune diseases (67). The immune system can be divided into two main mechanisms: 

the innate immune response and the adaptive immune response. The innate immune system 

responds fast to infections, within minutes to hours. The response is not very specific and does 

not differ from repeated infections. Local tissue macrophages could detect an infection and 

produce cytokines. This process activates the innate immune system and induces 

inflammation. The cytokine gradient leads to an attraction of other immune cells to the infected 

tissue and the activation of phagocytic cells. Further, antimicrobial agents like ROS, proteases, 

or hydrolytic enzymes are produced (68). The delivery of phagocytes to the infected tissue is 

one of the key mechanisms of the innate immune system. As primary responders, neutrophils 

and macrophages are recruited to the side of infection, and both cell types clear tissue of 

pathogens by phagocytosis, which leads to an activation of NOX and/or iNOS, which results 

in RONS production. These processes result in the initiation of local inflammation (68-71). As 

a third phagocytotic class, dendritic cells are activated. They are processing degraded 

pathogens and displaying specific peptides on their cell surface. Antigen-presenting dendritic 
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cells migrate to lymph nodes, which results in adaptive immune system initiation via T cells 

(72). Further, natural killer (NK) cells are recruited to inflamed tissue responsible for targeting 

and destroying infected cells (73). Mast cells and basophils are tissue-resident cells. They are 

essential for both the innate and the adaptive immune response. Once mast cells are exposed 

a second time to specific antigens, they degranulate and release bioactive molecules like 

histamine, prostaglandins, and TNFα (68). The adaptive immune system is activated if the 

innate immune system activation is insufficient to fight against the infection. Activation of the 

adaptive immune system is slow and occurs within several days. Compared to the innate 

immune system, the adaptive immune system is highly specific to antigens. It has a memory, 

meaning the secondary response is more rapid and aggressive than the primary response 

(68). The adaptive immune response of T cells is mediated by two presented classes of major 

histocompatibility complexes (MHC). MHC class II led to activation of CD4+ T helper (TH) cells, 

which initiate cytokine production of target cells. Different subclasses of TH cells mediate 

different immune responses. TH1 cells target macrophages, TH2 targets B cells, and TH17 

targets fibroblasts or epithelial cells, which leads to immunity and cytokine production (68, 74). 

T follicular helper (TFH) cells sit in the germinal center of the lymphoid follicle and regulate B 

cell activation and maturation, for example, by CD40L expression (75). Regulatory T (Treg) cells 

mediate immunosuppression by cytokine secretion, inhibiting active T and B cells (76). MHC 

class I presenting cells lead to the activation of cytotoxic CD8+ T (TC) cells, which are killing, 

for example, virus-infected cells (77). Immunological memory is also mediated via B and T 

cells (68). An overview of the different immune cells involved in the innate and adaptive 

immune responses is shown in Figure 6. 
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Figure 6: Different immune cells are involved in innate and adaptive immune system responses. 

Hematopoietic immune cells differentiate into myeloid or lymphoid progenitor cells. The innate immune system 
reacts fast to infections with monocyte differentiation to macrophages and dendritic cells. Further, neutrophils and 
natural killer cells are essential for the fast response to pathogens. The slower adaptive immune response is mainly 
mediated by natural killer cells, B and T cells. Natural killer cells are essential in the innate and adaptive immune 

response. Adapted from (78). Created with BioRender.com. 

 

In the process of sterile inflammation, immune cells can be recruited to tissues without the 

involvement of pathogens. Damage-associated molecular patterns (DAMPs) can be produced 

by oxidative stress and ROS-mediated damage (e.g., oxidized lipids, DNA bases, free DNA, 

and fibrinogen) and activate the classical inflammatory cascade via pattern-recognition 

receptors as well as Toll-like receptors and down-stream activation of caspase/IL-1ß and TNFα 

signaling (79). Direct activation of key mediators of inflammation, e.g., NLRP3 and HMGB1, 

by oxidative modifications via RONS can further exacerbate the process of sterile inflammation 

(80). 

  

1.3. Endothelial dysfunction  

The endothelium is essential in maintaining vascular physiology and pathophysiology, such as 

regulating vascular tone, coagulation, angiogenesis, and inflammation. Indeed, endothelial 

dysfunction plays an important role in the pathology of atherosclerosis, hypertension, and 

diabetes (30, 81). Classically healthy arterial walls consist of a trilaminar structure as described 

in the following: (I) tunica externa or adventitia (connective tissue and vaso vasorum), (II) tunica 

media (external elastic lamina and smooth muscle cells), (III) tunica interna or intima (internal 

elastic lamina, subendothelium, and endothelium) (82). The endothelium comprises a single 
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layer of endothelial cells, and approximately 1.5 % of the total body mass consists of this cell 

type (81). The endothelium is a semi-permeable barrier covered at the luminal surface with 

negatively charged glycocalyx, which forms a barrier against pathogens and prevents invasion 

of platelets or immune cells into the intima (83). Further, hemostasis and thrombosis are 

regulated via endothelial cells, for example, by the expression of thrombin inhibitors. Another 

regulatory mechanism within the mitochondria of endothelial cells is the thioredoxin system, 

which prevents the formation of ROS (81). The endothelium of arteries also plays a major role 

in vascular tone, local blood flow, and systemic blood pressure regulation via signal integration 

and transduction to the tissue environment. Endothelial cells release vasodilator factors like 

•NO, prostacyclin (PGI2), and endothelium-derived hyperpolarizing factor (EDHF) in response 

to mechanical (e.g., shear stress) or chemical stimuli (e.g., bradykinin, adenosine triphosphate 

(ATP), acetylcholine). Bradykinin and acetylcholine (ACh) stimulate eNOS activity in 

endothelial cells. Endothelium-derived vasoconstrictors are thromboxane A2 (TXA2) (although 

primarily released by activated platelets) and endothelin-1 (ET-1). Both vasoconstriction and 

vasodilation are regulated by cytoplasmatic Ca2+ levels in the endothelial and smooth muscle 

cells (30, 81). An imbalance in •NO production or bioavailability could cause endothelial 

dysfunction, reduced vasodilator response, and the onset of pro-inflammatory signaling 

pathways (62). Subendothelial expression of IL-1, IL-6, TNFα, and C-reactive protein (CRP) 

expression leads to pro-inflammatory NF-κB signaling in endothelial cells, which leads to E-

selectin, vascular cell adhesion molecule-1 (VCAM-1), and intercellular adhesion molecule-1 

(ICAM-1) expression. Further, CRP is downregulating eNOS transcription, decreasing •NO 

bioavailability (81). Increasing oxidative stress and ROS production are essential in developing 

endothelial dysfunction, and decreased •NO bioavailability is associated with the onset of this 

pathology (6). The cellular and molecular processes of eNOS uncoupling and ROS production 

are described in more detail in 1.2. Hypertension stimulates endothelial injury through AT-II 

and aldosterone activity in addition to oxidative stress and eNOS uncoupling, which is 

explained in more detail in 1.5.2 (30). The development of endothelial dysfunction is shown in 

Figure 7. 
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Figure 7: Development of endothelial dysfunction. The right side of the panel shows a healthy endothelium. The 

laminar surface of the endothelial-monolayer is covered with negatively charged glycocalyx to avoid immune cell or 
pathogen infiltration into the vascular wall. The left side of the panel demonstrates endothelial function after 
pathological stimuli, for example, triggered by hypertension, hyperglycemia, or diabetes mellitus. In response to the 
pathological conditions, pro-inflammatory NF-κB expression is upregulated. Different adhesion proteins (VCAM-1, 
ICAM-1, or E-selectin) at the surface of the endothelium promote immune cell infiltration into the subendothelial 
space. In addition, during the development of endothelial dysfunction, eNOS activity and •NO production are 
decreased, which further supports pro-inflammatory signaling and oxidative stress. Immune cells in the 

subendothelial space trigger the expression of pro-inflammatory proteins like IL-1β, CRP, or TNFα. Which in turn 

promotes further NF-κB expression in the endothelium. Adapted from (81). Created with BioRender.com. 
Abbreviations: VCAM-1=vascular cell adhesion protein-1, ICAM-1=intercellular adhesion molecule-1, IL-
1β=interleukin-1β, CRP=c-reactive protein, TNFα=tumor necrosis factor α, eNOS=endothelial nitric oxide synthase. 

 

1.4. Atherosclerosis 

The vascular degenerative disease atherosclerosis is associated with inflammation and 

fibrofatty lesions in the artery wall. Atherosclerosis is initiated, for example, by endothelial 

dysfunction, injury of arterial walls, and vascular exposure to lipid proteins (82, 84). The 

pathogenesis of atherosclerosis can be categorized into three phases: initiation, progression, 

and complications (82, 84). Cumulative exposure to cholesterol-rich LDLs could lead to LDL 

accumulation in the artery intima, thereby initiating atherosclerotic plaque formation. Further, 

LDL particles in the intima are protected from plasma antioxidants, which cause LDL 

modification and oxidation (82, 85, 86). Indeed, predominantly NOX1 and NOX2-derived ROS 

could promote LDL oxidation (LDL-ox) in atherosclerosis initiation and progression (82, 85). 

The innate immune system also plays a crucial role in atherosclerosis initiation. Monocytes 

and macrophages are the initial recruited immune cells to the vasculature (82, 84, 87). 

Monocytes can be divided into two subclasses: the inflammatory Ly6Chigh monocytes and the 
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resident/patrolling Ly6Clow monocytes. Both monocyte subclasses can differentiate into 

macrophages and dendritic cells (88, 89). Scavenger receptors on macrophages mediate ox-

LDL particle uptake and promote the conversion of macrophages to foam cells (82, 85). 

Besides that, macrophages are also crucial for mediating plaque inflammation. Activated 

macrophages regulate monocyte and T cell migration further by inflammatory chemokine and 

cytokine production (82, 87). Different polarized macrophage subtypes are present in 

atherosclerotic plaques, for example, M1 and M2 macrophages. M1 macrophages are 

stimulated by toll-like receptor ligands (TLR), secrete IL-1ß, IL-6, IL12, or TNFα, and produce 

killing agents like iNOS. Therefore, M1 macrophages are involved in pro-inflammatory and pro-

atherogenic processes and appear in the center of atherosclerotic plaques (87, 90). On the 

contrary, M2 macrophages are present far away from the lipid core. They are stimulated by IL-

4 or IL-13 and secrete IL-10 and transforming growth factor ß (TGFß), which promote tissue 

repair and anti-inflammatory cytokine expression (91, 92). Also, neutrophil granule proteins 

contribute to plaque growth and local inflammation (93). The role of the adaptive immune 

system with antigen-presenting dendritic cells and the activation of T and B cells is described 

in more detail in 1.2.7. Besides inflammatory processes, oxidative stress also influences 

atherosclerosis pathogenesis.  For example, NOX4-derived H2O2 production seems to have a 

protective role in atherogenesis by inhibiting inflammatory processes. Meanwhile, NOX5 

activity appears to increase the proliferation of vascular smooth muscle cells, and NOS-derived 

•NO mediates cardiovascular protection (anti-inflammatory, anti-apoptotic, anti-remodeling, 

inhibition of platelet aggregation, and vasodilation) (44). However, in the presence of other 

oxidants, for example, NOX-derived O2
-•, ONOO- is formed, leading to further modification of 

lipid proteins. Also, eNOS uncoupling and decreased •NO production are observed during 

atherosclerosis (44, 61).  

Further, endothelial function is affected by the hemodynamic environment; for example, blood 

flow disturbance also promotes plaque formation (94). Atherosclerosis pathogenesis is 

primarily studied in ApoE-/- or LDLr-/- mouse models. ApoE-/- mice develop atherosclerosis 

without dietary intervention and demonstrate a spontaneous hyperlipidemic profile, while LDLr-

/- mice develop atherosclerotic pathologies after high-fat diet treatment (87). Figure 8 displays 

the initiation phase of atherosclerotic plaque development.  
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Figure 8: Initiation phase of atherosclerotic plaques. Atherosclerotic plaque formation is promoted by 

endothelial dysfunction, which is induced by hypertension, dyslipidemia, diabetes, or smoking. LDL particle 
oxidation is promoted in the intima of blood vessels. Macrophages take up the oxidized LDL particles, which 
differentiate them into foam cells. Endothelial dysfunctions promote further the onset of inflammation and oxidative 
stress in the vasculature. Endothelial cells secrete in response to inflammation or oxidative stress chemokines to 
attract immune cells. In addition, the adhesion protein expression in endothelial cells is increased to allow immune 
cell migration into the intima. In the intima, monocytes are differentiating, for example, into macrophages. Also, the 
smooth muscle cell migration to the intima is enhanced in the initiation phase of atherosclerotic plaque formation. 
Adapted from (82). Created with BioRender.com. Abbreviations: LDL=low-density lipoprotein, ox-LDL=oxidized 
LDL, SMC=smooth muscle cells, VCAM-1=vascular cell adhesion protein-1. 

 

The progression of atherosclerotic plaques is characterized by more lipid and lipid-engorged 

cell accumulation. Leukocytic mediators lead to smooth muscle cell migration from the media 

into the intima, which leads to an accumulation and proliferation of smooth muscle cells in the 

growing atherosclerotic plaque. Further, recruited smooth muscle cells produce extracellular 

matrix proteins like collagen, elastin, or proteoglycans, which lead to more lipoprotein trapping 

and growing plaque sizes in the intima (95). The lipid-rich necrotic core formation is promoted 

by impaired clearance of dead macrophages and smooth muscle cells (96, 97). Increased risk 

of plaque rupture is promoted by thinning and structural weakening of the fibrotic cup mediated 

by T cell mediators, which hampers collagen synthesis of smooth muscle cells and 

macrophagic matrix metalloproteinase (MMP) secretion, which leads to collagen degradation 

(82, 98, 99). Figure 9 shows the progression of atherosclerotic plaques. Clinically relevant 

complications of atherosclerosis are growing plaques into the arterial lumen, which could 

impair arterial perfusion or plaque rupture and cause acute thrombosis (100). 
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Figure 9: Progression of atherosclerosis and necrotic core formation. Necrotic cores comprise accumulated 

lipids, lipid-engorged cells, and smooth muscle cells. Further, impaired clearance of dead macrophages and smooth 
muscle cells promotes necrotic core formation. Smooth muscle cells recruited from the media into the intima 
produce collagen, elastin, and proteoglycans, which build a fibrous cap. Activated macrophages produce matrix 
metalloproteinases, which could promote collagen breakdown and fibrous cap thinning, increasing the risk of plaque 
rupture. Adapted from (82). Created with BioRender.com. Abbreviations: ox-LDL=oxidized low-density lipoprotein. 

 

One of the most important primary interventions to prevent atherosclerosis onset is lifestyle 

modification, which includes a healthy diet, physical activity, and avoiding tobacco use (101). 

Guideline-directed pharmacological therapy is recommended in addition to lifestyle 

modifications for high-risk patients. For example, lipid-lowering therapy with statins could lead 

to a 30-50 % reduction of LDL/cholesterol levels; in combination with ezetimibe, the 

LDL/cholesterol levels could be further reduced by 15-20 % (102-104). In addition, antiplatelet 

drugs, such as aspirin, are crucial in the therapy of thrombotic processes, which are also 

associated with atherosclerosis pathogenesis. These drugs belong to the secondary treatment 

strategy as they are associated with a risk of bleeding (105, 106). Also, targeting low-grade 

inflammation, which is indicated, for example, by elevated plasma CRP levels, could decrease 

cardiovascular risk and is being investigated in different clinical trials. Canakinumab, an IL-1ß 

antibody, was the subject of investigation in the CANTOS trial and improved the cardiovascular 

outcome in patients after myocardial infarction (107, 108). Another study using colchicine as 

an unspecific anti-inflammatory agent also indicates a lower risk of ischemic events among 

patients with recent myocardial infarction (COLCOT study) (109). Meanwhile, methotrexate 

(folic acid antagonist) treatment did not reduce cardiovascular events in the CIRT trial (110). 

Until now, no anti-inflammatory drugs have been approved for cardiovascular protection. 
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1.5. Hypertension 

Hypertension is a disease of the cardiovascular system associated with permanently increased 

pressure in the arterial vessels. Worldwide, approximately 1.28 billion adults (30-79 years) 

have hypertension, and 46 % of them are unaware that they have this disease. Only 1 in 5 (21 

%) adults who know about the disease have it under control. Unless hypertension is a major 

cause of premature death worldwide, patients tend to underestimate the risk of hypertension 

because noticeable symptoms do not necessarily accompany it (111). According to the 

European guideline, hypertension is classified as systolic blood pressure (SBP) values >140 

mmHg and diastolic blood pressure (DBP) >90 mmHg. However, correlations of cardiovascular 

and renal events have already been observed with SBP >115 mmHg and DBP >75 mmHg. 

The modifiable risk factors are like those of CVDs, including overweight, physical inactivity, 

high salt diet, and alcohol consumption (112). Recently, environmental factors like exposure to 

air pollution or noise have become increasingly important as hypertension and CVD risk factors 

(113, 114). Uncontrolled hypertension is related to the risk of serious cerebral, cardiovascular, 

and renal damage. Hypertension can be divided into a primary or secondary form. Primary 

hypertension is the predominant form triggered by genetic background or various 

environmental factors. Whereas the secondary form concerns only a small percentage of the 

overall hypertension prevalence and is caused by other diseases (for example, primary 

aldosteronism). The pathophysiology of hypertension is regulated by alterations in the renin-

angiotensin-aldosterone system (RAAS), sympathetic nervous system, endothelin system, 

arginine-vasopressin peptide hormone expression, metabolomic pathways, and immune 

inflammation (112). 

 

1.5.1. The Renin-Angiotensin-Aldosterone System (RAAS) 

Vascular tone, blood volume, and electrolyte homeostasis are regulated via the RAAS. 

Therefore, RAAS plays an important role in the development and maintenance of arterial 

hypertension. RAAS is recognized as a medium-term regulator of blood pressure, whereas 

baroreceptor regulation is assigned to short-term mediation and altered blood volume to long-

term regulation. Classically, the endocrine and paracrine RAAS comprise renin, 

angiotensinogen, angiotensin-converting enzyme (ACE), AT-II, and AT-II receptors (AT1R and 

AT2R). Targeted organs and RAAS members' expression occur in the brain, heart, vessel walls, 

liver, kidney, and adrenal glands (112, 115, 116). 

The enzyme renin, which specifically mediates angiotensinogen cleavage to AT-I, is expressed 

and secreted mainly from juxtaglomerular cells of the kidney. Low blood pressure (systemic or 

renal), low sodium levels, or sympathetic nervous system activity led to increased renin 

expression and secretion. AT-I is converted from ACE to AT-II. In comparison to renin, ACEs 

are not substrate-specific and cleave other substrates besides AT-I, such as bradykinin (a 
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vasodilator). Further, ACEs are not sensitive to AT-II concentration changes. AT-II is the major 

bioactive peptide of the RAAS. AT-II binding to AT1R triggers vasoconstriction, resulting in 

increased blood pressure, whereas AT-II binding to AT2R leads to vasodilation and decreased 

blood pressure. Further, ACE2 metabolizes AT-II into AT1-7 and is an important regulator in the 

pathophysiology of hypertension, CVD, and renal diseases. AT-II signaling also mediates the 

release of the aldosterone hormone, which also increases blood pressure, as it stimulates 

kidneys to store sodium and potassium excretion. The increased sodium storage also 

increases water retention and blood volume (112, 115, 117). Figure 10 shows the RAAS 

structure. The role of the RAAS in cardiovascular diseases is described in more detail in the 

next section. 

 

 

Figure 10: The composition of the renin-angiotensin-aldosterone system (RAAS). Pro-inflammatory signaling 

leads to an upregulation of RAAS and AT-II synthesis. Renin mediates the cleavage of angiotensinogen to 
angiotensin-I and is predominantly expressed in the kidney. AT-I is further processed by the angiotensin-converting 
enzyme (ACE) to AT-II. AT-II binding to AT1 receptors mediates vasoconstriction and other blood pressure-
increasing processes. Meanwhile, AT-II binding to AT2 receptors leads to vasodilation and blood pressure lowering. 
Especially in the progression of CVD, AT-II signaling plays a central role. Created with BioRender.com. 
Abbreviations: RAAS=renin-angiotensin-aldosterone system, ACE=angiotensin converting enzyme, AT-
II=angiotensin-II, AT1R=angiotensin-II receptor type 1, AT2R=angiotensin-II receptor type 2, CVD=cardiovascular 
disease. 
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Lifestyle adjustments like reduced salt intake, increased potassium intake, moderate alcohol 

consumption, smoking cessation, physical activity, and weight loss are recommended for all 

patients suffering from hypertension. In addition, five drug classes are recommended as first-

line antihypertensive medication: ACE inhibitors (ACEis), AT-II receptor blockers (ARBs), 

calcium channel blockers (CCBs), Thiazide/Thiazide-like diuretics and beta-adrenoreceptor 

blockers (BBs). In many patients, blood pressure cannot be controlled with monotherapy, and 

a combined antihypertensive drug therapy is necessary. ACEis and ARBs targeting directly the 

RAAS. CCBs block calcium channels of smooth muscle cells and lead to vasodilation. Thiazide 

diuretics inhibit Na+ and Cl- cotransporters in renal tubes, promoting increased Na+ and water 

excretion over the urine. Lastly, BBs reduce cardiac output, heart rate, renin release, and 

adrenergic nervous system effects, which also reduce blood pressure (112, 117). 

 

1.5.2. Angiotensin-II (AT-II) is an important bioactive peptide in hypertension and 

atherosclerosis 

The strong vasoconstricting agent AT-II is the major bioactive peptide of the RAAS and 

contributes to multiple cardiovascular, physiological, and pathophysiological mechanisms (115, 

118). The widely expressed G-protein-coupled AT1R mediates intracellular pathways by 

activating NOX, different protein kinases, and other growth factor receptors or directly 

interacting with associated proteins. The closest homolog to human AT1R in mice is the AT1AR 

(118). 

AT-II signaling leads to NOX activation, which promotes ROS formation (especially O2
-• and 

H2O2) in the vasculature. Different signaling pathways are activated by ROS, like mitogen-

activated protein kinases, tyrosine kinases, phosphatases, calcium channels, and redox-

sensitive transcription factors (44, 118). Activating these pathways could produce extracellular 

matrix proteins, cell growth, and expression of pro-inflammatory genes, up to phenotype switch 

from contractile to proliferative vascular smooth muscle cells (119). The redox imbalance could 

also lead to eNOS uncoupling, promoting vasoconstriction (10, 119). Further, AT1R activation 

in a G protein-dependent manner leads to activation of phospholipase C (PLC) and 

hydrolyzation of phosphatidylinositol 4,5-bisphosphate (PIP2), which results in IP3 and 

diacylglycerol (DAG) genesis. The second messenger, IP3, binds to its receptor IP3R on the 

ER or sarcoplasmic reticulum and leads to Ca2+ release into the cytosol. The second 

messenger, DAG, leads to PKC activation and p47phox phosphorylation, which leads to NOX2 

activation and ROS production (119-121). Another example of ROS-mediated pathways is the 

activation of Rho kinases, which mediate via the inhibition of myosin light chain phosphatase 

and activation of myosin light chain kinase (MLCK) vascular smooth muscle cell constriction. 

MLCK activity is Ca2+-dependent and promotes vasoconstriction, endothelial dysfunction, •NO 

imbalance, hypertension, oxidative stress, and inflammation (118, 122). AT-II and increasing 
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cellular ROS stimulate the expression of NOX2/4, AT1R, and receptors for advanced glycation 

endproducts (RAGE) via PKC-NF-κB signaling (123). Oxidative stress development and 

mediated signaling are described in more detail in section 1.2. AT-II signaling via AT1R 

mediates inflammatory and mitogenic processes, besides vasoconstriction, demonstrated in 

mitogen-activated protein kinases (MAPK) activation and phosphorylation of protein tyrosine 

(118, 124). The transcriptional NF-κB protease-dependent VCAM-1 activation is also AT-II-

induced and is important in atherosclerosis development (125). Further, AT1R signaling 

mediates G protein-independent ß-arrestin activation and promotes vascular remodeling via 

MAPK signaling (126). Toll-like receptor 4 (TLR4) dependent signaling pathways are also 

activated via AT-II, which leads to up-regulation of pro-inflammatory NF-κB signaling, resulting 

in cardiac dysfunction, hypertension, fibrosis, and hypertrophy (118, 123). In monocytes, TLR4 

signaling leads to upregulating MCP-1, IL6, and ROS (127). In summary, AT-II signaling 

mediates cell communication, apoptosis, growth, remodeling, and cardiovascular contractility. 

AT1 signaling includes the crosstalk of other signaling cascades in addition to direct protein or 

receptor interaction and is, therefore, very complex. AT1R signaling contributes to vascular 

remodeling, endothelial dysfunction, CVD, atherosclerosis, and organ damage (118, 119, 128). 

Figure 11 summarizes the AT-II receptor signaling mediated by AT1R.  
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Figure 11: Angiotensin-II signaling promotes oxidative stress and eNOS uncoupling in endothelial cells. 

Pathological conditions like hypertension, inflammation, and hyperglycemia stimulate RAAS and angiotensin 
synthesis. Angiotensin-II signaling via AT1 receptors promotes NOX activation and ROS generation in endothelial 
cells. AT1R activation in a G protein-dependent manner leads to PIP2 hydrolysis, resulting in IP3 and DAG genesis 
as second messengers. IP3 mediates Ca2+ releases from the endoplasmic reticulum into the cytosol, and DAG 
activates PKC, leading to p47phox phosphorylation and NOX activation. The redox imbalance in the cells could lead 
to eNOS uncoupling, which means that eNOS produces O2

-• instead of •NO. O2
-• could react further in different steps 

to ONOO-, H2O2, or OH•. Decreased •NO diffusion could lead to platelet aggregation and leukocyte adhesion. In 
addition, pro-inflammatory signaling via, for example, TNF receptors supports NOX activation, NF-kB activation, 
and onset of pro-inflammatory protein expression. Decreased •NO diffusion into the media results in 
vasoconstriction and increased blood pressure. NOX also generates ROS in smooth muscle cells, preventing 
hyperpolarization and soluble guanylyl cyclase blockage. Beginning endothelial dysfunction increases the 
endothelium's permeability for immune cell infiltration or messenger proteins. For example, acetylcholine diffuses 
across the semi-permeable endothelial barrier and induces Ca2+ signaling in smooth muscle cells. Adapted from 
(37, 120). Created with BioRender.com. Abbreviations: TNFR=tumor necrosis factor receptor, AT1R=angiotensin-II 
receptor type 1, NOX=NADPH oxidase, eNOS=endothelial nitric oxide synthase, ROS=reactive oxygen species, 
PIP2= phosphatidylinositol 4,5-bisphosphate, IP3= inositol trisphosphate, DAG=diacylglycerol, PKC=protein kinase 

C, P=phosphorylation, sGC=soluble guanylyl cyclase, AChR=acetylcholine receptor. 

 

1.6. Diabetes mellitus 

Diabetes is a chronic metabolic disease accompanied by hyperglycemia, which causes severe 

damage to nerves and the vasculature. In 2019, diabetes caused 1.5 million deaths globally, 

and elevated blood glucose levels caused 20 % of cardiovascular deaths. In addition, diabetes 

caused 460000 kidney disease deaths globally in 2019. Diabetes mortality rates by age 

increased between 2000 and 2019 by around 3 % (3, 129). In 2021, diabetes affected 537 

million individuals worldwide, which indicates a prevalence of 10.5 %, and this prevalence is 

expected to rise by 2045 to 12.2 % (783 million cases) (130, 131). Depending on the diabetes 

type, symptoms like polydipsia, frequent urination, blurred vision, fatigue, or losing weight can 

occur suddenly or can take many years to be noticed. Over time, diabetes can cause blindness, 

kidney failure, heart attacks, stroke, and lower limb amputation (129). Diabetes is classified 

into different types: diabetes mellitus type 1 (T1DM), diabetes mellitus type 2 (T2DM), 

gestational diabetes, monogenic diabetes, and secondary diabetes or stress hyperglycemia. 

Approximately 5-10 % of individuals with diabetes are suffering from T1DM. A characteristic of 

T1DM is the pancreatic ß-cell deconstruction by autoimmune processes, which results in 

deficient insulin production. Patients with T1DM need daily insulin administration. T2DM 

causes more than 90 % of the diabetes population. Patients with T2DM develop insulin 

resistance, which causes raised blood glucose levels. Often, T2DM is asymptomatic for years. 

Monogenic diabetes is accompanied by many mutations that cause glucose mishandling and 

do not fit in the class of T1DM or T2DM. Secondary diabetes and stress hyperglycemia occur 

secondary to different conditions and therapies, like in hospitalized patients with acute 

coronary syndrome (ACS) or heart failure. Lastly, gestational diabetes occurs during 

pregnancy, mainly in the second or third trimester (129, 131). 
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1.6.1. Pathophysiology of diabetes mellitus type 2 

T2DM pathology is associated with defective insulin secretion of pancreatic ß-cells and insulin 

resistance (132). In healthy individuals, ß-cells produce insulin and store it in secretory 

vesicles. Insulin secretion is triggered in response to high glucose levels. Glucose transporter 

2 (GLUT-2) at the surface of ß-cells is a glucose sensor and transporter. Glucose uptake leads 

to increased ATP/ADP concentrations, triggering the closing of ATP-dependent potassium 

channels. This, in turn, leads to the opening of voltage-dependent Ca2+ channels, and 

increasing intracellular Ca2+ leads to insulin exocytosis (132-134). In ß-cells, hyperlipidemia 

and hyperglycemia are inducing oxidative stress and ROS generation. ROS signaling leads to 

the inhibition of Ca2+ mobilization and activation of proapoptotic signals. Increasing free fatty 

acid levels and hyperglycemia generate ER stress by activating apoptotic unfolded protein 

response (UPR) (132, 135). Further, high glucose levels in ß-cells lead over time to increased 

biosynthesis of insulin precursor proteins. Accumulation and misfolding of these precursor 

proteins lead to ROS generation and IL-1ß release, attracting macrophages to ß-cell islets. 

Enhanced local islet inflammation and oxidative stress in ß-cells are associated with ß-cell 

dysfunction and ß-cell death (136, 137). Figure 12 shows essential signaling pathways in ß-

cell physiology and ß-cell dysfunction. 

 

 

Figure 12: Insulin signaling of ß-cells and mechanisms which are causing ß-cell dysfunction. The first panel 

shows the physiological insulin secretion of ß-cells in response to high glucose levels. Glucose is taken up into ß-
cells via glucose transporter (GLUT-2). Increasing glucose levels in the cells also lead to evaluated ATP/ADP levels 
and to the opening of ATP-depended potassium channels. The depolarization of the cell leads to the opening of 
voltage-gated Ca2+ channels. A high intracellular calcium level promotes insulin secretion. The left panel shows ß-
cell dysfunction, for example, induced via lipotoxicity, glucotoxicity, or glucolipotoxicity. Free fatty acid and induced 
oxidative stress in ß-cells cause proapoptotic signaling. Further, high intracellular glucose levels lead to enhanced 
insulin precursor transcription. Accumulation of misfolded insulin precursor proteins leads in addition to increasing 
ROS production and proapoptotic signaling in ß-cells. Adapted from (132). Created with BioRender.com. GLUT-

2=glucose transporter 2, FFA=free fatty acids, ROS=reactive oxygen species. 

 

The main insulin-sensitive organs (besides the pancreas) are skeletal muscles, adipose tissue, 

and the liver. These organs are important in systemic insulin resistance development and 

T2DM progression (132). Physiologically, insulin signaling stimulates glucose uptake in 

skeletal muscles via glucose transporter-4 (GLUT4) and promotes glycogen synthesis (138). 
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Environmental factors contribute to T2DM and insulin resistance. For example, physical 

inactivity reduces blood flow in skeletal muscles, decreasing glucose utilization (139). Further, 

obesity is associated with chronic skeletal muscle inflammation, contributing to insulin 

resistance (140). In adipose tissue, insulin signaling leads to glucose uptake and triglyceride 

synthesis under physiological conditions. Insulin signaling suppresses triglyceride hydrolysis 

to free fatty acids and glycerol uptake in adipocytes (132). Impaired response to insulin causes 

impaired lipolysis and glucose uptake. In addition, adipocytes release free fatty acids to the 

plasma, accumulating in other organs like the liver (141). Obesity causes adipocyte hypoxia 

and hypertrophy, resulting in adipose tissue dysfunction and systemic low-grade inflammation. 

Under insulin stimulation, hypertrophic adipose tissue showed decreased glucose uptake and 

triglyceride synthesis, whereas free fatty acid release and pro-inflammatory signaling are 

increased (132, 142). Adipokine imbalance is related to insulin resistance in T2DM and could 

cause endothelial dysfunction, inflammation, and atherogenesis (132). In the liver, insulin is 

involved in glucose production and affects lipid metabolism. Hepatic glucose production is 

induced by glucagon, while enhanced plasma insulin levels inhibit hepatic glucose production 

and utilization (132, 143). Hepatic insulin resistance results in impaired glycogen synthesis, 

impaired suppression of glucose production, and increases pro-inflammatory signaling (144). 

In summary, insulin resistance causes reduced glucose uptake in skeletal muscles, adipose 

tissue, and the liver, whereas glucose production in the liver is increased. Further, diabetes-

associated chronic inflammation is an important risk factor for atherosclerosis progression 

(132, 145).  

 

1.6.2. Cardiovascular risk and diabetes mellitus type 2 

T2DM is an important risk factor for atherosclerosis and CVDs. The pathological 

hyperglycemia, hyperinsulinemia, and insulin resistance in T2DM lead to endothelial 

dysfunction, diabetic dyslipidemia, and inflammation, as summarized in Figure 13 (131, 132).  

 

 

Figure 13: Type 2 diabetes mellitus (T2DM) is associated with a high cardiovascular risk. Adapted from (132). 

Created with BioRender.com. Abbreviations: T2DM=type 2 diabetes mellitus, CVD=cardiovascular disease. 
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Diabetic dyslipidemia is characterized by reduced high-density lipoprotein (HDL) levels and 

increased levels of triglycerides, triglyceride-rich lipoproteins (TRLs), and LDL particles (146). 

Insulin resistance led to impaired fat storage in adipocytes and free fatty acid release, which 

are taken up in hepatocytes. In hepatocytes, the free fatty acid can undergo ß-oxidation, lead 

to increased gluconeogenesis and worsening of hyperglycemia, or re-assimilate into 

triglycerides. These triglycerides can be stored, which leads to hepatic steatosis, or assemble 

into very low-density lipoproteins (VLDL) (132, 143, 147). Impaired metabolism and clearance 

of VLDLs are observed in T2DM and insulin resistance conditions. VLDLs undergo lipolysis to 

TRLs and smaller LDL particles, which causes cholesterol deposition and inflammation in 

arterial walls (132, 148, 149). Enhanced plasmatic TRL levels are associated with 

atherosclerosis progression and CVD risk (150, 151). Figure 14 summarizes the role of 

different lipoproteins and the development of atherosclerosis associated with T2DM pathology. 

 

 

Figure 14: Type 2 diabetes mellitus (T2DM) pathology is associated with a high risk of atherosclerosis. The 

pathophysiology of T2DM promotes atherosclerosis progression. ß-cell dysfunction in the pancreas and impaired 
glucose uptake in skeletal muscles and adipose tissue due to insulin resistance, leading to enhanced glucose 
uptake in the liver. Further, inflammation and impaired lipolysis of adipocytes lead to increased release of free fatty 
acids to the circulation. In hepatocytes, free fatty acids can undergo re-assimilation into triglycerides. In T2DM 
pathology, enhanced VLDL assembly and release into the circulation is observed. These VLDL particles undergo 
lipolysis to TRL and finally to LDL particles. LDL particles promote atherosclerosis progression and are oxidized in 
the vascular. Created with BioRender.com. Abbreviations: T2DM=diabetes mellitus type 2, ox-LDL=oxidized low-
density lipoproteins, TRL=triglyceride rich proteins, VLDL=very low-density lipoprotein, FFA=free fatty acids, GLUT-
4=glucose transporter 4.  

 

Further, chronic hyperglycemia induces endothelial dysfunction. Glucose can passively diffuse 

through endothelial cells and is metabolized in the sorbitol pathway, indirectly activating 

NADPH oxidation and reduction of NAD+. Those mechanisms change the cells' redox state, 

causing PKC activation, decreased •NO levels, increased O2
-• production, increased LDL 

oxidation, and enhanced cytotoxic effects (132, 152). The principles of endothelial dysfunction 

are further described in section 1.3.  

In addition, increased RAAS activation is further increasing oxidative stress. Local RAAS 

upregulation is involved in the development and progression of insulin resistance and is 

positively correlated with T2DM (153). In skeletal muscles, increased AT-II bioavailability led to 

oxidative stress and suppression of insulin receptor phosphorylation via kinase blocking. The 
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translocation of GLUT-4 to the cell membrane is prevented, which results in impaired glucose 

uptake and insulin resistance. The resulting hyperglycemia also leads to increased local AT-II 

generation in other organs (153-155). Increased AT1R-mediated signaling in adipose tissue 

leads to lipogenesis and impaired adipocyte proliferation. This results in adipose tissue 

overload with fat, which reduces the adipose fat buffering capacity and leads to fat storage in 

other organs like the liver (153-155). Enhanced triglyceride synthesis in the liver contributes to 

the development of insulin resistance, and dyslipidemia is associated with heart and kidney 

damage. Local upregulated RAAS is associated with morphological changes affecting kidney 

function, and further, in T2DM, RAAS is positively correlated with proteinuria and hypertension 

(153, 156, 157). Local RAAS upregulation in T2DM in the heart is associated with cell growth, 

cell proliferation, apoptosis, oxidative stress, inflammation, and fibrosis. These 

pathomechanisms contribute over time to cardiac remodeling and atherosclerosis 

development (153, 158). The role of local RAAS in T2DM pathology is summarized in Figure 

15. 

 

 

Figure 15: Local renin-angiotensin-aldosterone system (RAAS) signaling in type 2 diabetes mellitus (T2DM). 

Enhanced local RAAS-mediated AT-II signaling via AT1 receptors contributes to T2DM and associated comorbidity 
progression. Regarding T2DM, the RAAS-mediated signaling could particularly affect organs like skeletal muscle, 
adipose tissue, liver, kidney, and heart. Elevated AT-II signaling generally promotes oxidative stress, inflammation, 
and insulin resistance, which can lead to organ damage. Adapted from (153). Created with BioRender.com. 
Abbreviations: RAAS=renin angiotensin aldosterone system, AT-II=angiotensin-II, T2DM=diabetes mellitus type 2, 
AT1R=angiotensin type receptor 1, ROS=reactive oxygen species, GLUT-4=glucose transporter-4. 

 

Modifiable risk factors of diabetes are lifestyle adaptations like weight reduction, change in diet 

or nutrition, smoking cessation, increasing physical activity, and exercise. Important for diabetic 

patients is also the monitoring of CVDs (129, 131). Cardiovascular efficacy was demonstrated 
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in cardiovascular outcome trials for glucose-lowering medications like sodium-glucose co-

transporter-2 (SGLT2) inhibitors or glucagon-like peptide-1 receptor agonists (GLP1 RAs) 

(159-163). Other glucose-lowering medications like dipeptidyl peptidases-4 (DPP-4) inhibitors 

and insulin showed cardiovascular safety but no additional efficacy in cardiovascular outcome 

trials (164-167). Some older glucose-lowering medications like metformin or sulphonylureas 

were not tested in cardiovascular outcome trials considering CVDs (131). 

 

1.7. CD40L-CD40-TRAF signaling is linked to inflammation and cardiovascular 

diseases 

CD40L-CD40 signaling pathway has been recognized as a key player in developing 

inflammatory and autoimmune diseases like atherosclerosis, diabetes mellitus, rheumatoid 

arthritis, lupus erythematosus, and allograft rejection (168). Crucial physiological 

immunological and pathological inflammatory processes are mediated by CD40L-CD40 

signaling. Since CD40L signaling is involved in beneficial and harmful signaling paths, 

developing a suitable treatment strategy targeting low-grade inflammation or atherosclerosis 

is challenging (169, 170). 

 

1.7.1. Non-classical CD40L-integrin signaling 

CD40L (CD154 or gp39) belongs to the TNF receptor superfamily. It is expressed by cells 

belonging to the immune/hemopoietic system (like T cells, B cells, basophils, eosinophils, 

monocytes, macrophages, Kupffer cells, natural killer cells, platelets, mast cells, and dendritic 

cells) as well as the vascular system (like endothelial cells, smooth muscle cells, and epithelial 

cells). Meanwhile, the human gene expression of CD40L is the highest in hemopoietic cells, T 

cells, and megakaryocytes (progenitors of erythrocytes) (171). Mutations within the CD40L (or 

CD40) gene could lead to the development of the X-linked hyper IgM syndrome, a rare disorder 

affecting the immune system. Due to inborn immune suppression like defective T cell priming, 

macrophage activation, and lack of other immune globulins than IgM, this defect could increase 

the risk of opportunistic infections, possibly leading to death (172). CD40L is present in two 

different isoforms: (I) a 33 kDa version, which forms predominantly trimeric complexes at the 

cell surface, and (II) an 18 kDa soluble version (sCD40L), which lacks the transmembrane 

domain (171, 173). Four different receptor proteins of CD40L are described in the literature 

(see Figure 16): the integrins αMß2 (or MAC-1), α5ß1 (or VLA-5), and αIIbß3, as well as CD40 

(174). The interaction of CD40L-MAC-1 results in pro-inflammatory signaling, such as 

mediation of monocyte adhesion, migration, and MPO secretion. Indeed, in vivo Mac-1 

inhibition results in reduced macrophage invasion into atherosclerotic lesions, which slowed 

down the progression of atherosclerosis in a high-cholesterol mouse model (175). In different 

human cell cultures, it was demonstrated that (s)CD40L-VLA-5 signaling mediates 
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inflammasome activation by expression and secretion of IL-1ß, IL-6, IL-8, and MCP-1 (176-

178). Platelet activation and spreading are induced in an sCD40L-αIIbß3-depended manner, 

leading to arterial thrombi stabilization in vivo. Additionally, platelet aggregation is promoted 

under high shear stress by sCD40L (179). Furthermore, in response to shear stress or injury, 

CD40L-CD40 interaction at endothelial cells could lead to a deposit of ultra-large von 

Willebrand factors (UlvWFs), multimeric glycoproteins with high thrombogenic potential. 

Besides UlvWFs deposition, CD40L-CD40 mediates monocyte recruitment and platelet 

adhesion to endothelial cell walls, critical steps in atherogenesis (180). In summary, CD40L-

Integrin signaling and CD40L-induced UlvWF formation are key players in vascular 

inflammation, thrombus initialization, and stabilization. 

 

 

Figure 16: A broad overview of CD40L-mediated pro-inflammatory signaling. CD40L could bind to three 

different integrins (αMß2/MAC-1, α5ß1/VLA-5, and αIIbß3) and CD40. CD40L mediates pro-inflammatory signaling, 
which involves monocyte adhesion and migration, pro-inflammatory protein expression, and the release of 
chemokines and cytokines. Furthermore, CD40L signaling also plays an important role in thrombus initialization and 
stabilization. The scheme was adapted from (169). Created with BioRender.com. Abbreviations: MAC-

1=macrophage antigen 1, VLA-5=very late antigen 5.  

 

1.7.2. Classical CD40L-CD40-TRAF signaling 

CD40 is the classical binding partner of CD40L, which also belongs to the TNF receptor 

superfamily, and together, they play a major role in immune system response (Figure 16). 

CD40 is like CD40L expressed by cells belonging to the immune/hemopoietic system (like 
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thrombocytes, B cells, dendritic cells, neutrophils, activated T cells, macrophages, and 

fibroblasts) as well as the vascular system (like endothelial cells and smooth muscle cells). 

The highest human gene expression was observed in dendritic cells and intermediate in B cells 

and megakaryocytes (171, 181). As CD40L, CD40 trimerizes at the cell surface. CD40 has no 

intrinsic signal capabilities and needs small adaptor proteins for signal transduction, named 

TNF receptor-associated factors (TRAFs) (182). CD40 contains two binding sites at its 

cytosolic tail for TRAFs: (I) a distal binding site for TRAF2/3/5 and (II) a proximal binding site 

for TRAF6 (183, 184). 

TRAF1, TRAF2, and CD40 form heterotrimers, which lead to pro-inflammatory signaling by 

NF-κB and p38 MAPK pathway activation (185, 186). TRAF1 gene expression is mainly limited 

to activated immune cells via NF-κB (187, 188). Global TRAF1-/- mice are viable and fertile. 

Also, normal lymphocyte development was observed. Indeed, this mouse model showed 

enhanced TNF signaling in T lymphocytes, and the skin of the mice was hypersensible to TNF-

induced necrosis, which indicates that TRAF1 negatively regulates TNF signaling (189). In 

another study, TRAF1-/- mice were combined with LDL receptor deficiency mice (TNFR1-/-

/LDLR-/-). These mice developed smaller atherosclerotic lesions containing fewer 

macrophages, reduced adhesion of monocytes, and reduced expression of adhesion 

molecules (ICAM-1, VCAM-1) in endothelial cells, and macrophage was observed. The 

authors conclude after these findings that TRAF1 could be a potential treatment target for 

atherosclerosis. Further, TRAF1 levels were elevated in the blood of ACS patients (190). Taken 

together, TRAF1-mediated signaling seems to have a pro-inflammatory role and could play an 

important role in atherosclerosis pathogenesis. 

CD40-TRAF2 homodimer formation activates NF-κB, c-Jun N-terminal kinases (JNK), or p38 

MAPK signaling (191, 192). TRAF2 is essential for normal adaptive immune response, 

lymphocyte homeostasis, and for mediating cell survival. Global TRAF2-/- mice lead to 

premature lethality due to chronic inflammation and impaired T cell homeostasis (193, 194). 

More precisely, TRAF2 deficiency in mice leads to NF-κB activation, evaluated TNF levels in 

serum, and increased sensitivity of TNF-induced cell death of thymocytes and hematopoietic 

progenitors (194). TRAF2 also plays a role in cardiovascular inflammation and cardiac 

hypertrophy (192). In mice, TRAF2 expression is upregulated in atherosclerotic plaques and 

failing hearts (175). Cardiac-specific overexpression in mice leads to cardiac remodeling, such 

as hypertrophy and left ventricular dysfunction (195, 196). Like TRAF2, CD40-TRAF3 

interaction activates NF-κB signaling (197, 198). Global TRAF3-/- mice showed postnatal 

lethality (within ten days) due to functionally defective T cells and permanent activation of NF-

κB, resulting in multi-organ inflammation (192, 198). In humans and mice, TRAF3 expression 

levels are upregulated during cardiac hypertrophy. Cardiac-specific TRAF3-/- mice showed in 

response to pressure overload protection from cardiac hypertrophy; therefore, TRAF3 seems 
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to be a positive regulator of pathological cardiac hypertrophy (199). In cell culture experiments 

using endothelial cells, it was shown that TRAF3 expression is upregulated by shear stress, 

thereby preventing CD40-mediated endothelial activation by inhibiting pro-inflammatory 

cytokine expression and tissue factors (200). Until now, no evidence exists that TRAF4 is 

involved in inflammation or pathological processes in the cardiovascular system (201). CD40-

TRAF5 interaction could be forced by the homodimer formation of TRAF3 and TRAF5, 

activating NF-κB and JNK signaling (202, 203). After myocardial infarction, TRAF5-/- mice 

exhibit more serious heart damage, inflammatory response, and apoptosis. Also, TRAF5 

overexpression in hypoxia/reoxygenation-treated cardiomyocytes leads to less inflammation 

and apoptosis. Therefore, TRAF5 expression seems to be protective in myocardial ischemia-

reperfusion models (204). TRAF5-/-LDLR-/- mice consuming a high-cholesterol diet developed 

larger atherosclerotic plaques containing more lipids and macrophages than TRAF5-

expressing control animals. TRAF5 deficiency leads to increasing inflammatory cell 

recruitment and foam cell formation. Further, significantly lower amounts of TRAF5 mRNA in 

blood were observed in ACS patients (190, 205). TRAF5-/- mice consuming a high-fat diet 

showed enhanced weight gain and fasting blood glucose levels. Further, increased leukocyte 

infiltration and pro-inflammatory protein expression were observed in visceral adipose tissue 

from these mice. These data indicate that TRAF5 could promote anti-inflammatory and obesity-

preventing signaling in adipose tissue (206). In addition, TRAF5 deficiency in a pressure 

overload mouse model leads to cardiac hypertrophy and dysfunction aggregation, indicating 

that TRAF5 acts as an intrinsic cardioprotective factor (207). In addition, it was demonstrated 

that TRAF2/3/5 signaling does not affect atherosclerosis or neointima formation (208, 209). 

CD40-TRAF6 interaction promotes NF-κB signaling (210). Through TRAF2-TRAF6 binding, 

JNK and p38 MAPK signaling are also activated (211). TRAF6-/- mice have an impaired 

immune system, like inflammatory cell accumulation in organs, thymic atrophy, and lack of 

secondary lymphatic organs (201, 212). In contrast to TRAF2/3/5, TRAF6 is more involved in 

pro-inflammatory processes. It was demonstrated that CD40-TRAF6 deficiency abolish 

atherosclerosis in ApoE-/- mice. Indeed, defective CD40-TRAF6 signaling leads to impaired 

recruitment of monocytes to arterial walls, reduced inflammatory cytokine production, and 

macrophage polarization toward an anti-inflammatory state (209). In contrast to endothelial 

TRAF6 deficiency in ApoE-/- mice, a myeloid cell-specific TRAF6 deficiency led to exacerbated 

atherosclerosis with larger plaques, reduced capability to clear apoptotic cells and impaired 

expression of the athero-protective cytokine IL-10. In conclusion, TRAF6 in endothelial cells 

promotes atherosclerosis, whereas TRAF6 regulates pro-survival and athero-protective 

mechanisms in myeloid cells (213). Also, in human atherosclerotic plaques, TRAF6 levels are 

elevated (209). Cardiac-specific TRAF6 overexpression leads in response to pressure 

overload or AT-II to pathological exacerbate cardiac hypertrophy. Further, in response to ROS 
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production, TRAF6 expression is enhanced in human and murine hypertrophic hearts and 

mediates the effects of TRAF6 on cardiac remodeling (214). Until now, no evidence exists that 

TRAF7 signaling is involved in inflammation or pathological processes in the cardiovascular 

system (201). 

In summary, TRAF2/3/5 seems to have a more regulatory role in the immune system 

concerning atherosclerosis. It has been shown that the signaling seems to be protective and 

anti-inflammatory. In contrast, TRAF6 signaling appears to be the main driver in macrophage-

activated pro-inflammatory signaling in atherosclerosis, promoting tissue damage and cell 

death. The role of TRAF signaling in atherosclerosis is summarized in Figure 17. 

 

 

Figure 17: TRAF signaling in atherosclerotic plaques. Different TRAF isoforms (TRAF1, 2, 3, 4, 5, and 6) have 

been identified to be involved in atherosclerotic plaque formation and growth. TRAF1 expression is increased in 
CVD and is associated with pro-inflammatory signaling, such as adhesion factor expression and immune cell 
infiltration into the vascular wall. Lipid deposition by tissue macrophages is also associated with TRAF1 expression. 
TRAF2 expression in the smooth muscle cells promotes stress-induced apoptosis and is crucial for CD40-mediated 
platelet activation. Meanwhile, TRAF3 expression in platelets is inhibiting platelet activation. In endothelial cells, 
TRAF3 is mediating stress-induced protein expression. TRAF4 is expressed in dendritic cells and regulatory T cells 
in the inflamed vascular wall. In addition, TRAF4 promotes redox pathways in platelets. Adhering monocytes 
demonstrate decreased TRAF5 expression during CVD. Further, TRAF5 in endothelial cells inhibits adhesion factor 
expression and promotes the proliferation of smooth muscle cells. TRAF6 expression in adhering monocytes 
promotes migration into the vascular wall, and in endothelial cells, CD40-TRAF6-mediated signaling promotes cell 
survival. CD40-TRAF6 mediated macrophage signaling mediates inflammatory gene expression and M1 phenotype 
transition. Taken from (201) and created initially with BioRender.com. Abbreviations: TRAF=tumor necrosis factor 
associated factor, CVD=cardiovascular disease, SMC=smooth muscle cell, DC=dendritic cell, PGVI=platelet 
glycoprotein VI, PGIb=platelet glycoprotein Ib. 
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1.8. CD40L-CD40-TRAF signaling as a potential therapeutic target in 

atherosclerosis 

1.8.1. Global CD40L or CD40 inhibition 

CD40L-/- mice are viable and fertile but have a phenotype like the human hyper IgM syndrome 

and are exposed to an increased risk of infections (215). CD40L deficiency positively 

influences AT-II-induced vascular dysfunction and hypertension in mice. It was demonstrated 

that hypertensive CD40L-/- mice have an improved endothelial function. Further, CD40L 

deficiency reduces platelet monocyte interaction in blood and decreases oxidative stress in the 

cardiovascular system (216). CD40L deficiency in high-fat diet-treated mice leads to a 

normalization of weight gain, blood cholesterol levels, endothelial function, expression of 

inflammatory markers, and platelet activation (217). In contradiction of these positive effects, 

CD40L deficiency also carries some risks. As described in 1.7.1, sCD40L has a crucial role in 

arterial thrombi stabilization in an αIIbß3 dependent manner. This results in unstable thrombi 

formation in CD40L-/- mice mesenteric arterioles, leading to a higher risk of thrombus rupture 

and embolism (179, 218). Unfortunately, these adverse effects were also observed in a clinical 

trial, including patients suffering from lupus nephritis. The clinical trial was terminated after 

thromboembolic events occurred among the study participants, who were treated with a CD40L 

antibody (BG9588) (219). Thromboembolic events were also observed in a monkey kidney 

allograft model after CD40L monoclonal antibody treatment (220). After these events, CD40L 

antibodies were adjusted to prevent thromboembolic side effects. The first successfully 

described adjusted CD40L antibody (CDP7657) lacking the functional Fc region did not induce 

thrombotic events but simultaneously inhibited CD40L-mediated immune responses in 

monkeys (221). A clinical trial is currently in progress (phase 3; NCT04294667) using the 

adapted CD40L antibody (dapirolizumab pegol) as a treatment strategy for lupus 

erythematosus suffering patients. Until now, no severe side effects (only mild or moderate), 

thromboembolic events, or deaths occurred within the treatment groups (222, 223). Another 

clinical study (phase 1) using a humanized monoclonal CD40L antibody (toralizumab/IDEC-

131) is ongoing in multiple sclerosis patients and seems safe and well tolerated (224). 

CD40-/- mice are viable and fertile, but again, like CD40L-/- mice, they develop a similar 

phenotype to the human hyper IgM syndrome and exhibit impaired germinal center formation 

(225). In contrast to high-fat-diet-treated CD40L-/- mice, CD40-/- mice had no protective 

phenotype. They displayed worsened insulin resistance and excessive inflammation of 

adipose tissue. More detailed investigations showed that only CD40-TRAF2/3/5 signaling 

seems protective against metabolic dysfunction and obesity-associated inflammation, whereas 

CD40-TRAF6 signaling leads to a contrary effect (226). CD40 deficiency reduces 

atherosclerosis in CD40-/-ApoE-/- mice, associated with decreased inflammatory cell content, 

reduced plaque macrophages, and higher fibrotic plaque quality (209). Also, clinical trials with 
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CD40 antibodies are currently ongoing. For example, in phase 1, an anti-CD40 monoclonal 

antibody (ASKP1240) was tested regarding safety, tolerability, pharmacokinetics, and -

dynamics in addition to standard immunosuppressant after kidney transplantation or plaque 

psoriasis patients. No cytokine release syndrome or thromboembolic events were observed 

after CD40 antibody treatment in the study groups (227-229). Various other clinical trials are 

taking place in phase 1 or 2 to investigate whether CD40 antibodies are a potential novel 

treatment strategy for autoimmune diseases like lupus nephritis, systemic lupus 

erythematosus, rheumatoid arthritis, or Crohn’s disease (230-233). 

In summary, it is still unclear whether CD40L or CD40 blockade via antibodies is appropriate 

for treating atherosclerosis or inflammatory diseases. A step in the right direction encompasses 

thromboembolisms (CD40L). Still, it remains to be investigated if the strong 

immunosuppression accompanying CD40 antibody application is a suitable treatment strategy 

for atherosclerosis or if the side effects tend to predominate. 

 

1.8.2. Tissue specific CD40L or CD40 inhibition 

A long-term treatment to prevent atherosclerosis with CD40L or CD40 antibodies seems 

unsuitable due to previously (see 1.8.1) mentioned effects of strong immunosuppression or 

thromboembolic events. One possibility to avoid these side effects would be a more targeted 

treatment strategy, for example, with nano pharmaceuticals or developing cell-type specific 

antibodies (234, 235). Several in vivo studies regarding cell type-specific knockout of CD40(L) 

are ongoing. Some of them are described here in more detail. ApoE-/- mice with induced 

endothelial-specific CD40 deficiency showed a more stable plaque phenotype characterized 

by improved plaque lipid deposit, increased collagen, and smooth muscle content. Further, 

inflammatory cell recruitment to atherosclerotic lesions was indicated by decreased expression 

of adhesion proteins (e.g., ICAM-1 or VCAM-1) followed by impaired leukocyte adhesion (236). 

In CD4+ T cell-specific CD40L deficient mice on an ApoE-/- background, smaller atherosclerotic 

plaques, decreased INFγ expression, and impaired TH1 cell polarization were observed. A 

similar phenotype was expressed in a CD11c+ dendritic cell-specific CD40 deficiency in mice 

on an ApoE-/- background (237). In line with these findings, in human plasma of patients with 

cerebrovascular disease, the sCD40L/CD40 expression levels correlate with INFγ expression 

and atherosclerotic plaques (237). Deficiency of CD40L in Pf4+ platelets did not affect 

atherosclerotic plaque development or phenotype, whereas atherothrombosis progression 

was influenced by reduced platelet deposit and fibrinogen content in thrombi (237). Mice 

lacking myeloid-specific CD40 expression on an ApoE-/- background showed a less activated 

immune cell profile, reduced atherosclerosis, and increased alternative macrophage activation 

(238). Also, CD40 deficiency specific on leukocytes in high-fat diet-treated LDLR-/- mice leads 

to impaired macrophage migration and thereby reduced atherosclerosis (209). CD40 



Introduction 

 46 

adipocyte-specific deficiency in mice with ApoE-/- background results in fewer lymphoid 

progenitors, increased T cell activation, decreased B cells in lymphoid organs, and decreased 

atherosclerotic lesion size but induced necrotic core formation (239). 

CD40L-CD40 signaling in endothelial, T, dendritic, and myeloid cells is crucial in atherogenesis, 

pro-inflammatory signaling, and cell migration. On the other hand, CD40L expressed on 

platelets is more involved in atherothrombotic processes. Further, adipocytic CD40 signaling 

is an important regulator in hematopoiesis and pro-inflammatory signaling. The generation of 

cell-specific CD40L or CD40 deficiency is an important tool for better understanding the 

molecular mechanisms of the signaling cascade in inflammatory processes and the 

progression of atherosclerosis. Targeting CD40(L) blocking is a promising treatment strategy 

for atherosclerosis, which could eliminate the side effects of general protein blocking.  

 

1.8.3. CD40-TRAF inhibition 

Another possibility for reaching a more selective CD40 blockade to eliminate side effects is the 

analysis of downstream targets. In 1.7.2, it is already described that CD40-TRAF6 signaling 

and not CD40-TRAF2/3/5 signaling is important in activating pro-inflammatory processes and 

atherosclerosis pathogenesis (209). Therefore, a cell-permeable compound that targets 

TRAF6 at the C terminal domain and disrupts its functional coupling with CD40 was developed. 

The propanone compound (6877002) targets TRAF6 via direct affinity interaction (Kd = 97 µM) 

and has the following chemical formula C17H17NO. The biological evaluation of the top seven 

inhibitor hits was performed via IL-6 and IL-1ß mRNA expression analyses and LPS-induced 

NF-κB assay in stimulated bone marrow-derived macrophages. In vivo, the TRAF6 inhibitor 

was first tested in high-fat diet-fed animals to analyze its influence on metabolic function. The 

mice displayed after the treatment improved insulin sensitivity, decreased inflammation in 

adipose tissue through less pro-inflammatory macrophage polarization, and reduced 

hepatosteatosis. These results indicate that pharmacological CD40-TRAF6 inhibition could be 

suitable to ameliorate obesity-related metabolic complications (226, 240). After TRAF6 inhibitor 

treatment in diabetic mice (db/db), decreased levels of oxidative stress, inflammatory markers, 

and improved endothelial function were observed (217). In ApoE-/- mice, pharmacological 

TRAF6 inhibition prevents the initiation of atherosclerosis (241). Further, the progression of 

atherosclerosis is prevented by this treatment via reduced leukocyte recruitment and 

macrophage activation. Important is that the classical CD40-mediated immune responses 

seem to be not impaired; no interference with Ig isotype switching, antigen-specific T cell 

proliferation, antibacterial response, and only minor effects on the activation status of B and T 

cells were observed (241). Figure 18 shows CD40(L) signal transduction via different TRAFs 

and the impact of specific TRAF inhibition. 
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Figure 18: CD40(L) signal transduction via TRAFs. CD40 has no intrinsic signaling capabilities and needs; small 

adaptor proteins are called the so-called TRAFs. CD40 contains two binding sites for TRAFs: a more distal binding 
site for TRAF2/3/5 and a proximal binding site for TRAF6. TRAF1 is binding via TRAF2 to CD40. TRAFs activate 
different signal cascades like NF-κB, JNK, or p38 MAPK. These signaling cascades activate gene expression and 
regulate, for example, cell survival, inflammation, or immunoglobulin class switching. The left panel is focused more 
on TRAF inhibition. TRAF2/3/5 inhibition in an ApoE-/- mouse model displayed no athero-protective effects, whereas 
a selective TRAF6 inhibition showed athero-protective effects like reduced inflammation and atherosclerotic lesion 
size. The scheme was summarized from (241) and published in (170). The original scheme was created with 
BioRender.com. Abbreviations: TRAF=tumor necrosis factor associated factor, JNK=c-Jun N-terminal kinase, p38 
MAPK=p38 mitogen-activated protein kinase, NF-κB=nuclear factor kappa B, COX2=cyclooxygenase 2. 

 

Further improvement is the development of a nanoparticle therapy that targets macrophage-

specific TRAF6 inhibition via recombinant HDLs. In atherosclerotic mice (ApoE-/-), the nano 

immunotherapy reduces plaque volumes, and anti-inflammatory effects are achieved, reflected 

by less monocyte migration. In addition, a safety assessment regarding the pharmacokinetics 

and biodistribution of targeted TRAF6 nano therapy was performed in non-human primates. 

The advantage of this therapy method would be a reduced treatment frequency and reduced 

cumulative dosage compared to a non-targeted TRAF6 inhibitor therapy (226, 242). 

In general, TRAF6 inhibitor treatment is frequently tested as a potential new treatment strategy 

also for other inflammation-related diseases like breast cancer (243), bone cancer (244), 

multiple sclerosis (245), or heart failure (244, 246). TRAF6 inhibition is considered a promising 

tool to overcome the limitations of a CD40 antibody treatment by not impairing classical 

immune responses. 
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2. Aim  

The CD40L-CD40 signaling pathway has been recognized as a key player in developing 

autoimmune diseases and CVD. The signaling cascade is crucial for physiological, 

immunological, and pathological inflammatory processes. However, whether targeting the 

signaling cascade is beneficial or harmful is still controversial. First therapeutic approaches in 

patients have not fulfilled safety standards and showed major side effects. Particularly in 

relation to CVD risk factors that trigger low-grade inflammation in the progression of 

atherosclerosis, pharmacological treatment is still challenging, and no therapy targeting the 

CD40L-CD40 dyad is available (169). With this study, we want to provide a better 

understanding of the CD40L-CD40 cascade as a target to prevent and modulate chronic 

vascular inflammation, with a spotlight on modifiable metabolic risk factors of CVD in different 

hypertensive and diabetic mouse models.  

The study aims to characterize the cardio- and vasoprotective effects of global and tissue-

specific CD40 knockout in hypertensive mice. Arterial hypertension was induced via AT-II 

administration in different genetically modified mice. The global CD40 knockout mouse model 

is used to evaluate the effects of the tissue-specific CD40 knockout and put them in relation to 

each other. The role of CD40 signaling in adipose tissue in hypertension-induced vascular 

inflammation was examined in adipocyte-specific CD40 knockout mice. Systolic blood 

pressure, vascular function, and DHE staining were performed to analyze the hypertensive 

phenotype. Unfortunately, we did not observe a significantly improved phenotype in the 

genetically modified mice, so the study was continued with a pharmacological TRAF6 inhibition 

in C57BL6/J mice. The beneficial effects of TRAF6 inhibition in hypertensive mice were 

examined with isometric tension studies, flow cytometry of aortic tissue lysates, and 

echocardiography as functional read-outs and various biochemical markers of inflammatory 

pathways and oxidative stress. The cardio- and vasoprotective effects of TRAF6 inhibition were 

also analyzed in diabetic mice (db/db) via protein expression analysis utilizing different 

inflammatory, oxidative stress, and apoptotic markers. Lastly, as a translational approach, 

vascular tissue and plasma of coronary heart disease patients with or without the comorbidities 

hypertension or diabetes plus hypertension are examined in relation to the role of CD40L-

CD40 signaling. Therefore, plasma proteomics and transcriptomic analysis of the remaining 

bypass tissue were performed to analyze protein and mRNA expression of inflammatory and 

oxidative stress markers.  

This study was performed to highlight the importance of CD40L-CD40 signaling in pathological 

inflammatory processes and the possibility of targeted therapy as a promising treatment 

strategy. 
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3. Material  

3.1. Chemicals 

Table 1: Used chemicals. 

Product Company Product No. 

2-Mercaptoethanol (ß-ME) Sigma M6250 

Acetic acid (glacial) 100%  AppliChem A2354 

Acetonitrile Honeywell 34967 

Acetylcholine chloride Sigma A6625 

Acrylamid/Bis solution 40 %, 29:1 Bio-Rad 1610146 

Agarose Invitrogen 16500-100 

Albumin Fraktion V (BSA) Roth 8076.3 

Ammonium persulfate (APS) Sigma A3678 

Angiotensin-II acetate salt Bachem 4006473 

Aprotinin Sigma A6279 

Braunol Braun 3864065 

Bromophenol Blue sodium salt Sigma B8026 

CaCl2 Sigma 21102 

DEPC (diethylpyrocarbonate)-treated water, 

nuclease-free and autoclaved 

Roth T143.3 

D-glucose Roth 6780.1 

Dihydroethidium 95 % (DHE) Sigma 37291 

DMSO (Dimethylsulfoxid) Honeywell 34943 

EDTA-free protease inhibitor cocktail, cOmpleteTM Roche 11873580001 

Ethanol Sigma 32205 

Ethylendiamintetraacetic acid (EDTA) Sigma E9884 

Ethylene glycol-bis(ß-aminoethylether)-N,N,N´,N´-

tetraacetic acid (EGTA) 

Sigma E4378 

Fetal calf serum (FCS) Thermo Scientific 10270106 

Glycerol Roth 3783.1 

Glycine Roth 3908.2 

HBSS, Hanks balanced salt solution with calcium 

and magnesium  

Sigma 55037C 

Heparin-Natrium-25000 Ratiopharm  

HEPES sodium salt hydrate Sigma H2393 

Indometacin Sigma I-7378 

Isofluran Abbot B506 
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Isopropanol AppliChem A3465 

KCl AppliChem 7447-40-7 

Ketamine hydrochloride/xylazine hydrochloride 

solution 

Sigma K113 

KHCO3 Merck 104854 

K2HPO4  Roth 16788-57-1 

L-012 (8-amino-5-chloro-7-phenylpyrido[3,4-

d]pyridazine-1,4-(2H,3H)dion) sodium salt 

Wako Chemicals 120-04891 

Leupeptin hydrochloride Sigma L0649 

Lucigenin Sigma M8010 

Methanol, 99.8 % Sigma 322415 

MgSO4 Roth 7487-88-9 

Midori Green NIPPON Genetics MG04 

Milk powder Roth T145.2 

N,N,N´,N´-Tetramethylethylenediamine (TEMED) Sigma T9281 

Na2HCO3 Applichem 131638 

Na-Acetate  Merck 127-09-3 

NaCl Roth 7647-14-5 

Na-HEPES Roth 75277-39-3 

Na2HPO4 Merck 1.06576.5000 

NaOH Merck 106462 

NH4Cl Sigma A9434 

Nitroglycerin, NITRO Carino Infus Carinopharm  

OCT (Otimal Cutting Temperature)-resin Tissue-

Tek® 

Sakura 4583 

PBS (1x), Dulbecco´s Phosphate Buffered Saline 

without calcium and magnesium 

Sigma D8537 

PDBu Sigma 37558-16-0 

Pepstatin A Sigma P5318 

Phenylmethanesulfonyl (PMSF) Sigma P7626 

Phosphatase inhibitor cocktail Sigma P2850 

Ponceau S Sigma P5288 

Prostaglandin F2alpha Sigma 16010 

Protease inhibitor cocktail Sigma P8340 

ROTI®-Quant Roth K015.1 

Sodium dodecyl sulfate (SDS) Merck 822050 
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Sucrose Sigma 57-50-1 

TRAF6 inhibitor compound 6877002 Tocris 5602 

Tris-hydrochlorid (Tris-HCl) Roth 9090.2 

Tris(hydroxymethyl)-aminomethane (Tris-base) Sigma 252859 

TritonX-100 Sigma 93420 

Trypan blue Bio Rad 1450021 

Tween 20 Sigma P2287 

Zymosan A Sigma Z4250 

 

3.2. Media and Buffers 

3.2.1. Alkaline lysis buffer (DNA extraction) 

NH4Cl     150 mM 

KHCO3      10 mM 

EDTA pH 7.2     0.1 mM 

 

3.2.2. FACS buffer 

Fetal calf serum (FCS)      2 % (v/v) 

in PBS 

 

3.2.3. Homogenization buffer 

Tris-HCl      20 mM 

Sucrose    250 mM  

EGTA         3 mM 

EDTA       20 mM 

pH 7.5 

 

3.2.4. Homogenization solution 

Tris-HCl      20 mM 

Sucrose    250 mM  

EGTA         3 mM 

EDTA       20 mM 

PMSF      0,5 mM 

Protease inhibitor cocktail       1 % (v/v) 

Phosphatase inhibitor cocktail      1 % (v/v) 

TritonX-100        1 % (v/v) 

pH 7.5 
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3.2.5. Lämmli buffer 

Tris HCl     188 mM  

Glycerol      30 % (v/v) 

SDS         6 % (w/v) 

2-mercaptoethanol       15 % (v/v) 

Bromphenol blue    0.01 % (w/v) 

pH 6.8 

 

3.2.6. Krebs-Hepes buffer (KH buffer) 

NaCl     99.01 mM 

KCl       4.69 mM 

CaCl2        2.5 mM 

MgSO4        1.2 mM 

NaHCO3        25 mM 

K2HPO4     1.03 mM 

Na-Hepes        20 mM 

D-glucose        11 mM 

pH 7.35 

 

3.2.7. Organ bath buffer 

NaCl     99.01 mM 

KCl       4.69 mM 

CaCl2        2.5 mM 

MgSO4        1.2 mM 

NaHCO3        25 mM 

K2HPO4     1.03 mM 

Indometacin         18 mg 

D-glucose        11 mM 

pH 7.35 

 

3.2.8. PBS 10x 

NaCl       1.37 M 

Na2HPO4      100 mM 

KCl         27 mM 

KH2PO4     17.6 mM 

pH 7.4  
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3.2.9. PBS-T 1x 

1x PBS 

Tween 20     0.1 % (v/v) 

 

3.2.10. Protease-Inhibitor buffer 

KH buffer with: 

Aprotinin    1 % (v/v) 

Leupeptin    5 µg/ml 

Pepstatin    8 µg/ml 

 

3.2.11. SDS-Page resolving gel buffer 

Tris-HCl     1.5 M  

pH 8.8 

 

3.2.12. SDS-Page running buffer 

Tris-base     250 mM  

Glycine     192 mM  

SDS       35 mM 

 

3.2.13. SDS-Page stacking gel buffer 

Tris-HCl     0.5 M 

pH 6.8 

 

3.2.14. TAE (Tris-Acetate-EDTA) buffer 50x 

Tris-base     0.5 M 

Acetic acid (glacial)    1.5 M 

EDTA      50 mM 

pH 8.5 

 

3.2.15.  TBS 10x 

Tris-base     200 mM 

NaCl      1.5 M 

pH 7.6  

 

3.2.16. TBS-T 

1x TBS 

Tween 20     0.1 % (v/v) 
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3.2.17. Transfer buffer 

Tris-base     250 mM  

Glycin      192 mM 

Methanol     25 % (v/v) 

 

3.3. Reagents and kits 

Table 2: Used reagents and kits. 

Product Company Product No. 

ACK-Lyse buffer Gibco A1049201 

BD Fc BlockTM anti-CD16/CD32 (mouse) BD Biosciences 553142 

GoTaq® Master Mix Promega M7123 

PierceTM ECL Western Blotting Substrate Thermo Fisher 32106 

RNeasy Mini kit Qiagen 74104 

SuperSignalTM West Femto Maximum Sensitivity 

Substrate 

Thermo Fisher 34095 

 

3.4. Enzymes and standards 

Table 3: Used enzymes and standards.  

Product Company Product No. 

100 bp DNA ladder New England Biolabs N3231L 

BenchMarkTM Unstained Protein ladder Invitrogen 10747012 

Bovine Serum Albumin Standard Ampules Thermo Scientific 23309 

Der bunte Tobias German Research Product GRP13284 

LiberaseTM (Thermolysin Medium) Roche 5401127001 

Precision Plus ProteinTM WesternCTM Bio-Rad 1610376 

 

3.5. Antibodies 

3.5.1. Primary antibodies 

Table 4: Primary Antibodies used for Dot Blot and Western blot analysis. Monoclonal antibodies are labeled 

in the table with (M) and polyclonal as (P). 

Product Blocking medium Anti 

IgG 

Dilution Company Product 

No. 

(M) anti-TSP-1 3 % BSA in PBS-T mouse 1:250 Santa Cruz sc-59886 

(M) anti-VCAM-1 3 % BSA in PBS-T mouse 1:200 Santa Cruz sc-13160 

(M) anti-ET-1 3 % BSA in PBS-T mouse 1:250 Santa Cruz sc-517436 

(M) anti-eNOS 3 % BSA in TBS-T mouse 1:1000 BD bioscience 610297 
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(M) anti-p47phox 3 % BSA in PBS-T mouse 1:250 BD bioscience 610354 

(M) anti-NOX2 3 % BSA in TBS-T mouse 1:500 BD bioscience 611414 

(M) anto-PAR1 3 % BSA in TBS-T mouse 1:300 BD bioscience 611522 

(M) anti-CD40L 3 % BSA in PBS-T rabbit 1:5000 NovusBio NB110-

57627 

(M) anti-HO-1 3 % BSA in TBS-T rabbit 1:2000 Abcam Ab68477 

(M) anti-CD68 3 % BSA in TBS-T mouse 1:1000 Abcam Ab31630 

(P) anti-ß-actin 3 % BSA in TBS-T rabbit 1:2500 Sigma A5060 

(P) anti-caspase-3 3 % BSA in TBS-T rabbit 1:1000 Cell Signaling 9662S 

(P) anti-RAGE 3 % BSA in PBS-T rabbit 1:1000 Cell Signaling 42544 

(P) anti-pMARCKS 3 % BSA in TBS-T rabbit 1:1000 Cell Signaling 2741 

(P) anti-3NT 5 % Milk in PBS-T rabbit 1:2000 Millipore 06-284 

(P) anti-4HNE 5 % Milk in PBS goat 1:1000 Millipore Ab5605 

 

3.5.2. Secondary antibodies 

Table 5: Secondary antibodies used for Dot Blot and Western blot analysis. Secondary antibodies were diluted 

in the same blocking medium as the respective primary antibodies. All secondary antibodies are peroxidase-labeled. 

Product Dilution Company Product No. 

anti-mouse IgG 1:10000 Vector lab PI-2000 

anti-rabbit IgG 1:10000 Vector lab PI-1000 

anti-goat IgG 1:5000 Santa Cruz Sc-2354 

 

3.5.3. Fluorescence labeled antibodies 

Table 6: Fluorescence-labeled antibodies used for FACS. All FACS antibodies were diluted in FACS buffer (2 

% FCS in PBS). Monoclonal antibodies are labeled with (M). 

Product Fluorophore 

conjugates 

Dilution Company Product 

No. 

Fixabel Viability Dye eFluor506 1:1000 BD Bioscience 65-0866 

(M) anti-CD11b PE 1:100 BD Bioscience 553311 

(M) anti-CD45 APC-efluor 780 1:100 eBioscience 47-0451-82 

(M) anti-F4/80 APC 1:50 eBioscience 17-4801-82 

(M) anti-Ly6C PerCP-Cy.5.5 1:100 BD Bioscience 560525 

(M) anti-Ly6G FITC 1:100 BD Bioscience 552460 

(M) anti-NK1.1 PE-Cy7 1:100 eBioscience 25-5941-81 

(M) anti-TCRß Chain V450 1:100 DB Bioscience 560706 
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3.6. Oligonucleotides used for genotyping 

All primers were ordered from Eurofins Genomics and prediluted before use 1:10 in DEPC-

treated water. 

 

Table 7: Primer Sequences which were used for genotyping PCRs of transgenic mice. 

Name  Sequence 

AdipoqCre fw 5´-GGA TGT GCC ATG TGA GTC TG-3´ 

AdipoqCre rv 5´-ACG GAC AGA AGC ATT TTC CA-3´ 

Noxa fw 5´-GGA GGG CAT AAA TGG GCA ATG AC-3´ 

Noxa rv 5´-GAT GCT TCT TGG GTG CAC CCA CA-3´ 

CD40fl/wt fw 5´-TCT TTG GGA GCA CTG AAG AG-3´ 

CD40fl/wt rv 5´-TTC CAC CGG CAT GTT GAA AG-3´ 

CD40fl/fl fw 5´-GAT CGT TGA AGA AGG AGG TG-3´ 

CD40 Com/J 5´-GTG AGA TGC TAG CCC TCC TG-3´ 

CD40 WT rev/J 5´-CAC GTC ATC TGC TGG TTT TC-3´ 

CD40 Mut rev/J 5´-CGT GCA ATC CAT CTT GTT CA-3´ 

 

3.7. Consumables 

Table 8: Used Consumables. 

Product Company Product No. 

Blood glucose test strips Roche 6114963 

Cell Counting Slides for TC20 Cell Counter Bio-Rad 1450015 

Cell Strainer 40 µm Falcon® Corning 352340 

Cell Strainer 70 µm Falcon® Corning 352350 

Centrifuge tube 15 ml Greiner 188271 

Centrifuge tube 50 ml Greiner 227261 

Coverslips 24 x 50 mm Diagonal LD2450 

epT.I.P.S Standard 0.1-10 µl Eppendorf 0030000811 

epT.I.P.S Standard 2-200 µl Eppendorf 0030000889 

epT.I.P.S Standard 100-1000 µl Eppendorf 0030000927 

FACS tubes Falcon® Corning 352052 

Gel blotting paper  Whatman 9057077 

Glass petri dish Duran 237554805 

Hair removal cream SNÄ Epil 02186115 

Inject®-F 1 ml B. Braun 9166017V 

Micro osmotic pumps Alzet 1007D 
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MicrolanceTM 3 24 G cannula Becton Dickinson 304100 

MicrolanceTM 3 26 G cannula Becton Dickinson 303800 

Microplate 96 well F-bottom transparent Greiner 655101 

Microplate 96 well U-bottom transparent Greiner 650101 

Microscope slides superfrost plus Thermo Scientific J1800AMNZ 

Mini-trans-blot filter paper Bio-Rad 1703932EDU 

Nitrocellulose Blotting membrane Amersham 0.45 µm GE Healthcare GE10600002 

PCR tubes, 0.2 ml Kisker Biotech G003-A 

Petri dish sterile Greiner 632181 

Safe-Lock microcentrifuge tubes 0.5 ml Eppendorf 0030121023 

Safe-Lock microcentrifuge tubes 1.5 ml Eppendorf 0030120086 

Safe-Lock microcentrifuge tubes 2.0 ml Eppendorf 0030120094 

Suture clip Michel 7.5 x 1.75 mm B. Braun BN507R 

S-Monovette® 10 ml 9NC Sarstedt 02.1067.001 

S-Monovette® 1.2 ml K3E Sarstedt 06.1664.001 

Sonosid® ultrasound gel Asid Bonz 782010 

 

3.8. Technical Devices 

Table 9: Used Technical Devices. 

Device Company 

Automated Cell Counter TC20 Bio-Rad 

Attune NxT Flow Cytometer Thermo Fisher 

Benchtop centrifuge ROTOFIX 32 Hettich 

Bridge amplifier CB Science / ADInstuments 

Chemiluminescence plate reader Mithras2 LB943 Berthold Technologies 

ChemiLux Imager Intas 

Cold light lamp KL 1500 Schott 

Cryostat CM3050 S Leica Biosystems 

Fluorescence microscope Axiovert 40CFL with Axiocam 

MRm 

Zeiss 

Force transducer Kent Scientific 

Heraeus Megafuge 16R Thermo Scientific 

Infrared lamp IL21 150 Watt Breuer 

Luminometer Lumat LB 9507 Berthold Technologies 

Mini Trans-Blot Electrophoretic Transfer Cell (Blotting 

apparatus) 

Bio-Rad 
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Mini-Protean 3 Cell (Electrophoresis apparatus) Bio-Rad 

Minifold I vacuum dot-blot system device Whatman® Schleicher&Schuell 

MiniSpin® Centrifuge Eppendorf 

MRXII plate reader Dynex Technologies 

Non-invasive Blood Pressure (NIBP) System CODA® Kent Scientific 

Organ bath chamber Radnoti 

Pipette Eppendorf 0.1 – 2.5 µl Eppendorf 

Pipette Eppendorf 0.5 – 10 µl Eppendorf 

Pipette Eppendorf 2 – 20 µl Eppendorf 

Pipette Eppendorf 10 – 100 µl Eppendorf 

Pipette Eppendorf 20 – 200 µl Eppendorf 

Pipette Eppendorf 100 – 1000 µl Eppendorf 

PowerPacTM Basic power supply Bio-Rad 

Refrigerate benchtop centrifuge Mikro 22R Hettich 

Shaver ECO XS Tondeo 

SimpliAmp Thermal Cycler Thermo Fisher 

Stereomicroscope MSZ 5400 Krüss 

Thermomix comfort Eppendorf 

TissueLyser LT Qiagen 

Transferpipette 200 µl Brand GmbH 

UV transilluminator iX Intas 

Vortex-GenieTM 2 Scientific Industries 

Wide Mini-Sub Cell GT Cell (DNA electrophoresis 

apparatus) 

Bio-Rad 

 

3.9. Surgical instruments 

Table 10: Used surgical instruments. 

Product Company Product No. 

Extra Fine Bonn Scissor Straight, 8.5 cm Fine Science Tools 14084-08 

Extra Fine Graefe Forceps Curved 10 cm Fine Science Tools 11152-10 

Graefe Forceps Straight 10 cm Fine Science Tools 11050-10 

Michel Suture Clip Applying Forceps 12.5 cm Fine Science Tools 12018-12 

Noyes Spring Scissors Curved 12 cm Fine Science Tools 15011-12 

Scissors Curved Blunt 12 cm Fine Science Tools 14003-12 

Strabismus Scissors Tungsten Carbide Curved 9 cm Fine Science Tools 14575-09 
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3.10. Software 

Table 11: Used software. 

Name Company 

Adobe Photoshop 2024 Adobe Systems GmbH 

Axiovision Rel 4.3 Carl Zeiss Vision GmbH 

BioRender (medical illustrations) BioRender 

ChromPass Chromatography Jasco 

CODA data acquisition Kent Scientific Corporation 

EndNote 20 Clarivate Analytics 

FlowJo v10 FlowJo LLC 

Gel Pro Analyser 6.0 Media Cybernetics 

Grammarly 1.70.1.0 Grammarly Inc.  

GraphPad Prism 9.5.0 GraphPad Software, Inc. 

Image ProPlus 7.0 Media Cybernetics 

ImageJ Wayne Rasband 

Microsoft Office 16.81 Microsoft 365 

Organbad Chart 5 ADInstruments GmbH 

Revelation 4.25 Dynex Technologies 

Vevo Lab VisualSonics 
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4. Methods 

4.1. Human samples 

All human studies followed the Declaration of Helsinki. The DZHK Heart Bank provided human 

aortic and plasma samples from bypass surgeries at the “Deutsches Herzzentrum der Charité” 

in Berlin under ethical permission No.: EA4/035/18 and EA4/032/23. The patients are fully 

characterized regarding clinical chemistry parameters (for example, blood cholesterol, 

triglycerides, and glucose) and clinical functional parameters (for example, blood pressure, 

heart rate, and BMI). The patient’s characteristics are listed in Table 18. In total, samples of 20 

coronary heart disease (CHD) patients without comorbidities, 49 CHD patients with arterial 

hypertension (HT), and 25 CHD patients with HT and type 2 diabetes mellitus (T2DM) were 

used in this thesis. Figure 19 summarizes the human study. 

 

 

Figure 19: Human study overview. Aortic tissue and plasma samples from bypass surgeries were provided by 

the DZHK Heart Bank. RNA-Seq (aortic tissue) and Olink proteomics (plasma) analysis were performed. Created 
with BioRender.com. Abbreviations: CHD=cardiovascular disease, HT=hypertension, T2DM=type 2 diabetes 
mellitus. 

 

4.2. In vivo animal studies 

All animals were treated according to the Guide of Care and Use of Laboratory Animals as 

adopted and promulgated by the U.S National Institute of Health. The Ethics Commission 

permitted animal experiments according to the German Law on the Protection of Animals 

(Landesuntersuchungsamt Rheinland-Pfalz, Koblenz, Germany; No.: G19-1-068 and 

extension from March 2022 for hypertensive (AT-II) mice; No.: 23-177-07/G 11-1-020 and 

extension from June 2016 for diabetic (db/db) mice).  

 

4.2.1. Laboratory animals 

All animals were used according to the German Animal Welfare Act with §4 Abs. 1 and §8 Abs. 

1. For the study, only male animals at the age of 10-12 weeks were used, whereas male db/db 

mice were used at the age of 14 weeks (stored samples from a published study (217)). 

AdipoqCre wildtype mice were crossed with AdipoqCre Het mice to generate control and 

tissue-specific knockout (KO) littermates. AdiCD40-/- mice and the CD40-/- mice were bred in-

house at the Translational Animal Research Center Mainz (TARC). All used mouse lines are 

described in Table 12. 
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Table 12: Summary of all used mouse strains with description and origin. 

Mouse strain  Description  Origin 

C57BL/6J  

(WT) 

Inbreed strain Charles River  

(Stock #632) 

B6.129P2-Cd40tm1Kik/J 

(CD40KO or CD40-/-) 

Inbreed strain on C57BL/6J background, 

neomycin cassette was inserted into exon 3, 

targeted mutation, homozygous mutant, 

deficient of CD40 antigen and exhibit impaired 

immunoglobulin class switching (225) 

Jackson lab  

(Stock #002928), 

bred in-house 

(TARC) 

BKS.CgTemoin  

(WT) 

Inbreed strain on C57BL/6J background Charles River 

BKS.Cg-

Dock7m+/+Leprdb/J 

(db/db) 

Inbreed strain on C57BL/6J background, 

homozygous for diabetes spontaneous point 

mutation (Leprdb), obesity starts around three to 

four weeks, plasma insulin elevations start at 10 

to 14 days and blood sugar at four to eight 

weeks (247, 248) 

Charles River 

(Stock #607) 

AdipoqCre x CD40fl/fl 

(AdiCD40-/-) 

Inbreed strain on C57BL/6J background, tissue 

specific knockout of CD40 on adipocytes 

generated by crossbreeding of CD40fl/fl (237) 

mice with AdipoqCre mice from Jackson lab, 

strain B6.FVB-Tg-1Evdr/J (249), Cre wildtype 

littermates were used as controls, Cre 

heterozygous littermates were used as tissue 

specific knockout model 

Breed in house 

(TARC), provided 

by Esther 

Lutgens, Mayo 

Clinic, Rochester, 

Minnesota, USA 

 

 

4.2.2. Implantation of osmotic minipumps 

Miniosmotic pumps from Alzet® were required to guarantee continuous and accurate 

subcutaneous dosing of the drugs into the laboratory animals. The pumps operate with an 

osmotic layer, setting up an osmotic pressure between a compartment in the pump and the 

tissue environment where the pump is implanted. High osmolarity causes water influx into the 

pump, which induces pressure on a flexible reservoir; by this process, the drug is continuously 

released out of the pump (250, 251). 

 

The pumps were filled according to the company instructions with either AT-II or TRAF6 

inhibitor compound 6877002. The agents’ concentrations were adjusted to a dose of 1 mg/kg/d 
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in 0.9 % NaCl for AT-II for seven days and 2.5 mg/kg/d in 25 % DMSO for TRAF6 inhibitor for 

seven days (WT mice) or 14 days (db/db mice). Because of the different solubility of AT-II and 

TRAF6 inhibitor, double pump implantations were performed in WT animals to administer both 

drugs simultaneously. The surgery was performed under sterile conditions, and the animals 

were anesthetized with Ketamine/Xylazine (120 mg/kg; 16 mg/kg in 0.9 % NaCl; injected 

volume 0.1-0.2 ml). In preparation, the dorso-caudal area of the mice was shaved, followed by 

disinfection with Braunol. A small skin incision of approximately 1 cm was set in this dorsal 

area, and a small subcutaneous pocket was prepped to insert the pump. The wound was 

closed with a clamp seam. Postoperative analgesia is provided by applying lidocaine ointment 

to the wound. To ensure reproducibility, the pumps were implanted for each experiment at the 

same time (10-11 am). Control animals (Sham) underwent the same surgery procedure, and 

the pumps were implanted without the drug containing only the dilution solution of 0.9 % NaCl 

or 25 % DMSO. After pump implantation, in vivo measurements were performed, such as blood 

pressure (bp) or echocardiography. The mice were sacrificed after seven (AT-II mice) or 14 

days (db/db mice), and the organs or tissues were collected (4.3.1). Figure 20-22 show the 

different treatment schemes.  

 

 

 

Figure 20: Treatment scheme for C57B6/J mice. AT-II (1mg/kg/d) and TRAF6 inhibitor (2.5 mg/kg/d) were applied 

to the animals via osmotic minipumps for seven days. Only male mice were used in the study and sacrificed in an 
age range of 10-12 weeks. The blood pressure was measured one day before the treatment started and after five 
days of the treatment. Echocardiography was performed on day six after the treatment started. Created with 

BioRender.com. Abbreviations: AT-II=angiotensin-II, TRAF6i=TRAF6 inhibitor, bp=blood pressure. 
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Figure 21: Treatment scheme for db/db mice. TRAF6 inhibitor (2.5 mg/kg/d) was applied to the animals via 

osmotic minipumps for seven days. Only male mice were used in the study, and they were sacrificed at the age of 
14 weeks. Created with BioRender.com. Abbreviations: db/db=BKS.Cg-Dock7m+/+Leprdb/J mice, TRAF6i=TRAF6 
inhibitor. 

 

 

Figure 22: Treatment scheme for CD40-/- and AdiCD40-/- mice. AT-II (1 mg/kg/d) was applied to the animals via 

osmotic minipumps for seven days. Only male mice were used in the study and sacrificed in an age range of 10-12 
weeks. The blood pressure was measured one day before the treatment started and on days five and six of the 
treatment. Created with BioRender.com. Abbreviations: AT-II=angiotensin-II, TRAF6i=TRAF6 inhibitor, bp=blood 
pressure. 

 

4.2.3. Non-invasive blood pressure (NIBP) measurement 

Blood pressure was measured non-invasively by tail cuffs, determining the tail blood volume 

by volume pressure recordings (VPR). A CODA® High Throughput 2 Noninvasive Blood 

Pressure System (Kent Scientific) was utilized for the experiments. The occlusion cuff at the 

tail of the mice is inflated and deflated, which causes either no or returning blood flow. The 

changes in blood tail volume, characteristic of the underlying blood pressure, are recorded by 

a VPR sensor in the system (252). With this method, only the systolic blood pressure can be 

used as a reliable value. Compared to telemetry, similar systolic blood pressure values (<10 
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mmHg) can be achieved via tail cuff if the mice were handled correctly and trained beforehand 

(253).  

 

Before the actual measurement, the mice were placed three times in the restrainers for training 

purposes to achieve habituation and reduce stress. For training and measurement purposes, 

the mice were placed in a holder at a heating platform (32°C) with the tail cuffs at their tails. 

NIBP was measured on days minus one, five, and six. The measurement started with a resting 

phase, and the mice were placed in the holders for 15 min at the heating platform. Per animal, 

10 NIBP measurements were performed. The first three measurements were discarded as 

acclimatization cycles, the remaining NIBP values were evaluated, and a mean value was 

taken. Figure 23 shows how the mice were sitting fixated in the restrainers. 

 

 

Figure 23: Tail cuff blood pressure measurement system with fixated mouse in a restrainer. Created with 

BioRender.com.  

 

4.2.4. Transthoracic echocardiography (TTE) 

A specially designed echocardiography for mice has been established in the platform 

laboratory at the Centrum of Thrombosis and Hemostasis (CTH) in Mainz and was performed 

together with Alexander Czarnowski (MD candidate, Laboratory for Molecular Cardiology, 

University Medical Center Mainz). Cardiac function was measured non-invasively using high-

frequency small animal echocardiography with a 30 MHz transducer (254, 255). The Vevo3100 

device (VisualSonics, FUJIFILM, Toronto, Canada) was provided at the CTH. The focus of the 

examination was the left ventricular assessment and the systolic function. Echocardiography 

was initially taught by Dr. med. Michael Molitor (Cardiology I, University Medical Center Mainz). 

 

Anesthesia was induced via inhalation of 2-3 % isoflurane by volume at an inspiratory oxygen 

fraction of 0.35 (FiO2 35 %). Sedation during the experiment is maintained by inhalation of 1-

2 vol. % isoflurane using a breathing mask. Under sedation, the mice were placed supine on 

a warming plate in the sonography examination station. An eye ointment is then applied to 

protect the eyes, and the paws of the mice are fixed to electrocardiogram (ECG) electrodes 

using plaster stripes. The abdominal-thorax area of the mice was depilated by shaving and 

then applying a depilatory cream. Finally, the shaved thorax is disinfected. The ultrasound gel 
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is pre-heated to body temperature and applied to the shaved area. The transducer is placed 

on the corresponding spot on the abdomen of the test animals without pressure and with light 

contact with the ultrasound gel. During the examination, the temperature is constantly 

monitored using a rectal probe, and the ECG and respiratory rate are continuously monitored 

via the contact electrodes. The parasternal long axis view (PSLAX) and parasternal short axis 

view (SAX) were each performed in M- and B-Mode as described in the following text and the 

Guide to Small Animal Echocardiography using the Vevo® Imaging Systems. The optimal 

animal position to conduct the PSLAX is to tilt the platform to elevate the animal’s head and tilt 

it slightly to the left side. Further, the transducer is placed parallel to the sternum and rotated 

(approximately 15-35°) clockward to the animal's right shoulder. The animal remains in the 

same position for the SAX. But the transducer is rotated 90° clockwise starting from the PSLAX 

position. The examination takes about 10-20 min per animal. The mice wake up entirely within 

a few minutes after being transferred back into the cage. Echocardiography was performed on 

day six after the osmotic minipumps were inserted and filled with AT-II or TRAF6 inhibitor. 

Figure 24 shows representative B-mode images of the mouse heart and provides an 

anatomical description. 

 

 

Figure 24: B-Mode images of a mouse heart. Exemplary pictures of B mode images in the (I) Parasternal long-

axis (PLAX) view and (II) the parasternal short-axis (SAX) view. Abbreviations: A=apex, RV=right ventricle, LV=left 

ventricle, Ao=aorta, LA=left atrium, AW=anterior wall, PW=posterior wall, PM=papillary muscles. 

 

4.3. Ex vivo animal studies  

4.3.1. Blood, organ, and tissue harvesting from mice 

Blood, organs, and tissue were harvested according to the German Animal Welfare Act with 

§4 Abs. 1 and §8 Abs. 1. The animals were anesthetized with ketamine/xylazine (120 mg/kg 

and 16 mg/kg in 0.9 % NaCl). An intermediate toe reflex was performed before opening the 

abdomen to ensure that the anesthesia was deep enough. The abdominal cavity was opened 

beginning from distal to proximal. At first, the urine was taken directly out of the urinary bladder 
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with a 1 ml syringe and a 26G cannula. Afterward, the diaphragm and the rips were opened to 

perform a cardiac puncture. The blood was taken directly out of the bumping heart with a 1 ml 

syringe and a 26G cannula. The blood was mixed with either citrate or collected in EDTA 

monovettes depending on the following experiment. To prevent intravascular anticoagulation 

200 µl heparin (200 IE) was injected into the left ventricle. The following tissues and organs 

were collected: heart, EWAT, liver, spleen, kidney, adrenal gland, aorta, lung, and brain. The 

tissue and organs were stored on ice in Krebs-HEPES buffer until further processing for 

experiments or freezing in liquid nitrogen for storage. The perivascular adipose tissue (PVAT) 

was removed carefully on ice from the aortas to ensure an intact endothelium. The EDTA blood 

monovettes were centrifuged at 3600 rpm for 10 min at room temperature, and the plasma 

was taken and frozen in liquid nitrogen for long-term storage at -80°C.  

 

4.3.2. Quantification of whole blood oxidative stress 

This method analyzes the leukocyte-dependent hydrogen peroxide formation, mainly in whole 

blood samples. Thereby, hydrogen peroxide formation is mostly driven by the NADPH oxidase 

NOX2. L-012 is a luminol analog and chemiluminescent probe for reactive oxygen and nitrogen 

species (256). Myeloperoxidases convert hydrogen peroxide into highly reactive oxygen-metal 

complexes, which lead to the oxidation of L-012 and chemiluminescent light emission. The 

blood samples were stimulated with Zymosan A to initiate inflammation by macrophage 

activation. In addition, the samples were stimulated with phorbol 12,13-dibutyrate (PDBu) to 

activate the PKC with subsequent phosphorylation of p47phox and NOX2 activation leading to 

oxidative burst (257, 258). 

 

As previously described, the protocol was performed in cooperation with Dominika Mihalikova 

(PhD candidate, Laboratory of Molecular Cardiology, University Medical Center Mainz) (256, 

259). Fresh citrate blood was diluted 1:50 in PBS containing Ca2+ and Mg2+ at room 

temperature and mixed with 100 µM of L-012. The blood was stimulated either with 50 µg/ml 

Zymosan A or 10 µM PDBu. Chemiluminescence (ECL) was measured using a Mithras2 

chemiluminescence plate reader (Berthold Technologies), and the results were expressed as 

counts per minute after 10 min (PDBu) or after 55 min (Zymosan A). 

 

4.3.3. Quantification of dihydroethidium (DHE) staining in tissue cryosections 

Oxidative stress in cryosections of different tissues (PVAT, aorta, heart, or kidney) was 

analyzed by dihydroethidium (DHE) staining, which allows rapid and specific detection of 

intracellular stress as a result of O2
-• production. DHE is a lipophilic, cell-permeable dye 

oxidized by O2
-• to 2-hydroxyethidium (2-HE). 2-HE intercalates into the DNA, changes thereby 

its fluorescence properties, and could be detected when excited. If other oxidants are present, 
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DHE could also be oxidized simultaneously non-specifically to ethidium (E+). E+ also 

intercalates into the DNA and is excited with an overlapping wavelength compared to 2-HE 

(Figure 25). Therefore, it is impossible to distinguish 2-HE and E+ fluorescence signals with 

this microscopy method, which is used to visualize all ROS products in the analyzed tissue 

(260, 261). 

 

 

Figure 25: Oxidation products of dihydroethidium (DHE). DHE reacts with O2-• to 2-hydroxyethidium or is 

oxidized with H2O2 and metal catalysis to ethidium (Fenton reaction). Due to overlapping fluorescence spectra from 
2-hydroxyethidium and ethidium, it is impossible to distinguish these reaction products with common filters in 
fluorescence microscopy. The figure is taken from (262) with permission. 

 

Heart tips, 3 mm aortic pieces (thoracic part with PVAT), and kidney poles (freed of fat) were 

incubated in KH buffer containing inhibitors for 10 min at 37°C at 300 rpm. The tissue was 

embedded in an OCT compound and frozen in liquid nitrogen. A cryostat cut the tissue into 8 

µm thick slices, which were placed on a microscopy glass slice and frozen at -80°C until further 

processing. To achieve comparability, tissue from all treatments and controls within a group 

was applied to one object slice. The staining was performed on the object slice at 37°C for 30 

min in the dark with DHE solution (1 µM DHE in PBS). Afterward, the excess solution was 

removed, and the tissue was embedded under a coverslip. Because of the photosensitive 

staining, which is only stable for approximately 1 h, the fluorescence signal was immediately 

measured by a fluorescence microscope (Zeiss) with a rhodamine filter (excitation: 546 nm, 

emission: ≥ 590 nm). The autofluorescence signal of aortic collagen fibers was measured with 

a FITC filter (excitation: 450-490 nm, emission: 515-565 nm). Images were quantified using 

ImageJ by mean grey value measurements of the region of interest. 
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4.3.4. Superoxide anion detection in aortic tissue by lucigenin-derived 

chemiluminescence 

Lucigenin has been identified as an O2
-•-specific chemiluminescence probe. The method was 

used mainly to measure NADPH oxidase-derived O2
-• production in small aortic pieces. Figure 

26 shows the reactions involved in developing lucigenin-enhanced chemiluminescence (ECL). 

The assay was performed as previously described (216, 263). 

 

 

Figure 26: Scheme of the lucigenin reaction pathway. Lucigenin reacts specifically with O2
-• and is used as a 

chemiluminescence probe to determine oxidative stress in different tissues, such as aortic tissue. The figure is taken 

from (263, 264). 

 

Aorta pieces (3 mm, thoracic part) were incubated one by one in 500 µl KH buffer on a heater 

for 20 min at 37°C at 350 rpm. After the incubation, the aorta pieces were placed in vials 

containing 5 µM lucigenin in PBS. The vials were put into a counter (Lumat LB 9507, Berthold 

Technologies) with the following setting: measuring time 60 s, total measuring time 1230 s, and 

delay between measurement 2 s. Aortic rings were removed after the measurement and dried 

overnight to determine their dry weight. The chemiluminescence value was normalized to the 

dry weight of aortic rings. 

 

4.3.5. Vascular isometric tension studies 

Vascular function ex vivo was measured by isometric tension studies of small aortic rings. ACh 

was used to analyze the functionality of the endothelium. Under healthy conditions, ACh leads 

to vasodilation via activating muscarinic receptors in the endothelium, which leads to eNOS-

catalyzed •NO production (265, 266). The functionality of the vascular musculature was 

analyzed with nitroglycerine (NTG), an organic nitrate, and •NO donor. With NTG dose-

response curves, a vasodilation independent of eNOS catalyzed •NO formation could be 

observed (267). 
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Vascular isometric tension studies were performed as already published (268, 269). The aorta 

was freed from PVAT, under avoidance of dragging, to ensure that the endothelium stayed 

intact. Small 3 mm pieces of the thoracic aortic part were mounted between two wire triangles 

connected to a transducer in an organ bath chamber. The buffer in the organ bath chamber 

was preheated to 37°C and gassed with 95 % CO2 / 5 % O2 to simulate a physiological 

environment. The rings are manually pre-tensioned to create a baseline (stepwise from 0.2 g 

to 1.1 g). Endothelial function measurement starts with pipetting a dosing effect curve with 

potassium chloride (KCl, 5 mM to 80 mM). High KCl concentrations cause altered cell 

membrane polarization, affecting Ca2+ channels and leading to a Ca2+ uptake from the buffer 

into the cells, which provides optimal conditions for contraction. Vascular pre-contraction is 

performed with the vasoactive substance prostaglandin F2alpha (PGF2α, 10mMol), followed by 

a relaxation-response curve measurement with ACh (1 nM to 3.2 µM). A second relaxation-

response curve was performed with NTG (1nM to 32 µM). Figure 27 shows the organ bath 

chamber setup. Jörg Schreiner (Laboratory of Molecular Cardiology, University Medical Center 

Mainz) performed the isometric tension studies with technical assistance. 

 

 

Figure 27: Scheme of the tissue bath system required for isometric tension studies. Small thoracal aortic 

pieces are mounted between two triangles, connected to an isometric force transducer and a device to adjust the 
passive tension initially. The inner chamber is filled with organ bath buffer and gassed with 95 % CO2/5 % O2. A 
37°C water bath surrounds the inner chamber to simulate physiological conditions. Created with BioRender.com. 
Adapted from (270). 

 

4.3.6. Flow cytometric quantification of vascular immune cell infiltration 

Vascular immune cell infiltration was determined with fluorescence-activated cell sorting 

(FACS) using an Attune NxT Flow Cytometer (Thermo Fisher Scientific) with up to 14 colors 
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provided from the platform lab at the Centrum of Thrombosis and Hemostasis (University 

Medical Center Mainz). The protocol was performed as previously described (257, 271). This 

laser-based technique distinguishes different cell types in a suspension by their size, 

granulocytic, and fluorescence antibody-based staining of specific surface markers (272). 

Table 13 shows the utilized antibodies with their respective immune cell targets. 

 

Table 13: Fluorescence-labeled antibodies used for FACS with respective immune cell targets. Table 6 gives 

an overview of antibody dilutions. 

Antibody  Target 

Fixabel Viability Dye-eFluor506 Live/dead cells 

CD11b-PE Myeloid cells 

CD45-APC-efluor 780 Leukocytes 

F4/80-APC Macrophages, monocytes, cytotoxic T-cells 

Ly6C-PerCP-Cy.5.5 Macrophages, monocytes, granulocytes, 

(neutrophils) 

Ly6G-FITC Granulocytes, (neutrophils) 

NK1.1-PE-Cy7 Natural killer cells 

TCRß Chain-V450 T-cells 

 

4.3.6.1. Preparation of splenic cells for single staining 

Single staining for compensation was performed with splenic cell lysates. At first, the whole 

spleen was freed from fat. A 40 µm cell strainer was placed on a 50 ml falcon and rinsed with 

1 ml PBS/FCS. Afterward, the spleen was placed on it and rubbed through the cell strainer 

with a 1 ml syringe stamp. The cell strainer was rinsed three to four times with 1 ml PBS/FCS, 

and the cell suspension was transferred into a 15 ml Falcon. Followed by 6 min centrifugation 

at 300 g at 4°C. The supernatant was removed, and the pellet was resuspended in 3 ml of 

ACK-Lyse buffer. After 3 min of incubation at room temperature, the reaction was immediately 

stopped by adding 3 ml PBS/FCS into the Falcons and centrifugation for 6 min at 300 g at 4°C. 

The supernatant was removed, and the pellet was resuspended in 5 ml of PBS/FCS. The cells 

were diluted 1:1 with trypan blue and counted with the TC20 automated cell counter from 

BioRad. Per well, 1 million spleen cells were pipetted into a well of a U-bottom-shaped 96-well 

plate. The number of wells corresponds to the number of the used dyes plus one unstained 

control.  

 

4.3.6.2. Preparation of aortic cell lysates for extracellular staining 

Immune cell composition and infiltration into the aortic wall were analyzed in aortic cell lysates. 

In preparation, fat and blood were removed from the aortas (see 4.3.1). The tissue was stored 
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on ice in KH buffer, and the length of the aortas was measured. Before the tissue preparation, 

the liberase stock solution of 5 mg/ml was diluted 1:4 with HBSS+/+, and for each aorta, a 2 ml 

Eppi containing 1 ml of diluted liberase solution was provided. Afterward, the tissue was placed 

in one drop of diluted liberase in glass Petri dishes and chopped into small pieces by sharp 

razor blades. The tissue was transferred with rounded tweezers into the liberase containing 

Eppis, and the glass petri dish was rinsed with a cut-off blue tip to collect all remaining cells. 

The digestion was started by placing the tissue containing Eppis from ice in a heater for 30 

min at 37°C at 500 rpm. During the incubation, the tissue was pipetted up and down every 10 

min with a cut-off blue tip. A 70 µm cell filter was placed on a 50 ml falcon for each aorta and 

rinsed with 1 ml PBS/FCS. After the incubation, the digestion was stopped by adding 1 ml 

PBS/FCS to the cell suspensions and transferring the Eppis to ice. The cell suspension was 

pipetted onto the cell strainer and rubbed with a 1 ml syringe stamp. The cell strainer was 

rinsed three to four times with 1 ml PBS/FCS, and the suspension was transferred into a 15 ml 

falcon for 6 min centrifugation at 300 g at 4°C. In the last step, the supernatant was removed 

after centrifugation, and the cell pellet was resuspended in 200 µl PBS/FCS. The cells were 

counted with the TC20 automated cell counter from BioRad and transferred into a U-bottom-

shaped 96-well plate.  

 

4.3.6.3. Extracellular staining 

The 96-well plate containing all cell suspensions was centrifuged for 6 min at 300 g at 4°C. 

Afterward, the supernatant was removed, and the cell pellets were resuspended in 50 µl Fc-

block followed by 10 min incubation in the dark at 4°C. The incubation was stopped by adding 

100 µl PBS/FCS into the wells and a centrifugation step for 6 min at 300 g at 4°C. The 

supernatant was again removed, and the cell pellets were resuspended with the extracellular 

staining-master mix (40 µl per pellet, containing a mixture of eight antibodies see Table 6) or 

the respective single stainings for compensation (40 µl per pellet), followed by 30 min 

incubation in the dark at 4°C. The extracellular staining master mix contains a mixture of the 

fluorescence-labeled antibodies summarized in Table 6. The reaction was stopped by adding 

100 µl PBS/FCS, and the 96-well plate was centrifuged again for 6 min at 300 g at 4°C followed 

by supernatant removal. The pellets were washed with 100 µl PBS/FCS and centrifuged for a 

last time for 6 min at 300 g at 4°C followed by supernatant removal. All samples were 

resuspended in 200 µl PBS/FCS. The samples incubated in the extracellular staining-master 

mix remained in the 96-well plate. In contrast, the single staining samples for compensation 

were transferred into FACS tubes and filled up with an additional 300 µl PBS/FCS. The cell 

composition was analyzed using an Attune NxT Flow Cytometer. The applied gating strategy 

is shown in Figure 28. For each sample, the number of stained cells was normalized to the 

number of living cells and the length of the aorta. 
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Figure 28: Gating strategy to determine different immune cell subtypes in aortic tissue. Cell debris, doublets, 

and dead cells were excluded in the first steps of the analysis. Subsequently, the leukocytic (CD45+) population 
was identified to exclude T (TCRß+) and NK (NK1.1+) cells from further analysis in the following step. Myeloid cells 
(CD11b+) and macrophages (CD11b+ F4/80+) were then identified. As a last step, the myeloid cell gate was utilized 
to differentiate neutrophils (Ly6G+ Ly6C+) and inflammatory monocytes (Ly6C high).  

 

4.4. Molecular biological methods 

4.4.1. DNA isolation for genotyping 

The genotype of the transgenic mice was determined by isolating genomic DNA from ear 

biopsies using the “HotShot” DNA preparation method (273). Ear biopsies were taken from the 

freezer (-20°C) and placed on a 95°C preheated thermocycler in 75 µl lysis buffer for 45 min 

at 500 rpm. Afterward, the microtubes were cooled down for 10 min, and 75 µl neutralization 

buffer was added. The tubes were mixed by vortexing and frozen at -20°C until further 

processing. The extracted DNA can be used without further purification for the genotyping PCR 

analysis.  
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4.4.2. Genotyping by using polymerase chain reaction (PCR) 

The PCR method was used to amplify distinct DNA fragments to determine the genotype from 

transgenic mice. Extracted DNA from ear biopsies was mixed with GoTaq master mix, and 

distinct primers and the PCR programs were performed as described in Table 14, Table 15 and 

Table 16. 

 

Table 14: PCR reaction mix and program for CD40-/- mice. 

PCR reaction mix [µl] 

GoTaq Green Master mix 2x 12.5 

Primer CD40 Com/J 1.25 

Primer CD40 WT rev/J 1.25 

Primer CD40 Mut rev/J 1.25 

DEPC treated water 6.25 

Genomic DNA 2 

 25 

 

Genotyping of the CD40-/- mouse line was unnecessary, but it was performed at least four times 

within a year as verification and quality control. In the agarose gel, a signal at 685 bp indicates 

a homozygous global knockout of CD40.  

 

Table 15: PCR reaction mix and program for AdipoqCre mice. 

PCR reaction mix [µl] 

GoTaq Green Master mix 2x 12.5 

Primer AdipoqCre fw 1.5 

Primer AdipoqCre rv 1.5 

Primer Noxa fw 1.5 

Primer Noxa rv 1.5 

DEPC treated water 4.5 

Genomic DNA 2 

 25 

 

 

 

 

 

 

PCR program 

95°C 3 min 1x 

95°C 15 s 

35x 60°C 15 s 

72°C 15 s 

72°C 7 min 1x 

4°C ∞  

 

PCR program 

95°C 2 min 1x 

95°C 30 s 

35x 60°C 30 s 

72°C 1 min 

72°C 5 min 1x 

4°C ∞  
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Table 16: PCR reaction mix and program for CD40fl/fl mice. 

PCR reaction mix CD40fl/fl [µl] 

GoTaq Green Master mix 2x 12.5 

Primer CD40fl/wt fw 1.5 

Primer CD40fl/wt rv 1.5 

Primer CD40fl/fl fw 1.5 

DEPC treated water 6 

Genomic DNA 2 

 25 

 

Genotyping of the AdiCD40-/- mice was mandatory. A breeding scheme was applied in which 

Cre wildtype (WT) animals were crossed with Cre heterozygous (Het) animals to obtain both 

genotypes. Indeed, Cre WT mice were used as control animals and Cre Het animals as tissue-

specific CD40 knockout mice. In an agarose gel, a Cre Het animal showed signals at 220 bp 

and 190 bp, whereas a signal at only 190 bp was observed for Cre WT mice. CD40fl/fl 

genotyping was performed as a verification and quality control. For CD40fl/fl mice, a signal at 

380 bp was observed.  

 

4.4.3. Agarose gel electrophoresis 

The PCR products were analyzed using agarose gel electrophoresis. Therefore, 2.5 g of 

agarose was diluted in 100 ml 1x TAE buffer and heated in the microwave. Before pouring the 

gel into a horizontal chamber, 5 µl Midori green was added to the hand-warm solution and 

gently mixed. 10 µl of the samples, controls, and a 100 bp ladder were pipetted into the gel 

pockets. The gel ran in 1x TAE buffer for 90 min at 62 V. Midori green is a DNA intercalating 

agent that could be visualized via UV light. 

 

4.4.4. RNA Sequencing 

RNA sequencing (RNA-Seq) was performed to analyze total mRNA expression in CHD 

patients' bypass material and examine altered gene expression levels due to the influence of 

different co-morbidities. The RNA was isolated in our lab and sent for RNA-Seq to Novogene 

Bioinformatics Technology Co., Ltd., in Cambridge (274-276). 

 

According to the manufacturer's instructions, aortic mRNA was isolated using the RNeasy Mini 

kit (Qiagen, Germany). Novogene performed RNA quality control, mRNA library preparation 

(poly A enrichment), NovaSeq PE150 sequencing (9 G raw data per sample), and data quality 

control. CLC genomic workbench (22.0.2) and IPA were used for data analysis (Qiagen, 

Germany). The data (fastq.gz) were imported in the CLC data (.clc) format, and the reads were 

PCR program 

95°C 2 min 1x 

95°C 30 s 

35x 60°C 30 s 

72°C 1 min 

72°C 5 min 1x 

4°C ∞  
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trimmed as recommended by the manufacturer (quality score: 0.05, maximum number of 

ambiguities: 2). The trimmed data were mapped to the human (Homo_sapiens_hg38-2022-11-

25-22-33, ENSEMBL) using the following parameters (Mismatch cost: 3; Insertion cost: 3; 

Deletion cost: 3; Length fraction: 0.9; Similarity fraction: 0.9; Maximum number of hits for a 

read: 10). Calculation of the fold enhancement of the mRNA expression was performed with 

the rpkm data. Followed by upload to the IPA server to analyze relevant changes in signal 

pathways (upload p <0.05, analysis p <0.05). The CLC genomic workbench created volcano 

plots (Figure 47). Meanwhile, the canonical pathway analysis results were produced using IPA 

(Figure 48-52). RNA isolations were performed in co-operation with PhD Marin Kuntic, and 

Novogene performed the RNA-Seq. Data analysis was performed in collaboration with Prof. 

Dr. Hartmut Kleinert (Pharmacology Department, University Medical Center Mainz). 

 

4.5.  Protein biochemical methods  

4.5.1. Purification of protein from murine tissue 

Protein isolations were performed from frozen tissue or organs stored at -80°C. The frozen 

tissue/organ pieces were transferred into a precooled 2 ml microcentrifuge tube in liquid 

nitrogen containing one stainless steel bead (5 mm diameter) and were incubated for 15 min. 

The tubes were placed into the Tissue Lyser LT adapter and incubated at room temperature 

for 2 min to avoid freezing of the buffer. Afterward, the homogenization buffer was added to 

100-400 µl depending on the sample size. The adapters were attached to the tissue lyser, and 

the samples were disrupted at 50 Hz for 5 min, followed by 1 h incubation on ice and two 

centrifugation steps at 8000 g and 10000 g each for 10 min at 4°C. The protein-containing 

supernatant was taken after each centrifugation step and transferred to a fresh 1.5 ml 

microcentrifuge tube. The protein was stored after purification at -20°C, and the protein content 

was determined using Bradford assay. 

 

4.5.2. Protein quantification by Bradford assay  

The Bradford assay is used as a photometric method for quantitatively determining proteins. 

When the Coomassie brilliant blue-containing dye is added to the sample, the proteins form 

complexes with it, which leads to a shift of the absorption maximum from 465 nm to 595 nm. 

Changes in absorption depend on the amount of protein in the sample (277). Standard curve 

samples with concentrations of 0, 1, 5, 10, 20, 30, and 50 µg/ml bovine albumin serum in 

ddH2O were prepared. The samples were diluted in ddH2O (kidney and heart 1:800, plasma 

1:2000), and respectively of each sample, 80 µl were pipetted in a 96-well plate as 

quadruplicates. In the end, 200 µl Roti®Quant solution was added to the samples, and the 

absorption was immediately measured in an MRX-II plate reader at 595 nm. Protein 

concentrations were calculated with Revelation 4.25. 
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4.5.3. Protein separation by SDS polyacrylamide gel electrophoresis  

One-dimensional SDS polyacrylamide gel electrophoresis allows the separation of proteins 

regarding the molecular weight in an electric field. In preparation, the protein samples were 

diluted in Laemmli buffer containing SDS, which covers the intrinsic charge of the proteins and 

ensures a constant negative charge distribution. In addition, the buffer comprises β-

mercaptoethanol to split disulfide bridges by reduction. The secondary and tertiary protein 

structures were destroyed by heating the samples at 95°C. This sample treatment leads to a 

denaturation of the proteins and a uniform charge. Consequently, the separation on the gel is 

independent of charge and only proportional to their molecular weight (278, 279). Figure 29 

shows the protein denaturation and SDS gel electrophoresis setup. 

 

 

Figure 29: Protein separation by SDS polyacrylamide gel electrophoresis. Heat and SDS treatment lead to 

protein denaturation and uniformly negative protein charge. The proteins are separated according to their molecular 
size via SDS polyacrylamide gel electrophoreses. Created with BioRender.com. 

 

The SDS gels were prepared in a vertical gel electrophoresis chamber. At first, a 10 % resolving 

gel was poured into the chamber. After complete polymerization, the 4 % stacking gel pouring 

followed. The composition of running and stacking gels is shown in Table 17. A comb was 

inserted into the liquid stacking gel. The samples were adjusted to a uniform protein amount 

(15-30 µg), mixed with Laemmli buffer, and heated at 95°C for 10 min. The gel was inserted in 

a holder, and the electrophoresis chamber was filled with a running buffer. The chamber was 

placed in an ice-filled box. After pre-running at 30 V for 10 min, samples and protein markers 

were loaded into the pockets of the SDS-PAGE. Electrophoresis was performed at first for 15 

min at 60 V and afterward at 120 V, and it was stopped after an effective separation of the 

proteins was observed. 

 

 

 

 

 

 

 



Methods 

 77 

Table 17: Composition of running and stacking gels used for SDS gel electrophoresis. 

 10 % Resolving gel 4 % Stacking gel 

ddH2O 4.8 ml 3.2 ml 

40 % Acrylamide/bis (29:1) 2.5 ml 0.5 ml 

1.5 M Tris-HCl, pH 8.8 2.5 ml - 

0.5 M Tris-HCl, pH 6.8 - 1.2 ml 

10 % SDS 100 µl 50 µl 

10 % APS 100 µl 50 µl 

TEMED 10 µl 5 µl 

 

4.5.4. Immunological detection of proteins by Western blotting 

Western blotting is called the electrophoretic transfer of proteins from a polyacrylamide gel 

onto a nitrocellulose membrane. The pattern of electrophoretic separation is preserved, and 

the proteins adhere to the membrane surface due to hydrophobic interactions (280). In 

preparation, the Western blot cassette was placed in an ice-cold blotting buffer (-20°C), sucked 

fiber pads, and a Whatman filter paper was put on top. The gel was removed from the chamber, 

washed with ddH2O, and laid on the filter paper. Further, the nitrocellulose membrane (0.45 

mm) was carefully placed on top of the gel, and the assembly ended with adding another filter 

paper and a fiber pad. The cassette was closed and put in a blotting tank filled with ice-cold 

blotting buffer. The cassette must be aligned correctly between the anode and cathode to 

transfer the negatively charged proteins to the membrane. The assembly of the Western blot 

cassette is also shown in Figure 30. The blotting tank was placed with a cooling pack in the 

fridge, and the protein transfer took place overnight at 90 mA. 

 

 

Figure 30: Assembly of the Western blot cassette. Created with BioRender.com. 

 

The next day, the blotting efficiency was verified with Ponceau S staining, which was used as 

total protein staining. The dye can easily be washed off with the respective washing buffers 

(PBS-T or TBS-T) and does not interfere with the following immunological detection (281). 

Unspecific antibody binding is reduced by blocking the membranes in respective blocking 

solutions for 1 h at room temperature. The membranes were incubated overnight at 4°C under 
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gentle movement with the diluted primary antibodies. The following day, the membranes were 

washed three times for 10 min at room temperature under gentle shaking. As secondary 

antibodies, horseradish peroxidase (HRP) conjugated antibodies were used, and the 

membranes were incubated for 2 h with them at room temperature. Afterward, they were 

washed again three times for 10 min in washing solutions. HRP-conjugated protein complexes 

are visualized by chemiluminescence, which can be detected because HRP catalyzes the 

conversion of luminol into its oxidized form. The membranes were incubated for 1 min 

(PierceTMECL Western Blotting Substrate) or 3 min (SuperSignalTMWest) in a 1:1 mixture of 

luminol/hydrogen peroxide. Chemiluminescence signals were recorded with a digital imaging 

system (ChemiLux Imager, Intas). Densitometric quantification of the protein bands was 

conducted using the Gel-Pro Analyzer 6.0 software, and the protein expression was 

normalized against a housekeeping protein (ß-actin).  

 

4.5.5. Immunological detection of proteins by Dot Blot 

Dot blotting was used to analyze antigen content from tissue samples without previous 

separation by gel electrophoresis. In preparation, proteins were purified as described in 4.5.1 

and diluted to 30 µg/well in PBS containing 0.1 % SDS. The Minifold I vacuum dot blot system 

was assembled with a prewetted Whatman filter and a prewetted Nitrocellulose membrane. 

Under constant vacuum, the 96 wells of the top frame were washed twice with 200 µl PBS. 

Afterward, the samples were loaded, and the wells were washed again twice with 200 µl PBS. 

The vacuum was removed, and the membrane was dried for 1 h at 60°C to fix the proteins in 

the membrane. Ponceau S staining was performed. The immunological detection and antibody 

incubation were performed as described above in 4.5.4.. The quantification was executed with 

the Gel-Pro Analyzer Software, and the protein expression was normalized to its total protein 

count (Ponceau S staining).  

 

4.5.6. Targeted Olink proteomics analysis 

Targeted Olink proteomics analysis was performed to analyze the role of co-morbidities in the 

severity of CHD in patients’ plasma samples. The Olink T96 IMMUNO-ONCOLOGY panel was 

utilized to measure 92 CVD-related human protein biomarkers using the Proximity Extension 

Assay (PEA) technology (Olink Biosciences, Sweden) (276, 282-284). 

 

Once-thawed EDTA-blood plasma was used for analysis. After antibody binding and unspecific 

preamplification, a quantification by qPCR followed, resulting in a Ct-value for each protein 

(Fluidigm Real-Time PCR Analysis Software, Version 4.3.1, USA). Ct-values were converted 

into normalized protein expression (NPX) units using the Olink® NPX Manager software 

(Version 1.1.4.0, Sweden). NPX units represent relative quantifications of protein 
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concentrations on a log2-scale. Olink measurement and generation of processed raw data was 

performed in collaboration with Prof. Dr. Imo Hoefer (Central Diagnostic Laboratory, UMC 

Utrecht, Utrecht, The Netherlands). The Perseus software suite was used to group the samples 

and to perform differential expression analysis. Student t-test with a cut-off of p<0.05 was 

applied, and differentially expressed proteins in at least one group were kept for analysis. To 

visualize expression changes across the groups, the mean value was determined, Z-

normalized, and proteins were clustered using Euclidean distance. Network analysis and data 

representation were performed using Cytoscape, and differentially expressed proteins were 

mapped onto a network generated by String. Edges represent interactions based on genetic, 

experimental, biochemical, and text-mining data using a threshold of >0.4. The bioinformatical 

analysis were performed in co-operation with Dr. Roopesh Krishankutty and Dr. Alex von 

Kriegsheim (Institute of Genetics and Cancer, University of Edinburgh, UK). 

 

4.6. Statistics 

Data are represented as mean values (Ø) ± standard derivation (SD). The statistical analysis 

was performed using Graph Pad Prism Software (9.5.0). If not previously mentioned, the 

Shapiro-Wilk test was used as a normality test. If the normality test failed, the Kruskal-Wallis 

test with Dunn’s multiple comparison test was performed. If the normality test passed, one-

way ANOVA with Tukey´s multiple comparison test or a two-way ANOVA with Dunnett´s 

multiple comparison test, depending on the group design, were performed. Outliers were 

identified and removed with the ROUT (1 %) method. P-values <0.05 were considered 

statistically significant and labeled as *p≤0.05, **p≤0.01, ***p≤0.001, and ****p≤0.0001. The 

patient’s characteristics were analyzed using SPSS Statistic software provided by Dr. Omar 

Hahad (Laboratory of Molecular Cardiology, University Medical Center Mainz). A cross-

tabulation analysis and a person’s chi-squared test were performed for categorical variables. 

In the case of continuous variables, a descriptive statistic, a test of normal distribution, and an 

ANOVA were performed. 
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5. Results 

This study was performed to better understand the CD40L-CD40 cascade as a 

pharmacological target to prevent and modulate chronic vascular inflammation. The focus here 

is set on modifiable metabolic risk factors of CVD, like hypertension or diabetes mellitus, in 

different mouse models. Further, aortic tissue and plasma from CVD patients were analyzed 

to determine the role of CD40L-CD40 signaling and inflammation. We want to highlight the 

importance of CD40L-CD40 signaling in pathological inflammatory processes and that targeted 

therapy could be a promising treatment strategy. Some of the results presented here have 

already been published (276). 

 

5.1. The role of global CD40 knockout in a hypertensive mouse model 

5.1.1. CD40 deficiency does not significantly improve the hypertensive phenotype in 

mice 

If CD40 deficiency has beneficial effects on vascular function and oxidative stress in a mouse 

model of arterial hypertension is examined first. WT (C57BL/6J) and global CD40-/- (CD40 KO, 

B6.129P2-Cd40tm1Kik/J) mice were treated with AT-II (1 mg/kg/d) for seven days. No significant 

differences in body weight were observed between the groups after seven days of treatment 

(WT Ø 26 g, WT+AT-II Ø 27 g, CD40-/- Ø 26 g, and CD40-/-+AT-II Ø 26 g) (Figure 31 A). 

Whereas, compared to WT animals (Ø 111 mg), the heart weight was significantly increased 

in both AT-II treated groups (WT+AT-II Ø 139 mg and CD40-/-+AT-II 127 mg). Interestingly, the 

AT-II-induced heart weight gain in CD40-/- mice was lower than in WT mice (Ø 9 mg vs. Ø 28 

mg) (Figure 31 B). This trend was also reflected in the calculation of the heart-to-body weight 

ratio (Figure 31 C)  

 

 

Figure 31: Global CD40-/- does not prevent cardiac hypertrophy development in hypertensive mice. WT 

(C57BL6/J) and CD40-/- (B6.129P2-Cd40tm1Kik/J) mice were treated with AT-II (1 mg/kg/d) via osmotic minipumps 
for seven days to induce arterial hypertension. After seven days of treatment, the body (A) and heart weight (B) 
were measured to calculate the heart-to-body weight ratio (C). Data are presented as mean values ±SD of n=15-
26 (A-C) animals per group. *p≤0.05, **p≤0.01, ***p≤0.001, and ****p≤0.0001. One-way ANOVA with Tukey´s 
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multiple comparison test was performed. Icons were created with BioRender.com. Abbreviations: WT=C57BL6/J 

mice, CD40-/-=B6.129P2-Cd40tm1Kik/J, AT-II=angiotensin-II.  

 

Systolic blood pressure was measured by noninvasive tail-cuff measurement. AT-II treatment 

significantly increased the systolic blood pressure in WT (WT Ø 133 mmHg and WT+AT-II Ø 

162 mmHg) and CD40-/- mice (CD40-/- Ø 131 mmHg and CD40-/-+AT-II Ø 148 mmHg). Overall, 

in WT animals, AT-II treatment caused a higher systolic blood pressure increase than in CD40-

/- mice (29 mmHg vs. 17 mmHg) (Figure 32 A). In addition, the relaxation of aortic rings in 

response to different ACh concentrations was recorded to analyze the endothelial function in 

isometric tension studies. At the time point of maximal relaxation, both hypertensive groups 

demonstrate an impaired endothelial function with Ø 57 % (WT+AT-II) and Ø 59 % (CD40-/-

+AT-II) compared to the respective control group (Ø 83 % WT and Ø 74 % CD40-/-).  This data 

indicates that the endothelial function in CD40-/- animals did not deteriorate as much as in the 

WT animals by AT-II treatment, considering that the CD40-/- mice already showed a worse 

endothelial function than WT mice (Figure 32 B). A similar trend was observed for the smooth 

muscle cell function measured in small aortic rings by relaxation in response to different NTG 

concentrations. At the time point of maximal smooth muscle cell function, a maximal relaxation 

of Ø 87 % WT, Ø 82 % WT+AT-II, Ø 88 % CD40-/-, and Ø 84 % CD40-/-+AT-II were measured. 

Compared to WT animals, smooth muscle cell function of both hypertensive groups was 

significantly impaired (Figure 32 C). Concerning this data, only systolic blood pressure is 

statistically improved by the absence of CD40. 

 

 

Figure 32: Absence of CD40 only slightly reduces systolic blood pressure but does not improve vascular 
function in hypertensive mice. WT (C57BL6/J) and CD40-/- (B6.129P2-Cd40tm1Kik/J) mice were treated with AT-II 

(1 mg/kg/d) via osmotic minipumps for seven days to induce arterial hypertension. (A) Systolic blood pressure was 
measured via the noninvasive tail-cuff method. Aortic segments were used to measure endothelial (B) and smooth 
muscle cell function (C) in isometric tension studies. Data are presented as mean values ±SD of n=13-26 (A) and 
n=6-18 animals per group. *p≤0.05, **p≤0.01, ***p≤0.001, and ****p≤0.0001. One-way ANOVA with Tukey´s multiple 
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comparison test was performed. Icons were created with BioRender.com. Abbreviations: WT=C57BL6/J mice, 

CD40-/-=B6.129P2-Cd40tm1Kik/J, AT-II=angiotensin-II, ACh=acetylcholine, NTG=nitroglycerine. 

 

5.1.2. CD40 deficiency does not significantly diminish oxidative stress in the blood 

and aortic tissue of hypertensive mice 

Oxidative stress formation in cryosections of aortic and cardiac tissue was analyzed with DHE 

stainings. The overall ROS production was increased in AT-II-treated animals (Ø 148 % 

WT+AT-II and Ø 180 % CD40-/-+AT-II) compared to the control groups (Ø 100 % WT and Ø 

121 % CD40-/-) in aortic tissue. No genotypic improvement in aortic oxidative stress generation 

in hypertensive CD40-/- animals was observed (Figure 33 A). Whereas, in cardiac tissue, a 

significant improvement in ROS formation was shown in hypertensive CD40-/- mice (Ø 80% 

CD40-/- vs. Ø 116 % CD40-/-+AT-II) compared to the control group (Ø 100 % WT vs. 175 % 

WT+AT-II) (Figure 33 B). In addition, representative pictures of the staining are shown below 

the bar graphs in Figure 33. The fluorescence of aortic and cardiac ROS is reflected in red, 

and the autofluorescence of aortic laminae is represented in green. In addition, whole-blood 

oxidative burst measurements were performed to analyze the mostly leukocyte-dependent 

H2O2 formation. The oxidative burst was detected by chemiluminescence resulting from L-012 

oxidation in either PDBu (Figure 33 C) or zymosan A (Figure 33 D) stimulated samples. No 

significant increase of oxidative burst in the PDBu-stimulated blood samples was observed 

after AT-II treatment, despite a noticeable trend of increased ROS formation in WT mice (Ø 

357 counts/s WT, Ø 595 counts/s WT+AT-II, Ø 357 counts/s CD40-/-, and Ø 465 counts/s CD40-

/-+AT-II). Also, no significant improvement was observed by CD40 deficiency. In zymosan A 

stimulated AT-II treated WT animals (Ø 1602 counts/s), the oxidative burst was significantly 

elevated compared to both control groups (Ø 657 counts/s WT and Ø 520 counts/s CD40-/-). 

In CD40-/-+AT-II mice (Ø 1171 counts/s), the oxidative burst increased by trend compared to 

the untreated groups. These data showed that CD40 deficiency largely did not improve 

oxidative stress in different tissues to the expected amount. 
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Figure 33: Absence of CD40 largely does not improve oxidative stress in different tissues of hypertensive 
mice. WT (C57BL6/J) and CD40-/- (B6.129P2-Cd40tm1Kik/J) mice were treated with AT-II (1 mg/kg/d) via osmotic 

minipumps for seven days to induce arterial hypertension. DHE stainings in cryosections of aortic (A) and cardiac 
tissue (B) were performed to analyze the overall ROS production. Representative pictures of aortic stainings are 
shown below the bar graphs. The green color reflects the autofluorescence of aortic laminae, whereas the red color 
reflects the fluorescence from ROS. The chemiluminescence of L-012 oxidation was utilized to analyze the mainly 
leukocyte-dependent H2O2 production in whole blood samples. Previously, the blood was stimulated with PDBu for 
10 min (C) or with zymosan A for 55 min (D). Data are presented as mean values ±SD of n=3-8 (A+B) and n= 5-11 
(C+D) animals per group. *p≤0.05, **p≤0.01, ***p≤0.001, and ****p≤0.0001. One-way ANOVA with Tukey´s multiple 
comparison test was performed. Icons were created with BioRender.com. Abbreviations: WT= C57BL6/J mice, 
CD40KO=B6.129P2-Cd40tm1Kik/J mice, AT-II=Angiotensin-II, DHE=dihydroethidium, PDBu=phorbol 12,13-
dibutyrate, ECL=electrochemiluminescence, A=adventitia, M=media, E=endothelium. 

 

5.2. The role of adipocyte-specific CD40 knockout in a hypertensive mouse 

model 

5.2.1. Adipocyte-specific CD40 knockout does not lead to a vasoprotective phenotype 

in hypertensive mice 

It is important to understand further the function and the contribution of different cell types in 

CD40L-CD40-mediated inflammatory signaling. Among vascular and immune cells, CD40 is 

expressed from adipocytes, which play an important role in the modulation of immune cell 

responses, especially in the progression of cardiovascular and metabolic diseases. The role 

of adipocytes in low-grade inflammation was studied here with an adipocyte-specific CD40 

knockout (AdiCD40-/-, AdipoqCre x CD40fl/fl) mouse model, which was generated and provided 

by a partner lab for this study (see 4.2.1). AdiCD40-/- and respective control (Ctr) mice were 

treated for seven days with 1 mg/kg/d AT-II to induce arterial hypertension and vascular 
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inflammation. Thereby, Cre WT animals were used as a control (Ctr). A significant increase 

was observed when the heart-to-body weight ratio of Ctr mice was compared with that of AT-

II-treated mice. Nevertheless, no significant difference was shown in the heart-to-body weight 

ratio of AT-II-treated Ctr and AdiCD40-/- mice. Cardiac hypertrophy was not improved in 

AdiCD40-/- mice (Figure 34 A). In addition, systolic blood pressure was measured after six days 

of treatment via the tail-cuff method. Again, the two control groups (Ø 132 mmHg Ctr and Ø 

135 mmHg AdiCD40-/-) showed no significant difference in systolic blood pressure. In contrast, 

a significant increase in the two AT-II treated groups (Ø 167 mmHg Ctr+AT-II, Ø 158 mmHg 

AdiCD40-/-+AT-II) was observed compared to the control groups. Interestingly, the systolic 

blood pressure was by trend reduced in AdiCD40-/-+AT-II mice compared to Ctr+AT-II mice 

(Figure 34 B). The endothelial and smooth muscle cell function of small aortic rings was 

measured via isometric tension studies. But again, neither in the endothelial-dependent nor in 

the independent relaxation of aortic rings was a significant difference observed between the 

two AT-II-treated groups (WT vs. AdiCD40-/-) (Figure 34 C+D). At the maximal relaxation, 

endothelial function was significantly impaired in the AT-II-treated groups (Ø 65 % Ctr+AT-II 

and Ø 59 % AdiCD40-/-+AT-II) compared to the control animals (Ø 77 % Ctr and Ø 73 % 

AdiCD40-/-). Also, the smooth muscle cell function was partially significantly impaired in the two 

AT-II-treated groups compared to the control mice without any improvement by the cell-specific 

knockout of CD40 (Figure 34 C+D). At the maximal smooth muscle cell relaxation potential, no 

significant differences were observed between the groups (Ø 89 % Ctr, Ø 84 % Ctr+AT-II, Ø 

89 % AdiCD40-/-, and Ø 85 % AdiCD40-/-+AT-II). Cell-specific CD40-/- did not improve the 

endothelial or smooth muscle cell function as hypothesized in the beginning (Figure 34 C+D). 

 

 

Figure 34: Systolic blood pressure and endothelial function are not improved in angiotensin-II (AT-II) treated 
adipocyte-specific CD40 knockout mice. Adipocyte-specific CD40-/- mice (AdiCD40-/-) and respective control 

mice (Ctr) were treated for seven days with AT-II (1 mg/kg/d) via osmotic minipumps. (A) The body and heart weights 
were taken from the mice on day seven, and a ratio was calculated. (B) Systolic blood pressure was determined 
via non-invasive blood pressure measurement at the tail of the mice. (C+D) Endothelial function in response to 
acetylcholine and smooth muscle cell function in response to nitroglycerine were measured by isometric tension 
studies. Data are presented as mean values ±SD of n=5-7 (A), n=8-14, and n=9-14 (C+D) animals per group. 
*p≤0.05, **p≤0.01, ***p≤0.001, and ****p≤0.0001. Icons were created with BioRender.com. Abbreviations: Ctr= 

AdiCD40-/- (Cre WT), AT-II=Angiotensin-II, ACh=Acetylcholine, NTG=nitroglycerine. 
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Oxidative stress in cryosections of different tissues was analyzed via DHE stainings. The 

overall ROS production in PVAT was significantly increased in the Ctr+AT-II group (Ø 164 %) 

compared to the control group (Ø 100 %). No significant differences between the untreated 

tissue-specific CD40-/- mice (Ø 129 %) or AT-II-treated mice (Ø 125 %) were observed. Indeed, 

comparing the two AdiCD40-/- groups, no significant increase by AT-II treatment was observed 

(Figure 35 A). In cardiac tissue, the ROS production was significantly increased in Ctr+AT-II 

mice (Ø 167 %) compared to the control groups (Ø 100 % Ctr and Ø 90 % AdiCD40-/-). 

Interestingly, the ROS production in the adipocyte-specific CD40-/- mice (Ø 118 % AdiCD40-/-

+AT-II) was, by trend, reduced compared to the Ctr+AT-II group (Figure 35 B). Representative 

pictures of cardiac tissue are shown below the bar graphs (Figure 35). In addition, whole-blood 

oxidative burst measurements were performed to analyze the mostly leukocyte-dependent 

H2O2 formation. The oxidative burst was not significant, but by trend increased in Ctr+AT-II 

mice compared to the other groups. The adipocyte-specific CD40 knockout seems beneficial 

and reduces oxidative stress (Figure 35 C). These results must be interpreted cautiously as 

the n number is relatively low, and mostly no significant differences between the groups were 

observed. 

 

 

Figure 35: Oxidative stress seems to be reduced in different tissues of angiotensin-II (AT-II) treated 
adipocyte-specific CD40 knockout mice. Adipocyte-specific CD40-/- mice (AdiCD40-/-) and respective control 

mice (Ctr) were treated for seven days with AT-II (1mg/kg/d) via osmotic minipumps. Cryosections and DHE 
stainings of PVAT (A) and cardiac tissue (B) were performed to analyze the overall ROS production. (C) In addition, 
an oxidative burst of whole blood samples was performed to determine the mostly leukocyte-dependent H2O2 
production. Data are presented as mean values ±SD of n=4 (A+B) and n=2-4 (C) animals per group. *p≤0.05, 
**p≤0.01, ***p≤0.001, and ****p≤0.0001. Icons were created with BioRender.com. Abbreviations: Ctr=AdiCD40-/- 
(Cre WT), AT-II=Angiotensin-II, DHE=dihydroethidium, PVAT=perivascular adipose tissue, PDBu=phorbol 12,13-
dibutyrate, ECL=electrochemiluminescence. 



Results 

 86 

5.3. The role of CD40-TRAF6 inhibition in a hypertensive mouse model 

5.3.1. TRAF6 inhibition improves endothelial function and reduces systolic blood 

pressure in hypertensive mice 

Downstream of CD40, different TRAFs are meditating simultaneously, beneficial and harmful 

signaling. Especially CD40-TRAF6 signaling was identified to be involved in pathological 

signaling. Selective pharmacological inhibition of CD40-TRAF6 interaction potentially provides 

a more targeted treatment strategy than CD40L or CD40 inhibition. This inhibitor (compound 

6877002, Tocris, Wiesbaden) was tested in a hypertensive mouse model. Arterial hypertension 

in WT mice (C57BL/6J) was induced through AT-II treatment (1 mg/kg/d) applied for seven 

days via osmotic minipumps. In addition, in the hypertensive mice, TRAF6 inhibitor (2.5 

mg/kg/d) was applied via a second osmotic pump for seven days. In this intervention group, 

double pump implantation was necessary due to the different solubilities of the substances. 

Untreated WT animals, only AT-II, and only TRAF6i-treated animals served as experimental 

control groups. The systolic blood pressure of the mice was measured on day five of the 

treatment via noninvasive tail-cuff measurement. AT-II-treated animals (WT+AT-II Ø 151 

mmHg) showed a significantly increased systolic blood pressure compared to the untreated 

WT mice (WT Ø 122 mmHg). Interestingly, the TRAF6 inhibitor treatment in hypertensive 

animals (WT+AT-II+TRAF6i Ø 132 mmHg) significantly reduces the systolic blood pressure 

compared to the hypertensive group. Whereas only TRAF6 inhibitor-treated mice also showed 

a slight increase in systolic blood pressure (WT+TRAF6i Ø 134 mmHg), and the difference to 

the WT+AT-II group was only reflected in a trend (p=0.0819) but not significantly (Figure 36 A). 

Isometric tension recordings were performed to analyze the endothelial and smooth muscle 

cell function of the aortic segments. The endothelial function of WT+AT-II mice with a maximal 

relaxation potential of Ø 57 % was significantly impaired compared to the control group with Ø 

83 %. Comparing the maximal relaxation potential of WT+TRAF6i (Ø 69 %) and WT+AT-

II+TRAF6i (Ø 64 %) mice with WT+AT-II mice, these two groups displayed an improved 

endothelial function. Nevertheless, WT+TRAF6i and WT+AT-II+TRAF6i showed, compared to 

the control animals, still an impaired endothelial function (Figure 36 B). All groups showed, on 

average, an impaired smooth muscle cell function compared to the control animals. However, 

as follows, no significant differences were observed at the maximal relaxation potential after 

nitroglycerine treatment: WT Ø 87 %, WT+TRAF6i Ø 84 %, WT+AT-II Ø 82 %, and WT+AT-

II+TRAF6i Ø 81 % (Figure 36 C). 
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Figure 36: CD40-TRAF6 inhibition leads to phenotypic improvement in hypertensive mice. WT animals 

(C57BL6/J) were either treated with TRAF6i (2.5 mg/kg/d), AT-II (1 mg/kg/d), or AT-II and TRAF6i via osmotic 
minipumps for seven days. (A) The systolic blood pressure of the mice was measured by the noninvasive tail-cuff 
method. (B+C) Endothelial function in response to acetylcholine and smooth muscle cell function in response to 
nitroglycerine were measured via isometric tension studies. Data are presented as mean values ±SD of n=10-11 
(A) and n=6-16 (B+C) animals per group. *p≤0.05, **p≤0.01, ***p≤0.001, and ****p≤0.0001. One-way ANOVA with 
Tukey´s multiple comparison test (A) and a two-way ANOVA with Dunnett´s multiple comparison test (B+C) were 
performed. Icons were created with BioRender.com. Abbreviations: WT=C57BL6/J mice, TRAF6i=TRAF6 inhibitor, 
AT-II=angiotensin-II, ACh=Acetylcholine, NTG=nitroglycerine. 

 

5.3.2. TRAF6 inhibition diminishes oxidative stress in hypertensive mice 

The ROS species O2
-• and H2O2 genesis were analyzed in cryosections of aortic, PVAT, 

cardiac, and renal tissue via DHE staining. AT-II treated mice showed a significant increase in 

ROS development in aortic, cardiac, and renal tissue compared to the other groups. Indeed, 

compared to WT mice (Ø 100 %), the ROS signal was increased by Ø 48 % in the aorta, by Ø 

46 % in PVAT, by Ø 75 % in the heart, and by Ø 51 % in the kidney. No significant differences 

were observed from the control group to WT+TRAF6i mice (aorta Ø 105 %, PVAT Ø 120 %, 

heart Ø 76%, and kidney Ø 96 %) and WT+AT-II+TRAF6i (aorta Ø 97 %, PVAT Ø 104 %, heart 

Ø 77 %, and kidney Ø 99 %). This indicates that ROS production was significantly reduced in 

this tissue after TRAF6 inhibitor treatment in hypertensive mice (Figure 37 A, C, D). This is 

also reflected in the representative pictures of stained aortic cryosections below the bar graphs 

in Figure 37. In PVAT, no significant differences could be determined within the groups, but by 

trend, the oxidative stress is also reduced in this tissue by TRAF6 inhibitor treatment in 

hypertensive mice, although the overall pattern/trend was similar compared to the other tissues 

(Figure 37 B). 
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Figure 37: TRAF6 inhibition leads to reduced O2
-• and H2O2 formation in different tissues of hypertensive 

mice. WT animals (C57BL6/J) were either treated with TRAF6i (2.5 mg/kg/d), AT-II (1 mg/kg/d), or AT-II and TRAF6i 

via osmotic minipumps for seven days. The overall ROS production was analyzed in cryosections via DHE staining 
in different tissues: aorta (A), PVAT (B), heart (C), and kidney (D). Representative pictures of aortic stainings are 
shown below the bar graphs. The green color reflects the autofluorescence of aortic laminae, whereas the red color 
reflects the fluorescence from ROS. Data are presented as mean values ±SD of n=4-8 (A-D) animals per group. 
*p≤0.05, **p≤0.01, ***p≤0.001, and ****p≤0.0001. One-way ANOVA with Tukey´s multiple comparison test was 
performed. Icons were created with BioRender.com. Abbreviations: WT=C57BL6/J mice, TRAF6i=TRAF6 inhibitor, 
AT-II=angiotensin-II, DHE=dihydroethidium, PVAT=perivascular adipose tissue, E=endothelium, M=media, 
A=adventitia. 

 

In addition to the DHE staining, whole blood oxidative burst measurements were conducted to 

analyze the leukocyte-dependent H2O2 production mainly mediated by NOX2. The samples 

were stimulated either with PDBu (Figure 38 A) or zymosan A (Figure 38 B), which is detected 

by chemiluminescence resulting from L-012 oxidation. After 10 min incubation with PDBu, no 

significant differences were observed between the groups (WT Ø 357 counts/s, WT+TRAF6i 

Ø 346 counts/s, WT+AT-II Ø 595 counts/s, and Ø 344 counts/s). Meanwhile, the oxidative burst 

slightly increased by a trend in WT+AT-II mice compared to the other groups (Figure 38 A). 

The oxidative burst after 55 min of zymosan A stimulation was significantly increased in 

hypertensive mice (Ø 1602 counts/s) compared to control animals (Ø 657 counts/s). Compared 
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to WT+TRAF6i mice (Ø 986 counts/s) and WT+AT-II+TRAF6i mice (Ø 1166 counts/s), the 

hypertensive mouse group showed by trend an increased oxidative burst (Figure 38 B). Lastly, 

aortic rings were incubated with the chemiluminescent O2
-• sensitive probe lucigenin. 

Significantly increased counts/min/mg were observed in WT+AT-II animals (Ø 5356 

counts/min/mg) compared to WT mice (Ø 3182 counts/min/mg) and WT+AT-II+TRAF6i mice 

(Ø 3165 counts/min/mg). The O2
-• production in WT+TRAF6i (Ø 4249 counts/min/mg) animals 

increased slightly by trend compared to the control group (Figure 38 C). 

 

 

Figure 38: TRAF6 inhibition reduced ROS production in hypertensive mice whole blood and aortic tissue. 

WT animals (C57BL6/J) were either treated with TRAF6i (2.5 mg/kg/d), AT-II (1 mg/kg/d), or AT-II and TRAF6i via 
osmotic minipumps for seven days. The chemiluminescence of L-012 oxidation was utilized to analyze the mainly 
leukocyte-dependent H2O2 production in whole blood samples. Previously, the blood was stimulated with PDBu for 
10 min (A) or with zymosan A for 55 min (B). (C) Aortic O2

-• production was analyzed by using the chemiluminescent 
probe lucigenin. Data are presented as mean values ±SD of n=5-11 (A+B) and n=3 (C) animals per group. *p≤0.05 
and **p≤0.01. One-way ANOVA with Tukey´s multiple comparison test was performed. Icons were created with 
BioRender.com. Abbreviations: ROS=reactive oxygen species, WT=C57BL6/J mice, TRAF6i=TRAF6 inhibitor, AT-
II=angiotensin-II, PDBu=phorbol 12,13-dibutyrate, ECL=electrochemiluminescence. 

 

Different methods were taken together to analyze the overall ROS production in the organs of 

hypertensive animals. Interestingly, TRAF6 inhibition leads in hypertensive aortic, cardiac, and 

renal tissue to a significantly reduced O2
-• as well as ROS generation, which indicates that 

TRAF6 inhibition can reduce oxidative stress in these mice. 

 

5.3.3. TRAF6 inhibition minimizes vascular immune cell infiltration in hypertensive 

mice 

Vascular immune cell content and infiltration were determined via flow cytometric 

measurements to assess the impact of TRAF6 inhibition on vascular inflammation in 

hypertensive mice. The vascular inflammation of AT-II-treated animals was reflected through 

high leukocyte (CD45+), myeloid (CD11b+), neutrophil (Ly6G+/Ly6c+), and inflammatory 

monocyte (Ly6C high) cell count. TRAF6 inhibition reduces the leukocyte count by trend 
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(p=0.0504) in hypertensive mice compared to the WT+AT-II group (WT Ø 3425 cells/cm vs. 

WT+TRAF6i Ø 3269 cells/cm vs. WT+AT-II Ø 13491 cells/cm vs. WT+AT-II+TRAF6i Ø 5940 

cells/cm, Figure 39 A). A similar trend (p=0.0534 and p=0.0836) is observed for myeloid cells 

(WT Ø 2688 cells/cm vs. WT+TRAF6i Ø 2886 cells/cm vs. WT+AT-II Ø 12352 cells/cm vs. 

WT+AT-II+TRAF6i Ø 5391 cells/cm, Figure 39 B) and inflammatory monocytes (WT Ø 67 

cells/cm vs. WT+TRAF6i Ø 58 cells/cm vs. WT+AT-II Ø 1099 cells/cm vs. WT+AT-II+TRAF6i 

Ø 163 cells/cm, Figure 39 C). In addition, neutrophil occurrence was significantly decreased in 

the WT+AT-II+TRAF6i group compared to WT+AT-II mice (WT Ø 3 cells/cm vs. WT+TRAF6i 

Ø 4 cells/cm vs. WT+AT-II Ø 73 cells/cm vs. WT+AT-II+TRAF6i Ø 4 cells/cm, Figure 39 D). 

Representative flow cytometry plots are shown below the bar graphs, and the area of interest 

is marked with a red box. These results indicate that TRAF6 inhibition has vasoprotective 

properties and reduces vascular immune cell infiltration in hypertensive mice.  
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Figure 39: TRAF6 inhibition reduces vascular immune cell infiltration in hypertensive animals. WT animals 

(C57BL6/J) were either treated with TRAF6i (2.5 mg/kg/d), AT-II (1 mg/kg/d), or AT-II and TRAF6i via osmotic 
minipumps for seven days. Flow cytometric analysis with different fluorophore-tagged antibodies was performed to 
analyze the immune cell content in aortic tissue lysates. To distinguish between different immune cell subtypes, the 
following antibodies were used: (A) anti-CD45 (leukocytes), (B) anti-CD11b (myeloid cells), (C+D) anti-Ly6G and 
anti-Ly6C (inflammatory monocytes and neutrophils). Representative counter blots are shown below the bar graphs, 
and the interested area is marked with a red box. Data are presented as mean values ±SD of n=5-6 (A-D) animals 
per group. *p≤0.05 and **p≤0.01. One-way ANOVA with Tukey´s multiple comparison test was performed. Icons are 
created with BioRender.com. Abbreviations: WT=C57BL6/J mice, TRAF6i=TRAF6 inhibitor, AT-II=angiotensin-II. 
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5.3.4. TRAF6 inhibition does not reduce left ventricular hypertrophy in hypertensive 

mice 

The consequences of arterial hypertension in the cardiovascular system are further analyzed 

by left ventricular function measurements using transthoracic small animal echocardiography. 

The left ventricular ejection fraction (LV-EF) indicates how effectively a heart pumps into the 

systemic circulation. The LV-EF was significantly increased in WT+AT-II mice (Ø 69 %) 

compared to WT and WT+TRAF6i animals (Ø 60 % and Ø 57 %). WT+AT-II+TRAF6 mice 

showed a EF of Ø 61 %, which did not significantly differ from the other treatment groups, 

although showing a minor trend of reduced ejection fraction (Figure 40 A). LV mass is a 

parameter reflecting the weight of the LV. Interestingly, LV mass is not significantly but slightly 

increased in WT+AT-II (Ø 111 mg) and WT+AT-II+TRAF6i (Ø 117 mg) animals compared to 

WT (Ø 97 mg) and WT+TRAF6i (Ø 97 mg) mice (Figure 40 B). The LV posterior wall (LVPW) 

is significantly thicker in the AT-II-treated animals than in the control groups, and TRAF6 

inhibitor treatment did not improve the wall thickening in hypertensive mice (WT Ø 1.128 mm, 

WT+TRAF6i Ø 1.076 mm, WT+AT-II Ø 1.452 mm, and WT+AT-II+TRAF6i Ø 1.491 mm) (Figure 

40 C). 

 

 

Figure 40: TRAF6 inhibition does not improve left ventricular function in hypertensive mice. WT animals 

(C57BL6/J) were either treated with TRAF6i (2.5 mg/kg/d), AT-II (1 mg/kg/d), or AT-II and TRAF6i via osmotic 
minipumps for seven days. Transthoracic echocardiography for small animals was utilized to determine left 
ventricular (LV) function. The following parameters were calculated with the Vevo Lab 3100 software: (A) LV-EF, (B) 
LV mass, and (C) LV PW (systolic). Representative M-Mode pictures are shown below the bar graphs. Data are 
presented as mean values ±SD of n=12-16 (A-C) animals per group. *p≤0.05, **p≤0.01, ***p≤0.001, and 
****p≤0.0001. One-way ANOVA with Tukey´s multiple comparison test was performed. Icons are created with 
BioRender.com. Abbreviations: WT=C57BL6/J mice, TRAF6i=TRAF6 inhibitor, AT-II=angiotensin-II, LV=left 
ventricle, EF=ejection fraction, PLAX=parasternal long axis view, M-mode=motion mode, PW=posterior wall, 
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sys=systole, IVS=intraventricular septum, LVID=left ventricular internal diameter, LVPW=left ventricular posterior 

wall. 

 

The echocardiography results are further supported by measuring body weight, heart weight, 

and the ratio of heart to body weight. The body weight of the mice does not differ significantly 

between the groups (WT Ø 26.13 g vs. WT+TRAF6i Ø 27.18 g vs. WT+AT-II Ø 26.04 g vs. 

WT+AT-II+TRAF6i Ø 27.47 g, Figure 41 A). In contrast, the hearts of AT-II treated mice 

independent of TRAF6 inhibitor treatment gained significantly more weight than the control 

group (WT Ø 111 mg vs. WT+TRAF6i Ø 117 mg vs. WT+AT-II Ø 129 mg vs. WT+AT-II+TRAF6i 

Ø 132 mg, Figure 41 B). Consequently, the heart-to-body weight ratio in WT+AT-II and WT+AT-

II+TRAF6i mice is significantly increased compared to WT and WT+TRAF6 animals, and the 

TRAF6 inhibition does not improve cardiac hypertrophy (Figure 41 C). 

 

 

Figure 41: Cardiac hypertrophy is not improved by TRAF6 inhibitor treatment in hypertensive mice. WT 

animals (C57BL6/J) were either treated with TRAF6i (2.5 mg/kg/d), AT-II (1 mg/kg/d), or AT-II and TRAF6i via 
osmotic minipumps for seven days. At the end of the treatment, the body (A) and heart weight (B) of the mice were 
measured to calculate a heart-to-body weight ratio (C). Data are presented as mean values ±SD of n=15-26 (A-C) 
animals per group. *p≤0.05, **p≤0.01, ***p≤0.001, and ****p≤0.0001. One-way ANOVA with Tukey´s multiple 
comparison test was performed. Icons are created with BioRender.com. Abbreviations: WT=C57BL6/J mice, 
TRAF6i=TRAF6 inhibitor, AT-II=angiotensin-II. 

 

5.4. TRAF6 inhibition in diabetic mice  

5.4.1. TRAF6 inhibition reduces protein expression of different inflammatory, 

oxidative stress, and apoptotic markers in diabetic mice 

Db/db mice were used as a model for type 2 diabetes and obesity. They were treated for 14 

days with 2.5 mg/kg/d TRAF6 inhibitor via osmotic minipumps. TRAF6 inhibition in diabetic 

mice has already been shown to attenuate the inflammatory phenotype (217). In addition to 
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this study, the following focus is on changes in protein expression levels in cardiac and renal 

tissue by Western or Dot blot. Cardiac protein expression of different inflammatory, apoptotic, 

and oxidative stress markers was significantly increased in db/db mice compared to the control 

mice. After TRAF6 inhibition, the cardiac protein expression of NOX2, eNOS, p47phox, CD40L, 

and RAGE significantly decreased (Figure 42 A-D, G). The protein expression of the 

inflammatory and apoptotic markers like thrombospondin-1 (Tsp1), proteinase-activated 

receptor 1 (Par1), VCAM-1, and caspase3 was not significantly decreased in TRAF6 inhibitor-

treated db/db mice compared to untreated db/db mice (Figure 42 E, F, H, I). For VCAM-1 

expression, a reduced protein expression by trend (p=0.0612) was observed in TRAF6 

inhibitor-treated db/db mice (Figure 42 H). TRAF6 inhibitor treatment in control animals did not 

significantly affect the protein expression of the utilized markers.  
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Figure 42: In hearts of diabetic (db/db) mice, TRAF6 inhibition causes decreased protein expression of 
different inflammatory, apoptotic, and oxidative stress markers. WT and db/db mice were treated for 14 days 

with a TRAF6 inhibitor (2.5 mg/kg/d) via osmotic minipumps. Then, cardiac tissue was immunoblotted.  The following 
markers for inflammation, apoptosis, and oxidative stress were used for the protein expression analyses: NOX2 
(A), eNOS (B), p47phox (C), CD40L (D), TSP1 (E), PAR-1 (F), RAGE (G), VCAM-1 (H), and caspase3 (I). The original 
representative blots are shown below the densiometric quantification. Data are mean ±SD of n=6 (A, B, C), n=9 
(D), n=6 (E, F), n=10 (G), n=3 (H), and n=9 (I) animals per group. * p≤0.05, ** p≤0.01, *** p≤0.001, and **** p≤0.0001. 
One-way ANOVA with Tukey´s multiple comparison test was performed. Icons are created with BioRender.com. 
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Data are already published (276). WT=wild type (BKS.CgTemoin mice), TRAF6i=tumor necrosis factor receptor-
associated factor 6 inhibitor, TSP1=throbospondin-1, eNOS=endothelial nitric oxide synthase, p47phox 
NCF1=neutrophil cytosol factor 1, NOX2=NADPH oxidase 2, PAR-1=protease activated receptor 1, RAGE=receptor 
for advanced glycation endproducts, VCAM-1=vascular cell adhesion molecule 1. 

 

Further, renal protein expression of eNOS, myristoylated alanine-rich C kinase substrate 

(pMARCKS), heme oxygenase-1 (HO-1), and endothelin-1 (ET-1) was significantly decreased 

in TRAF6 inhibitor-treated db/db mice compared to untreated db/db mice (Figure 43 A-D). No 

significant decrease was observed in the expression of oxidative stress markers like 3NT and 

4-hydroxynonenal (4HNE) in the serum and kidney of TRAF6 inhibitor-treated db/db mice 

(Figure 43 E-G). Representative Western blot pictures are shown below the respective graphs 

(Figure 43 A-D), whereas all representative Dot blot pictures are shown in Figure 43 H. 

 

Figure 43: TRAF6 inhibition in db/db mice decreases protein expression of different inflammatory and 
oxidative stress markers in the kidney and plasma. WT and db/db mice were treated for 14 days with a TRAF6 

inhibitor (2.5 mg/kg/d) via osmotic minipumps. Then, renal tissue and plasma were immunoblotted. The following 
markers for inflammation and oxidative stress were used for the protein expression analyses: eNOS (A), pMARCKS 
(B), HO-1 (C), ET1 (D), 3NT (E), 4HNE (F), and 3NT (G). The original representative blots are shown below the 
densiometric quantification and in (H). Data are mean ±SD of n=15-18 (A-D) and n=4-6 (E-G) animals per group. * 
p≤0.05, ** p≤0.01, *** p≤0.001, and **** p≤0.0001. One-way ANOVA with Tukey´s multiple comparison test was 
performed. Icons are created with BioRender.com. Data are already published (276). WT=wild type (BKS.CgTemoin 
mice), TRAF6i=tumor necrosis factor receptor-associated factor 6 inhibitor, eNOS=endothelial nitric oxide synthase, 
pMARCKS= myristoylated alanine-rich C kinase substrate, HO-1=heme oxygenase-1, ET1=endothelin1, 3NT=3 

nitrotyrosine, 4HNE=4-hydroxynonenal. 
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5.5. The role of inflammatory signaling pathways, including the CD40L-CD40-

TRAF signaling cascade in CHD patients suffering from hypertension and 

diabetes 

This study utilized plasma and aortic tissue remaining from bypass surgeries for further 

analysis. Three different groups of CHD patients were included: (1) CHD patients without 

comorbidities, (2) CHD patients with hypertension (+HT), and (3) CHD patients with 

hypertension and type 2 diabetes mellitus (+HT+T2DM) as comorbidity. The patient’s 

characteristics regarding physiological parameters, laboratory parameters, and medication are 

summarized in Table 18. 

 

Table 18: Patient characteristics. Published in (276). 

  
CHD                        
n=20 

CHD+HT                
n=49 

CHD+HT+T2DM 
n=25 

p-
value 

General parameters      

Age [y] (SD) 64 (10) 58 (6) 60 (5) 0.001 

Sex (male) 70% (14/20) 84% (41/49) 72% (18/25) 0.34 

Current Smoker 40% (8/20) 45% (21/47) 38% (9/24) 0.891 

Ex-smoker 20% (4/20) 17% (8/47) 29% (7/24) 0.489 

Physiological parameters         

Height [cm] (SD) 173 (8) 176 (8) 171 (9) 0.104 

BMI [kg/m2] (SD) 25 (4) 28 (3) 31 (4) <0.001 

SBP [mmHg] (SD) 125 (15) 136 (26) 143 (17) 0.02 

DBP [mmHg] (SD) 70 (7) 75 (13) 75 (10) 0.155 

Heart rate [bpm] (SD) 73 (13) 68 (11) 74 (11) 0.107 

CHD       

Multivessel disease 100% (20/20) 96% (47/49) 100% (25/25) 0.391 

LMCA affected  40% (8/20) 31% (15/49) 36% (9/25) 0.735 

Comorbidities      

HT 0% (0/20) 100% (49/49) 100% (25/25)  

T2DM  0% (0/20) 0% (0/49) 100% (25/25)  

Laboratory parameters         

Cholesterol [mg/dl]  190 (9/20) 158 (28/49) 173 (15/25) 0.284 

Creatinin [mg/dl]  0.91 (20/20) 0.99 (49/49) 1.09 (25/25) 0.038 

CRP [mg/dl] 1.32(18/20) 1.4 (38/49) 0.48 (22/25) 0.269 

Glucose [mg/dl]  113 (20/20) 111 (49/49) 246 (25/25) <0.001 

HDL [mg/dl] 40 (9/20) 36 (28/49) 36 (15/25) 0.784 

LDL cholesterol [mg/dl]  124 (9/20) 95 (28/49) 103 (15/25) 0.247 

Triglycerides [mg/dl]  169 (9/20)) 143 (28/49) 209 (14/25) 0.082 

Medication         

ASS 65% (13/20) 51% (25/49) 76% (19/25) 0.104 

ACEi/ARB 50% (10/20) 88% (43/49) 80% (20/25) 0.003 

BB 65% (13/20) 84% (41/49) 76% (19/25) 0.234 

Nitrates  15% (3/20) 20% (10/49) 28% (7/25) 0.558 

CCB 0% (0/20) 14% (7/49) 36% (9/25) 0.005 
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MRA 20% (4/20) 29% (14/49) 16% (4/25) 0.444 

Statin  75% (15/20) 78% (38/49) 84% (21/25) 0.733 

Sulfonylureas 0% (0/20) 0% (0/49) 12% (3/25) 0.014 

Thiazide/distal loop 10% (2/20) 14% (7/49) 24% (6/25) 0.399 

Loop diuretic 15% (3/20) 22% (11/49) 16% (4/25) 0.695 

RA Insulin 0% (0/20) 0% (0/49) 60% (15/25) <0.001 

LA Insulin 0% (0/20) 0% (0/49) 48% (12/25) <0.001 

Metformin 0% (0/20) 0% (0/49) 36% (9/25) <0.001 

SGLT2i  0% (0/22) 0% (0/49) 4% (1/25) 0.248 

DPP4i 0% (0/20) 0% (0/49) 12% (3/25) 0.014 

GLP1i 0% (0/20) 0% (0/49) 8% (2/25) 0.06 

 

* Abbreviations: BMI=body mass index. SBP=systolic blood pressure, DBP=diastolic blood pressure, 
CHD=coronary heart disease, LMCA=left main coronary artery, HT=arterial hypertension, T2DM=type 2 diabetes, 
LDL=low density lipoprotein, ASS=acetylsalicylic acid, ACEi=angiotensin converting enzyme inhibitor, 
ARB=angiotensin receptor blocker, BB=beta blockers, CCB=calcium channel blocker, MRA=mineralocorticoid 
receptor antagonist, RA Insulin=rapid-acting insulin, LA insulin=long-acting insulin, SGLT2i=sodium-glucose 

cotransporter-2 inhibitors, DPP4i=dipeptidyl peptidase-4 inhibitors, GLP1=glucagon-like peptide-1 antagonist. 

 

5.5.1. Plasma proteomic analysis of CHD patients with hypertension or hypertension 

and diabetes as comorbidity showed increased expression of oxidative stress 

and inflammatory markers 

Plasma proteomic analysis was performed to analyze the expression pattern of CD40L-CD40 

signaling cascade members and associated pathways in CHD patients suffering from 

comorbidities like HT or HT+T2DM. The Olink IMMUNO-ONCOLOGY panel was utilized to 

identify upregulated protein targets. DR6 (TNFRSF21) and CD27 belong to the TNF(R)SF 

family and are stepwise increased in CHD patients with HT and HT+T2DM compared to CHD 

patients without comorbidities (Figure 44 A, M). A similar pattern was observed expressing 

other inflammatory markers like TNFα, IL12, C-C motif chemokine ligand-4 (CCL4), and CCL3 

(Figure 44 B, G-I). In addition, some immune cell markers, including CD5, CD83, CD244, killer 

cell lectin-like receptor D (KLRD1), and inducible T cell co-stimulatory ligand (ICOSLG), were 

also stepwise increased in patients with HT or HT+T2DM (Figure 44 C-E, J, K), such as 

galactin1 (Gal1) and angiopoietin 2 receptor (TIE2) (Figure 44 F, L). In total, 13/92 markers 

showed a significant increase in expression associated with the number of comorbidities, 

which indicates a more severe phenotype in these CHD patient groups. 
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Figure 44: A stepwise increased pattern of selected low-grade inflammatory markers is shown in the plasma 
of CHD patients with hypertension or hypertension and diabetes as comorbidity. Olink analysis of patient’s 

plasma was performed in three different groups: CHD patients without prior comorbidities (1), CHD patients with 
hypertension (2), and CHD patients with hypertension and diabetes (3) as comorbidity. The following significantly 
(or at least by trend) increased markers were identified: TNFRSF21 (A), TNFα (B), CD5 (C), CD83 (D), CD244 (E), 
Gal1 (F), IL12 (G), CCL4 (H), CCL3 (I), KLRD1 (J), ICOSLG (K), TIE2 (L), and CD27 (M). One-way ANOVA (with 
Tukey's test) or Kruskal-Wallis test (with Dunn's correction) were performed. Data are mean±SD. CHD n=19, 
CHD+HT n=42, and CHD+HT+T2DM=25 patients per group. * p≤0.05, ** p≤0.01, and *** p≤0.001. Outliers were 
identified and removed with the ROUT (Q=1 %) method. Abbreviations: CHD=coronary heart disease, 
HT=hypertension, T2DM=type 2 diabetes mellitus, TNFRSF=tumor necrosis factor receptor superfamily, 
TNF=tumor necrosis factor, Gal1=galectin1, CCL=C-C motif chemokine ligand, KLRD=killer cell lectin-like receptor 

D, ICOSLG=inducible T cell co-stimulatory ligand, TIE2=angiopoietin 1 receptor. Published in (276). 

 

Cluster analyses were performed using Olink data, which revealed that T2DM as a comorbidity 

causes the most significant changes in CHD patients’ plasma. In total, three different clusters 

were identified (Figure 45 A). The first cluster consists of downregulated proteins by T2DM, the 

second cluster includes proteins that are induced by HT and T2DM, and the third cluster 

contains proteins that are upregulated by T2DM. Indeed, the third cluster includes cytokines 

linked to TNFα, immune cell surface markers, and interleukins. The network analysis showed 

that T2DM significantly altered the plasma proteome expression in CHD patients (Figure 45 B-

D). Four closely connected subnetworks were detected in a comparison of CHD to 

CHD+HT+T2DM. These subnetworks contain growth factors (e.g., TGFB1, PGF, PDGF), 

chemokines (e.g., CCL2, CCL3), or cell surface proteins (e.g., TNF receptors, PDCD1, CD5). 
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The network analysis identified the cytokine/adipokine TNFα as a potential central player in 

altered protein expression patterns linked to T2DM. 

 

 

Figure 45: The expression of specific low-grade inflammatory markers increases in the plasma of CHD 
patients with hypertension or hypertension and diabetes as comorbidities. Olink analysis of patient’s plasma 

was performed in three different groups: CHD patients without prior comorbidities (CHD), CHD patients with 
hypertension (CHD+HT), and CHD patients with hypertension and diabetes (CHD+HT+T2DM) as comorbidity. The 
dataset was filtered for differentially expressed proteins; mean values were determined, and Z-normalized (A). 
Euclidean clustering of median expression is shown in B-D. The protein network of differentially expressed proteins 
comparing CHD to CHD+HT (B), CHD+HT to CHD+HT+T2DM (C), and CHD to CHD+HT+T2DM (D). Data are 
mean±SD CHD n=21, CHD+HT n=42, and CHD+HT+T2DM=25 patients per group. Abbreviations: FGF=fibroblast 
growth factor, CXCL=C-X-X motif chemokine ligand, CCL=C-C motif chemokine ligand, FASLG=Fas ligand, 
PGF=placental growth factor, PDCD=programmed cell death ligand, MCP=monocyte chemoattractant protein, 
Gal=galectin, TIE2=angiopoetin receptor-2, GZMA=granzyme A, ICOSLG=inducible T cell co-stimulatory ligand, 
LAP TGF=latency-associated peptide transforming growth factor, KLRD=killer cell lectin-like receptor D, 
NCR=natural cytotoxicity triggering receptor, CD=cluster of differentiation, TNF=tumor necrosis factor, 
ANGPT1=angiopoetin-1, TNFRSF=tumor necrosis factor receptor superfamily, IL=interleukin, PDGF=platelet 
derived growth factor, CAIX=carbonic anhydrase, ADGRG1=adhesion G-protein-coupled receptor, 
LAG=lymphocyte activation gene, MMP=matrix metalloproteinase, NOS=nitric oxide synthase, HGF=hepatocyte 
growth factor. Published in (276). 
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Additionally, Dot blot analysis with patients’ plasma was performed. Oxidative stress was 

increased in CHD patients suffering from comorbidities, as shown with NOX2 expression, and 

the stepwise by trend increased (p=0.0787) expression pattern (Figure 46 A). CD40L is utilized 

as an inflammatory marker protein, but its expression showed only a similar pattern and was 

not significantly increased by comorbidities in CHD patients (Figure 46 B). The cell adhesion 

protein CD68 is associated with macrophages and used as an inflammatory marker protein. 

CD68 expression significantly increases in CHD patients’ plasma with T2DM (Figure 46 C). 3-

NT expression is associated with cellular or tissue-specific changes in H2O2/nitrite levels, and 

enhanced expression is related to oxidative stress. In patients, plasma 3-NT expression levels 

significantly increase in CHD+HT+T2DM patients compared to CHD+HT patients (Figure 46 

D). 

 

 

Figure 46: Oxidative stress and inflammatory protein marker expression are increased in the plasma of 
CHD patients with hypertension and diabetes. Protein expression of NOX2 (A), CD40L (B), CD68 (C), and 3-NT 

(D) in plasma of CHD patients without comorbidity, hypertension, or hypertension and T2DM were analyzed via dot 
blot analysis. Original representative blots are shown below. Data are mean±SD CHD n=8-15, CHD+HT n=9-15, 

and CHD+HT+T2DM n=11-14 patients per group. * p≤0.05 and ** p≤0.01. Abbreviations: CHD=coronary heart 
disease, HT=hypertension, T2DM=type 2 diabetes mellitus, NOX2=NADPH oxidase 2, 3NT=3-nitrotyrosine. 
Published in (276). 

 

In summary, the CHD patient’s plasma proteomic and protein expression analysis revealed 

that comorbidities like HT and T2DM lead to elevated expression of low-grade inflammatory 

and oxidative stress protein markers. In addition, the altered protein expression profiles are 

also linked to the CD40L-CD40 co-stimulatory dyad. Especially in CHD+HT+T2DM patients 

compared to CHD patients, the expression of many low-grade inflammatory markers was 

upregulated and closely related to TNFα expression. 
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5.5.2. mRNA gene expression levels of multiple genes are altered in CHD patients 

with comorbidities like hypertension or hypertension and diabetes 

Aortic tissue remaining from bypass surgeries of CHD patients was utilized for RNA isolation 

and total mRNA expression analysis. RNA-Seq was performed to examine altered gene 

expression due to the influence of different comorbidities in CHD patients. The data were 

analyzed with CLC genomics workbench and illustrated in Volcano blots (Figure 47 A-C). In a 

comparison of CHD+HT vs. CHD, 2074 different expressed genes (DEG, p<0.05) were 

identified, 1695 DEGs for CHD+HT+T2DM vs. CHD, and 2928 DEGs for CHD+HT+T2DM vs. 

CHD+HT. 

 

 

Figure 47: Comparison of gene expression in aortic tissue of CHD patients with hypertension or 
hypertension and diabetes as comorbidity. RNA was isolated from the aortic tissue of CHD patients, CHD+HT 

patients, or CHD+HT+T2DM patients. The tissue samples were analyzed regarding the total mRNA expression 
using the RNA-Seq method. The analysis was performed with the CLC genomics workbench and shown as volcano 
blots (provided by the CLC workbench). Total mRNA comparison is shown as follows: (A) CHD+HT vs. CHD, (B) 
CHD+HT+T2DM vs. CHD, and (C) CHD+HT+T2DM vs. CHD+HT. Abbreviations: CHD=coronary heart disease, 

HT=hypertension, T2DM=type 2 diabetes mellitus. Published in (276). 

 

The identified DEGs are associated with different signaling clusters like CD40L-CD40-TRAF, 

immune system, hemostasis, muscle contraction, metabolism of lipids, and apoptosis, as 

published in the supplement data of Strohm et al. (276). Further, the DEGs were utilized to 

perform pathway analysis via the Ingenuity Pathway Analysis (IPA from Qiagen). An overview 

of the IPA analysis is shown in Figure 48-50. Comparing CHD+HT versus CHD patients, many 

pathways are indicated as activated. Interestingly, pathways centered around CD40L and INFγ 

are predicted to be activated. CD40L and INFγ signaling is closely associated with the onset 

and the progression of tissue inflammation. Indeed, indirectly, they are involved in cell 

movement, activation, interaction, binding, and adhesion of leukocytes. CD40L and INFγ are 

upregulating the response of myeloid cells and phagocytes, which play an important role in 

atherosclerosis progression. Further, predicted activated pathways bind blood cells, which is 

important in clot formation. Also, T lymphocytes are indicated to be activated, which is relevant 

for adaptive immune system responses (Figure 48). 
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Figure 48: Activated gene expression of pathways centered around CD40L and INFγ has been identified in 
the aortic tissue of CHD patients with hypertension compared to CHD patients without a comorbidity. Aortic 

tissue samples of CHD and CHD+HT patients were analyzed for total mRNA expression using the RNA-Seq 
method. The data were analyzed with the CLC genomics workbench, and the reported DEG (p<0.05) list was 
imported into the ingenuity software and analyzed. The graphical summary of the ingenuity software is shown in 
this figure. Activated pathways are shown in orange, and inhibited pathways are shown in blue. Abbreviations: 

CHD=coronary heart disease, HT=hypertension, INFγ=interferon-γ. Published in (276). 

 

When comparing the gene expression profiles of CHD+HT+T2DM patients with those of CHD 

patients, more pathways are predicted to be downregulated. The comorbidity of T2DM seems 

to change the regulating pathways and indicates to inhibit the function and contractility of 

different muscles. Indeed, T2DM alters the calcium signaling in muscle cells (Figure 49).  

 

CHD + HT vs CHD
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Figure 49: Inhibited gene expression of pathways centered around muscle function and contractility has 
been identified in the aortic tissue of CHD patients with hypertension and diabetes compared to CHD 
patients without comorbidity. Aortic tissue samples of CHD and CHD+HT+T2DM patients were analyzed for total 

mRNA expression using the RNA-Seq method. The data were analyzed with the CLC genomics workbench, and 
the reported DEG (p<0.05) list was imported into the ingenuity software and analyzed. The graphical summary of 
the ingenuity software is shown in this figure. Activated pathways are shown in orange, and inhibited pathways are 
shown in blue. Abbreviations: CHD=coronary heart disease, hypertension, T2DM=type 2 diabetes mellitus. 
Published in (276). 

 

Also, compared to CHD+HT+T2DM versus CHD+HT patients, most pathways are 

downregulated, especially the function and contractility of muscles, which are predicted to be 

inhibited. Further, oxygen consumption was inhibited, impacting mitochondrial function and 

oxidative stress. Lastly, many downregulated pathways in these groups are associated with 

VEGF-A signaling. This growth factor signaling molecule was predicted to be inhibited and led 

to negative regulation of angiogenesis and vasodilation in these patients’ groups (Figure 50). 

 

CHD + HT + T2DM vs CHD
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Figure 50: Inhibited gene expression of pathways centered around muscle contractility and vascular 
endothelial growth factor A signaling molecule has been identified in the aortic tissue of CHD patients with 
hypertension and diabetes compared to CHD patients with hypertension patients. Aortic tissue samples of 

CHD+HT and CHD+HT+T2DM patients were analyzed for total mRNA expression using the RNA-Seq method. The 
data were analyzed with the CLC genomics workbench, and the reported DEG (p<0.05) list was imported into the 
ingenuity software and analyzed. The graphical summary of the ingenuity software is shown in this figure. Activated 
pathways are shown in orange, and inhibited pathways are shown in blue. Abbreviations: CHD=coronary heart 
disease, HT=hypertension, T2DM=type 2 diabetes mellitus, VEGF-A=vascular endothelial growth factor A. 

Published in (276). 

 

The identified DEGs (Figure 47) were also utilized to determine the top 5 canonical pathways. 

Comparing CHD+HT and CHD patients, the top 5 enhanced regulated pathways are 

mitochondrial dysfunction, oxidative phosphorylation, sirtuin pathways activation, neutrophil 

extracellular trap-dependent signaling, and granzyme A activity (Figure 51 A). The upregulation 

of these pathways is associated with loss of electron chain transport efficacy, metabolic 

dysfunction, thrombosis, apoptosis, and oxidative stress. Whereas comparing mRNA gene 

expression of aortic tissue of CHD+HT+T2DM and CHD patients, the top 5 regulated canonical 

pathways are enhanced agranulocyte diapedesis, reduced calcium pathway activity, reduced 

dilated cardiomyopathy, enhanced hepatic fibrosis, and reduced effects of sildenafil (Figure 51 

B). The dysregulation of these pathways is accompanied by inflammation, immune cell 

migration, abnormal wound healing, and impaired muscle contractility and function. Lastly, 

comparing CHD+HT+T2DM with CHD+HT patients, the top 5 regulated pathways are reduced 

CHD + HT + T2DM vs CHD + HT
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oxidative phosphorylation, mitochondrial dysfunction, sirtuin signaling, estrogen receptor 

activity, and calcium pathway activity (Figure 51 C).  

 

 

Figure 51: Top 5 regulated signaling pathways identified in aortic tissue of CHD patients with hypertension 
or hypertension and diabetes as comorbidities. Aortic tissue samples were analyzed for total mRNA expression 

using the RNA-Seq method. The data were analyzed with the CLC genomics workbench, and the reported DEG 
(p<0.05) lists were imported into the ingenuity software and analyzed for the top 5 regulated canonical signaling 
pathways. The following patients’ groups were compared to each other: (A in red) CHD+HT vs. CHD, (B in green) 
CHD+HT+T2DM vs. CHD, and (C in grey) CHD+HT+T2DM vs. CHD+HT. The negative log2 p-values were 
multiplicated with the log2 expression values for normalization. Further, in each graph, the values of the other 
comparisons were also included. Abbreviations: CHD=coronary heart disease, HT=hypertension, T2DM=type 2 
diabetes mellitus, VEGF-A=vascular endothelial growth factor A. Published in (276). 

 

The RNA-Seq dataset (Figure 48-50) was further analyzed regarding the top 5 upstream 

regulators. Compared to the CHD control group, CHD+HT patients showed enhanced activity 

of the factors TEAD1 (TEA family member 1, transcription factor), PPARGC1A (PPARG 

coactivator 1 α, transcriptional coactivator), CD40, INSR (insulin receptor), and Hbb-1b 

(hemoglobin, ß adult major chain) which were identified in the IPA as top 5 upstream regulators 

(Figure 52 A). Further, by comparing CHD+HT+T2DM patients with CHD patients, the top 5 

upstream regulators are enhanced effects of SIX1 (SIX homeobox 1, transcription factor). In 

contrast, the activities of DMD (human dystrophin gene), MYOD1 (myogenic differentiation, 

transcription factor), MEF2C (myocyte enhancer factor 2C, transcription factor), and beta-

estradiol (sex hormone) were reduced (Figure 52 B). Finally, decreased activity of TEAD1 and 

DMD, as well as increased effects of SIX1, CLPP (caseinolytic mitochondrial matrix peptidase 

proteolytic subunit), and CPT1B (carnitine palmitoyl transferase 1B) were observed as top 5 

upstream regulators comparing CHD+HT+T2DM patients with CHD+HT patients (Figure 52 

C). 
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Figure 52: Top 5 upstream regulating factors identified in aortic tissue of CHD patients with hypertension 
or hypertension and diabetes as comorbidities. Aortic tissue samples were analyzed for total mRNA expression 

using the RNA-Seq method. The data were analyzed with the CLC genomics workbench, and the reported DEG 
(p<0.05) lists were imported into the ingenuity software and analyzed for the top 5 upstream regulating factors. The 
following patients’ groups were compared to each other: (A in red) CHD+HT vs. CHD, (B in green) CHD+HT+T2DM 
vs. CHD, and (C in grey) CHD+HT+T2DM vs. CHD+HT. The negative log2 p-values were multiplicated with the z-
score values for normalization. Further, the other comparisons' values were also included in each graph. 
Abbreviations: CHD=coronary heart disease, HT=hypertension, T2DM=type 2 diabetes mellitus, VEGF-A=vascular 
endothelial growth factor A. Published in (276). 

 

In summary, comparing CHD patients with the CHD+HT group RNA-Seq analysis identified a 

network of upregulated pathways around CD40L and further CD40 under the top five upstream 

regulators. Conversely, by comparing CHD+HT+T2DM with the control group and the CHD+HT 

group, CD40L-CD40 signaling cascade members were not found under the upstream 

regulators or in the network analysis.  
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6. Discussion 

6.1. Mouse data 

This study provides new insights into the role of CD40L-CD40-TRAF6 signaling as a 

pharmacological target for preventing and modulating chronic vascular inflammation. The 

focus is set hereby on modifiable risk factors of CVD, like hypertension and type 2 diabetes 

mellitus. A general CD40 deficiency and a tissue-specific knockout of CD40 showed here no 

protective effects in a mouse model of arterial hypertension, whereas TRAF6 inhibition has 

beneficial effects in diabetic and hypertensive mouse models. 

 

6.1.1. The role of global and tissue-specific CD40 deficiency in the progression of 

CVD 

Chronic low-grade inflammation is an important pathology in various metabolic and 

cardiovascular diseases, and its incidence increases with age (285). The complex interplay of 

lipids, metabolism, immune cells, and inflammation in the pathogenesis of CVD makes general 

treatment difficult, and a combination of different drugs is required tailored to the patient’s pre-

existing conditions. Researchers are currently trying to find more effective drugs to limit 

disease progression and reduce the risk of cardiovascular events (107, 174).  

 

The co-stimulation of the CD40L-CD40 dyad reflects an important immune checkpoint in 

inflammation. Depending on the inflammatory environment, different cell types regulate the 

immune response (237, 286). The immune checkpoint proteins CD40L or CD40 deficiency 

have various effects in obese and atherosclerotic mouse models (208, 216, 217, 237, 238, 

287-291). For example, CD40L-/- in high-fat diet-treated obese mice ameliorates metabolic 

manifestations like the development of diet-induced obesity, insulin resistance, and adipose 

tissue inflammation (287). Further, obesity-associated vascular inflammation, oxidative stress, 

and endothelial dysfunction are improved in CD40L-deficient mice (217). Another study 

demonstrated that CD40L in a mouse model of arterial hypertension contributes to the 

induction of a pro-thrombotic state, vascular inflammation, oxidative stress, and endothelial 

dysfunction (216). This study was also performed in our lab, and some key data are shown in 

Figure 53. 

 



Discussion 

 109 

 

Figure 53: CD40L deficiency led to improved vascular function in hypertensive mice. WT (C57BL6/J) and 

CD40L-/- mice were treated with AT-II (1 mg/kg/d) via osmotic minipumps to induce arterial hypertension for seven 
days. (A) Aortic CD40L mRNA expression levels were measured via RT-PCR. (B) In citrate, mixed blood, CD40L-
CD40 protein interaction analysis was performed via immunoprecipitation of CD40 followed by CD40L Western blot 
detection. Original representative blots are shown below. Aortic segments were used to measure endothelial (C) 
and smooth muscle cell function (D) in isometric tension studies. (E) Electron paramagnetic resonance spin trapping 
using Fe(DETC)2 colloid was performed to determine aortic •NO bioavailability. Data are presented as mean values 
±SEM of n=4 (A+B), n=10-12 (C+D), and n=8-12 (E) animals per group. * p≤0.05 vs WT, § p≤0.05 vs WT+AT-II, 
and # p≤0.05 vs CD40L-/-. Abbreviations: WT=C57BL6/J mice IP=immunoprecipitation, AT-II=angiotensin-II, 
ACh=acetylcholine, NTG=nitroglycerine, n.d.=not detectable. The figure is taken from (216) with permission. 

 

Impaired TH1 polarization was observed in atherosclerosis-prone mice with T cell-specific 

CD40L deficiency reflected by reduced INFγ production and smaller atherosclerotic plaque 

size (237). Meanwhile, diet-induced obesity in T cell-specific CD40L-/- mice did not affect weight 

gain or insulin resistance and showed, in general, only minor beneficial effects on metabolic 

dysfunction (288). CD40-/- mice showed impaired remodeling capabilities after ligating carotid 

arteries, a smaller total vascular tone, reduced collagenase activity, and decreased vascular 

immune cell infiltration (208). Also, a reduced atherosclerotic phenotype was observed in 

macrophage and dendritic cell-specific CD40 deficient mice (237, 238). Contradictory high-fat 

diet-induced obesity in CD40-/- mice leads to worsening metabolic dysfunction like increased 

adipose tissue inflammation and insulin resistance (289, 290). Macrophages seems to be not 

the main driver of the induced metabolic dysfunction as analyzed in macrophage-specific 

CD40 deficient high-fat treated mice. No changes in body weight, insulin resistance, or 

triglyceride levels were observed (291). 

 

Also, in this study, only minor beneficial effects were observed in CD40-/- mice after the onset 

of arterial hypertension. The heart-to-body weight ratio of CD40-/- AT-II-treated mice was not 
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significantly lower than in the AT-II-treated control animals. Therefore, the absence of CD40 

did not improve the hypertension-induced cardiac hypertrophy. The systolic blood pressure 

was significantly reduced in CD40-/-+AT-II animals compared to WT AT-II-treated mice. 

However, the mice were still hypertensive, with an average systolic blood pressure of 148 

mmHg. Only a minor effect on vascular function improvement was observed in AT-II-treated 

CD40 deficient mice. Also, the ROS production in the aorta, heart, and blood showed no 

uniform beneficial trend. In summary, the data here did not show the expected beneficial effect 

of CD40 absence in the progression of arterial hypertension. 

 

The mouse model of arterial hypertension was chosen in this project because it was 

demonstrated earlier in this lab that CD40L deficiency prevents major complications (216). As 

an important bioregulator in the cardiovascular system, AT-II mediates ROS production of 

different NADPH oxidases in vascular and cardiac cells (292). AT-II induces vascular 

inflammation and oxidative stress, especially in the mouse model utilized here and 

physiologically. AT-II binding to AT1R triggers a pro-inflammatory response by activating the 

transcription factor NF-κB in different immune and vascular cells (292). Also, CD40L-CD40 

expression can be regulated by either inflammation or NF-κB signaling (170, 293). Indeed, in 

smooth muscle cells, CD40 expression is modulated by AT-II stimulus (294). CD40L-CD40 and 

AT-II-mediated pathways seem closely connected; however, the link between these pathways 

is not fully understood. In conclusion, from our data, we don’t think a general CD40 blockade 

is suitable as a treatment strategy for chronic low-grade inflammation in the vasculature. 

 

We further hypothesized that a more targeted inhibition of CD40, as in a tissue-specific 

knockout mouse model, may benefit arterial hypertension. Previously, it was demonstrated that 

CD40 expressed on adipocytes can modulate immune cell activation (286). Adipocytes in 

young, healthy individuals are important for storing and metabolizing lipids. During aging and 

metabolic diseases, adipocytes are expanding. Cellular stress leads to the dysfunction of 

adipocytes and the secretion of pro-inflammatory signaling molecules like adipokines, TNFα, 

CCL2, or IL-6 (239, 295). Further, adipocytes play a key role in inflammation by presenting 

antigens like MHCII or the immune checkpoint protein CD40 (286, 296). Indeed, here we 

investigate further the role of adipocytes in CD40L-CD40 signaling and their contribution to 

low-grade vascular inflammation. Unfortunately, in our study, the hypertensive phenotype in 

mice was not improved by selective adipocyte-specific CD40 deficiency. As no positive effects 

on endothelial function, oxidative stress levels, or systolic blood pressure were observed, we 

did not investigate protein expression levels in PVAT or other fat tissues in more detail. 

Recently, another study utilizing different adipocyte-specific CD40-deficient mouse models 

was published. It stated that adipocytes control hematopoiesis and inflammation through CD40 



Discussion 

 111 

signaling (239). Indeed, the lymphoid organs of adipocyte CD40-deficient mice (22 weeks old) 

showed altered immune cell decomposition, including increased T cell activation and 

decreased hematopoiesis. Further, aging in these mice (52 weeks old) was associated with 

features like fewer lymphoid progenitor cells and a compensatory increase in bone marrow 

effector memory T cells. In addition, a decrease of B cells in lymphoid organs and bone marrow 

was observed (239). The adipocyte-deficient mice were backcrossed with ApoE-/- mice and fed 

a high-cholesterol diet to analyze further the role of CD40 signaling in atherosclerosis. No 

significant changes in body weight, plasma lipid levels, or triglyceride levels were observed. 

Again, the systemic immune cell composition was affected in these mice. In addition, enhanced 

hypercholesterolemia, associated with myelopoiesis and lymphopoiesis, was observed. 

Interestingly, these mice showed a decreased atherosclerotic lesion size but an induced 

necrotic core formation. Lastly, to mimic conditions of a metabolic syndrome or obesity, the 

adipocyte-specific CD40-deficient mice were fed a high-fat diet. A decreased weight gain, more 

activated T cells, fewer immune cells in adipose tissue, and increased fat oxidation were 

observed in obese mice (239). Global CD40L-/- or pharmacological inhibition of the 

CD40/TRAF6 pathway significantly suppresses obesity-induced vascular damage and 

atherosclerotic changes (217). A mouse model associated more with lipid dysfunction and 

storage, like an atherosclerotic, aging, diabetic, or obesity model, would be more suitable to 

analyze the effect of adipocytic CD40 signaling during disease than the hypertensive mouse 

model. Further, the focus of analysis must be set more on the cellular regulation of the immune 

system. 

 

In summary, neither the CD40-/- nor the adipocyte-specific CD40 deficiency mice showed the 

expected cardiovascular protective phenotype during short-term AT-II treatment. The CD40L-

CD40 signaling pathway is complex and mediates beneficial and harmful signaling 

simultaneously. In the following, we focused more on proteins downstream of CD40 signaling 

to identify a more selective treatment target. 

 

6.1.2. Selective CD40-TRAF6 inhibition in hypertension and diabetes 

As mentioned before, in atherosclerotic and diabetic mouse models, CD40L deficiency seems 

to be a promising treatment strategy (216, 217, 287). However, in clinical trials utilizing a 

CD40L antibody treatment, prothrombotic events were observed as severe side effects in the 

probands (220). This probably happened due to the property of CD40L to stabilize arterial 

thrombi by αIIbß3 integrin-dependent mechanism (179). An alternative approach would be the 

antagonization of CD40. The results here and other studies, for example, in atherosclerotic 

Ldlr-/- mice, demonstrated that CD40 deficiency did not lead to smaller atherosclerotic lesions 

or improved vascular function (175). Meanwhile, in CD40-/-ApoE-/- mice, atherosclerotic lesion 
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size was reduced, and less plaque inflammation was observed (209). Based on the 

controversial results of either CD40L or CD40 blockade in mice, the focus moved to 

downstream mediators in the signaling cascade. 

 

CD40L modulates TRAF1, 2, 3, 5, and 6 differentially in endothelial cells, which are functionally 

important in pro-inflammatory signaling (205). Analyzing neointima formation and arterial 

remodeling in CD40 deficient mice, CD40-TRAF6 signaling was identified as a key regulator 

(208). The role of different TRAFs was further examined in an atherosclerotic model by 

backcrossing CD40-T2/3/5-/- or CD40-T6-/- mice with ApoE-/- mice. Interestingly, TRAF2/3/5 

signaling does not affect atherosclerosis. Even higher amounts of distinct T cells and resident 

dendritic cells were observed in the vasculature. Meanwhile, inhibiting CD40-TRAF6 signaling 

abolished atherosclerosis, leading to macrophage polarization toward regulatory M2 

phenotype (209). A specific inhibitor for CD40-TRAF6 interaction was developed (240). A 

beneficial effect of small-molecule CD40-TRAF6 inhibition has already been observed in 

pathologies such as insulin resistance (226), obesity (297), diabetes (217), atherosclerosis 

(241), bone disorders (244), heart failure (246), breast cancer (243), and neuroinflammation 

(245). Based on these previous results, we tested the CD40-TRAF6 inhibition in a mouse 

model of arterial hypertension. 

 

Our data revealed that the systolic blood pressure was significantly reduced after the TRAF6 

inhibitor treatment in hypertensive mice. The TRAF6 inhibitor treatment also improved vascular 

function. Further, ROS production was reduced in blood, aortic, adipose, cardiac, and renal 

tissue of hypertensive TRAF6 inhibitor-treated mice. Via flow cytometric analysis, we revealed 

that aortic tissue lysates contain fewer immune cells in TRAF6 inhibitor-treated hypertensive 

mice than in only AT-II-treated mice. This data indicates that CD40-TRAF6 inhibition prevents 

immune cell infiltration into the vascular wall during hypertension, which is also associated with 

less inflammation. The measured LV-EF in small animal cardiography of untreated WT animals 

(Ø 60%) fit published data. For example, an LV-EF of 58-62% is described in the literature as 

physiological for C57BL/6J mice (298, 299). Interestingly, the observed hypertrophy of the 

cardiac muscle induced by AT-II treatment reflected in the heart-to-body weight measurement 

and LV mass was not improved by TRAF6 inhibitor treatment. Also, the LV PW thickening was 

not improved. Indeed, the calculated average LV-EF did not differ significantly between control 

and WT+AT-II+TRAF6 animals, but the average mean values are approximately the same (Ø 

60% WT vs Ø 61% WT+AT-II+TRAF6i). A previous study using a similar hypertensive mouse 

model also demonstrated that AT-II treatment in C57BL/6J mice leads to increased LV-EF, 

cardiac remodeling, and wall thickening, which is also reflected in our study (300). Further, in 

a mouse model of induced heart failure via transverse aortic constriction, TRAF6 inhibitor 
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treatment over ten weeks leads to improved cardiac function. This was presumably mediated 

by reduced macrophage and T-cell infiltration into the myocardium accompanied by decreased 

cardiac hypertrophy and fibrosis (246). Since this pressure overload model positively affects 

cardiac function through TRAF6 inhibitor treatment, we hypothesized that long-term treatment 

with TRAF6 inhibitor in a hypertensive model could be beneficial. Investigating the long-term 

TRAF6 inhibitor treatment and its effects on the immune system would be interesting. In 

addition, the AT-II dosage utilized here induces a quite harsh hypertensive phenotype in the 

mice, and TRAF6 inhibition does not block the signaling of AT receptors. Further, FACS 

analysis addressing the immune cell composition in the heart of hypertensive TRAF6 inhibitor-

treated animals would be interesting. 

 

Chronic inflammation also plays an important role in the pathology of obesity and metabolic 

dysfunction (301, 302). Indeed, CD40L-CD40 signaling is associated with obesity-induced 

inflammation (303). Stimulation of CD40 expressed on adipocytes by CD40L reduces IRS-1 

and GLUT4 expression and further enhances adipokine secretion (304). CD40L-stimulated 

adipocytes also activate endothelial cells (305). In obese patients, elevated plasma levels of 

CD40L are observed (217, 306). In a mouse model of diet-induced obesity, CD40 deficiency 

induces insulin resistance and adipose tissue inflammation (226). In addition, CD40L 

deficiency improved endothelial dysfunction, oxidative stress, and inflammatory parameters in 

high-fat diet mice (217). Whereby the pharmacological TRAF6 inhibition ameliorates these 

obesity-related metabolic complications (226, 297). As shown in Figure 54, TRAF6 inhibition 

in a diabetic mouse model (db/db) improves blood glucose levels, body weight gain, vascular 

function, and oxidative stress (217). This study was also performed in our institute, and some 

key data are shown in Figure 54. 
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Figure 54: TRAF6 inhibition in db/db mice improves vascular function and decreases oxidative stress. WT 

and db/db mice were treated for 14 days with a TRAF6 inhibitor (2.5 mg/kg/d) via osmotic minipumps. The food 
uptake per mouse (A) and the body weight gain (B) were monitored during the two weeks of treatment. After the 
treatment, leptin serum levels (C) and whole blood HbA1c levels (D) were measured. (E) Aortic segments were 
used to determine endothelial function in isometric tension studies. (F) Whole blood oxidative burst was performed 
with PDBu and measured by L-012 chemiluminescence. Data are mean ±SEM of n=8 (A-D), n=6-8 (E), and n=5 
(F) animals per group. Abbreviations: WT=wild type (BKS.CgTemoin mice), TRAF6i=tumor necrosis factor receptor-
associated factor 6 inhibitor, HbA1c=hemoglobin A1c, ACh=acetylcholine, PDBu=phorbol 12,13-dibutyrate, 

ECL=enhanced chemiluminescence. The figure is taken from (217) with permission. 

 

In this study, we further analyze the effects of TRAF6 inhibition in diabetic mice and provide 

new additional protein expression analysis to complete already published data. Significantly 

decreased protein expression was observed in the cardiac tissue of diabetic mice treated with 

TRAF6 inhibitor for the oxidative stress and inflammation markers NOX2, eNOS, p47phox, 

RAGE, and CD40 compared to untreated db/db mice. Further renal expression of eNOS, 

pMARCKS, HO1, and ET1 was also significantly reduced after TRAF6 inhibitor treatment in 

diabetic mice. The protein expression analysis indicates less inflammatory, oxidative stress, 

and apoptotic activity in renal and cardiac tissue by TRAF6 inhibitor treatment. Figure 55 

summarizes the vaso-protective effects of TRAF6 inhibition in mouse models of hypertension 

and diabetes.  
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Figure 55: The role of the inflammatory TRAF6 inhibition in hypertensive and diabetic mouse models. The 

left panel shows the central pathomechanisms associated with CD40L-CD40-TRAF signaling in hypertensive and 
diabetic mice. The right panel shows the protective effects of TRAF6 inhibitor treatment in hypertensive and diabetic 
mice. Created with BioRender.com. Adapted from (276). Abbreviations: WBC=white blood cell, Tsp-
1=thrombospondin-1, CD=cluster of differentiation, CD40L=CD40 ligand, PAR1=protease-activated receptor 1, 
VCAM-1=vascular cell adhesion molecule-1, TXNIP=thioredoxin-interacting protein, NOX2=NADPH oxidase 2, 
RAGE=receptor for advanced glycation endproducts.  

 

The CD40L-CD40 dyad is a powerful mediator in inflammation and immunity. To circumvent 

potential side effects over a full CD40L/CD40 blockade, a partial CD40 blockade via TRAF6 

inhibition seems to be a promising treatment strategy for low-grade tissue inflammation. With 

this study, we provide new insights into the beneficial effects of TRAF6 inhibition in 

hypertension and diabetes. Indeed, we could show in a hypertensive and diabetic mouse 

model that TRAF6 inhibition suppresses inflammation and oxidative stress in different tissues. 

Therefore, CD40-TRAF6 inhibition is a promising candidate for treating low-grade inflammation 

to prevent cardiovascular events. 

 

6.1.3. Limitations of the mouse data 

The hypertensive mouse model utilized in this study does not represent a uniform model, as 

AT-II is only one possible pathway to induce hypertension. Other signaling pathways, like diet-

induced or genetically-induced hypertension, are not considered here. In patients, the origin of 

hypertension is multifactorial, but the RAAS with AT-II signaling plays a definitive central role 

(276). Treatment with 1 mg/kg/d AT-II for seven days is too short to reflect hypertension-

triggered end-organ damage, for example, in the kidney or heart. Therefore, we could not test 

the impact of TRAF6 inhibition on end-organ damage. Previously, it was already demonstrated 

that CD40L deficiency prevents major complications in arterial hypertension induced by AT-II 

(216). Indeed, the study indicates that the immigration of CD40L-expressing inflammatory cells 

primarily drives the AT-II model. AT-II-induced arterial hypertension in mice is further negatively 

influencing vascular function and leads to excessive blood pressure increase, which is also 

well-published already (216, 257, 307, 308). Therefore, this model seems suitable for analyzing 

the CD40L-CD40-TRAF6 signaling during inflammation and oxidative stress in the 
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cardiovascular system. Normally, the pathophysiology of arterial hypertension is frequently 

studied in mouse or rat models with short-term AT-II treatment (1 to 2 weeks), which causes 

already hypertension and a drastic increase in inflammation and oxidative stress. 

 

As shown previously, diabetic db/db mice develop a severe vascular phenotype reflected in 

increased inflammation, oxidative stress, and endothelial dysfunction (217). The correlation of 

this phenotype in 14-week-old mice with the actual clinical situation of patients could be weak. 

However, we could demonstrate that even a short-term CD40/TRAF6 inhibitor treatment in 

db/db mice leads to significantly reduced expression of inflammatory and oxidative stress 

markers, which indicates the strengths of this treatment strategy. In addition, previous studies 

supporting these results showed that CD40/TRAF6 inhibitor treatment in db/db mice gained 

less body weight, decreased HbA1c levels, and improved endothelial function (217, 276). 

 

6.2. Human data 

Patients suffering from systemic or chronic inflammatory diseases exhibit an increased risk of 

cardiovascular complications (309, 310), which promotes the classification of CVDs as an 

inflammatory-related entity (311). This association was also shown in a clinical study with ACS 

patients, where statin treatment was associated with lower CRP levels and better clinical 

outcomes than in patients with higher CRP levels (312). Further, this concept is utilized to 

develop new pharmacological agents, such as canakinumab (IL-1ß antagonist) in the 

CANTOS trial, which targets inflammation and improves clinical outcomes in high 

cardiovascular-risk patients (107). Colchicine in the COLCOT trial is also currently tested as 

an anti-inflammatory agent. The data indicate that a low dose of colchicine decreases the risk 

of major adverse cardiac events after a myocardial infarction (109). The impact of 

canakinumab and colchicine therapy on cardiovascular events or mortality is published (313) 

and shown in Figure 56. 

 

 

Figure 56: Impact of anti-inflammatory canakinumab and colchicine therapy on cardiovascular risk and 
mortality. (A) 10061 patients with previous myocardial infarction and CRP levels >2 mg/l were included in the 

CANTOS study. The patients were divided into four groups: placebo n=3344, 50 mg canakinumab n=2170, 150 mg 
canakinumab n=2284, or 300 mg canakinumab n=2263. The risk of cardiovascular events or mortality after different 
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dosages of canakinumab therapy was calculated via hazard ratios. Original data are taken from (107). (B) 4745 
patients were included in the COLCOT study, where 2366 patients received colchicine therapy, and 2379 received 
a placebo. The original published data calculated hazard ratios regarding cardiovascular events and mortality (109). 
Abbreviations: MI=myocardial infarct, HR=hazard ratio, CI=confidence interval, CV=cardiovascular. The figure is 
taken from (313). 

 

In addition to inflammation, oxidative stress is recognized as an essential factor in the 

pathogenesis of CVDs, characterized by an imbalance of ROS generation and scavenging 

(314, 315). This imbalance was observed, for example, by the positive correlation between 

glutathione peroxidase-1 levels and outcomes in CVD patients, as well as the association 

between markers of oxidative stress and cardiovascular mortality (316). 

 

6.2.1. Human proteomics data 

The plasma proteomic analysis in CHD patients revealed several stepwise increased targets 

associated with the number of their comorbidities (CHD<CHD+HT<CHD+HT+T2DM). In the 

following, the role of altered protein expression is discussed in more detail concerning their 

role in inflammatory signaling and the reference to the CD40L-CD40 signaling cascade. The 

cluster analysis showed upregulated protein expression for TNF receptor superfamily 

members like TNFRSF9 (CD137 / 4-1BB) and TNFRSF4 (CD134 / ox40) in CHD patients with 

HT and T2DM as comorbidities. These proteins are expressed on the surface of activated T 

cells. Like CD40 (TNFRSF5), TNFRSF9 and TNFRSF4 are directly interacting with TRAF2, 

which leads to NF-κB activation (317-319). Moreover, pro-inflammatory stimuli via CD40 or 

IL12 lead to enhanced TNFRSF9 expression, which promotes its T cell co-stimulatory function 

(320). CD27, another TRAF-interacting receptor, facilitates T-T and T-B cell interactions. Like 

other co-stimulatory receptors, it activates NF-κB through TRAF2/5 signaling (321). 

Inflammatory cytokines like TNFα are also part of the TRAF interacting protein group, and it 

was significantly upregulated in CHD+HT+T2DM patients compared to CHD patients. In 

addition to TRAF2-mediated signaling, TNFα can trigger apoptosis via caspase8/caspase3 

signaling (322). Furthermore, TNFRS21 (DR6) expression significantly increases in the plasma 

of CHD patients with T2DM as a comorbidity. TNFRS21 contains a death domain and induces 

apoptosis via NF-κB. As a TNF receptor superfamily member, TNFRS21 might also contribute 

to inflammation and regulation of the immune system (323). 

 

Further, the cluster analysis identified TNFα as a central player for altered protein expression 

patterns in CHD patients suffering from HT or T2DM. This also indicates an involvement of the 

CD40L-CD40 signaling pathway in upregulated pro-inflammatory signaling. Previously, it was 

shown that activated platelets promote pro-inflammatory signaling and bind via CD40L-CD40 

interaction to monocytes, forming aggregates. These monocytes further secreted IL-1ß and 

TNFα in a CD40/TRAF6/NF-κB dependent manner, promoting immune cell migration. A 



Discussion 

 118 

blockade of CD40L/CD40 or silencing of CD40/TRAF6 leads to a lack of monocytic TNFα 

secretion due to the absence of phosphorylation and nuclear translocation of NF-κB. Also, the 

monocytic secretion of CCl2 (MCP-1) was reduced by utilizing CD40L or CD40 blocking 

antibodies (324). In patients with diabetic retinopathy, CD40 expression is upregulated, 

accompanied by increased ICAM-1 (CD54), CCL2, TNFα, and IL-1ß expression (325). During 

HIV infection, CD40L and other TNFRSF members play a central role in the regulation of 

immune responses (326). In mouse models of arthritis, TRAF6 inhibition led to suppression of 

RANKL, CD40L, and IL-1ß expression and had anti-inflammatory effects (244). Enhanced 

CD68 expression is co-stimulated with CD40L-CD40 signaling. CD40L-CD40 signaling leads 

to the expression of different cytokines and the recruitment of monocytes and macrophages to 

the inflammation side. An increasing number of macrophages is associated with the incidence 

of the macrophagic marker CD68 (243, 327). 

 

In addition to TNF superfamily members, other proteins linked to the CD40L-CD40 signaling 

cascade are upregulated in CHD patients suffering from additional comorbidities. Like IOSLG, 

it is expressed on germinal center B cells and is upregulated in CHD+HT+T2DM patients. It 

interacts with its receptor ICOS on T follicular T helper cells and mediates calcium flux. This 

promotes the externalization of CD40L, which triggers the binding of germinal center B cells 

via CD40 and leads to increased ICOSLG expression in a positive feedback loop-dependent 

manner. Upregulated ICOSLG expression via CD40 signaling is important for bone marrow 

plasma cell development and establishing T follicular helper cell-mediated, long-lasting 

immunity (328). Gal1 protein expression is also upregulated in CHD+HT+T2DM patients and 

is associated with T-cell apoptosis. Gal1 is expressed and secreted by activated B cells, which 

interact via CD40L-CD40 binding with T cells. This interaction of CD40L-CD40 could lead to T-

cell apoptosis and enhanced cytokine production in B cells. Therefore, CD40L-CD40 

interaction and Gal1 expression seem to regulate B-cell mediated function and survival of T-

cells (329). A novel subset of B cells expressing CCL4/CCL3 chemokine has been identified 

recently in human tonsils. The activation and expression of these chemokines are positively 

correlated with CD40 co-stimulation in this B-cell subset (330). These data indicate that 

evaluated plasma levels of CCL4/CCL3 in CVD patients could be mediated by CD40L-CD40 

signaling. CD40 expressed on macrophages could mediate contrary immune responses. On 

the one hand, strong CD40 stimulation led to p38 MAPK pathway activation, resulting in iNOS 

induction, IL-12, and INFγ secretion as pro-inflammatory immune responses to recruit other 

immune cells to fight against infections. On the other hand, weak CD40 signal activation led to 

ERK1/2 pathway activation, causing IL-10 cytokine expression, which promotes infections by 

inhibiting other immune cell recruitment (331). KLRD1 and CD244 expression is also 

upregulated in the plasma of CHD+HT+T2DM patients compared to the CHD group. These 
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proteins are involved in NK cell function and NK cell-mediated immunity. However, their 

involvement in CD40L-CD40 signaling remains unclear (332). Figure 57 summarizes the 

results of the proteomic analysis. 

 

 

Figure 57: The role of the inflammatory CD40L-CD40 signaling cascade in CHD patients with diabetes and 
hypertension. The panel shows that different inflammatory markers in CHD patients with additional comorbidities 

like hypertension and diabetes are upregulated. Directly, TRAF6 interacting proteins are marked with *, and proteins 
affected by CD40L-CD40-TRAF signaling are marked with ‘. Some of the targets mentioned here have only changed 
according to the trend in proteomic analysis. Created with BioRender.com. Adapted from (276). Abbreviations: 
CD=cluster of differentiation, CD40L=CD40 ligand, TNF=tumor necrosis factor, CHD=coronary heart disease, 
IL12=interleukin-12, TNFRSF4 (or ox40 or CD134)=TNF receptor superfamily member-4, TNFRSF9 (or 4-1BB or 
CD137)=TNF receptor superfamily member-9, ICOSL=inducible costimulator ligand, AngPT1=angiopoetin-1, 
PGF=placental growth factor, TIE2=angiopoetin receptor-2, CCL3/CCL4=C-C motif chemokine ligand-3/-4, 
CXCL11=C-X-C motif chemokine ligand-11, 3NT=3-nitrotyrosine, KLRD1=killer cell lectin like receptor D-1, 
NCR1=natural cytotoxicity triggering receptor-1, DR6=death receptor-6, Gal1=galactin-1, NK=natural killer cell.  

 

The proteomic data are further supported by protein expression analysis performed via dot 

blotting. In patients, plasma protein expression associated with oxidative stress (e.g., NOX2, 

3-NT) and inflammation (e.g., CD40L, CD68) is enhanced, as in the performed proteomic and 

transcriptomic analyses.  

 

6.2.2. Human transcriptomic data 

Proteomic analysis in the plasma and mRNA expression analysis of aortic tissue showed only 

a minor target overlap, which is unsurprising and discussed in more detail. Whereas the 

plasma proteomic analysis allows conclusions on the whole body, the RNA-Seq analysis 

represents only conclusions on tissue-specific local gene expression alterations. Regarding 

the proteomic data in CHD+HT+T2DM patients compared to the CHD group without 

comorbidities, increased aortic gene expression was observed for cytokines/chemokines (e.g., 

TNFα, CCL3, CCL4), markers associated with T-cell activation (e.g., TNFRSF4, TNFRSF9, 

ICOSLG, CD5), apoptotic markers (e.g., Gal1, TNFRSF21), angiogenic markers (e.g., 

AngPT1, TIE2) and NK cell-specific markers (e.g., KLRD1, CD244). 
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IPA analysis identified the top 5 canonical pathways and top 5 upstream regulators within the 

different patient groups. Comparing CHD+HT with CHD patients, the top 5 upregulated 

canonical pathways are involved in pro-inflammatory and pro-oxidative mechanisms, which 

are important in CVD pathogenesis. Upregulated mitochondrial dysfunction and oxidative 

phosphorylation in CHD+HT patients are associated with the pathogenesis of chronic diseases 

(e.g., atherosclerosis and cardiomyopathy), reduced ATP synthesis, and loss of electron 

transport chain efficiency, which results in ROS generation and uncoupling of proteins (333). 

Especially, eNOS uncoupling is to be mentioned as involved in endothelial dysfunction and 

progression of hypertension. Mitochondrial dysfunction also promotes apoptosis and plaque 

rupture (334). Another pathway upregulated in CHD+HT patients compared to CHD patients 

was the sirtuin pathway. Sirtuins are NAD+-dependent enzymes that control inflammation, 

mitochondrial function, cellular metabolism, and DNA repair. For example, Sirt1 activation is 

associated with cell survival and cellular resistance against oxidative stress. Indeed, Sirt1-

mediated AMPK activation eliminates oxidative stress by controlling insulin sensitivity, 

metabolism, fatty acid oxidation, and mitochondrial biogenesis. NF-κB induced gene 

expression is inhibited by Sirt1 activity, which promotes cell survival. Upregulated sirtuin 

signaling also has protective characteristics in ischemia/reperfusion injury of cardiac tissue. 

Lastly, Sirt1 acts as an anti-atherosclerotic factor by protecting endothelial cells from oxidative 

stress, improving endothelial function, and inhibiting smooth muscle cell hypertrophy, which is 

critical in atherosclerosis progression (335, 336). Fourthly, the neutrophil extracellular trap 

(NET) pathway is upregulated in CHD patients. NETs consist of predominantly DNA strings 

released by neutrophils and provide a link between inflammation, innate immunity, thrombosis, 

and oxidative stress in CVD patients. NETs are present in atherosclerotic lesions and 

contribute to plaque destabilization. Further, oxidative stress contributes to NETosis. Also, NET 

formation is important in activating the coagulation system and mediation of arterial thrombosis 

(337). The fifth upregulated pathway in comparing CHD+HT with CHD patients is granzyme A, 

a serine protease. Extracellular granzymes promote matrix degradation and induce vascular 

dysfunction, inflammation, and plaque instability in atherosclerosis (338). 

 

The top 5 upstream regulators for the observed gene expression changes in comparing 

CHD+HT patients with CHD patients are TEAD1, PPARGC1A, CD40, INSR, and Hbb-b1. The 

protein-coding transcription factor TEAD1 promotes vascular smooth muscle cell differentiation 

and is important in vascular development. Yes-associated protein (YAP1) signaling depends 

on TEAD1 binding and is involved in AT-II-mediated vascular remodeling in hypertensive rats 

(339, 340). PPARGC1A is a protein-coding gene linked to energy metabolism, which may affect 

the heart and smooth muscle cell function. In previous studies, PPARGC1A dysregulation was 

observed in heart failure (341, 342), and further, it was associated with the regulation of 
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endothelial function (343) and generation of atherosclerotic lesions (344). The upregulation of 

CD40 aligns with our mouse data and already published data (216, 217). Also, enhanced INSR 

gene expression in hypertension is in accordance with published literature (345). The 

upregulation of the Hbb-b1 gene could be associated with social stress and may affect vascular 

dysfunction in mice (346).  

 

The IPA analysis of CHD+HT+T2DM versus CHD patients revealed enhanced agranulocyte 

diapedesis and hepatic fibrosis, reduced calcium, dilated cardiomyopathy, and the effect of 

sildenafil as the top five canonical pathways. Enhanced agranulocyte (lymphocytes or 

monocytes) adhesion and migration are frequently observed in chronic diseases like 

atherosclerosis (82, 87). Hepatic liver fibrosis is another pro-inflammatory-driven pathological 

entity partially mediated by atherosclerosis identified in a multiethnic cohort study (347). During 

the development of atherosclerosis, calcium signaling may also play an important regulatory 

role in aortic gene expression. Imbalance of intracellular calcium homeostasis could promote 

atherosclerotic lesion development (348). Dilated cardiomyopathy is characterized by left 

ventricular or biventricular dilation that is caused by, for example, CHD, heart attack, 

hypertension, or diabetes (349). In rat renal ischemia/reperfusion models, sildenafil activates 

antioxidant and antiapoptotic genes. Further, sildenafil inhibits pro-inflammatory cytokine 

genes, and its reduced effects would probably promote inflammation and oxidative stress 

(350). 

 

Comparing CHD+HT+T2DM versus CHD patients, the IPA identified SIX1 as an upregulated 

upstream regulator. The homeobox transcription factor SIX1 is associated with regulatory 

protein expression of organ development, differentiation, and cancer (351). Unfortunately, 

nothing is published about how SIX1 is involved in CHD, hypertension, or diabetes. 

Interestingly, most of the top five upstream regulators (DMD, MYOD1, MEFC1, and ß-estradiol) 

are downregulated compared to CHD+HT+T2DM versus CHD patients. This unexpected result 

correlates with using glucose-lowering drugs like metformin or insulin in the CHD+HT+T2DM 

cohort. It is well established that high glucose levels are associated with pro-inflammatory and 

pro-oxidative signaling (352). A pharmacological reduction of blood glucose levels could lead 

to reversal glucose gene expression alterations. Furthermore, anti-oxidative effects through 

AMPK activation and mTOR pathway inhibition were reported for metformin (353, 354). Also, 

insulin exhibits anti-oxidative effects via •NO signaling (355). These mechanisms may also 

promote the reversal of gene expression patterns in CHD+HT+T2DM patients if compared to 

the CHD group. Mutations in the cytoskeletal/membrane protein DMD could lead to dilated 

cardiomyopathy and muscle dystrophy. Dystrophin and dystrophin-associated proteins serve 

as mechanical stabilization of muscle sarcolemma and prevent contraction-related injuries. If 
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dystrophin is missing, the dystrophin-associated protein complex is degraded, which leads to 

mitochondrial dysfunction, impaired potassium signaling, pro-inflammatory signaling, and 

muscle degradation (356). The transcription factor MYOD1 prevents cardiac remodeling and 

fibrosis development in hypertensive rats. Reduced MYOD1 gene expression is observed 

during hypertension in cardiac and aortic tissue, which aligns with our results and may indicate 

severe aortic damage in CHD+HT+T2DM patients (357). In the cardiovascular system, the 

transcription factor MEF2C is important for cellular phenotypic modulation and is involved in 

cell proliferation, smooth muscle cell differentiation, migration, and homeostasis. A 

dysregulation of MEF2C is linked to hypertension-related vascular remodeling (358, 359). 

Estrogen treatment is described as a possible therapeutic approach to reduce atherosclerosis. 

The vasoprotective properties of estrogen are caused by its ability to enhance eNOS activity, 

resulting in increased •NO bioavailability. Therefore, estrogen causes vasodilation, suppresses 

arterial collagen secretion and extracellular matrix deposition, and decreases the secretion of 

inflammatory cytokines (360, 361). However, using estrogen as a potential new treatment for 

CVD is still controversially discussed in the literature (362, 363). 

 

Comparing CHD+HT+T2DM patients with CHD+HT patients, the top five reduced canonical 

pathways involved oxidative phosphorylation, mitochondrial dysfunction, sirtuin signaling, 

estrogen receptor signaling, and calcium homeostasis. The role of these pathways in relation 

to CVD is previously discussed in the text. The IPA revealed that under the top 5 upstream 

regulators, TEAD1 and DMO activity decreased, and SIX1, CLPP, and CPT1B activity was 

enhanced by comparing CHD+HT+T2DM patients with CHD+HT patients. Also, in high-fat diet-

treated animals, systemic insulin resistance leads to enhanced CLPP expression in slow-twitch 

muscles. Insulin sensitivity in skeletal muscle is related to mitochondria hemostasis, and 

enhanced CLPP activity may be involved in mechanisms that cause mitochondrial dysfunction 

(364). The fatty acid oxidation enzyme CPT1B seems to be involved in T2DM pathogenesis. 

Indeed, CPTB1-deficient mouse models were protected from diet-induced insulin resistance 

(365). Further, T2DM patients with gastric bypass surgeries had improved whole-body insulin 

sensitivity by increased expression of CPT1B (366). Lastly, the transcription of the CPT1B 

gene is related to cardiac hypertrophy (367). 

 

6.2.3. Limitations of the human data  

Individual variabilities in CHD patient’s plasmatic protein or aortic RNA expression could arise 

from factors beyond the known comorbidities, such as environmental stressors, age, diet, 

circadian rhythms, or other known and unknown factors. The utilized cohort size of 88 CHD 

patients for the plasma proteome analysis was too small to account for these confounding 

factors. Also, the number of patients in the three groups is limited, and we cannot exclude 

unexpected confounding factors. Lastly, we could only screen for a limited number of proteins 
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in a targeted fashion, limiting the breadth of the analysis. Compared to inbreed mouse strains, 

human tissue transcriptomes exhibit greater heterogeneity, reflected by lower p-values among 

healthy and diseased individuals. The higher genetic variance could cause some 

transcriptional disease-related changes to remain undetected. A larger sample size would 

reduce this limitation. The availability and utilization of healthy aortic tissue is ethically 

problematic. However, the IPA revealed in comparing CHD+HT patients with CHD patients that 

the CD40L-CD40 pathway is a main regulator, which also fits our mouse data. For the 

transcriptomic analysis, whole aortic tissue was utilized, including different cell types (like 

endothelial cells, smooth muscle cells, immune cells, etc.); therefore, cell type-specific effects 

could not be analyzed. The immune cell composition could be affected by additional infections. 

All study patients were previously treated with different drugs, which partially overlap between 

the groups; nevertheless, the effects of these drugs could also affect the gene expression and 

mask disease-related transcriptional changes. Because of the small sample size, the human 

study was performed as an exploratory pilot study. The lack of a CHD+T2DM patient cohort 

may further limit this study (276). 

 

6.3. Clinical impact 

In the last decades, treatment strategies associated with CVD risk factors, such as lifestyle 

changes, hypertension, and dyslipidemia, have been well established. In addition, lipid-

lowering therapy (e.g., statins) could reduce CVD risk by 30 % (see 1.4) (169, 368). 

Nevertheless, patients still suffer from atherosclerotic complications, and treating the 

associated chronic systemic low-grade inflammation is still challenging (369). Indeed, high-

sensitive CRP (hs-CRP) is used classically in the clinic as a cardiovascular risk marker. 

Elevated hs-CRP levels are associated with inflammation and serve, for example, as an 

indicator for MI-induced mortality in ACS patients (312, 370). Further studies have identified 

other inflammatory CVD risk loci, supporting that inflammation is a major independent 

cardiovascular risk factor (371, 372). For example, some circulating cytokines (e.g., TNFα, IL-

6, IL-18) or closely related factors (e.g., MMP-9) and sCD40L have also been established in 

the literature as independent cardiovascular risk factors (107, 373, 374). Recent clinical trials 

like the COLCOT (109) or CANTOS (107) study demonstrated that anti-inflammatory drug 

therapy reduces cardiovascular risk by suppressing different inflammatory pathways. However, 

clinically well-established classical cardiovascular risk markers are still more powerful tools 

than new inflammatory markers and seem to provide a better risk assessment until now, as 

demonstrated in Figure 58 (169). Besides hsCRP, well-established risk markers are, for 

example, systolic blood pressure, LDL, and N-terminal prohormone of brain natriuretic peptide 

(NT-proBNP) (169). 
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Figure 58: Association of coronary heart disease mortality to inflammatory and classical risk markers. A 

meta-analysis was performed to obtain the relative risk (RR) of CHD mortality correlated with inflammatory markers 
like TNFα, sCD40L, MMP-9 IL-18, and IL-6. These inflammatory risk markers were compared to classical CVD risk 
markers like hs-CRP, systolic BP, LDL, and NT-proBNP. The red line separates inflammatory and classical risk 
markers. Significant differences to the respective control groups are marked with *. Original data are taken from 
(374-377). Abbreviations: TNFα=tumor necrosis factor α, sCD40L=soluble CD40 ligand, MMP-9=matrix 
metalloproteinase-9, IL=interleukin, hs-CRP=high sensitive C-reactive protein, BP=blood pressure, LDL=low-
density lipoproteins, HDL=high-density lipoprotein, NT proBNP=N-terminal prohormone of brain natriuretic peptide, 
RR=relative risk. The figure is taken from (169). 

 

CD40L-CD40 signaling pathway has been recognized as a key player in developing 

autoimmune diseases and CVD. However, whether targeting the cascade is harmful or 

beneficial is still controversial (169). This study showed that CD40L-CD40 signaling is linked 

to leukocyte activation, oxidative stress, and inflammation. Further, we could demonstrate that 

CD40-TRAF6 signaling is associated with major pathomechanism in the progression of 

diabetes and hypertension. From these mouse data, we conclude that especially CD40-

TRAF6-mediated signaling seems to be important in mediating cardiovascular complications. 

CD40L-CD40 cascade members and associated proteins are upregulated also in CHD patients 

(Figure 57). In addition, TNFα has been identified as a key mediator in the proteomic and 

genomic analysis of CHD patients' tissue. However, in this study, we could not clarify if the 

CHD patient's comorbidities or other factors (for example, sincerity of cardiovascular event, 

other pre-existing diseases, patient’s lifestyle, or age) lead to the observed step-wise increase 

of inflammatory markers. Nevertheless, it is well known that hypertension and lipid metabolic 

disorders are important cardiovascular risk factors promoting atherothrombotic vascular 

diseases like MI and stroke. The targeted CD40-TRAF6 inhibitor therapy could provide a new 

therapeutic strategy for these diseases, which may circumvent the side effects of a general 

CD40L or CD40 blockade. It remains unclear if a long-term CD40-TRAF6 inhibitor treatment 

also provides some risk and if it would also be beneficial in hypertensive or diabetic patients. 

Further experiments in animals and humans are needed to clarify these questions.  
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7. Summary 

Cardiovascular diseases are the leading cause of disease burden and death worldwide and 

are fueled by vascular inflammation. Inflammatory pathways involving the CD40L-CD40-TRAF 

axis play a role in atherosclerosis progression and affect coronary heart disease pathogenesis. 

TRAF6 has already been identified as being involved in pro-inflammatory processes in 

atherosclerosis. The present study investigates the involvement of adipocytes in CD40L-

CD40-driven inflammation. We used a tissue-specific CD40KO mouse model to answer this 

question and assessed the impact on hypertension. In addition, CD40-TRAF6 inhibition was 

tested as a potential therapeutic target to suppress cardiovascular inflammation in 

hypertensive and diabetic mice. As a translational aspect, we further characterized the CD40L-

CD40-TRAF cascade and major markers of thrombosis and inflammation in vascular bypass 

material and sera from patients with coronary heart disease (CHD) with or without diabetes 

and/or hypertension as comorbidity. 

Arterial hypertension in mice was induced via angiotensin-II (AT-II) infusion by s.c. osmotic 

minipumps. The hypertensive global and tissue-specific CD40KO mouse models showed only 

a minor effect on endothelial function, systolic blood pressure, and oxidative stress in aortic 

tissue. Therefore, we conclude that adipocytes are not the main drivers of CD40L-CD40-

TRAF6-mediated inflammation. We suggest focusing more on macrophage-driven 

inflammation in the future. In addition, hypertensive WT mice were treated with a TRAF6 

inhibitor. TRAF6 inhibition showed vasoprotective and cardioprotective properties in 

hypertensive WT mice. Isometric tension studies demonstrated improved endothelial function. 

Also, decreased systolic blood pressure via tail cuff measurement, reduced inflammatory 

protein marker expression via Western blotting, and decreased oxidative stress levels via DHE-

cryo stainings and oxidatively modified proteins were observed in the aortic or cardiac tissue 

of TRAF6 inhibitor-treated hypertensive animals. In addition, FACS analysis revealed that 

TRAF6 inhibition in hypertensive animals leads to reduced inflammation observed by reduced 

CD45+ leukocyte, Ly6G+/Ly6C+ neutrophil, and Ly6C high inflammatory monocyte infiltration 

into aortic tissue. In the diabetic mouse model (db/db mice), TRAF6 inhibition led to 

significantly decreased protein expression of different inflammatory and oxidative stress 

markers, for example, CD40L, p-47phox, NOX2, and eNOS. In CHD patients, our initial Olink-

targeted plasma proteomic analysis showed a stepwise increase in markers of 

atherothrombosis and endothelial cell activation with each additional comorbidity. In addition, 

specific gene clusters correlating with the comorbidities were identified in isolated aortic mRNA 

through next-generation sequencing. 

In summary, our data shows that TRAF6 inhibition can reduce pathophysiological vascular 

inflammation and oxidative damage in hypertensive mice and that TRAF6 inhibition could be 

a suitable candidate for a therapeutic approach in hypertensive patients.  
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8. Zusammenfassung 

Herz-Kreislauf-Erkrankungen zählen weltweit zu den häufigsten Erkrankungen bzw. 

Todesursachen und werden vor allem durch Gefäßentzündungen begünstigt. An den 

Entzündungsprozessen, die ein Fortschreiten von Atherosklerose und die Pathogenese von 

koronaren Herzkrankheiten beeinflussen, ist die CD40L-CD40-TRAF Signalkaskade beteiligt. 

Es konnte bereits gezeigt werden, dass TRAF6 maßgeblich an pro-inflammatorischen 

atherosklerotischen Prozessen beteiligt ist. In dieser Studie wurden die Auswirkungen einer 

globalen sowie Adipozyten spezifischen CD40 Deletion in einem hypertensivem Mausmodell 

untersucht. Darüber hinaus wurde die pharmakologische Hemmung des CD40-TRAF6 

Signalweges als potenzielles therapeutisches Ziel zur Unterdrückung kardiovaskulärer 

Entzündungen in hypertensiven und diabetischen Mäusen untersucht. Als translationalen 

Ansatz wurden die CD40L-CD40-TRAF Signalkaskade, sowie Thrombose- und 

Entzündungsmarker in Aortengewebe und Serum von Patienten mit einer koronaren 

Herzerkrankung (KHK) mit oder ohne Diabetes und/oder Hypertonie als Komorbidität 

charakterisiert.  

Im Mausmodell wurde die arterielle Hypertonie durch eine Angiotensin-II (AT-II) Infusion über 

s.c. osmotische Minipumpen induziert. Dabei zeigten die globalen und gewebespezifischen 

CD40-/- Mausmodelle nur einen geringen Einfluss auf die Endothelfunktion, den systolischen 

Blutdruck und den oxidativen Stress in Aortengewebe. Adipozyten scheinen daher nicht 

maßgeblich an den von CD40L-CD40-TRAF6-vermittelten Entzündungsprozessen beteiligt zu 

sein. In zukünftigen Studien werden wir uns auf die durch Makrophagen vermittelten 

Entzündungsprozesse fokussieren. Weiterhin zeigte in hypertensiven Mäusen eine TRAF6 

Hemmung einen vasoprotektiven und kardioprotektiven Phänotyp. Isometrische 

Spannungsstudien haben eine verbesserte endotheliale Funktion gezeigt. Außerdem wurden 

im Aorten- und Herzgewebe von mit TRAF6-Inhibitoren behandelten hypertensiven Tieren ein 

verringerter systolischer Blutdruck, eine verringerte Expression von 

Entzündungsproteinmarkern durch Western Blotting und eine Reduktion des oxidativen 

Stresses durch DHE-Cryo-Färbungen und oxidativ modifizierte Proteine beobachtet. FACS-

Analysen zeigten im Aortengewebe, von hypertensiven mit TRAF6 Inhibitor behandelten 

Tieren, eine geringe Infiltration von CD45+ Leukozyten, Ly6G+/Ly6C+ Neutrophilen und Ly6C-

reichen entzündlichen Monozyten. Diese Beobachtung lässt auf eine verminderte 

Entzündungsreaktion schließen. Im diabetischen Mausmodell (db/db-Mäuse) führte die 

Hemmung von TRAF6 zu einer signifikant verringerten Proteinexpression verschiedener 

Entzündungs- und oxidativer Stressmarker, z. B. CD40L, p-47phox, NOX2 und eNOS. Bei KHK-

Patienten zeigte unsere anfängliche Olink Plasmaproteomanalyse einen schrittweisen Anstieg 

von Markern für Atherothrombose und Endothelzellaktivierung mit jeder zusätzlichen 

Komorbidität. Darüber hinaus wurde durch Sequenzierung isolierter mRNA aus Aortengewebe 
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spezifische Gencluster identifiziert, die mit den Komorbiditäten (Hypertonie und/oder Diabetes) 

korrelieren. 

Zusammenfassend zeigen unsere Daten, dass die Hemmung von TRAF6 pathologische 

vaskuläre Entzündungen und oxidative Schäden bei hypertensiven Mäusen reduzieren kann 

und dass die Hemmung von TRAF6 ein geeigneter Kandidat für einen therapeutischen Ansatz 

bei hypertensiven Patienten sein könnte.  
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