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1.1 Atherosclerosis 

Atherosclerosis is a chronic, progressive, inflammatory disease characterised by the 

formation of atherosclerotic plaques in the vessel wall of medium-sized and large 

arteries.1, 2 These lesions start to develop quite early in life, approximately around the 

age of twenty, but then evolve slowly and silently over multiple decades, until suddenly, 

life-threatening clinical symptoms manifest.3 Most common manifestations are coronary 

artery disease and ischemic stroke as a result of luminal narrowing (i.e. stenosis) or 

arterial occlusion by thrombi that obstruct the blood flow to the heart or brain.4, 5 

Atherosclerotic plaques preferentially develop at branching points or curved regions 

along the artery where blood flow is low and/or disrupted and the barrier function of the 

endothelial cell (EC) layer covering the vessel wall, is compromised.6  

Epidemiological studies have identified a large number of risk factors for atherosclerosis 

including hyperlipidaemia, hypertension, diabetes, obesity and smoking.7 Some risk 

factors are genetically determined while others are environmental and thus modifiable by 

means of life style changes and drug therapy. Nevertheless, despite the remarkable 

advances in surgical and pharmacological interventions, atherosclerosis remains a 

leading cause of death and morbidity in the western world (approximately 370 000 

deaths/year in the USA).8 With the rapid ageing population and the improved survival 

after a myocardial infarction, the prevalence of coronary heart disease is expected to 

increase in the upcoming years.9, 10  

1.1.1 The pathogenesis of atherosclerosis 

Lesion initiation 

The primary event in the initiation of atherosclerosis, is the accumulation of low density 

lipoproteins (LDL) in the subendothelial matrix as a result of endothelial dysfunction (Fig. 

1.1a).11, 12 Due to the increased permeability of the EC layer, LDL particles passively 

diffuse into the subendothelial space where they are retained by binding to matrix 

proteoglycans.13 Once in the intima, native LDL is biochemically modified into minimally 

oxidised LDL (oxLDL)14 and stimulates the expression of adhesion molecules such as 

vascular adhesion molecule 1 (VCAM-1) and intracellular adhesion molecule 1 (ICAM-1) 

on the EC surface.1, 15 In this way, monocytes are recruited from the blood into the intima 
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where they differentiate into macrophages upon exposure to monocyte colony stimulating 

factor (M-CSF).1, 15  

Fatty streak 

The intimal macrophages convert into so-called foam cells by the uptake of oxLDL via 

their scavenger receptors (e.g. SR-A and CD36).16 The accumulation of foam cells in the 

intima leads to the formation of a fatty streak (Fig. 1.1b).1 However, macrophages may 

express different polarisation phenotypes and exert different effects in the plaque.17, 18 

Most plaque macrophages exhibit a pro-inflammatory M1-like phenotype, possibly 

through LDL scavenging, and produce reactive oxygen species (ROS) and pro-

inflammatory cytokines that amplify local inflammation. Other macrophages may have an 

M2-like phenotype and secrete factors to limit inflammation. Besides macrophages, other 

immune cells of both the innate (dendritic cells, neutrophils, mast cells) and adaptive (T 

cells, B cells) immune system are recruited to the plaque and contribute to the 

inflammatory responses associated with this disease.19, 20 After antigen-specific 

activation, T helper 1 (Th1) cells secrete the pro-inflammatory cytokine IFN which can 

augment plaque inflammation while regulatory T cells exert anti-inflammatory actions.20  

Fibrous stable plaque  

Macrophage and T-cell-derived growth factors and cytokines promote the migration and 

proliferation of vascular smooth muscle cells (VSMCs) from the media into the intima.21 

During this migration step, VSMCs switch from a contractile to a synthetic phenotype22 

and start synthesising extracellular matrix (ECM) such as collagen, proteoglycans and 

elastin. The intimal VSMCs together with the ECM form a fibrous cap that covers the 

plaque (Fig. 1.1c). The thickness of the fibrous cap is critical for the stability of the 

plaque.3 Nevertheless, alternative origins of plaque VSMCs have been suggested, 

including circulating bone marrow-derived progenitor cells23-25 or multipotent stem cells 

in the media26 or adventitia,27 though, no compelling evidence has been obtained so far 

for a significant contribution of these alternative sources to the vast majority of plaque 

VSMCs. Furthermore, plaque growth results in hypoxia which triggers the formation of 

intra-plaque microvessels.28 These neovessels promote further plaque growth and 

inflammation via the influx of leukocytes and cholesterol, and may cause intra-plaque 

haemorrhages.29, 30    
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Unstable, rupture-prone plaques 

As the plaque progresses, inflammatory cells tend to accumulate, particularly in the 

shoulder regions of the plaque, and produce pro-inflammatory cytokines that promote 

VSMC death.2 Moreover, macrophages secrete proteolytic enzymes such as matrix 

metalloproteinases (MMPs) that degrade the extracellular matrix.31 Also mast cells have 

the potential to degrade ECM components.32 Loss of VSMCs and collagen leads to 

thinning of the fibrous cap and contributes to plaque destabilisation.3 Apoptotic and 

necrotic cell death of lipid-laden VSMCs and macrophages promote the accumulation of 

cellular debris and lipids in the centre of the plaque, forming a lipid-rich necrotic core.33 

Hence, unstable atherosclerotic plaques are characterised by an increased inflammatory 

cell count, a thin fibrous cap and a large lipid-rich necrotic core.3, 12 Rupture of the plaque 

preferentially occurs at sites where the fibrous cap is very weak and most infiltrated by 

macrophage foam cells (Fig. 1.1d).3, 5 The weakest spot in the plaque is thus often 

located at the shoulder regions or at the margins of the cap.5 The underlying necrotic 

core is rich in tissue factor, a key initiator of the coagulation cascade released by dead 

macrophages. Once the fibrous cap ruptures, the pro-thrombogenic content of the 

necrotic core is exposed to coagulation factors and platelets in the blood, triggering 

thrombus formation.34, 35 

1.1.2 Anti-atherosclerotic therapies 

Current treatment strategies for atherosclerosis are predominantly based on reducing the 

multiple risk factors.  

Lipid lowering, by diet and/or statin therapy, are essential in the primary and secondary 

prevention of cardiovascular disease (CVD).36 Statins inhibit the cholesterol synthesis in 

the liver by inhibition of the HMG-CoA reductase enzyme and therefore reduces total 

cholesterol and LDL in plasma.37 Moreover, statins exert pleiotropic effects such as 

improving endothelial dysfunction and plaque stability, and reducing vascular 

inflammation, that are considered beneficial in the struggle against atherosclerosis.38  

Lowering of blood pressure via antihypertensive drugs such as β-blokkers, calcium 

channel blockers, thiazide diuretics and angiotensin converting enzyme-inhibitors, 

reduces the risk of cardiovascular mortality and morbidity significantly.39  
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Inhibition of platelet aggregation by low doses (80-100mg) of acetylsalicylic acid (ASA) 

has been proven highly successful in the (primary and) secondary prevention of CVD.40 

For patients who have undergone coronary artery stenting, double anti-platelet therapy 

with ASA and clopidogrel for 6-12 months is recommended.41  

 

 

Figure 1.1: The development of the atherosclerotic plaque. (a) Plaque formation is initiated by 

the accumulation of LDL in the subendothelial space. LDL is modified into oxLDL which stimulates 
the expression of adhesion molecules on the endothelium to recruit monocytes and other 
leukocytes (e.g. T cells) to the intima. (b) After differentiation, macrophages take up oxLDL and 
turn into foam cells, forming a fatty streak. (c) Growth factors and cytokines derived from 

macrophages and T cells promote the migration of vascular smooth muscles cells (VSMCs) from 
the media into the plaque. The intimal VSMCs produce collagen and form a protective fibrous cap. 
In response to hypoxia, neovessels are formed and penetrate into the plaque. (d) The plaque 

becomes vulnerable due to thinning of the fibrous cap and the formation of a large lipid-rich necrotic 
core. When the plaque ruptures, pro-coagulant material of the necrotic core  is exposed to the 
blood and triggers thrombus formation. Modified from 42 
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1.1.3 Mouse models to study atherosclerosis 

The use of murine models has been shown to be extremely valuable to study the 

biological processes underlying this disease and to test new approaches to target the 

mechanisms leading to plaque destabilisation. In the present study, we used the 

apolipoprotein E-deficient (ApoE-/-) mouse, which is perhaps the most widely-used mouse 

model to study atherosclerosis.43 ApoE associates with VLDL in the plasma and binds to 

the LDLR on the liver to promote lipoprotein uptake.44 Deficiency in ApoE results in high 

levels of VLDL (and LDL) and promotes spontaneous plaque development, which can be 

accelerated by feeding the mice a high cholesterol western-type diet.43 Another frequently 

used model is the LDL receptor knockout (Ldlr-/-) mouse. These mice show only an 

increase in LDL and require a western-type diet to induce significant plaque 

development.43  

 

1.2 Cell death 

Cell death is a crucial event in maintaining organismal homeostasis by controlling tissue 

cell turnover. Cell death enables the organism to kill and eliminate unwanted cells during 

normal as well as pathological development. However, abnormal regulation of this 

process facilitates disease progression.45 

A cell is considered dead when a so-called ‘point-of-no-return’ has been trespassed.46 

These ‘points-of-no-return’ include loss of plasma membrane integrity, mitochondrial 

membrane permeabilisation, cell fragmentation or engulfment by adjacent cells. 

According to morphological criteria, cell death can be classified into 3 major catabolic 

processes, namely, apoptosis, autophagy and necrosis, often referred to as type I, type 

II and type III cell death, respectively. Even though recent guidelines discourage the use 

of these Roman numerals to indicate the different types of cell death,46 we followed this 

system of classification to order the different types of cell death discussed in this thesis.  

Besides changes in cell morphology, the different types of cell death are characterised 

by distinct biochemical changes such as activation of proteases, mitochondrial 

membrane depolarisation and phagocytic recognition (Table 1.1). It is highly 

recommended to combine both morphological and molecular criteria to determine the 

type of cell death. Of note, dying cells can show mixed features or overlapping 
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mechanisms or decease via other cell death pathways (e.g. anoikis47, entosis48 and 

mitotic catastrophe49). 

Table 1.1 Morphological and biochemical features of apoptosis, autophagy and necrosis 

 

 

1.2.1 Apoptosis 

Apoptosis is the best-studied form of programmed cell death. The term apoptosis was 

firstly introduced by Kerr, Wyllie and Currie in 1972, and comes from the Greek words 

‘apo’ + ‘ptosis’, meaning ‘falling off’.50 Apoptosis can be morphologically distinguished by 

cellular shrinkage, chromatin condensation, membrane blebbing and internucleosomal 

DNA fragmentation.50 The remaining apoptotic bodies may be phagocytised (also known 

as efferocytosis) by adjacent cells without further inflammation. The demolition of the cell 

during apoptosis is governed by cysteine aspartate specific proteases, termed 

caspases. These proteases are expressed as zymogens (i.e. inactive precursors) but 

are activated by cleavage at specific aspartic residues in response to death stimuli.51 

Caspases are generally subdivided in initiator and effector caspases. Initiator caspases 

(caspase-2, -8, -9 and -10) act upstream of the apoptotic pathway and bind to adaptor 



CHAPTER 1 

 

8 

molecules that promote caspase oligomerisation and activation. In contrast, the effector 

caspases (caspase-3, -6 and -7) are located downstream of the pathway and are 

activated by cleavage via the initiator caspases to provoke the dismantling of the cell.52 

For example, cleaving of cellular substrates involved in cytoskeleton reorganisation (e.g. 

α-fodrin and gelsolin) alters the cellular shape while cleaving of lamins and the inhibitor 

of caspase-activated DNase (ICAD) causes nuclear degradation.53 In detail, cleaving of 

ICAD relieves the inhibition on the endonuclease CAD, resulting in internucleosomal DNA 

fragmentation.54 Moreover, during apoptosis, phosphatidylserine (PS) is translocated 

from the inner leaflet to the outer side of the plasma membrane to facilitate the recognition 

and removal of apoptotic cells by phagocytes,55 thereby minimising inflammation. Of 

note, also non-apoptotic caspases have been identified, termed inflammatory caspases 

(caspase -1, -4, -5 -11), which play a role in the maturation of pro-inflammatory cytokines 

and in the promotion of innate immune responses.56 

There are 2 major signalling pathways for the regulation of apoptosis: the extrinsic and 

the intrinsic pathway (Fig. 1.2). The first pathway involves membrane-bound death 

receptors such as TNFR1, Fas, DR4 and DR5.57 Binding of the receptors to their ligands 

(TNFα, FasL and TRAIL respectively) results in the recruitment of adaptor proteins (e.g. 

FADD) and pro-caspase-8. The subsequent oligomerisation activates caspase-8, which 

in turn can activate the effector caspases. The intrinsic pathway involves the release of 

cytochrome c from the mitochondria, mediated by the pro-apoptotic proteins (e.g. Bax 

and Bak) of the Bcl-2 family.58 Bax and Bak permeabilise the outer mitochondrial 

membrane (MOMP), which can be prevented by the anti-apoptotic proteins Bcl-2 and 

Bcl-XL. Once released, cytochrome c forms a complex with Apaf-1 and pro-caspase-9 

(called the ‘apoptosome’), which activates caspase-9 and subsequently activates the 

downstream caspases.59 Moreover, crosstalk between the two pathways has been 

described. Caspase-8 can cleave the Bcl-2 family member Bid into the pro-apoptotic 

molecule, tBid, that triggers cytochrome c release.60 Furthermore, the mitochondrial 

apoptotic pathway may also be engaged by the tumour suppressor p53. p53 can activate 

the transcription of multiple pro-apoptotic genes encoding for members of the Bcl-2 family 

such as Bax, Noxa and PUMA.61 
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Figure 1.2: Schematic overview of the extrinsic and intrinsic pathway of apoptosis. The 

extrinsic pathway is activated by binding of ligands (FasL, TRAIL, TNF) to their death receptors 
(Fas, DR4/5, TNFR). These receptors recruit FADD and activate caspase-8 and -10 which in turn 
activates the effector caspases (caspase-3,-6,-7). In the intrinsic pathway, death signals reach the 
mitochondria where pro-apoptotic proteins of the Bcl-2 family (Bax, Bak) permeabilise the 
mitochondrial outer membrane to release cytochrome c. Next, cytochrome c forms a complex with 
Apaf-1 and pro-caspase-9, which leads to caspase-9 activation and subsequent activation of the 
effector caspases. Cytochrome c release is prevented by the anti-apoptotic proteins Bcl-2 and Bcl-
XL. The mitochondrial pathway may also be triggered by p53 and caspase-2 upon DNA damage. 
Crosstalk between the intrinsic and extrinsic pathway involves caspase-8-mediated cleavage of 
Bid into tBid, which may promote cytochrome c release. Modified from 62 

 

1.2.2 Autophagy 

Autophagy is a cellular catabolic process involved in the delivery of long-lived proteins 

and organelles to lysosomes for degradation.63-65 The term autophagy comes from the 

Greek words ‘auto’ + ‘phagy’ meaning ‘to eat oneself’ referring to the self-digesting 

properties of autophagy. At least three forms of autophagy have been described: (1) 

macroautophagy, in which cytoplasmic material is sequestered in double-membrane 

vacuoles, termed autophagosomes, and delivered to the lysosome, (2) microautophagy, 

in which cytoplasm is directly engulfed by the lysosome, and (3) chaperon-mediated 

autophagy, in which cytoplasmic proteins are incorporated into the lysosome by selective 

binding to a specific receptor.63-65 In this thesis, we will only focus on macroautophagy 
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(herein further referred to as autophagy), which is the most studied form of autophagy. 

Autophagy occurs at low levels in the cell to perform homeostatic functions by recycling 

the engulfed cargo into new building blocks (e.g. amino acids, carbohydrates, fatty acids 

and nucleotides). When cells are exposed to intracellular (e.g. accumulation of damaged 

organelles) or extracellular (e.g. nutrient deprivation, hypoxia) stressful stimuli, 

autophagy is upregulated and serves as a cell survival mechanism.66 However, 

unrestrained excessive stimulation of autophagy results in autophagic cell death due to 

the degradation of major cytosolic components such as the mitochondria and the 

endoplasmic reticulum, leading to final cellular collapse.67 The term ‘autophagic cell 

death’ has been heavily under debate in the past few years68, 69 because it can be 

interpreted in two ways: (1) ‘cell death associated with autophagy’ during which 

autophagy is activated in dying cells as a futile attempt to prevent final cell demise or (2) 

‘cell death fully executed by autophagy’. According to the latest recommendations of the 

Nomenclature Committee on Cell Death (NCCD), the term ‘autophagic cell death’ can be 

used when describing cell death that can be suppressed by inhibition of the autophagic 

pathway (e.g. by chemicals or genetic interventions).46 

The autophagic machinery is regulated by specific proteins called ATG (AuTophaGy 

regulated genes) proteins. Each of these proteins play a specific role in the distinct stages 

of the process  (Fig. 1.3).70 The induction of autophagosome formation is firstly regulated 

by the ATG1/ULK complex, and is controlled by mammalian target of rapamycin (mTOR)-

dependent and mTOR-independent pathways (vide infra). The second stage includes the 

formation of the isolation membrane or phagophore (= vesicle nucleation) which is 

mediated by proteins of the PI3K (phosphatidylinositol 3 kinase) complex (including 

Beclin-1 and Vps34/PI3K class III). The third step, the vesicle elongation, is controlled by 

two ubiquitin-like conjugation systems (ATG12 and ATG8 systems). ATG12 is activated 

by ATG7 and forms a complex with ATG5 and ATG16. ATG8, better known as pro-LC3, 

is cleaved by ATG4 into LC3-I and activated by ATG7. Then, LC3-I is conjugated to 

phosphoethanolamine (PE) to form LC3-II. The mature autophagosome then fuses with 

a lysosome to form an autolysosome where the incorporated cargo is degraded by 

lysosomal hydrolases.70 During this process, also the membrane bound LC3-II is 

degraded together with the cargo receptor p62 that targets polyubiquitinated proteins to 

the autophagosome. 
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The autophagic process can be controlled by multiple upstream signalling pathways such 

as mTOR (i.e. negative regulator) and AMPK (i.e. positive regulator). In case of nutrient 

excess, mTOR is activated, resulting in ULK1 inhibition and suppression of autophagy 

whereas in conditions of nutrient deprivation, mTOR is inactivated to allow autophagy-

mediated degradation of biomolecules.71 The energy sensor AMP-activated protein 

kinase (AMPK) induces autophagy indirectly by inhibition of mTOR or directly through 

phosphorylation and activation of ULK1.72 

 

 

Figure 1.3: Schematic overview of the regulation of autophagy. The induction of 

autophagosome formation is regulated by the ULK1 complex which is under control of mTOR and 
AMPK pathways. During the vesicle nucleation stage, the formation of the phagophore is controlled 
by the PI3K complex. Two ubiquitin-like conjugation systems (ATG12 and ATG8) regulate the 
vesicle elongation. When the autophagosome is completed, it fuses with a lysosome to form an 
autolysosome. The incorporated material including the inner membrane is degraded by lysosomal 
hydrolases. Modified from 73 
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1.2.3 Necrosis 

Necrosis, meaning ‘death’ in Greek, is probably the oldest known type of cellular demise. 

Necrosis can be morphologically distinguished from the other forms of cell death by a 

gain in cell volume (oncosis) and swelling of organelles, followed by rupture of the plasma 

membrane and the release of the intracellular content.74 Besides rapid loss of membrane 

integrity, bioenergetic failure (i.e. ATP depletion) is considered as a key event of 

necrosis.75 The passive release of damage-associated molecular patterns (DAMPs), pro-

inflammatory molecules and/or proteases from necrotic cells into the surrounding 

environment evokes an inflammatory response. Moreover, it has been described that 

necrotic cells are less efficiently cleared by phagocytes as compared to apoptotic cells.76  

Though necrosis was originally considered as an accidental, non-programmed form of 

cell death (due to physio-chemical stress), accumulating evidence indicates that necrosis 

can be regulated via different signalling transduction pathways including death receptor 

activation, opening of the mitochondrial permeability transition pore (mPTP) and 

poly(ADP)ribose polymerase 1 (PARP1) overactivation (Fig. 1.4).77, 78 These signalling 

routes share common mediators (e.g. Ca2+ and ROS) that are involved in the different 

stages of the necrotic process (initiation/propagation/execution).79 Necrotic cell death is 

finally executed in different ways such as the formation of pores in the plasma membrane, 

random DNA fragmentation and depletion of ATP. 

Death receptor-mediated necrosis 

Necrosis triggered by activation of the TNFR1 is the most well-known form of regulated 

necrosis, also termed ‘necroptosis’, and requires activation of the receptor-interacting 

proteins RIPK1 and RIPK3.80 The ubiquitination state of RIPK1 determines whether it 

functions as a pro-survival scaffold molecule or as a kinase that promotes cell death.81, 

82 Polyubiquitination of RIPK1 by the cellular inhibitors of apoptosis proteins (cIAPs) 

promotes activation of the NF-κB survival pathway83 whereas deubiquitination of RIPK1 

(by CYLD deubiquitinase) promotes the formation of apoptotic or necrotic signalling 

complexes.84 When apoptosis is blocked by caspase 8 inactivation, RIPK3 is recruited to 

the FADD, caspase-8 and RIPK1 containing complex, called the ‘necrosome’. RIPK1 and 

RIPK3 interact via their RHIM-domain, become activated through (auto)phosphorylation 

and trigger necroptotic signalling.85, 86 Due to the existence of RIPK3-dependent but 
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RIPK1-independent necrosis,80 necroptosis should rather be defined as RIPK3-

dependent regulated necrosis.78  

RIPK3 executes necrosis via multiple ways. Firstly, RIPK3 interacts with several 

bioenergetic enzymes in the mitochondria such as glycogen phosphorylase (PYGL), 

glutamate-ammonia ligase (GLUL) and glutamate dehydrogenase 1 (GLUD1).87 

Enhanced glycogenolysis and glutaminolysis causes overproduction of ROS, which in 

turn triggers mitochondrial membrane permeabilisation and subsequent necrosis. 

However, necroptosis may also occur independently of ROS. In some cells, RIPK1 

disrupts the interaction between adenine nucleotide translocase (ANT) and cyclophilin D 

(CYPD), two components of the mPTP (vide infra), compromising the ADP-ATP 

exchange between the cytosol and the mitochondria.88, 89 More recent evidence has 

identified mixed lineage kinase domain-like (MLKL) as a direct effector mechanism of 

necroptosis. MLKL is recruited to the necrosome via interaction with RIPK3 and is 

activated through RIPK3-mediated phosphorylation.90 MLKL then translocates to the 

plasma membrane where it binds to phosphatidylinositol phosphate and causes 

membrane leakage and concomitant necrosis.91 Moreover, relocalisation of MLKL to the 

plasma membrane promotes influx of Ca2+ ions via transient receptor potential cation 

channels.92  

mPTP-mediated necrosis 

In response to ROS or Ca2+, the mPTP localised in the mitochondrial inner membrane, 

is opened and may provoke necrotic cell death. Persistent mPTP opening leads to 

mitochondrial depolarisation, inhibition of the respiratory chain and subsequent ATP 

depletion.93 Until now, only CYPD has been identified as the key regulatory component 

of the mPTP. Recent evidence shows that the pro-necrotic activity of CYPD may be 

regulated by the tumour suppressor protein p53.94  

PARP1-mediated necrosis 

In response to DNA damage, PARP1 is recruited to the DNA at the site of damage and 

catalyses the poly(ADP)ribosylation of nuclear proteins (e.g. histones) by converting NAD 

into nicotinamide and ADP-ribose.95 In case of severe DNA damage, PARP1 becomes 

overactivated and promotes necrosis via different ways. Firstly, PARP1-overactivion 

leads to the depletion of cytosolic NAD+ and subsequently prevents glycolysis-dependent 
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ATP production.96 Secondly, PARP1 overactivation results in the release of AIF from the 

mitochondria and its translocation to the nucleus where it operates as an endonuclease 

to evoke large-scale DNA fragmentation.97, 98 This form of PARP-1-mediated necrosis is 

also known as ‘parthanatos’. Some studies have reported activation of RIPK1/JNK 

pathways downstream of PARP1. JNK affects mitochondrial membrane permeability and 

finally causes necrosis.77, 99 

NAPDH-mediated necrosis 

The membrane-bound nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 

enzymes (also known as NOX enzymes) generate superoxide anions, leading to the 

formation of other ROS, such as H2O2.100 Moreover, NOX1 has been implicated in TNFα-

induced necroptosis.101 NOX1 is recruited to the TNFR complex and activated in a 

RIPK1-dependent manner. NOX1 activation results in the generation of ROS, 

contributing to sustained JNK activation and necrosis.101  

Ca2+-mediated necrosis 

During necrosis, Ca2+-dependent proteases are activated in case of intracellular Ca2+-

overload.102 For example, Ca2+-dependent calpains cleave different substrates including 

cytoskeleton proteins, membrane proteins, ion transporters, etc.103 Calpain-mediated 

cleaving of the Na+/Ca2+ exchanger in the plasma membrane results in a sustained 

secondary Ca2+-overload followed by necrosis.104 Moreover, calpains can cause 

lysosomal membrane permeability, which leads to the release of lysosomal cathepsins B 

and L.105 Degradation of intracellular molecules by cathepsins and calpains eventually 

leads to necrotic cell death. 

Toll-like receptor-mediated necrosis 

Toll-like receptors (TLRs) belong to the group of pattern recognition receptors (PRRs) 

and recognize both pathogen- (PAMPs) and damage-associated molecular patterns 

(DAMPs). Triggering of TLR4 by lipopolysaccharide (LPS) induces RIPK1/RIPK3-

dependent necroptosis when caspase-8 is suppressed.87, 106, 107 However, recognition of 

DAMPs, released by necrotic cells (e.g. HMGB1), does not induce necrosis but triggers 

an inflammatory response.108  
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Figure 1.4: Schematic overview of the 3 main signalling transductions pathways of 
regulated necrosis. (Left panel) TNFα-induced necroptosis involves formation of the necrosome 

containing FADD, caspase-8, RIPK1 and RIPK3. The caspase-8-FLIPL heterodimer controls 
necrosis by cleaving RIPK1 and RIPK3. The downstream activation of MLKL triggers necrosis by 
increasing plasma membrane permeability (PMP) and promoting cation influx via transient receptor 
potential cation channels (TRPs). (Middle panel) Increased levels of ROS and/or intracellular Ca2+ 
trigger opening of the mitochondrial permeability transition (MPT) pore leading to mitochondrial 
depolarisation and subsequent necrosis. Activation of CYPD during MPT pore opening may involve 
p53. (Right panel) Severe DNA damage causes PARP1 overactivation, also called parthanatos, 
and leads to ATP depletion and large scale DNA fragmentation as a result of AIF release. Modified 
from 78  

 

Pyroptosis  

Pyroptosis involves activation of caspase-1 upon exposure to PAMPs and DAMPs.79 

Caspase-1 forms, together with the adaptor molecule ASC, a supramolecular complex, 

called the ‘pyroptosome’ where it converts pro-IL1β and pro-IL18 into their active form.109 

Pyroptosis is therefore considered a highly pro-inflammatory form of regulated necrosis.79 

Pyroptosis is characterised by loss of membrane integrity, release of intracellular content 

and large-scale DNA fragmentation.110 The loss of membrane integrity is thought to result 

from caspase 1-dependent formation of pores in the plasma membrane causing rapid 

osmotic cell lysis.111  
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Ferroptosis 

Ferroptosis is a recently recognised form of regulated necrotic cell death characterised 

by the accumulation of lipid peroxidation products and lethal amounts of ROS derived 

from iron metabolism.79, 112 Ferroptosis can be morphologically distinguished by smaller 

mitochondria, reduced mitochondrial cristae and rupture of the outer mitochondrial 

membrane.113  Glutathion (GSH) peroxidase 4 (GPX4) is a crucial inhibitor of ferroptosis 

by the suppression of lipoxygenase enzymes (LOX), and its activation relies on GSH 

levels. Thus, GSH depletion leads to loss-of-function of GPX4, resulting in lipid 

peroxidation.114 

 

1.3 Cell death in atherosclerosis 

The very first observation of cell death in atherosclerosis was made by the vascular 

pathologist Virchow in 1858. He stated that atherosclerotic plaques are formed by a 

dynamic interplay between cell replication and cell death.115 At that time, plaque cell 

death was generally, though often incorrectly, described as non-programmed necrosis. 

Most evidence for apoptosis in atherosclerosis was gathered in the early 1990’s while the 

first indications for autophagy in atherosclerotic plaques were not reported until the 

beginning of this century. All three major forms of cell death (apoptosis, autophagy, 

necrosis) have now been identified in the different plaque cell types and are involved in 

the development of the disease (Fig. 1.5). The consequences of cell death in 

atherosclerosis, however, depends on the specific cell type that is involved, the 

developmental stage of the plaque, and of course, the type of cell death itself. 

1.3.1 Apoptosis in atherosclerosis  

Several studies have shown evidence for apoptotic cell death in both human and animal 

atherosclerotic plaques.116-123 The level of apoptosis is low in early plaques but increases 

as lesions become more and more advanced.124 Overall, the apoptotic index of advanced 

plaques averages at 1-2%.116, 120 Apoptotic cells mostly accumulate in the fibrous cap, at 

sites of rupture, close to lipid deposits and necrotic cores, and in the presence of 

inflammatory cells.117, 119, 121, 125  
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Figure 1.5: Cell death in atherosclerosis. Macrophage (MΦ) foam cells produce high levels of 

NO and pro-inflammatory cytokines (e.g. TNFα) which induce apoptosis of endothelial cells (EC) 
and smooth muscle cells (SMC). MΦ-derived matrix metalloproteinases (MMP) degrade the 

collagen fibres in the fibrous cap. Infiltrated Th1 cells produce IFN and induce MΦ and SMC 
apoptosis. The level of ROS and oxLDL in the plaque may determine whether a cell dies by 
apoptosis or necrosis. Necrotic MΦ and SMC accumulate in the necrotic core (NC) and release 
their lipid-rich content. Tissue factor present in the NC triggers thrombus formation after plaque 
rupture. Defective efferocytosis of apoptotic MΦ and SMC contributes to the enlargement of the 
NC. Autophagy, triggered by low levels of ROS and oxLDL, plays a protective role in macrophages 
by inhibiting apoptosis and necrosis. The role of autophagy in SMC is still unknown. 
 

1.3.1.1 Quantification of apoptosis 

The most standard technique for quantification of apoptosis in atherosclerotic tissue is 

terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) that marks the 

execution phase of apoptosis by the detection of DNA fragments. However, as with each 

technique, TUNEL does not come without pitfalls. For example, non-apoptotic cells that 

show signs of active RNA splicing may stain false positive for TUNEL.126 Indeed, RNA 

transcription is in fact abolished during apoptosis due to caspase-3 mediated cleaving of 

the splicing factor U1 snRNP.127 Moreover, the TUNEL assay may give rise to artefacts 

in case of improper tissue sectioning or in regions of the plaque where necrotic debris 

accumulates.128-130 Therefore, TUNEL should always be combined with other apoptotic 

markers, for example cleaved caspase-3. Furthermore, one should take into account that 
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these markers only measure the frequency of apoptosis but provide neither information 

on the rate of apoptosis nor on the efficacy of apoptotic body clearance.130  

1.3.1.2 Potential apoptosis inducers  

In endothelial cells  

Endothelial cell damage is a critical event in the initiation of atherosclerosis. Lesion-prone 

aortic regions are characterised by an increased turnover of EC, most likely due to 

increased apoptosis,131 resulting from low blood flow and/or low shear stress.132 Well-

known risk factors for atherosclerosis such as high glucose and increased advanced 

glycation end products (AGE) levels,133, 134 increased oxLDL,135, 136 oxidative stress and 

angiotensin II levels137, 138 stimulate EC apoptosis. Moreover, pro-inflammatory mediators 

(e.g. TNFα) may initiate pro-apoptotic pathways in EC.139, 140 Exposure of EC to high 

levels of nitric oxide (NO), produced by iNOS-expressing macrophages, increases 

apoptosis by promoting cytochrome c release, activating p53 and altering the expression 

of Bcl-2 family proteins.141 In an highly oxidative environment, NO can react with 

superoxide to form peroxynitrite, which can cause DNA damage and subsequent 

apoptosis.142 In normal and physiological conditions, however, low levels of NO produced 

by endothelial NOS in response to shear stress, prevent EC apoptosis by activation of 

cGMP-dependent protein kinases143 or by direct inactivation of caspases through S-

nitrosylation.144 Besides shear stress, cell-to-cell and cell-to-matrix contacts are 

necessary for EC survival.145  

In vascular smooth muscle cells 

Diverse factors have been identified to induce VSMC apoptosis including pro-

inflammatory cytokines, oxLDL, high levels of NO and mechanical injury.146 Pro-

inflammatory cytokines secreted by plaque macrophages (e.g. TNFα) and T cells (e.g. 

IFN), sensitize VSMCs to Fas-mediated apoptosis by promoting Fas trafficking to the 

cell surface.147, 148 Fas-mediated apoptosis is also involved in oxLDL-induced apoptosis 

in VSMCs.149 Nevertheless, VSMC apoptosis can be counterbalanced by so-called 

survival factors, usually growth factors such as PDGF, IGF-1 and FGF.150 With regard to 

apoptosis regulating genes, plaque VSMCs are very sensitive to p53-mediated 

apoptosis.151 High levels of p53 induce apoptosis in human plaque VSMCs in low serum 

conditions but not in normal medial VSMCs. In fact, p53 activation sensitizes human 
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VSMCs to Fas-mediated apoptosis by transiently increasing surface Fas expression by 

transport from the Golgi apparatus.152 Moreover, sensitivity to p53-mediated apoptosis 

increases when VSMCs are driven to proliferate.151 Paradoxically, high levels of 

apoptosis together with low levels of proliferation have been observed in VSMCs in 

human plaques.150 This may be explained by the predominance of the 

hypophosphorylated form of the tumour suppressor retinoblastoma protein (RB) in plaque 

VSMCs that promotes cellular senescence, a state of irreversible growth arrest.153 

In macrophages 

Multiple atherosclerosis-related stimuli such as high levels of oxLDL, TNFα and ROS 

have shown to induce macrophage apoptosis.154, 155 The ability of oxLDL to induce 

apoptosis is thought to be mediated by 7-ketocholesterol (7-KC),156 one of its primary 

oxysterols, and involves activation of the mitochondrial pathway.157 Paradoxically, low 

levels of LDL may promote macrophage survival and proliferation158, 159 suggesting that 

the response of macrophages to oxLDL depends on the dose, the exposure time and the 

degree of oxidation of oxLDL.154 Another key inducer of macrophage apoptosis in 

advanced atherosclerosis is the accumulation of free (i.e. unesterified) cholesterol (FC) 

in the endoplasmic reticulum (ER) of the cell.160, 161,155 This event triggers the unfolded 

protein response (UPR) and, in case of prolonged ER-stress, apoptosis via its 

downstream effector CHOP. FC-induced macrophage apoptosis involves activation of 

the pro-apoptotic STAT1, induction of the death receptor Fas and stimulation of the 

mitochondria-cytochrome c pathway.162 Moreover, in case of low ER-stress, so-called 

‘second hits’ are required to induce macrophage apoptosis such as the activation of the 

scavenger receptor CD36 and the toll-like receptor 2.163 

1.3.1.3 Mouse models to target apoptosis in atherosclerosis 

The current knowledge on the role of apoptosis in plaque development and stability has 

been significantly improved owing to the use of numerous mouse models designed to 

modulate apoptotic cell death. Moreover, these models enable us to explore the potential 

of apoptosis-targeting therapeutic strategies. The different mouse models used to either 

induce or inhibit apoptosis in atherosclerosis are listed in Table 1.2.



 

 

Table 1.2: Overview of the different mouse models to target apoptosis in atherosclerosis 

 
Mouse model 

 
Experimental design 
 

 
Effect on apoptosis 

 
Effect on atherosclerosis 

 
Reference 

 
Induction of apoptosis 

+TRAIL in ApoE-/- + streptozotocin- 
induced diabetes 

↑ Mφ apoptosis but not 
VSMC apoptosis 

↓ atherosclerosis  
164 

AdFASL/ApoE-/- / ↑ ↑ plaque vulnerability 
 

 
165 

cIAP2-/-ApoE-/- 4wk and 12wk diet ↑ ↓ atherosclerosis  
166 

AIM-/-Ldlr-/- 5 wk and12wk diet ↑ Mφ ↓ atherosclerosis  
167 

Bcl-X-/-ApoE-/- (LysM Cre) 10wk diet 
 
27wk diet 

↑ Mφ apoptosis = atherosclerosis (+ ↑ cholesterol) 
 
↑ atherosclerosis, ↑ necrosis 

 
168 

Bcl-2-/-ApoE-/- (LysM Cre) 10wk diet ↑ Mφ apoptosis ↑ atherosclerosis, ↑ necrosis 
 

 
169 

CD11b-hDTR/ApoE-/- 
 
- ACUTE: 
 
- CHRONIC : 

10wk diet + DT (early) 
 
10wk diet followed by one 
DT dose (advanced) 
10wk diet followed by 10wk 
diet + DT (advanced) 

= 
 
↑ Mφ apoptosis 
 
=  apoptosis 

↓ atherogenesis (↓ necrosis) 
 
↓ Mφ but = inflammation 
 
= Mφ (due to Mφ reinfiltration) 
= plaque size  

 
170 

CD11c-hDTR/ApoE-/- 
- ACUTE:  
 

- CHRONIC: 

 
8wk diet followed by one  
DT dose  
5wk diet followed by 7wk 
diet + DT 

 
↑ Mφ apoptosis 
 
↑ Mφ apoptosis 

 
↑ new Mφ and ↑ inflammation 
 
= Mφ (due to Mφ reinfiltration) 
↑ plaque size 

 
171 

SM22α-hDTR/ApoE-/- 
 

10wk diet + DT (early) 
 
12wk diet followed by 10 wk 
diet + DT (advanced) 

↑ VSMC apoptosis 
 
↑ VSMC apoptosis 

↑ atherogenesis 
 
↑ plaque size and ↑ vulnerability  
↑ calcification 

 
172, 173 



 

 

 
Inhibition of apoptosis 

TNFR1 -/- (p55) C57Bl/6 14wk N.D. ↑ atherosclerosis (↑ fatty streak)  
174 

TNFα-/-ApoE-/- 10wk and 20wk N.D. ↓ atherosclerosis  
175 

Gld.ApoE-/- (FASL mutation) 12wk ↑ # apoptotic cells ?! ↑ atherosclerosis  
176 

FAS-/-ApoE-/- / ↑ # apoptotic cells ?! ↑ atherosclerosis  
177 

TRAIL-/-ApoE-/- 12wk N.D. ↑ calcification  
178 

Bax-/-Ldlr-/- (BMT) 10wk ↓ Mφ apoptosis ↑ atherosclerosis (↑ necrosis)   
179 

CD68-hBcl-2 ApoE-/- 5wk 
15wk 

↓ Mφ apoptosis ↑ atherosclerosis 
↓  plaque size 

 
171 

p53-/-ApoE-/- (full KO) 6,10,15wk = apoptosis 
 ↑ proliferation  

↑ atherosclerosis  
 

 
180 

p53-/-ApoE-/- (BMT) 15wk and 20wk = apoptosis 
 ↑ proliferation  

↑ atherosclerosis  
↑ necrosis 

 
181 

p53-/-ApoE-/-*3-Leiden 
(BMT) 

12wk ↓ apoptosis 
= proliferation 

↑ plaque size 
↑ necrosis 

 
182 

p53-/-ApoE-/-  
(LysM Cre) 

7wk and 11wk ↓ apoptosis 
= proliferation 

= plaque size 
↑ necrosis 

 
183 

p53-/-ApoE-/- (full KO) 

 
 

14wk ↓ Mφ and VSMC 
apoptosis  
 ↑ proliferation  

↑ atherosclerosis  
 
 

 
184 

p19(ARF)-/- ApoE-/- 4wk and 9wk ↓ Mφ and VSMC 
apoptosis  
 = proliferation 

↑ atherosclerosis  
 

 
185 

CHOP-/-Ldlr-/- 12wk ↓ Mφ ER stress-induced 
apoptosis 

↓ atherogenesis  
↓ apoptosis and ↓ necrosis 

 
186 

Mφ = macrophages; VSMC = vascular smooth muscle cell; wk = weeks; DT = diphtheria toxin; N.D. = not determined
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1.3.1.4 Consequences of apoptosis on plaque stability 

The different mouse models have demonstrated that the consequences of apoptosis in 

atherosclerosis strongly depend on the stage of the plaque as well as on the cell type 

that is involved.  

With regard to macrophages, apoptosis may dampen inflammation in early lesions by 

reducing the release of cytotoxic cytokines and collagen-degrading proteases. However, 

in advanced lesions, increased macrophage apoptosis has been shown to increase 

plaque vulnerability for several reasons. Firstly, apoptosis of lesional macrophages 

coupled with defective efferocytosis leads to the accumulation of apoptotic bodies, 

followed by secondary necrosis and enlargement of the necrotic core.162 In this way, 

macrophage apoptosis may contribute to plaque inflammation. Secondly, loss of 

professional phagocytes may further compromise apoptotic cell removal.187 Thirdly, 

apoptotic macrophages may shed membrane micro-particles containing pro-coagulant 

material such as tissue factor, which may facilitate thrombosis after plaque rupture.188  

In contrast to macrophages, VSMC death is detrimental in all developmental stages of 

the plaque. VSMC apoptosis accelerates atherogenesis and leads to fibrous cap 

weakening, compromising plaque stability.173,189 These observations counterbalance the 

former hypothesis that VSMC apoptosis may limit atherogenesis and may retard plaque 

progression.173 In advanced plaques, VSMC apoptosis contributes to increased plaque 

vulnerability (i.e. thinning of the fibrous cap, loss of collagen, enlarged necrotic core), 

plaque calcification, stenosis and medial degeneration.172, 173 Moreover, VSMC apoptosis 

may promote plaque thrombogenicity by exposing PS on their surface that can act as a 

substrate for thrombin generation and activation of the coagulant cascade.190 

Furthermore, VSMC apoptosis may contribute to plaque inflammation. Analogous with 

macrophages, human VSMCs have been shown to be potent phagocytes of apoptotic 

VSMCs, though, their phagocytic capacity is significantly reduced by hyperlipidaemia.191 

Inefficient clearance of apoptotic VSMCs results in secondary necrosis and subsequent 

IL1-driven inflammation.191 
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1.3.2 Autophagy in atherosclerosis  

In the past decade, multiple research groups have gathered evidence for the occurrence 

of autophagy in human atherosclerosis.192-195 The autophagic cells are characterised by 

engulfment of amorphous material in membranous cytosolic vacuoles, which are 

distinguishable from lipid droplets and lysosomes. They are mainly localised in the fibrous 

cap and around the necrotic core but at relatively low frequencies, approximately 1.5%, 

comparable with the incidence of apoptosis. The role of autophagy in atherosclerosis is 

dependent on the stage of plaque development.196 In early lesions, autophagy serves as 

a cell survival mechanism against oxidative and metabolic stress, and inflammation. In 

advanced lesions, however, autophagy is unable to cope with the excess amount of 

(oxidative) stress, and therefore becomes insufficient and promotes apoptosis.197 

Besides this maladaptive response, evidence is accumulating that the process of 

autophagy becomes defective during the progression of atherosclerosis.198 Multiple 

reports support the current hypothesis that the lysosomal-mediated degradation of 

engulfed cytoplasmic material (e.g. p62-enriched proteins) is hampered in advanced 

atherosclerosis rather than the initiation of autophagy itself.197, 199-201 

1.3.2.1 Quantification of autophagy  

Although several techniques have been developed over the past few years,202, 203 the 

unambiguous detection of autophagy in atherosclerotic plaques remains difficult and it is 

therefore highly recommended to use a combination of different techniques. Besides 

electron microscopy, detection of the autophagic marker LC3-II by means of western blot 

analysis or immunohistochemistry is mostly applied to identify autophagy in 

atherosclerotic tissue. However, the expression of LC3-II does not give any information 

on the autophagic flux. For example, a decrease in LC3-II likely reflects a decline in 

autophagy, but an increase in autophagic turnover of LC3-II should not be excluded. 

Another important and widely used autophagic marker is p62. Given its role in targeting 

polyubiquitinated proteins to the autophagosome and the subsequent degradation of the 

incorporated proteins and p62 itself, an increase in p62 expression indicates a defect in 

the autophagic machinery.203  
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1.3.2.2 Potential autophagy inducers 

In endothelial cells 

Autophagy is activated in endothelial cells in response to multiple atherosclerosis-related 

stimuli including oxLDL,204 ROS,205 hypoxia206 and AGE207 to allow cell survival. The 

signalling pathways leading to autophagy stimulation in EC may be mTOR-dependent or 

mTOR-independent. For example, ROS stimulates the AMPK pathway, which promotes 

autophagy via inhibition of mTOR.208 Autophagy induced by oxLDL promotes EC survival 

through oxLDL degradation,204 whereas high levels of oxLDL, trigger upregulation of 

lectin-like oxLDL receptor and attenuate autophagy, promoting EC apoptosis.209 ROS 

and oxLDL may also trigger autophagy via induction of ER-stress. Splicing of the mRNA 

of X-box binding protein 1 (XBP1) triggers an autophagic response in EC through 

transcriptional activation of Beclin 1.210 Furthermore, laminar shear stress promotes EC 

autophagy through redox regulation and upregulation of sirtuin-1 (SIRT1).211 

In vascular smooth muscle cells 

Atherosclerosis-related stimuli such as ROS and oxidised lipids stimulate autophagy in 

VSMCs, which offers cytoprotection, at least in vitro. As in EC, the effect of oxLDL on cell 

death is concentration-dependent. Exposure of VSMCs to modest concentrations of 

oxLDL (10-40µg/ml) enhances autophagy, whereas high concentrations (≥60µg/ml) 

stimulate apoptosis.212 7-KC induces VSMC autophagy through upregulation of NADPH 

oxidase 4 and increased H2O2 production.213 The lipid peroxidation product 4-

hydroxnonenal (4-HNE) activates autophagy in VSMCs via induction of ER stress to 

promote the removal of 4-HNE modified proteins.214 VSMC autophagy may also be 

regulated by different cytokines (e.g. osteopontin) and growth factors (PDGF).215 Many 

of these autophagy inducers have been shown to influence VSMC phenotype and 

proliferation. For example, the growth factor PDGF decreases the expression of 

contractile proteins but upregulates synthetic VSMC markers and enhances their 

migration and proliferation potential.216 Also osteopontin and AGE promote VSMC 

proliferation in vitro.215 Although these findings suggest that autophagy is important in the 

development of a hyperproliferative VSMC phenotype, numerous cardiovascular drugs 

with autophagy-inducing potential such as simvastatin, verapamil and everolimus (in 

drug-eluting stents) have shown to inhibit VSMC proliferation.217-219  
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In macrophages 

Analogous with VSMCs, macrophage autophagy can be activated by multiple 

atherosclerosis-related stimuli such as ROS and oxidised lipids. oxLDL and 7-KC may 

stimulate autophagy directly or indirectly via induction of ER-stress. For example, 7-KC 

in combination with the ER-stressor thapsigargin, induces autophagy in primary 

macrophages.220 ER-stress triggers the activation of the UPR and induces autophagy in 

a JNK-dependent manner.221 Simvastatin has been shown to stimulate oxLDL-induced 

autophagy in macrophages but attenuates lipid accumulation.222  

1.3.2.3 The role of autophagy in atherosclerosis 

To further define the role of macrophage autophagy in atherosclerosis, cell type-specific 

autophagy deficient knockout mice were created and crossbred with Ldlr knockout mice. 

Macrophage-specific deletion of Atg5 accelerates atherosclerotic plaque development in 

Ldlr-/- mice.220 Plaques of Atg5-/-Ldlr-/- mice are characterised by elevated expression of 

oxidative stress and apoptotic markers, and increased plaque necrosis. In vitro, Atg5 

deficient macrophages show increased susceptibility for apoptosis upon treatment with 

7-KC in combination with thapsigargin due to elevated NADPH oxidase activity and 

subsequent ROS generation. Moreover, Atg5 deficient macrophages show reduced 

efferocytosis, suggesting that apoptotic autophagy deficient macrophages are poorly 

recognised and cleared by phagocytes.220 In addition, plaques of Atg5-/-Ldlr-/- mice show 

increased accumulation of cholesterol crystals that could promote hyperactivation of the 

NLRP3 inflammasome. Indeed, Atg5 deficient macrophages secrete high levels of IL1β, 

a well-known characteristic of NLRP3 inflammasome activation, upon treatment with 

lipopolysaccharide (LPS) and cholesterol crystals.198 Furthermore, lipid-loaded Atg5 

deficient macrophages show impaired cholesterol efflux, indicating that autophagy is 

involved in macrophage reverse cholesterol transport.223 More recent evidence shows 

that defective macrophage autophagy stimulates inflammation by promoting macrophage 

polarisation into a pro-inflammatory M1 phenotype.224 Taken together, macrophage 

autophagy is involved in key atherosclerotic processes including cholesterol transport 

and inflammation, indicating that its role in macrophages goes far beyond cellular 

protection against apoptotic and oxidative insults. 
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The current knowledge on EC autophagy, as described above, is mainly based on in vitro 

experiments. However, growing evidence suggests that autophagy may play a crucial 

role in preserving EC function. For instance, autophagy stimulates the maturation and 

secretion of the von Willebrand factor (vWF)225 while impaired autophagy has been 

shown to contribute to arterial aging.226 These findings indicate that defective autophagy 

in EC may have a prominent role in age-related arterial dysfunction. 

Similar to EC, the knowledge on VSMC autophagy is mainly based on cell culture 

experiments. Additional in vivo experiments would be essential to elucidate the role of 

autophagy in VSMC survival and phenotype in arterial disease (investigated and 

described in chapter 4). 

1.3.3 Necrosis in atherosclerosis  

Cellular debris of necrotic cells, as well as the accumulation of lipids released by necrotic 

foam cells, contribute to necrotic core formation.227 Examination of advanced human 

plaques showed that 80% of necrotic cores appeared to be larger than 1 mm2 and 

comprised >10% of the lesion area.228 In 66% of the examined plaques with plaque 

rupture, the necrotic core occupied >25% of the lesion area, suggesting that necrotic cell 

death is associated with plaque vulnerability.229 Both plaque VSMCs and macrophages 

show morphological features typical of necrosis,119 yet most reports suggest that the 

necrotic core contains predominantly macrophage debris.227, 230  

1.3.3.1 Quantification of necrosis 

The fact that reliable methods to detect and quantify (plaque) necrosis are currently 

lacking, is probably one of the main reasons why necrotic cell death has been so poorly 

investigated in atherosclerosis. The most standard method used to quantify plaque 

necrosis is measuring the size of the necrotic core on a H&E staining as described by 

Seimon et al.231 This method, however, is not 100% correct since the necrotic core also 

contains lipid material (e.g. membranes of red blood cells (RBC), cholesterol esters, 

cholesterol crystals). 
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1.3.3.2 Potential necrosis inducers  

 (ox)LDL 

As previously mentioned, the type of cell death in response to oxLDL depends on the 

dose and the degree of oxidation of oxLDL. Overall, highly oxidised LDL or high levels of 

mildly oxidised LDL induce necrosis rather than apoptosis.232 Furthermore, the 

accumulation of free cholesterol in lipid-loaded macrophages leads to the formation of 

cholesterol crystals inside the cell.233 These sharp-needled crystals can cause necrosis 

directly by puncturing the plasma membrane.232 

(Mitochondrial) ROS 

High levels of ROS cause irreversible oxidative damage to key cellular components 

(DNA, lipids, proteins). Severe DNA damage can cause PARP overactivation96 whereas 

the generated lipid peroxidation products can disrupt organelles and the plasma 

membrane, leading to necrosis.234 Mitochondria and NADPH oxidase enzymes are the 

major sources of ROS in cardiovascular disease.235, 236 Moreover, according to various 

reports, excessive mitochondrial ROS (mtROS) promotes the progression of 

atherosclerosis in both patients and mouse models.237-241 Excess mtROS causes 

mitochondrial depolarisation, ATP depletion and eventually necrosis.  

ATP depletion 

Depletion of the cytosolic ATP pool switches cell fate from apoptosis to necrosis.242 Loss 

of function of ATP-dependent ion channels in the plasma membrane, causes cell swelling 

due to the uncontrolled influx of cations, and finally rupture of the plasma membrane.75 

ATP depletion can be the result of PARP overactivation (vide supra), accumulation of 

mtROS or mitochondrial Ca2+-overload.75  

Intracellular Ca2+-overload 

Increased intracellular calcium levels induce necrosis via activation of calcium-dependent 

proteases (e.g.calpains) and/or increased mtROS generation (in case of mitochondrial 

Ca2+-overload).75, 243 Loss of function of ATP-dependent Ca2+-channels promotes Ca2+-

influx from the extracellular environment or from the ER, causing intracellular Ca2+-

overload. 
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Defective efferocytosis 

Phagocytosis of apoptotic cells plays a central role in the resolution of inflammation.244 

The engulfment of apoptotic cells suppresses the secretion of pro-inflammatory cytokines 

(e.g. TNFα) and upregulates anti-inflammatory mediators (e.g. TGFβ).245 Several reports 

have shown that the clearance of apoptotic cells (AC) by phagocytes is impaired in 

advanced atherosclerotic plaques.246, 247 Multiple mechanisms of defective efferocytosis 

have been suggested including competition between AC, oxRBC and oxLDL for the 

uptake via the same receptors (e.g. SR-A, CD36, CD68),248, 249 binding of auto-antibodies 

against oxLDL to phagocytic ligands on the AC,250 exposure to free radicals,251 

incorporation of indigestible material251 or red blood cells,142, 252 and downregulation of 

the bridging molecule MFG-E8253 or the mertk efferocytosis receptor254. As a 

consequence, the AC accumulate, undergo secondary necrosis and contribute to the 

enlargement of the necrotic core. 

1.3.3.3 Consequences of necrosis on plaque stability 

Increased inflammation 

The necrotic debris is a major source of pro-inflammatory cytokines (e.g. IL6) and 

damage-associated molecular patterns (DAMP) (e.g. high mobility group box 1 

[HMGB1])255 and may hamper plaque stability by promoting inflammation. HMGB1 is 

passively released from necrotic or damaged cells, but not during apoptosis and 

secondary necrosis.256 Once released, HMGB1 stimulates macrophages to produce pro-

inflammatory cytokines such as TNFα, IL6 and IL1β through binding with the receptor for 

advanced glycation end products (RAGE) or members of the toll-like receptor family (e.g. 

TLR4).257, 258 Necrotic VSMCs have been shown to secrete IL1α whereas during 

secondary necrosis, both IL1α and IL1β are released.191 Both cytokines act on the 

surrounding viable VSMCs, stimulating them to produce pro-inflammatory cytokines such 

as IL6 and monocyte chemotactic protein 1 (MCP1), amplifying inflammation.191 

Increased plaque vulnerability 

The formation and enlargement of the necrotic core plays a key role in plaque 

vulnerability. The larger the necrotic core, the higher the risk of plaque rupture.228, 229 

Besides the size of the core, its consistency is important for plaque stability. Soft cores, 

consisting of cholesterol esters, are considered more vulnerable than crystalline 
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cholesterol containing cores because they are less able to bear the imposed mechanical 

stresses.259 Furthermore, necrotic cores are rich in matrix metalloproteinases (MMPs), 

released by necrotic cells, that degrade the extracellular matrix and contribute to plaque 

destabilisation.255  

Increased plaque thrombogenicity 

The necrotic core also contains pro-thrombotic factors such as tissue factor, presumably 

derived from macrophages undergoing secondary necrosis.260 Tissue factor facilitates 

thrombus formation after plaque rupture.5 

1.3.3.4 The role of necroptosis in atherosclerosis 

The discovery of RIPK3 as a key regulator of necroptosis led to the generation of Ripk3-

/-Ldlr-/- knockout mice to investigate the role of RIPK3 in atherosclerosis. Deletion of Ripk3 

in Ldlr-/- mice reduces atherosclerotic plaque size after 16 weeks on western-type diet but 

has no effect on early atherosclerosis.261 Moreover, necrotic core size is significantly 

reduced in plaques of Ripk3-/-Ldlr-/-mice as compared to Ripk3+/+Ldlr-/- mice while plaque 

apoptosis is not altered, indicating that RIPK3 does not play a role in macrophage 

apoptosis but only promotes plaque (primary) necrosis. Furthermore, plaques of Ripk3-/-

Ldlr-/- mice show reduced accumulation of macrophages and decreased mRNA 

expression levels of TNFα and VCAM-1,261 underscoring the link between necrosis and 

inflammation. 

1.3.3.5 Potential therapeutic strategies to target necrosis 

The recent understanding that necrosis can occur in a highly regulated manner, has led 

to the development of novel small molecules that target regulated necrosis. Most of these 

compounds have been shown to be highly effective in reducing ischemia-reperfusion 

injury in different animal models, though, in most cases, they have never been tested as 

a potential anti-atherosclerotic therapy. Compounds that potentially may  inhibit necrosis 

in atherosclerosis are listed in Table 1.3. 



 

 

Table 1.3: Overview of compounds with potential anti-necrotic effects in atherosclerosis 

 
Compound 

 

 
Target 

 
Application 

 
Possible unwanted effects 

 
References 

 
Inhibition of necroptosis 
Necrostatin-1 
(Nec-1) 
 
 
 
 
Nec-1s 

RIPK1 inhibitor Protection against inflammatory diseases in 
mouse models of sepsis, NAFLD and against 
neurodegenerative diseases (stroke) 
↓ plaque size, ↑ plaque stability in WD-fed 
ApoE-/- mice 
 
↓ TNF-induced lethality in SIRS mice 

Toxic and less specific  
 
 
 
 
 
↓ toxic, ↑ stability, ↑ specificity 

 
262-264 

 
GSK 840 
GSK 843 
GSK 872 
 

 
RIPK3 inhibitor 

 
↓ LPS or TNF+zVAD induced necroptosis in 
(mouse) Mφ 

 
GSK 843, 872: high conc triggers 
TNF induced RIPK1-dep. apoptosis 
GSK840: only targets human RIPK3 

 
265 

Necrosulfonamide 
(NSA) 

MLKL inhibitor ↓ TNF+zVAD induced necroptosis in Jurkat 
cells 

NSA only targets human MLKL  
90 

 
Inhibition of mPTP-mediated necrosis 
Cyclosporin A CYPD inhibitor ↓ IR injury after myocardial infarction 

 
↑ atherosclerosis in WD-fed mice:  

↓ inflammation but ↑ cholesterol levels 

Strong immunosuppressive 
 
Hyperlipidemia 
↑ risk of atherosclerosis 

 
266-268 

 
Inhibition of PARP-mediated necrosis 
3-aminobenzamide  PARP1 

inhibitor  
↑ anti-tumour effects of chemotherapeutic 
agents in clinical trials 
↓ myocardial infarct size (animal + clinical 
studies) 
↓ plaque size, ↑ plaque stability in WD-fed 

ApoE-/- mice 

No severe drug-related side effects 
were observed  
 

 
269 



 

 
 

Table 1.3 Overview of compounds with potential anti-necrotic effects in atherosclerosis (continued) 

Mφ = macrophages;  NOX = NADPH oxidase

 
Inhibition of ferroptosis 

Ferrostatin-1 
 
Ferrostatin derivatives 

Inhibits lipid 
peroxidation 

↓ IR injury in mouse kidney ↓ plasma and metabolic stability  
 
↑ ADME properties, ↑ potency 

 
270, 271 

LOXBlock-1 
 
Novel LOX inhibitors 

Inhibits lipid 
peroxidation 

↓ brain infarct size in mouse models of stroke ↓ selectivity 
 
↑ potency and selectively 

 
272, 273 

 
Inhibition of NADPH oxidase 

NecroX compounds Inhibits  
NOX 
↓ mtROS 

↓ oxidative stress-induced necrosis in 
cardiomyocytes 
↓ myocardial/hepatic/renal IR injury in animals 

No adverse effects reported after acute 
administration in patients 

 
274-277 

 
Stimulation of efferocytosis 

Glucocorticoids  ↑  Mφ 
phagocytic 
capacity  

↑ efferocytosis capacity is associated with 
reorganisation of cytoskeleton elements 
  

Strong immunosuppressive 
Many adverse effects: dyslipidemia, 
hyperglycemia, hypertension 

 
278, 279 

Lovastatin ↑  Mφ 
phagocytic 
capacity  

↑ efferocytosis in alveolar  Mφ  in a HMG-coA 
reductase-dependent manner 

  
280 

Metformin ↑  Mφ 
phagocytic 
capacity  

↑ efferocytosis of apoptotic neutrophils by Mφ  
is AMPK-dependent 
↓ atherosclerosis in ApoE-/- mice 

  
281, 282 
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2.1 Aims of the study 

We are challenged to develop new therapeutic opportunities to fight atherosclerotic 

disease as not all patients benefit from the current pharmacotherapy and the risk of a 

recurrent event after an acute coronary syndrome remains unacceptably high (approx. 

10-20% within the first 12 months).1 Recent clinical observations confirmed that plaque 

rupture is the most common cause of coronary thrombosis in dying patients but also in 

those who survive.2 In fact, the composition and the vulnerability of the plaque, rather 

than its size or the consequent degree of stenosis, are currently considered to be the 

most important determinants for acute coronary syndromes.3-5 These findings underscore 

the need for rupture-preventive approaches that specifically target the mechanisms 

leading to plaque destabilisation.  

One of the main mechanisms converting a stable lesion into a vulnerable, rupture-prone 

plaque is lesional cell death.6, 7 Numerous studies have demonstrated that increased 

apoptotic and necrotic cell death of macrophages and vascular smooth muscle cells 

(VSMCs), particularly in advanced lesions, promotes thinning of the fibrous cap,8, 9 

enlargement of the necrotic core10, 11 and induction of inflammatory responses12. 

Although it seems intuitively reasonable that increased cell death may actually reduce 

atherosclerosis by limiting the cellular build-up in plaques, this approach will only be 

adequate if the clearance of these dead cells by phagocytes occurs in a fast, efficient 

and inflammation-resolving manner. However, compelling evidence indicates that the 

phagocytic clearance of apoptotic cells is defective in advanced atherosclerotic 

plaques.13, 14 Also necrotic cells have been shown to be less efficiently cleared.15 The 

increased incidence of apoptotic and necrotic cell death in advanced atherosclerotic 

plaques coupled with defective dead cell clearance, leads to increased plaque 

vulnerability. In contrast to apoptosis and necrosis, the consequences of autophagy on 

atherosclerotic plaque stability are still not fully explored, yet, worthwhile to investigate 

given its role as a ‘balancer’ between life and death. Accumulating evidence suggest that 

autophagy becomes dysfunctional during the progression of atherosclerosis.16 Moreover, 

loss-of-function studies in macrophages showed that defective autophagy promotes 

plaque apoptosis,17 plaque necrosis17 and inflammasome hyperactivation16, whereas the 

consequences of defective autophagy in VSMCs in atherosclerosis are still unknown. 
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Therefore, the three main research questions addressed in this thesis were (Fig. 2.1): 

1) Does apoptosis impairment improve plaque stability? 

2) What are the consequences of defective autophagy in VSMCs in atherosclerosis? 

3) Is inhibition of necrosis a good strategy for plaque stabilisation? 

 

In chapter 3, ApoE-/- mice lacking the effector caspase-3 were used as a model for 

defective apoptosis in atherosclerosis. Although different mouse models have already 

been designed over the last 10 years to inhibit apoptosis,18-28 caspase-3 has never been 

explored as a suitable target to modulate apoptotic cell death in atherosclerosis. By 

genetic disruption of caspase-3, we aimed to block the execution of apoptosis and to 

prevent subsequent necrotic core enlargement. To investigate the impact on plaque 

stability, cellular composition and the degree of cell death was analysed in plaques of 

Casp3-/-ApoE-/- mice versus Casp3+/+ApoE-/- mice after 16 weeks of western-type diet 

(WD). 

In chapter 4, we aimed to investigate the role of autophagy in VSMC phenotype, death 

and survival using VSMC-specific Atg7 deficient mice. Firstly, a ligation-injury model was 

applied to study the role of VSMC autophagy in neointima formation. Secondly, VSMC-

specific Atg7 deficient mice were crossbred with ApoE-/- mice to study the consequences 

of defective VSMC autophagy in early (10 weeks WD) and advanced (14 weeks WD) 

atherosclerosis. In this way, we were able to explore whether autophagy in VSMCs plays 

a similar role as in macrophages in atherosclerosis.  

In chapter 5, we applied a pharmacological approach to inhibit necrosis formation in 16 

weeks WD-fed ApoE-/- mice. Up till now, not many strategies have been performed to 

specifically target plaque necrosis, despite the well-known consequences of necrosis on 

atherosclerotic plaque stability. In this study, we investigated the plaque stabilising 

potential of NecroX-7, a newly developed necrosis inhibitor that targets mitochondrial 

reactive oxygen species.29, 30 Besides plaque composition, different markers of cell death, 

oxidative stress and inflammation were analysed in plaques of NecroX-7-treated mice 

versus controls.  
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Figure 2.1: Schematic overview of the three different approaches, implemented in this 
thesis, to inhibit cell death in atherosclerosis as potential plaque stabilising strategies.    
(1) ApoE-/- mice with a genetic disruption of the effector caspase-3 were used as a model for 
defective apoptosis in atherosclerosis. (2) To investigate the role of autophagy in vascular smooth 
muscle cells (VSMCs) in atherosclerosis, VSMC-specific Atg7 deficient mice were crossbred with 
ApoE-/- mice. (3) In the third study, a pharmacological approach was applied to inhibit necrosis. 
The plaque stabilising potential of the necrosis inhibitor NecroX-7 was tested in ApoE-/- mice. 
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3.1 Introduction 

Increasing evidence shows that vulnerable, rupture-prone plaques display higher levels 

of apoptosis than stable lesions.1, 2 Apoptotic cell death of macrophages and vascular 

smooth muscle cells (VSMCs) have a detrimental impact on the stability of advanced 

atherosclerotic lesions. Specifically, apoptosis of VSMCs promotes plaque vulnerability 

by disintegration of the protective fibrous cap,3 while macrophage apoptosis promotes 

necrotic core enlargement.4, 5 Because the phagocytic clearance of apoptotic cells is 

impaired in advanced plaques, apoptotic bodies accumulate and undergo secondary 

necrosis.6, 7  

The development of different strategies to target apoptosis in atherosclerosis using 

various experimental mouse models has been an important objective for many years. 

However, up till now, caspases have never been explored as a suitable target to modulate 

apoptotic cell death in atherosclerosis. Because previous studies have identified cleaved 

caspase-3 in both human8 and mouse9 atherosclerotic plaques, where it colocalizes with 

dead macrophages and lipid-rich plaque components,10 we aimed to investigate the 

impact of caspase-3 deletion on atherogenesis by crossbreeding caspase 3 knockout 

(Casp3-/-) mice with ApoE knockout (ApoE-/-) mice. 

 

3.2 Materials and methods 

3.2.1 Mice 

Caspase-3 deficient (Casp3-/-) mice (C57BL/6, Jackson Laboratory, stock number 

006233) were crossbred with atherosclerosis-prone Apolipoprotein E deficient (ApoE-/-) 

mice (C57BL/6, Jackson Laboratory, stock number 002052). Male Casp3+/+ApoE-/- 

(n=19) and Casp3-/-ApoE-/- (n=18) mice were fed a western-type diet (WD) (4021.90, AB 

Diets) for 16 weeks to induce plaque formation. Mice were housed in a temperature-

controlled room with a 12h light/dark cycle and food and water ad libitum. After 16 weeks 

on WD, mice were anesthetised with sevoflurane (8% for induction and 4,5% for 

maintenance, SevoFlo®, Penlon vaporizer) to perform transthoracic echocardiograms 

using a Toshiba diagnostic ultrasound system (SSA-700A) equipped with a 15 MHz 

transducer. End-diastolic diameter (EDD) and end-systolic diameter (ESD) were 

measured and fractional shortening (FS) was calculated as follows: ([EDD-
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ESD]/EDD)*100. Next, mice were fasted overnight and blood was collected by cardiac 

puncture under terminal anaesthesia. Total cholesterol, LDL cholesterol and triglyceride 

levels were measured on a Dimension Vista® System (Siemens Healthcare Diagnostics) 

with reagents from the same manufacturer. Tissues were fixed in formalin 4% for 24h 

before paraffin imbedding. In some experiments, tissues were imbedded in OCT and 

stored at -80°C. All experiments were approved by the Ethical Committee of the 

University of Antwerp.  

3.2.2 Cell culture  

Bone marrow-derived macrophages (BMDM) were harvested by flushing bone marrow 

from the hind limbs of Casp3+/+ApoE-/- and Casp3-/-ApoE-/- mice. Cells were cultured for 

7 days in RPMI medium (Gibco Life Technologies) supplemented with 15% L-cell 

conditioned medium (LCCM) containing monocyte colony stimulating factor (M-CSF). 

VSMCs were isolated from the aorta as previously described.11, 12 Briefly, aortas were 

incubated in 1mg/ml collagenase type II CLS (Worthington), 1mg/ml soybean trypsin 

inhibitor (Worthington) and 0.74units/ml elastase (Worthington) for 15min at 37°C to 

remove the adventitia. Thereafter, the aortas were placed in fresh enzyme solution for 

1h. Isolated cells were collected, washed and resuspended in DMEM/F-12 medium 

(Gibco Life Technologies) supplemented with 20% FBS (Sigma Aldrich). To induce 

apoptosis, BMDM and VSMCs were treated with cycloheximide (Sigma-Aldrich) for 8h or 

puromycin (Sigma-Aldrich) for 16h, respectively. zVAD-fmk (Enzo Life Sciences) was 

used as a pan-caspase inhibitor. Apoptosis was monitored by a TUNEL staining (S7101, 

Millipore) and a caspase 3/7 activity fluorometric assay (K105-100, BioVision). Necrosis 

was monitored by propidium iodide (PI, Molecular Probes) labelling using fluorescence 

microscopy (EVOS® FL Cell Imaging System, ThermoFisher Scientific). Necrostatin-1 

(Nec-1, Enzo Life Sciences), a RIPK1 inhibitor, was used to inhibit necroptosis while the 

combination of 100ng/ml LPS (Sigma-Aldrich) and 20µmol/l zVAD-fmk was used as a 

positive control for necroptosis induction. 

3.2.3 Western blotting 

Cells were lysed in Laemmli sample buffer (Bio-rad) containing β-mercaptoethanol 

(Sigma-Aldrich) and boiled for 4min. Samples were loaded on Bolt 4-12% Bis-Tris gels 

(Life Technologies) and after electrophoresis transferred to Immobilon-FL membranes 

(Millipore). Membranes were probed with rabbit anti-cleaved caspase-3 (9661, Cell 
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Signaling Technologies) or mouse anti-β-actin (A5441, clone AC-15, Sigma-Aldrich) 

primary antibodies. Subsequently, membranes were incubated with infrared (IR)-

conjugated secondary antibodies (IgG926-32211 (anti-rabbit); IgG926-68070 (anti-

mouse); LI-COR Biosciences) to allow IR fluorescence detection using an Odyssey SA 

infrared imaging system (LI-COR Biosciences). 

3.2.4 Histological analysis 

Atherosclerotic plaques located in the aortic root were analysed in 4 different sections 

sliced at equally spaced intervals (every 50µm). Apoptosis was evaluated using a TUNEL 

(S7101, Millipore) and an Annexin-PE (559763, BD Pharmingen) staining on paraffin-

embedded or frozen sections, respectively. All other stainings were performed on 

paraffin-embedded sections. Necrosis was measured on a haematoxylin-eosin (H&E) 

staining according to a standard method.13 The percentage necrosis was calculated as 

the size of the necrotic core divided by the total plaque size. A 3000μm2 minimum 

threshold was implemented in order to avoid counting of regions that likely do not 

represent substantial areas of necrosis. Total collagen was detected by a Sirius red 

staining (Sigma-Aldrich). Plaques were further analysed by immunohistochemistry with 

rabbit anti-Mac-3 (553322, BD Pharmingen) and mouse anti-α-SMC-actin (A2547, 

Sigma-Aldrich) primary antibodies. Thereafter, tissue sections were incubated with 

species-appropriate HRP-conjugated secondary antibodies followed by 60min of reactive 

ABC. 3,3’-diaminobenzidine or 3-amino-9-ethyl-carbazole were used as a chromogen. 

All images were acquired with Universal Grab 6.1 software using an Olympus BX40 

microscope or the EVOS® fluorescent microscope (Annexin-PE staining), and quantified 

with Image J software.  

3.2.5 Statistical analysis 

All data were analysed with SPSS 23.0 software (SPSS Inc.) and presented as mean ± 

SEM. Statistical tests are mentioned in the figure legends. Differences were considered 

significant at P<0.05. 
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3.3 Results 

3.3.1 Apoptosis is inhibited in caspase-3 deficient macrophages and vascular 

smooth muscle cells  

Bone marrow-derived macrophages (BMDM) and aortic vascular smooth muscle cells 

(VSMCs) were isolated from Casp3-/-ApoE-/- mice and treated with apoptosis-inducers 

cycloheximide (CHX) (1µg/ml; 10µg/ml; 30µg/ml) and puromycin (PM) (1µg/ml; 10µg/ml; 

30µg/ml), respectively, to validate their inability to undergo apoptosis. Western blot 

analysis confirmed the absence of cleaved caspase-3 in Casp3-/-ApoE-/- BMDM and 

Casp3-/-ApoE-/- VSMCs in both untreated and treated conditions (Fig. 3.1A). Moreover, 

TUNEL staining showed a clear reduction in DNA fragmentation in CHX-treated Casp3-/-

ApoE-/- BMDM and PM-treated Casp3-/-ApoE-/- VSMCs as compared to Casp3+/+ApoE-/- 

BMDM and Casp3+/+ApoE-/- VSMCs (Fig. 3.1B). To rule out the possibility that caspase-

7, which shares similar substrate specificity with caspase-3, is compensatory activated 

in Casp3-/-ApoE-/- BMDM and Casp3-/-ApoE-/- VSMCs, a fluorometric DEVD substrate-

based caspase activity assay was performed. In contrast to Casp3+/+ApoE-/- BMDM and 

Casp3+/+ApoE-/- VSMCs, treatment of Casp3-/-ApoE-/- BMDM and Casp3-/-ApoE-/- VSMCs 

with apoptosis-inducers did not increase activity of caspase-3/7 (Fig. 3.1C). Co-treatment 

with the apoptosis-inhibitor zVAD-fmk completely abolished caspase-3/7 activity in CHX-

treated Casp3+/+ApoE-/- BMDM and PM-treated Casp3+/+ApoE-/- VSMCs. However, 

zVAD-fmk did not further decrease caspase activity in CHX-treated Casp3-/-ApoE-/- 

BMDM and PM-treated Casp3-/-ApoE-/- VSMCs, indicating that there is no residual 

caspase 7 activity in caspase-3 deficient BMDM and VSMCs.  

3.3.2 Caspase-3 deficiency triggers a switch from apoptosis to necrosis  

Casp3-/-ApoE-/- BMDM treated with the apoptosis-inducer CHX were not protected 

against cell death but underwent necrosis (Fig. 3.2A left panel). According to a 

morphological analysis, CHX-treated Casp3-/-ApoE-/- BMDM were characterised by cell 

oncosis (i.e. increased cell volume) and a translucent cytoplasm, indicative of necrosis. 

In contrast, Casp3+/+ApoE-/- BMDM showed membrane blebbing and cellular shrinkage 

upon CHX treatment, which are typical characteristics of apoptotic cell death.  
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Figure 3.1 Apoptosis is inhibited in caspase-3 deficient macrophages and vascular smooth 
muscle cells. BMDM and VSMCs were isolated from Casp3+/+ApoE-/- (Casp3+/+) and Casp3-/-

ApoE-/- (Casp3-/-) mice and treated with cycloheximide (CHX) (0-30µg/ml) and puromycin (PM) (0-
30µg/ml), respectively. Apoptosis was monitored by (A) western blot analysis for cleaved caspase-
3 (β-actin was used as loading control), (B) TUNEL staining (n=2 independent experiments with 2 
counting regions of 200 cells/region in duplicate; ###P<0.001, #P<0.05 vs. 0µg/ml; ***P<0.001 vs. 
Casp3+/+; Factorial ANOVA with genotype and treatment as category factors; Dunnett Post Hoc) 
and (C) caspase-3/7 fluorometric activity assay (Data were collected as relative fluorescent units 
and normalised to cell protein content) (n=3 independent experiments; ##P<0.01, #P<0.05, NS, not 
significant vs. 0µg/ml; ***P<0.001 vs. Casp3-/-; Factorial ANOVA with genotype and treatment as 
category factors; Dunnett Post Hoc). 
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Figure 3.2: Caspase-3 deficiency triggers a switch from apoptosis to primary necrosis. 

BMDM and VSMCs were isolated from  Casp3+/+ApoE-/-  (Casp3+/+) and Casp3-/-ApoE-/- (Casp3-/-) 
mice and treated with cycloheximide (CHX) (0-30µg/ml) and puromycin (PM) (0-30µg/ml), 
respectively. Necrosis was monitored by (A) morphological analysis (necrotic cells were 

characterised by cellular oncosis (black arrows) while apoptotic cells showed cellular shrinkage 
(black arrowheads) and membrane blebbing (open arrowhead)) Scale bars: 25µm (BMDM) and 
50µm (VSMCs) (B) PI labelling (n=3 independent experiments with 2 counting regions of 150 
cells/region in duplicate; ###P<0.001 vs. 0µg/ml; ***P<0.001 vs. Casp3+/+; Factorial ANOVA with 
genotype and treatment as category factors; Dunnett Post Hoc).  
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Furthermore, CHX-treated Casp3-/-ApoE-/- BMDM were characterised by a loss of 

membrane integrity as shown by increased PI labelling (Fig. 3.2B left panel). Consistent 

with BMDM, Casp3-/-ApoE-/- VSMCs showed increased susceptibility to necrosis when 

treated with the apoptosis-inducer PM as illustrated by increased cell oncosis (Fig. 3.2A 

right panel) and PI labelling (Fig. 3.2B right panel).  

To investigate whether Casp3-/-ApoE-/- BMDM undergo necroptosis (i.e. programmed 

primary necrosis), PI positivity of CHX-treated BMDM was examined in the presence or 

absence of Necrostatin-1 (Nec-1), a well-known necroptosis inhibitor (Fig. 3.3). Co-

treatment with Nec-1 did not affect the degree of necrosis in CHX-treated Casp3-/-ApoE-

/- BMDM and Casp3+/+ApoE-/- BMDM, indicating that caspase-3 deficiency does not 

trigger a switch to necroptosis. Of note, treatment of Casp3-/-ApoE-/- and Casp3+/+ApoE-/- 

BMDM with the necroptosis inducer LPS/zVAD-fmk showed that Casp3-/-ApoE-/- BMDM 

were as efficient as Casp3+/+ApoE-/- BMDM to undergo necroptosis. 

 

Figure 3.3: Caspase-3 deficiency does not trigger a switch to necroptosis. BMDM were 
isolated from Casp3+/+ApoE-/- (Casp3+/+) and Casp3-/-ApoE-/- (Casp3-/-) mice and treated with 

cycloheximide (CHX) (0-30µg/ml) in the presence or absence of the necroptosis inhibitor 
Necrostatin-1 (Nec-1) (30µmol/l). BMDM treated with 100ng/ml LPS and 20µmol/l zVAD-fmk were 
used as positive control for necroptosis induction. Necrosis was monitored by PI labelling (n=2 
independent experiments with 2 counting regions of 150 cells/region in duplicate; NS, not 
significant; ***P<0.001 vs. Casp3+/+ and Casp3-/- without Nec-1; Factorial ANOVA with genotype 
and treatment as category factors; Dunnett Post Hoc). 
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3.3.3 Caspase-3 deficiency increases total plaque size and plaque necrosis in 

ApoE-/- mice  

To investigate the role of caspase-3 in atherosclerosis, Casp3+/+ApoE-/- and Casp3-/-

ApoE-/- mice were fed a western-type diet for 16 weeks. Body weight, heart weight, total 

cholesterol, LDL-cholesterol and triglycerides were not different between Casp3+/+ApoE-

/- mice and Casp3-/-ApoE-/- mice (Table 3.1). Echocardiography did not reveal any signs 

of left ventricle dilatation or impaired cardiac function as a result of caspase-3 deficiency 

(Table 3.1).  

Table 3.1: Characteristics of Casp3+/+ApoE-/- mice and Casp3-/-ApoE-/- mice  
after 16 weeks on western-type diet  

 

 Casp3+/+ApoE-/- Casp3-/-ApoE-/- 

General   

Body weight (g)a 34±1 33±1 

Heart weight (mg)a 150±3 161±16 

Lipids   

Total cholesterol (mg/dl)a 473±32 423±38 

LDL cholesterol (mg/dl)a 309±21 258±29 

Triglycerides (mg/dl)a 114±7 105±18 

Cardiac function    

EDD LV (mm)a 4.2±0.1 4.0±0.2 

ESD LV (mm)a 2.7±0.1 2.6±0.1 

FS (%)a 36±2 35±1 

(a, Student t test, P>0.05) 

To validate apoptosis deficiency in vivo, aortic root atherosclerotic plaques of 

Casp3+/+ApoE-/- and Casp3-/-ApoE-/- mice were stained with TUNEL to detect DNA 

fragmentation. Remarkably, plaques of Casp3-/-ApoE-/- mice showed increased TUNEL 

positivity as compared to Casp3+/+ApoE-/- mice (Fig. 3.4A). Further statistical analysis 

showed that the cellular localisation of the TUNEL staining (nuclear vs. cytoplasmic) 

depended on the presence of necrosis (Chi-square, P = 0.024). If there was no necrotic 

core present in the plaque, the TUNEL staining was exclusively nuclear, indicative of 

apoptosis. However, when a necrotic core was present, 9 out of 24 plaques showed 

extensive cytosolic TUNEL staining, presumably due to the detection of large DNA 

fragments released into the cytoplasm during necrosis. In this way, increased TUNEL 

positivity in plaques of Casp3-/-ApoE-/- mice likely reflected necrosis rather than apoptosis. 
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Therefore, we searched for an alternative apoptosis marker. Staining with Annexin-PE 

was considered a suitable and reliable marker for the detection of apoptosis in vivo. 

Annexin-PE labelling revealed a significant decrease in apoptotic cell number in plaques 

of Casp3-/-ApoE-/- mice as compared to Casp3+/+ApoE-/- mice (Fig. 3.4B), indicating that 

apoptosis is reduced in atherosclerotic plaques of Casp3-/-ApoE-/- mice. 

 

Figure 3.4: Caspase-3 deficiency reduces apoptosis in ApoE-/- mice. Casp3+/+ApoE-/- mice 

(Casp3+/+) and Casp3-/-ApoE-/- mice (Casp3-/-) were fed a western-type diet for 16 weeks. (A) 

TUNEL staining on aortic root atherosclerotic plaques to detect DNA fragmentation (depicted by 
black arrowheads) (*P<0.05 vs. Casp3+/+; n=8; Repeated Measure) (B) Annexin-PE labelling to 

detect phosphatisylserine exposure on apoptotic cell membranes (Red Annexin positive cells are 
depicted by white arrowheads) and counterstaining with DAPI (blue nuclei) (***P<0.001 vs. 
Casp3+/+; n=11; Univariate). M, media; L, lumen. Scale bar: 50µm.  

 

Further analysis showed that the atherosclerotic plaques of Casp3-/-ApoE-/- mice (144±8 

x103 µm2) were significantly larger as compared to Casp3+/+ApoE-/- mice (108±6 x103 

µm2). Moreover, plaques of Casp3-/-ApoE-/- mice showed increased plaque necrosis (Fig. 

3.5A) as suspected by the false positive TUNEL staining. The necrotic cores in plaques 

of Casp3-/-ApoE-/- mice were not only larger but also more abundantly present. 

Furthermore, plaque macrophage content was significantly reduced in Casp3-/-ApoE-/- 

mice (Fig. 3.5B) while smooth muscle cell and collagen content were not different 

between both groups (Fig. 3.5C and 3.5D). 
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Figure 3.5 Caspase-3 deficiency increases plaque necrosis in ApoE-/- mice. Casp3+/+ApoE-/- 

mice (Casp3+/+) (n=8) and Casp3-/-ApoE-/- mice (Casp3-/-) (n=7) were fed a western-type diet for 16 
weeks. (A) Aortic root atherosclerotic plaques were stained with H&E to quantify plaque necrosis 
(the necrotic cores are indicated by an asterisk). (B,C) Serial sections were immunostained for 

Mac-3 and α-SMC-actin to determine macrophage content and smooth muscle cell content, 
respectively. (D) Serial sections were stained with Sirius red to quantify total collagen content. 
(*P<0.05, **P<0.01, NS, not significant, vs. Casp3+/+; Repeated Measures) Scale bar: 150µm.  
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3.4 Discussion 

Given the detrimental consequences of macrophage and VSMC apoptosis in advanced 

atherosclerosis, further improving our knowledge on the regulation of apoptosis in 

atherosclerosis is imperative to explore the potential of anti-apoptotic plaque stabilising 

strategies. Because caspases are an unexplored yet attractive target to modulate 

apoptotic cell death in atherosclerosis, we chose to examine the impact of caspase-3 

deletion on atherosclerosis by crossbreeding caspase-3 knockout (Casp3-/-) mice with 

ApoE knockout (ApoE-/-) mice.  

Bone marrow-derived macrophages (BMDM) and vascular smooth muscle cells 

(VSMCs), two major constituents of atherosclerotic plaques, were isolated from Casp3-/-

ApoE-/- and Casp3+/+ApoE-/- mice and subjected to the apoptosis inducers 

cycloheximide14 or puromycin15, respectively, to validate our experimental model. 

Caspase-3 deficient BMDM and VSMCs showed resistance to apoptosis as illustrated by 

reduced TUNEL positivity. Moreover, deletion of caspase-3 did not evoke a 

compensatory activation of caspase-7 in Casp3-/-ApoE-/- macrophages and VSMCs, 

despite their shared substrate specificity. These experiments underline the critical role of 

caspase-3 in the execution of apoptotic cell death and confirm the successful inhibition 

of apoptosis in this model. Nevertheless, caspase-3 deficient BMDM and VSMCs were 

not resistant to cell death but instead showed increased susceptibility to primary necrosis. 

Indeed, Casp3-/-ApoE-/- macrophages and VSMCs showed cell oncosis and increased PI 

labelling upon exposure to apoptotic stimuli. The observed switch between apoptotic and 

necrotic cell death in anti-apoptotic conditions has been reported previously by others.16-

18 Moreover, knockdown of caspase-8 in L929 cells triggers TNFα-induced necroptosis 

(i.e. programmed necrosis regulated by RIPK1 and RIPK3) due to the absence of 

caspase-8-mediated inactivation of RIPK1 and RIPK3.19 In the present study, treatment 

of CHX-treated macrophages with the necroptosis inhibitor Necrostatin-1 did not 

influence the degree of necrosis, indicating that caspase-3, in contrast to caspase-8, 

does not play a role in the regulation of necroptosis. Taken together, caspase-3 deletion 

protects macrophages and vascular smooth muscle cells against apoptosis but triggers 

a switch to primary necrosis. These data indicate that caspase-3 plays a crucial role in 

the execution of apoptosis though deletion of caspase-3 does not prevail cell death. 
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To investigate the consequences of caspase-3 deletion on plaque development,  

Casp3+/+ApoE-/- and Casp3-/-ApoE-/- mice were fed a western-type diet for 16 weeks. 

Plasma total cholesterol, LDL cholesterol and triglyceride levels, and cardiac parameters 

(EDD, ESD, FS) were not different between Casp3-/-ApoE-/- mice and Casp3+/+ApoE-/- 

mice, indicating that deletion of caspase-3 affected neither lipid metabolism nor cardiac 

function. Analysis of the atherosclerotic lesions showed that Casp3-/-ApoE-/- mice 

developed larger plaques as compared to Casp3+/+ApoE-/- mice and were characterised 

by increased plaque necrosis. The increased abundancy of necrotic cores in plaques of  

Casp3-/-ApoE-/- mice was associated with non-nuclear TUNEL staining. According to 

previous reports, TUNEL staining can give rise to false positivity because this technique 

does not allow to distinguish between DNA fragments generated during apoptosis 

(internucleosomal DNA fragmentation) and necrosis (large-scale DNA fragmentation).20-

24 When large DNA fragments are released into the cytoplasm following nuclear 

membrane degradation, a cytoplasmic TUNEL staining pattern appears.21 Our data 

combined with these previous reports emphasise that TUNEL staining should always be 

interpreted critically and should be combined with other apoptosis markers. In the present 

study, labelling with Annexin-PE revealed a significant decrease in apoptotic cell number 

in plaques of Casp3-/-ApoE-/- mice as compared to Casp3+/+ApoE-/- mice, indicating that 

Casp3-/-ApoE-/- mice were a suitable model to study apoptosis deficiency in 

atherosclerosis. With regard to the cellular composition, plaques of Casp3-/-ApoE-/- mice 

showed a significant decrease in macrophage content and a trend towards reduced 

VSMC content as compared to Casp3+/+ApoE-/- plaques. The decrease in macrophage 

(and VSMC) content most likely reflects the observed rise in plaque necrosis. Necrotic 

macrophages (and VSMCs) accumulate in the necrotic core while losing their cell-type 

specific antigens, hindering their detection.  

These findings are in line with previous observations in mice lacking the pro-apoptotic 

protein Bax25, the death receptors TNFR126 and Fas27 or the tumour suppressor proteins 

p5328-32 and p19(ARF)33. Macrophage specific deletion of Bax reduces macrophage 

apoptosis and stimulates the development of advanced atherosclerotic plaques in Ldlr-/- 

mice.25 Knockout of TNFR1 accelerates atherosclerosis in western-type diet-fed mice 

due to increased foam cell formation, though the effect on apoptosis and necrosis was 

not determined.26 Impairment of Fas-mediated apoptosis, by targeting the Fas receptor27 

or its ligand34, also accelerates atherosclerosis in ApoE-/- mice. Genetic disruption of p53, 
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either generally or macrophage-specifically, promotes atherosclerosis in ApoE-/- mice28, 

31 and is often accompanied by increased plaque necrosis.29, 30, 32 Moreover, deletion of 

the tumour suppressor p19(ARF) in ApoE-/- mice reduces apoptosis in plaque 

macrophages and VSMCs, and aggravates atherosclerosis, though the effect on plaque 

necrosis was not examined.33  

In conclusion, caspase-3 deletion inhibits apoptosis in murine macrophages and vascular 

smooth muscle cells but causes a switch to primary necrosis. Moreover, caspase-3 

deficiency promotes plaque growth and plaque necrosis in 16 week western-type diet-

fed ApoE-/- mice. Considering the pro-inflammatory and pro-thrombotic properties of 

plaque necrosis,35 inhibition of apoptosis may not be a favourable strategy to improve 

atherosclerotic plaque stability. 
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4.1 Introduction 

Vascular smooth muscle cells (VSMCs) are the major components of the blood vessel 

wall and play crucial roles in both physiological (e.g. regulation blood pressure and 

vascular tone) and pathological processes (e.g. restenosis and atheroma formation). 

Accumulating evidence suggests that autophagy is activated in VSMCs in response to 

various stimuli including lipids, reactive oxygen species, cytokines and growth factors and 

may promote VSMC survival.1-7 Moreover, PDGF-induced autophagy promotes the 

development of a synthetic and proliferative VSMC phenotype,6 suggesting that 

autophagy may regulate VSMC phenotype and function.8 Because our knowledge on the 

regulation of autophagy in VSMCs is mainly based on cell culture experiments, we 

focused on the role of VSMC autophagy in arterial disease such as post-injury neointima 

formation and atherosclerosis. At this moment, the relation between autophagy and 

neointima formation is debatable because induction of autophagy by PDGF stimulates 

VSMC proliferation (vide supra) while the autophagy inducer rapamycin or derivatives 

thereof (e.g. everolimus) are essentially used to prevent restenosis.9, 10 Even though 

autophagy occurs in VSMCs of atherosclerotic plaques,11, 12 the role of VSMC autophagy 

in atherosclerosis has not been investigated. To study the role of autophagy in VSMCs 

in vitro and in vivo, a mouse model was constructed with defective autophagy in VSMCs 

only, by genetic deletion of the essential autophagy gene Atg7. 

 

4.2 Materials and Methods 

4.2.1 Mouse studies 

Mice homozygous for a vector that disrupts Atg7 in exon 14 by Cre-loxP technology 

(Atg7F/F mice)13 were crossbred for > 10 generations with SM22α-Cre+ mice (C57BL/6, 

Jackson Laboratory, 004746), which express Cre recombinase under the control of the 

mouse SM22α promoter, to obtain VSMC-specific Atg7 knockout mice (referred to as 

Atg7F/FSM22α-Cre+ mice or simply Atg7F/F mice). To induce neointimal lesions, blood flow 

was disrupted in the left common carotid artery of Atg7+/+ and Atg7F/F  mice for 5 days 

(n=4/group) or 5 weeks (n=14/group) by ligating the vessel near the bifurcation. During 

the surgical procedure, 0.1mg/g BW ketamine i.p. (Anesketin, 100mg/ml, Eurovet) and 

0.01mg/g BW xylazine i.p. (Rompun, 20mg/ml, Bayer Health Care) were used as 
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anesthetics and 0.1mg/kg BW brupenorfine s.c. (Temgesic, 0.3mg/ml, Schering-Plough) 

as analgesic agent. For atherosclerosis studies, Atg7+/+ and Atg7F/F mice were crossbred 

with ApoE-/- mice (C57BL/6, Jackson Laboratory, 002052) and fed a western-type diet 

(Harlan Teklad, TD88137) for 10 (n=16/group) or 14 weeks (n=16/group). At the end of 

the experiment, mice were fasted overnight and blood was collected by puncture of the 

retro-orbital plexus. Plasma lipoprotein profiles were determined by fast performance 

liquid chromatography gel filtration on a Superose 6 column. Cholesterol levels were 

assessed by a commercially available kit (Randox, CH200). Tissues were fixed in 

formalin 4% for 24h before paraffin imbedding. In some experiments, tissues were 

imbedded in OCT and stored at -80°C. Macrophage-specific Atg7 knockouts were 

obtained by crossbreeding Atg7F/F mice for > 10 generations with LysM-Cre+ mice 

(C57BL/6, Jackson Laboratory, 004781) which express Cre recombinase under the 

control of the mouse lysozyme M promoter. All experiments were approved by the Ethics 

Committee of the University of Antwerp. 

4.2.2 Cell culture  

VSMCs were isolated from mouse aorta as previously described.14, 15 Briefly, aortas were 

preincubated in HBSS (Gibco Life Technologies) containing 1mg/ml collagenase 

(Worthington, type II CLS), 1mg/ml soybean trypsin inhibitor (Worthington) and 

0.74units/ml elastase (Worthington) for 15min at 37°C, in 95% air/5% CO2. Next, the 

adventitia was stripped off and the aorta was opened longitudinally to remove blood clots 

and endothelial cells. Subsequently, aortas were placed in fresh enzyme solution and 

incubated for 1h (37°C, in 95% air/5% CO2). Isolated cells were centrifuged, washed and 

resuspended in DMEM/F-12 medium (Gibco Life Technologies) supplemented with 20% 

FBS (Sigma Aldrich). Cells were used from passage 4 till 10 and cultured in DMEM/F-12 

medium supplemented with 10% FBS. Cells were isolated from 2 or 3 mice. In each 

individual experiment, cells from the same passage number were used. Bone marrow-

derived macrophages (BMDM) were harvested by flushing bone marrow from the hind 

limbs of mice. Cells were cultured for 7 days in RPMI medium (Gibco Life Technologies) 

supplemented with 15% L-cell conditioned medium (LCCM). LCCM is produced by L929 

cells cultured in RPMI medium. Once cells are confluent, medium is changed and cells 

are left alone for 7 days to secrete M-CSF (monocyte colony-stimulating factor). Then, 

the medium (=LCCM) is collected and stored at -80°C. To induce oxidative stress, cells 

were treated with 25µmol/l tert-butyl hydroperoxide (tBHP; Sigma-Aldrich) or 50µg/ml 
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oxidised LDL (oxLDL, Kalen Biomedical) for 24h. In some experiments, cells were treated 

with 10µmol/l puromycin (Sigma Aldrich) for 12h or exposed to UV-irradiation for 10min 

to induce apoptosis. Cell viability was evaluated by a neutral red assay.16 ROS production 

was determined using the fluorogenic marker carboxy-H2DCFDA (Molecular Probes, 

I36007). The DCFDA-positive cells were immediately visualised by fluorescence 

microscopy and then quantified using Image J software. To measure cellular size, 

VSMCs were labelled with 1µmol/l calcein AM (Molecular probes, C3099) and visualised 

with an inverted microscope attached to a microlens-enhanced dual spinning disk 

confocal system (UltraVIEW VoX, PerkinElmer). Images were analysed with Volocity 

software (PerkinElmer). Cellular protein quantity was determined using the BCA method. 

To induce starvation-induced autophagy, cells were incubated in Earle balanced salt 

solution (EBSS; Gibco Life Technologies) for 48h.  

4.2.3 Transmission electron microscopy 

Samples were prepared for transmission electron microscopy (TEM) as previously 

described.17 Sections were examined with a Tecnai microscope (FEI, Eindhoven, The 

Netherlands) at 120kV.  

4.2.4 Radio-active amino acid incorporation assay 

VSMCs were incubated with radioactive labelled amino acids (EasyTag Express Protein 

Labeling Mix [35S]-, NEG772002MC, PerkinElmer) for 2h. Next, cells were lysed in 

hypotonic lysis buffer, collected and trichloroacetic acid was added (final concentration 

10%) to allow protein precipitation. After centrifugation at 14000rpm for 10min, the pellet 

was resuspended in 0.2mol/l NaOH and radioactivity was measured with a liquid 

scintillation counter to evaluate protein synthesis.  

4.2.5 Analysis of proliferation, collagen amount and migration  

Cellular proliferation was assessed using a BrdU incorporation test. Once 80% confluent, 

BMDM and VSMCs were treated with 10µmol/l BrdU (Sigma-Aldrich, B5002) for 2h or 6h 

respectively, followed by an anti-BrdU staining (rat anti-BrdU antibody; Abcam, ab6326). 

The BrdU-positive nuclei were quantified using Image J software. Collagen synthesis in 

VSMCs was stimulated by 10ng/ml TGFβ (Peprotech) for 48h in serum-free medium. 

Total collagen amount was assayed using Sirius red staining as previously described.18 

COL1A1/2 and COL3A1 expression was analysed by immunofluorescence with rabbit 
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anti-COL1A1/2 antibody (Abcam, ab21286) and anti-rabbit Alexa Fluor 555 secondary 

antibody (Molecular Probes, A21428), and goat anti-COL3A1 antibody (Biodesign, 

T33330G) and anti-goat Alexa Fluor 488 secondary antibody (Molecular Probes, 

A11078). The migratory capacity was evaluated, independently of cell size and 

chemotactic effects, using an Oris™ Cell Migration Assay (Platypus Technologies). 

Briefly, 2.5x104 cells/well were added to a 96-well plate with Cell Seeding Inserts and 

incubated overnight to permit cell attachment. Subsequently, the stoppers were removed 

to allow cell migration into the empty zone. 24h later, cells were fixed and stained with 

0.1% crystal violet (Sigma Aldrich) in 20% methanol for 3min to visualise and quantify the 

migrated cells using an inverted microscope. The migratory capacity of the cells was 

evaluated by measuring the percentage closure area: 100 x ((premigration)area – 

(migration)area) / (premigration)area 

4.2.6 Western blotting 

Cells were lysed in Laemmli sample buffer (Bio-Rad) containing β-mercaptoethanol 

(Sigma Aldrich) and boiled for 4 min. Protein samples were loaded on NuPAGE 4-12% 

Bis-Tris gels (Life Technologies) and after electrophoresis transferred to Immobilon-P 

membranes (Millipore). Membranes were probed with the following primary antibodies: 

goat anti-GSTα (ab53940), rabbit anti-Nrf2 (ab137550), mouse anti-p16 (ab54210) and 

rabbit anti-p21 (ab7960) from Abcam; rabbit anti-SDF1 (Bioss, bs-4938); rabbit anti-

GAPDH (14C10), rabbit anti-TGFβ (3711) and rabbit anti-phospho RB (8516) from Cell 

Signaling Technology; mouse anti-LC3 (Nanotools, clone 5F10, 0231-100); rabbit anti-

NQO1 (Novus Biologicals, NBP1-40663); rabbit anti-PARP1 (sc-7150), rabbit anti-p16 

(sc-1207) and rabbit anti-total RB (sc-50) from Santa Cruz Biotechnology; mouse anti-β-

actin (clone AC-15, A5441), rabbit anti-ATG7 (A2856), rabbit anti-ATG5 (A0856), rabbit 

anti-p62 (P0067) and rabbit anti-acetyl-p53 (SAB4503014) from Sigma-Aldrich. 

Thereafter, membranes were incubated with HRP-conjugated secondary antibodies 

(Dako, anti-rabbit P0399, anti-mouse P0260, anti-goat P0160) to allow chemiluminescent 

detection. In some experiments, cytoplasmic and nuclear fractions were isolated from 

cultured VSMCs and BMDM using the NE-PER® Nuclear and Cytoplasmic Extraction kit 

(Thermo Scientific, 78833) prior to western blot analysis. Tissue samples were 

homogenised (see section gelatin zymography) before western blot analysis.  
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4.2.7 Gelatin zymography  

Ligated left common carotid arteries were collected, gently flushed to remove all blood 

clots and immediately snap frozen. Tissues were homogenised in RIPA buffer and protein 

content was determined using the BCA method. Samples were mixed with Laemmli 

sample buffer without β-mercaptoethanol before loading on a 10% Zymogram Gelatin gel 

(Life Technologies). After electrophoresis in Tris-Glycine SDS Running Buffer (Life 

Technologies), proteins were renaturated in Zymogram Renaturing Buffer (Life 

Technologies) and incubated with Zymogram Developing Buffer (Life Technologies) 

overnight. Gels were stained with Coomassie Brilliant Blue (Merck) for 3h and 

subsequently destained twice for 1h. Finally, gels were scanned to visualise the 

gelatinolytic activity of MMP9 and MMP2 in the left common carotid artery. 

4.2.8 MicroArray 

Total RNA was prepared using the Absolutely RNA Miniprep Kit (Agilent, 400800) and 

treated with RNase-free DNase I. RNA quality was verified on an Agilent 2100 

Bioanalyzer System (Agilent Technologies) using the RNA 6000 Nano LabChip kit 

(Agilent Technologies). Samples were then analysed by the Microarray Facility of the 

Flanders Interuniversity Institute for Biotechnology using a Whole Mouse Genome Oligo 

Microarray Kit (Agilent Technologies) representing over 41,000 mouse genes and 

transcripts. 

4.2.9 PCR analysis of XBP1 mRNA splicing  

VSMCs were treated with 20µmol/l thapsigargin (R&D Systems) for 2h to induce ER-

stress. Total RNA was isolated (vide supra) and cDNA was prepared using SuperScript® 

II reverse transcriptase (Invitrogen). Splicing of X-box-binding protein (XBP)1 mRNA was 

examined by PCR using XBP1-specific primers: 5’-

GATCCTGACGAGGTTCCAGAGGTG-3’ (FW) and 5’-

GAGTCAGAGTCCATGGGAAGATGTTCTG-3’ (RV) and the following thermocycling 

parameters:  94°C for 2min followed by 40 cycles of 94°C for 15s, 60°C for 30s and 72°C 

for 30s. The PCR products were then analysed on 4% E-gels (Invitrogen). 

4.2.10 Real time RT-PCR 

TaqMan gene expression assays (Applied Biosystems) for Nrf2, GSTα, NQO1 and p62 

were performed in duplicate on an ABI Prism 7300 sequence detector system (Applied 
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Biosystems, Foster city, CA, USA) in 25µl reaction volumes containing Universal PCR 

Master Mix (Applied Biosystems). mRNA expression of IL1α, IL1β and NLRP3 was 

analysed using SYBR Green (GC Biotech) and the following gene-specific primers 

(Sigma-Aldrich): IL1α, 5’-AAGACAAGCCTGTGTTGCTGAAGG-3’ (FW) and 5’-

TCCCAGAAGAAAATGAGGTCGGTC-3’ (RV); IL1β, 5’- 

TGAAATGCCACCTTTTGACAG-3’ (FW) and 5’- CCACAGCCACAATGAGTGATAC-3’ 

(RV); NLRP3, 5’-GCTCCAACCATTCTCTGACC-3’ (FW) and 5’-

AAGTAAGGCCGGAATTCACC-3’ (RV). The parameters for PCR amplification were 

95°C for 10min followed by 40 cycles of 95°C for 15sec and 60°C for 1min. In case of 

SYBR Green analysis, an additional step of 72°C for 30sec and a dissociation stage were 

added. Relative expression of mRNA was calculated using the comparative threshold 

cycle method. All data were normalised for quantity of cDNA input by performing 

measurements on the endogenous reference gene β-actin.  

4.2.11 Nrf2 silencing and p16 and p62 overexpression 

VSMCs were transfected with 100nmol/l Nrf2-specific siRNA (ON-TARGETplus® 

SMART Pool, Mouse Nrf2, Dharmacon, L-040766-00-0005) or siRNA control (ON-

TARGETplus® Control Pool, nontargeting pool, Dharmacon, D-001810-10-05) via 

nucleofection using the Human AoSMC Nucleofector™ Kit (Amaxa, VPC-1001). 

Silencing efficiency was assessed by real time RT-PCR and western blotting. 

To overexpress p16 or p62 in VSMCs, full-length cDNA encoding mouse p16 or p62 

protein was amplified by PCR from VSMCs using Platinum Pfx DNA polymerase 

(Invitrogen, 11708-013). The following primers were used: 5’-

CCAAGCTTAGCAGCATGGAGTCCGCTGCAGACAG-3’ (p16 FW), 5’-

CCTCTAGATTAGCTCTGCTCTTGGGATTGGCC-3’ (p16 RV), 5’-

CAGAATTCGTTATGGCGTCGTTCACGGTGAAGGC-3’ (p62 FW) and 5’-

CAGCGGCCGCTATCACAATGGTGGAGGGTGCTTCG-3’ (p62 RV) from Sigma 

Aldrich. The resultant PCR products were HindIII/XbaI (p16) or EcoRI/NotI (p62) digested 

and cloned in the similarly opened plasmid pEGFP-N3 (Clontech, 6080-1), thereby 

replacing the eGFP coding sequence. After sequencing, VSMCs were transfected with 

5µg plasmid DNA via nucleofection using the Human AoSMC Nucleofector™ kit (Amaxa, 

VPC-1001). 
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4.2.12 Analysis of cellular senescence  

Senescence was determined using the Senescence Cells Histochemical Staining Kit 

(Sigma-Aldrich, CS0030). Briefly, 1x104 cells were incubated with 1x Fixation Buffer for 

7min at RT. Next, cells were washed and incubated with staining mixture (containing X-

gal) at 37°C for 24h and then counterstained with Nuclear Fast Red. The percentage of 

senescence-associated β-gal-positive cells was quantified using Image J software. Cell 

cycle analysis was performed according to the Vindelov method.19 Briefly, cells were 

permeabilised with trypsin, followed by ribonuclease treatment to ensure only DNA 

staining. Finally, nuclei are stained with propidium iodide (Molecular Probes) and 

analysed by flow cytometry (BD FACScan) to quantify DNA content. Results were 

analysed with FCS Express 4 Flow software (De Novo Software). To detect DNA 

damage, a comet assay was performed as previously described.20 Briefly, 1x103 cells/µl 

were mixed with 1% low melting point agarose and embedded on agarose-coated glass 

slides on ice. Next, cells were lysed in a hypertonic lysis buffer for 1h at 4°C followed by 

alkaline electrophoresis. During electrophoresis, DNA strand breaks migrated to the 

positive pole resulting in comet tail formation. After washing with neutralising buffer, 

slides were fixed in ice-cold ethanol, air-dried and then stained with 20µg/ml ethidium 

bromide (Sigma-Aldrich) for 10min. DNA damage was evaluated by fluorescence 

microscopy. Cells treated with 0.5mmol/l H2O2 for 10min were used as positive control. 

4.2.13 Histological analysis 

The percentage neointima formation after ligation [(neointima area/lumen area) x 100] as 

well as the plaque area and necrotic core in the brachiocephalic artery and aortic root 

were measured on H&E sections. Atherosclerotic plaques located in the aortic root were 

analysed in 5 different sections sliced at equally spaced intervals (every 50µm). A 3000 

μm2 minimum  threshold was implemented to avoid counting of regions that likely do not 

represent substantial areas of necrosis.21 Lesions were further analysed by 

immunohistochemistry with the following primary antibodies: rabbit anti-Mac-3 (BD 

Pharmingen, 553322), rabbit anti-cleaved casp-3 (Cell Signaling Technology, 9661), 

rabbit anti-phospho RB (Cell Signaling Technology, 8516), rabbit anti-p16 (Santa Cruz 

Biotechnology, sc-1207), goat anti-SM22α (Abcam, ab10135), mouse anti-α-SMC-actin 

(FITC labelled; Sigma-Aldrich, A2547) and rabbit anti-p62 (Sigma Aldrich, P0067). 

Thereafter, tissue sections were incubated with species-appropriate HRP-conjugated 
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secondary antibodies followed by 60 min of reactive ABC (Vector Laboratories, pk4001). 

3,3’-diaminobenzidine or 3-amino-9-ethyl-carbazole were used as a chromogen. A Sirius 

red staining was used for detection of total collagen and COL1A1/2 under polarised light. 

COL3A1 was detected using goat anti-COL3A1 antibody (Biodesign, T33330G). Frozen 

tissue sections were stained with Oil  Red O and visualised under polarised light to detect 

cholesterol crystals. The Senescence Cells Histochemical Staining Kit (Sigma Aldrich, 

CS0030) was applied on the left common carotid artery (LCCA) and aortic root. Frozen 

sections of the LCCA were counterstained with periodic acid-Schiff (PAS) to visualise the 

basal lamina. Sections of the aortic root were counterstained with Nuclear Fast Red. 

Consecutive sections were double stained with rabbit anti-phospho-RB antibody (Cell 

Signaling Technology, 8516) and anti-rabbit Alexa Fluor 555 secondary antibody 

(Molecular Probes, A21428), and mouse anti-α-SMC-actin-FITC (Sigma Aldrich, F3777) 

antibody and visualised by fluorescence microscopy. All other images were acquired with 

Universal Grab 6.1 software using an Olympus BX40 microscope and quantified with 

Image J software.  

4.2.14 Statistical analysis 

All data were analysed with SPSS 22.0 software (SPSS Inc.) and presented as mean ± 

SEM. Differences were considered significant at P<0.05. 
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4.3 Results 

4.3.1 Autophagy is defective in Atg7F/FSM22α-Cre+ (Atg7F/F) VSMCs  

The essential autophagy gene Atg7 was deleted in VSMCs by cross-breeding mice 

homozygous for the Atg7Flox allele (Atg7F/F) with a transgenic mouse strain that expresses 

Cre recombinase under control of the mouse VSMC-specific SM22α promoter. To 

validate our experimental mouse model, VSMCs were isolated from the aorta of 

Atg7+/+SM22α-Cre+ (further referred to as Atg7+/+) and Atg7F/FSM22α-Cre+ (further 

referred to as Atg7F/F) mice. According to western blot analysis, the lack of ATG7 

expression in Atg7F/F VSMCs was associated with typical features of impaired autophagy 

such as severe p62 accumulation, decreased levels of the ATG12–ATG5 complex, an 

increased amount of unconjugated ATG5 and a marked decrease of LC3-II levels with 

respect to Atg7+/+ VSMCs (Fig. 4.1A). Moreover, Atg7F/F VSMCs did not show enhanced 

processing of LC3-I into LC3-II upon treatment with EBSS, a well-known stimulus of 

starvation-induced autophagy (Fig. 4.1B). In addition, electron microscopic analysis did 

not reveal autophagosome formation in Atg7F/F VSMCs in both untreated and EBSS-

treated conditions. Atg7+/+ VSMCs however, showed increased formation of 

autophagosomes upon EBSS treatment (Fig. 4.1C). The autophagic vacuoles can be 

distinguished by the incorporation of dense degraded material. These experiments 

confirm that Atg7F/F VSMCs were unable to initiate autophagy.



 

 
 

 

Figure 4.1 Autophagy is defective in Atg7F/FSM22α-Cre+ VSMCs. (A) VSMCs were isolated from the aorta of Atg7+/+SM22α-Cre+ (+/+) and 

Atg7F/FSM22α-Cre+ (F/F) mice. Western blot analysis of ATG7, p62, ATG12-ATG5 and LC3-II in untreated Atg7+/+ and Atg7F/F VSMCs. β-actin was 

used as loading control. (B,C) Atg7+/+ and Atg7F/F VSMCs were treated with EBSS for 48h, followed by western blot analysis of LC3-II (B) or 

transmission electron microscopy (C). Autophagic vesicles, characterised by incorporated dense degraded material and indicated by arrows, were 

quantified per cell (***, P<0.001 vs. Atg7F/F; ###, P<0.001 vs. control; Two-way ANOVA with genotype and treatment as category factors). Scale bar: 

1µm. The right panel shows a high-power image of autophagosomes in EBSS-treated Atg7+/+ VSMCs. Scale bar: 500nm.
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4.3.2 Defective autophagy in VSMCs triggers an antioxidative backup mechanism 

ROS production, oxidative damage and cell death are major events in cardiovascular 

disease22, 23 and may be regulated by autophagy.24, 25 To test the role of autophagy in 

VSMC survival against oxidative stress, Atg7+/+ and Atg7F/F VSMCs were treated with 

25µmol/l tBHP or 50µg/ml oxLDL for 24h. Atg7F/F VSMCs were much more resistant to 

oxidative stress-induced cell death than Atg7+/+ VSMCs (Fig. 4.2A). Along these lines, 

treatment with 100µmol/l tBHP for 6h stimulated ROS production in Atg7+/+ VSMCs but 

not in Atg7F/F VSMCs (Fig. 4.2B). Interestingly, Atg7F/F VSMCs treated with 10µmol/l 

puromycin for 12h or exposed to UV-irradiation for 10min did not reveal improved 

protection against apoptosis (Fig. 4.2C). 

To explain the observed cytoprotection against oxidative stress, RNA of untreated Atg7+/+ 

and Atg7F/F VSMCs was analysed. Microarray analysis revealed an upregulation of the 

genes encoding several antioxidative enzymes such as GSTα1/3/4 (glutathione S-

transferase, alpha 1/3/4) and NQO1 (NAD[P]H dehydrogenase, quinone 1) in Atg7F/F 

VSMCs. The microarray data are available via the National Center for Biotechnology 

Information Gene Expression Omnibus at: http://www.ncbi.nlm.nih.gov/geo/query 

/acc.cgi?token=ytuzumoktdqzpif&acc=GSE54019. Upregulation of GSTα and NQO1 

was confirmed by real-time RT-PCR and western blotting (Fig. 4.2D and 4.2E). Because 

accumulation of p62 induces nuclear factor erythroid 2-like 2 (Nrf2)-dependent 

transcription of detoxifying enzymes such as GSTα,26 this pathway was further studied 

by western blot analysis. Cytoplasmic and nuclear fractions of Atg7F/F VSMCs showed 

enhanced translocation of Nrf2 into the nucleus (Fig. 4.2F). Silencing of Nrf2 completely 

suppressed GSTα and NQO1 expression and abolished the protection of Atg7F/F VSMCs 

against tBHP and oxLDL (Fig. 4.2G and 4.2H). These experiments indicate that the Nrf2 

signalling pathway is activated in Atg7F/F VSMCs as a backup mechanism to protect 

against oxidative stress. Overall, Atg7 deletion in VSMCs did not result in a general pro-

survival status but only protected VSMCs against oxidative stress-mediated cell death 

via upregulation of antioxidative enzymes. 
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Figure 4.2 Defective autophagy in VSMCs results in increased protection against oxidative stress-
induced cell death. (A) Atg7+/+SM22α-Cre+ (+/+) and Atg7F/FSM22α-Cre+ (F/F) VSMCs were treated 
with 25µmol/l tBHP or 50µg/ml oxLDL for 24h (***, P<0.001 vs. Atg7+/+; ###, P<0.001 vs. control; n=3 
experiments in triplicate; Two-way ANOVA with genotype and treatment as category factors, Dunnett 
Post Hoc). (B) To measure ROS production, Atg7+/+ and Atg7F/F VSMCs were left untreated or treated 
with 100µmol/l tBHP for 6h, followed by a DCFDA staining (***, P<0.001 vs. Atg7+/+; n=200 cells/condition 
in duplicate; Two-way ANOVA. (C) Atg7+/+ and Atg7F/F VSMCs were exposed to 10µmol/l puromycin (PM) 
for 12h or UV-irradiation for 10min (NS, not significant vs. Atg7+/+; ###, P<0.001 vs. control; n=2 
experiments in triplicate; Two-way ANOVA). (D,E) Analysis of GSTα and NQO1 expression in Atg7+/+ 
and Atg7F/F VSMCs by real time RT-PCR (D) (***, P<0.001; n=2 experiments in duplicate; Student t test) 
and western blotting (E). (F) Western blot analysis of Nrf2 in cytoplasmic and nuclear fractions of Atg7+/+ 
and Atg7F/F VSMCs. (G,H) Atg7F/F VSMCs were transfected with 100nmol/l siRNA against Nrf2 (siNrf2) 
or nontargeting siRNA (siCtrl). After 72h, silencing efficiency was confirmed by western blotting by 
assessment of Nrf2, GSTα and NQO1 expression (G) and VSMCs were treated with tBHP or oxLDL for 
24h (H) (***, P<0.001 vs. siCtrl; ###, P<0.001 vs. control; n=3 experiments in duplicate; Two-way ANOVA 
with genotype and treatment as category factors and Dunnett Post Hoc). 
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4.3.3 Defective autophagy in VSMCs elicits cellular hypertrophy, improves  

migration capacity, and promotes synthesis of inflammasome components and 

collagen  

Microscopic analysis of Atg7F/F VSMCs did not reveal a typical spindle-shaped phenotype 

as compared to Atg7+/+ VSMCs. Instead, Atg7F/F VSMCs were characterised by a more 

rhomboid shape and an increase in cellular size (Fig. 4.3A). In vivo, the medial thickness 

of Atg7F/F aorta was significantly increased as compared to Atg7+/+ aorta (Fig. 3.4B), 

though the number of VSMC layers was not altered. Also TEM images of Atg7F/F aorta 

showed an increase in size of the individual VSMCs (Fig. 4.3C). These findings indicate 

that defective autophagy in VSMCs results in cellular hypertrophy in vitro and in vivo. 

Furthermore, Atg7F/F VSMCs showed a significant increase in protein content as 

compared to Atg7+/+ VSMCs, indicating that the hypertrophic phenotype of Atg7F/F 

VSMCs is not just a result of cytosolic dilation but is associated with increased protein 

quantity (Fig. 4.3D). To investigate whether the increased protein content was due to 

increased accumulation (owing to impaired autophagic clearance of proteins) and/or to 

increased protein synthesis, a radio-active amino acid incorporation assay was 

performed. Atg7F/F VSMCs showed increased radio-active protein labelling as compared 

to Atg7+/+ VSMCs (Fig. 4.3E). Importantly, the hypersynthetic state of Atg7F/F VSMCs did 

not trigger activation of the unfold protein response (UPR), as evidenced by the lack of 

XBP1 splicing (Fig. 4.3F), indicating that autophagy deficiency in VSMCs does not 

provoke ER stress. 

Further characterisation of Atg7F/F VSMCs revealed a substantial upregulation of the 

inflammasome components IL1β and NLRP3, but not of IL1α (Fig. 4.4A). Moreover, 

according to western blot analysis, the expression of the pro-migratory growth factors 

TGFβ and SDF1 was significantly elevated in Atg7F/F VSMCs (Fig. 4.4B). Indeed, an Oris 

migration assay revealed enhanced spontaneous migration of Atg7F/F VSMCs as 

compared to Atg7+/+ VSMCs (Fig. 4.4C). To test the influence on collagen content, Atg7+/+ 

and Atg7F/F VSMCs were treated with 10ng/ml TGFβ for 48h. Atg7F/F VSMCs showed a 

significant increase in collagen amount in both control and TGFβ-treated conditions as 

compared to Atg7+/+ VSMCs (Fig. 4.4D). Further analysis of COL1A1/2 and COL3A1 by 

immunofluorescence showed that Atg7F/F VSMCs express less COL1A1/2 but more 

COL3A1 as compared to Atg7+/+ VSMCs (Fig. 4.4E). TGFβ treatment augmented 

COL1A1/2 and COL3A1 expression in both genotypes. 
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Figure 4.3 Defective autophagy in VSMCs elicits cellular hypertrophy and increases protein 
synthesis. (A) VSMCs isolated from Atg7+/+SM22α-Cre+ (+/+) and Atg7F/FSM22α-Cre+ aorta were 
labelled with calcein AM and visualised by confocal fluorescence microscopy. Scale bar: 10µm. Cell size 
was measured using z-stack images (*, P<0.05; n=2 experiments; Student t test). (B) Thoracic aorta of 
Atg7+/+ and Atg7F/F mice were stained with H&E to measure the width of the media (white arrows) (**, 
P<0.01; n=6 regions/aorta; Univariate). Scale bar: 25µm. (C) TEM images of the aorta of Atg7+/+ and 
Atg7F/F mice to quantify VSMC width (white arrows). Scale bar: 1µm. (*, P<0.05; n=38 cells/aorta; Student 
t test). (D) Determination of protein quantity in Atg7+/+ and Atg7F/F VSMCs using the BCA method. Data 
were normalised to cell number (**, P<0.01; n=3 experiments in triplicate; Student t test). (E) Radio-
active amino acid incorporation assay to assess protein synthesis in Atg7+/+ and Atg7F/F VSMCs. Data 
are collected as counts per minute (CPMA), normalised to cell number and presented as a fold change. 
(***, P<0.001; n=3 experiments in tetraplicate; Student t test) (F) Atg7+/+ and Atg7F/F VSMCs were treated 
with the ER-stressor thapsigargin (Tg) (20µmol/l) for 2h or left untreated (Ctrl). Activation of the UPR was 
evaluated by detection of mRNA of spliced (S) XBP1.  
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Figure 4.4: Defective autophagy in VSMCs increases migration capacity and synthesis of 
inflammasome components and collagen (A) Real time RT-PCR analysis of mRNA expression of 
IL1α, IL1β and NLRP3 in untreated Atg7+/+ and Atg7F/F VSMCs. (n=4 independent experiments; NS, not 
significant, *, P<0.05 vs. Atg7+/+) (B) Western blot analysis of TGFβ and SDF1 in Atg7+/+ and Atg7F/F 

VSMCs. (C) Migratory capacity of Atg7+/+ and Atg7F/F VSMCs was analysed using an Oris Migration 
Assay (***, P<0.001; n=2 experiments in triplicate; Student t test). (D,E) Atg7+/+ and Atg7F/F VSMCs were 
left untreated or treated with 10ng/ml TGFβ for 48h and (D) stained with Sirius red to examine total 
collagen amount (***, P<0.001 vs. Atg7+/+; ###, P<0.001 vs. ctrl; n=4 experiments in triplicate; Two-way 
ANOVA with genotype and treatment as category factors) or (E) analysed for COL1A1/2 (left panel, red) 
and COL3A1 (right panel, green) expression by immunofluorescence (**, P<0.01 vs. Atg7+/+; ##, P<0.01 
vs. ctrl; n=2 counting regions of 150 cells/region/condition; Two-way ANOVA with genotype and 
treatment as category factors). Scale bar: 25µm.  
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4.3.4 Defective autophagy in VSMCs accelerates senescence  

A BrdU incorporation assay was performed to examine the proliferation capacity of 

Atg7+/+ and Atg7F/F VSMCs. A nearly 2-fold reduction in proliferation of Atg7F/F VSMCs 

was observed as compared to Atg7+/+ VSMCs (Fig. 4.5A). Moreover, Atg7F/F VSMCs 

were characterised by a significant increase in nuclear size (Fig. 4.5B). According to a 

cell cycle analysis, the percentage of Atg7F/F nuclei in G1-phase was increased (36±5% 

vs. 55±1%) while the percentage of Atg7F/F nuclei in G2/M-phase was strongly decreased 

(38±2% vs. 15±1%), suggestive of a G1-cell cycle arrest and senescence (Fig. 4.5C). 

Importantly, cell cycle analysis did not show signs of VSMC polyploidy in both cell types. 

Staining for senescence-associated (SA) β-galactosidase (β-gal) activity confirmed the 

presence of senescent cells in Atg7F/F VSMC cultures (Fig. 4.5D). Because cellular 

senescence can be established by the activation of different tumour suppressor pathways 

including p16-RB (stress response) and p53-p21 (DNA damage response) pathways,27, 

28 these proteins were examined via western blotting. p16 was highly upregulated in 

Atg7F/F VSMCs and accompanied by hypophosphorylation and activation of RB while 

acetylated p53 and p21 levels remained unaltered (Fig. 4.5E), indicating stress-induced 

premature senescence. Next, we performed a comet assay to determine possible DNA 

damage. Neither Atg7+/+ nor Atg7F/F VSMCs showed comet tail formation. In contrast, 

Atg7+/+ VSMCs treated with 0.5mmol/l H2O2 for 10min showed severe comet tail 

formation representing a large number of DNA strand breaks (Fig. 4.5F). Given that the 

DNA damage response pathway was not activated and DNA strand breaks were absent, 

senescence in Atg7F/F VSMCs was not characterised by DNA damage.  

Furthermore, we investigated a possible link between senescence and the Nrf2 pathway. 

Nrf2 silencing in Atg7F/F VSMCs did not affect p16 protein expression (Fig. 4.6A). 

Overexpression of p16 in Atg7+/+ VSMCs induced senescence (7±1% SA-β-gal vs. 

27±1%, P<0.001) but altered neither NQO1 expression nor Nrf2 activation (Fig. 4.6B). 

These experiments suggest that the senescence and Nrf2 pathway act independently in 

autophagy deficient VSMCs. 
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Figure 4.5 Defective autophagy in VSMCs accelerates senescence. (A) Atg7+/+SM22α-Cre+ (+/+) 
and Atg7F/FSM22α-Cre+ (F/F) VSMCs were treated with BrdU to examine proliferation (***, P<0.001; n=9 
counting regions of 300 cells/region/condition; Student t test). (B) The size of Atg7+/+ and Atg7F/F nuclei 
was measured to detect nuclear hypertrophy (**, P<0.01; n=50 nuclei; Student t test). (C) DNA cell cycle 
analysis of Atg7+/+ (blue) and Atg7F/F (red) VSMCs. The bar graph shows the percentage of Atg7+/+ and 
Atg7F/F nuclei in the G1 and G2/M phase of the cell cycle (**, P<0.01; ***, P<0.001; Student t test). (D) 
Atg7+/+ and Atg7F/F VSMCs were stained with X-gal mixture for 24h, followed by Nuclear Fast Red 
staining. Scale bar: 125µm. The number of SA-β-gal-positive VSMCs was quantified. (***, P<0.001; n= 
2 counting regions of 200 cells/region/condition; Student t test) (E) Western blot analysis of p16, phospho 
RB, total RB, acetylated p53 and p21 in Atg7+/+ and Atg7F/F VSMCs. (F) Detection of DNA damage in 
Atg7+/+ and Atg7F/F VSMCs by comet assay. Atg7+/+ VSMCs treated with 0.5mM H2O2 for 10min were 
used as positive control. Scale bar: 25µm. 
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Figure 4.6 The senescence and Nrf2-ARE pathway act independently in autophagy deficient 

VSMCs. (A) Atg7F/F VSMCs were transfected with 100nmol/l siRNA against Nrf2 (siNrf2) or nontargeting 
siRNA (siCtrl). 72h after transfection, VSMCs were analysed for p16 expression by western blotting. (B) 
Atg7+/+ VSMCs were transfected with 5µg plasmid DNA encoding p16 (p16+). 48h after transfection, 
VSMCs were analysed for p16, NQO1 and Nrf2 (in cytoplasmic and nuclear fractions) expression by 
western blotting. 

 
 
To investigate the role of p62 accumulation (typical of defective autophagy, vide supra) 

in the induction of VSMC senescence, Atg7+/+ VSMCs were transiently transfected with 

p62-encoding plasmid DNA. Overexpression of p62 in Atg7+/+ VSMCs resulted in 

increased p16 expression and a slight decrease in RB phosphorylation (Fig. 4.7A). 

Moreover, p62 overexpressing Atg7+/+ VSMCs showed reduced proliferation (Fig. 4.7B) 

and increased SA-β-gal activity (Fig. 4.7C). These experiments indicate that p62 

mediates the induction of senescence in autophagy defective VSMCs. 

 
Figure 4.7 p62 accumulation links defective VSMC autophagy to senescence. (A) Atg7+/+ VSMCs 
were transfected with 5µg plasmid DNA encoding p62 (p62+). 4 days after transfection, VSMCs were 
analysed for p62, p16, phospho RB and total RB expression by western blotting. (B,C) p62 
overexpressing VSMCs were (B) incubated with BrdU to examine proliferation capacity (***, P<0.001; 
n=2 counting regions of 1000 cells/region/condition in duplicate; Student t test) or (C) stained with X-gal 
mixture for 24h to quantify the number of β-gal-positive VSMCs (***, P<0.001; n=3 counting regions of 
150 cells/region/condition in duplicate; Student t test). Scale bar: 50µm. 
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4.3.5 Defective VSMC autophagy promotes neointima formation after ligation-

induced injury 

To evaluate the consequences of defective VSMC autophagy in vivo, neointimal lesion 

formation was induced by ligation of the left common carotid artery (LCCA) in 

Atg7+/+SM22α-Cre+ (Atg7+/+) and Atg7F/FSM22α-Cre+ (Atg7F/F) mice. Five days after 

ligation, the activity of the gelatinase MMP9 was already strongly elevated in Atg7F/F 

LCCA as shown by zymographic analysis (Fig. 4.8A). Moreover, western blot analysis 

showed a significant increase in TGFβ and SDF1 expression in the LCCA of Atg7F/F mice 

(Fig. 4.8B). To investigate the effect on neointimal thickening, LCCA of Atg7+/+ and 

Atg7F/F mice were analysed 5 weeks after ligation. Atg7F/F mice showed a dramatic 

increase in stenosis (90±3%) as compared to Atg7+/+ mice (54±6%) (Fig. 4.9A). In 

addition, the total collagen content was significantly elevated in the neointima of Atg7F/F 

mice (Fig. 4.9B). p62 staining confirmed the presence of autophagy deficient VSMCs in 

media and lesions of Atg7F/F mice (Fig. 4.9C). Furthermore, neointimal Atg7F/F VSMCs 

were characterised by p16 upregulation (Fig. 4.9D), SA-β-gal activity (Fig. 4.9E) and 

nuclear hypertrophy (28±1 vs. 23±1 µm2), indicating that neointima formation in Atg7F/F 

mice was associated with VSMC senescence. 

 
 
Figure 4.8: Defective VSMC autophagy promotes upregulation of MMP9, TGFβ and SDF1, 5 days 
after ligation-induced injury. (A) The left common carotid artery (LCCA) of Atg7+/+SM22α-Cre+ (+/+) 
and Atg7F/FSM22α-Cre+ (F/F) mice (n=3) was ligated for 5 days. Gelatin zymographic analysis of the 
LCCA to detect MMP9 and MMP2 activity. (B) Western blot analysis of the LCCA for TGFβ and SDF1. 
GAPDH was used as loading control.  
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Figure 4.9 Defective VSMC autophagy promotes neointima formation 5 weeks after ligation-
induced injury. (A,B) The left common carotid artery (LCCA) of Atg7+/+SM22α-Cre+ (+/+) (n=10) and 
Atg7F/FSM22α-Cre+ (F/F) (n=12) mice was ligated for 5 weeks. Sections of the LCCA were stained with 
anti-α-SMC-actin antibody (A) or Sirius red (B) to quantify the degree of stenosis and total collagen 
deposition, respectively. Scale bar: 100µm. (C,D) Sections of the LCCA were immunostained for p62 (C) 
or p16 (D) (black arrowheads). Scale bar: 25µm. (E) The LCCA was stained for SA-β-gal activity ex vivo 
(right panel). Scale bar: 250µm. Sections of the LCCA were then counterstained with periodic acid-Schiff 
(PAS) to identify senescent neointimal VSMCs (left panel). Note that the neointimal VSMCs are 
surrounded by a cage of PAS-positive basal lamina. Scale bar: 10µm. (***, P<0.001; **, P<0.01; *, 
P<0.05; Student t test).  
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4.3.6 Defective VSMC autophagy accelerates atherogenesis 

To investigate the role of VSMC autophagy in atherosclerosis, Atg7+/+SM22α-Cre+ and 

Atg7F/FSM22α-Cre+ mice were crossbred with ApoE-/- mice and fed a western-type diet 

(WD) for 10 or 14 weeks. Body weight, total cholesterol and lipoproteins were not different 

between both groups after 10 and 14 weeks on WD (Table 4.1 and Fig. 4.10), indicating 

that Atg7 deletion in VSMCs does not influence normal growth and lipid metabolism.  

 

All data are represented as mean ± SEM; P>0.05; Student t test 

 

 

Figure 4.10 Defective VSMC autophagy accelerates atherogenesis without affecting lipid 
metabolism. Lipid profile of Atg7+/+SM22α-Cre+ApoE-/- (+/+) and Atg7F/FSM22α-Cre+ApoE-/- (F/F) 

mice fed a western-type diet for 10 and 14 weeks. 

  

Table 4.1. Characteristics of Atg7+/+SM22α-Cre+ApoE-/- (+/+) and Atg7F/FSM22α-
Cre+ApoE-/- (F/F) mice after 10 and 14 weeks of western-type diet (WD). 

  
10 weeks WD 

 
14 weeks WD 

  
+/+ 

 
F/F 

 
+/+ 

 
F/F 

 
Body weight (g) 

 
31±1 

 
31±1 

 
25±1 

 
25±1 

Total cholesterol (mg/dl) 825±58 1003±108 589±36 578±30 
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Analysis of plaques located in the brachiocephalic artery of Atg7F/FSM22α-Cre+ApoE-/- 

(Atg7F/FApoE-/-) revealed a 3-fold increase in size as compared to Atg7+/+SM22α-

Cre+ApoE-/- (Atg7+/+ApoE-/-) mice (156±19 vs. 58±9  x103 µm2; P<0.001) after 10 weeks 

of WD. Furthermore, plaques of Atg7F/FApoE-/- mice were characterised by elevated 

plaque necrosis, plaque apoptosis, macrophage content, total collagen content and 

fibrous cap thickness (Fig. 4.11A to 4.11E). Thus, ApoE-/- mice with defective VSMC 

autophagy develop a more advanced and complex plaque phenotype. 

After 14 weeks on WD, plaque size (171±11 µm2 vs. 166±9 x103 µm2; P>0.05), 

macrophage content as well as the degree of necrosis and apoptosis was similar in 

Atg7+/+ApoE-/- and Atg7F/FApoE-/- mice (Fig. 4.12A to 4.12C). However, total collagen 

content and fibrous cap thickness were still elevated in plaques of Atg7F/FApoE-/-  mice 

(Fig. 4.12D and 4.12E). Interestingly, the amount of COL1A1/2 was significantly 

decreased in Atg7F/FApoE-/- plaques while the amount of COL3A1 was increased (Fig. 

4.13A and 4.13B). Moreover, the deposition of cholesterol crystals, known to activate the 

NLRP3 inflammasome29, was not different between plaques of Atg7+/+ApoE-/- mice and 

Atg7F/FApoE-/- mice (Fig. 4.13C). Finally, staining for p62 confirmed autophagy deficiency 

in VSMCs of the media and the plaque of Atg7F/FApoE-/- mice (Fig. 4.13D). 

Next, we investigated whether VSMCs in Atg7F/FApoE-/- plaques revealed characteristics 

of senescence. VSMCs within the fibrous cap of Atg7F/FApoE-/- plaques were 

characterised by enhanced SA-β-gal activity (Fig. 4.14A), hypophosphorylation and 

activation of RB (Fig. 4.14B) and nuclear hypertrophy (Fig. 4.14C), indicative of 

senescence. Importantly, plaque formation in Atg7F/FApoE-/- mice was not attributed to 

increased proliferation of medial VSMCs as shown by severe hypophosphorylation of RB 

in the media (Fig. 4.14D). 
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Figure 4.11 Defective VSMC autophagy accelerates atherogenesis after 10 weeks of western-type 
diet. (A) Atg7+/+SM22α-Cre+ApoE-/- (+/+) and Atg7F/FSM22α-Cre+ApoE-/-  (F/F) mice (n=16) were fed a 
western-type diet for 10 weeks. Sections of the brachiocephalic artery were stained with H&E to quantify 
plaque size and percentage of necrosis. (*, P<0.05; Student t test). (B to D) Consecutive sections were 
immunostained for cleaved caspase-3 (B), Mac-3 (C) and α-SMC-actin (D) to measure the percentage 
of apoptosis (indicated by a black arrowhead in the high-power photograph of the boxed area in the left 
corner of each image), percentage of macrophages and fibrous cap thickness (indicated by black 
arrows), respectively (*, P<0.05; Student t test (B); ***, P<0.001; Student t test (C); *, P<0.05; n=10 
measurements/mouse, Repeated Measure (D)). (E) Consecutive sections were stained with Sirius red 
to quantify total collagen. (*, P<0.05; Student t test). *, necrotic core. Scale bar: 100µm. 
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Figure 4.12 Defective VSMC autophagy promotes formation of a thick fibrous cap after 14 weeks 
of western-type diet. (A) Atg7+/+SM22α-Cre+ApoE-/- (+/+) and Atg7F/FSM22α-Cre+ApoE-/- (F/F) mice 
(n=16) were fed a western-type diet for 14 weeks. Sections of the brachiocephalic artery were stained 
with H&E to quantify plaque size and percentage of necrosis. (NS, not significant; Student t test). (B to 
D) Consecutive sections were immunostained for cleaved caspase-3 (B), Mac-3 (C) and α-SMC-actin 
(D)  to measure the percentage of apoptosis, percentage of macrophages and fibrous cap thickness 
(indicated by black arrows), respectively. (NS, not significant; Student t test (B,C); **, P<0.01; n= 10 
measurements/mouse, Repeated Measure (D)). (E) Consecutive sections were stained with Sirius red 
to quantify total collagen. (*, P<0.05; Student t test). *, necrotic core. Scale bar: 100µm. 
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Figure 4.13 Defective VSMC autophagy is associated with p62 accumulation and alters 
collagen type I/III but not cholesterol crystal deposition after 14 weeks of western-type diet. 
Atg7+/+SM22α-Cre+ApoE-/- (+/+) and Atg7F/FSM22α-Cre+ApoE-/-  (F/F) mice (n=16) were fed a 
western-type diet for 14 weeks. (A,B) Plaques of the brachiocephalic artery were stained with (A) 

Sirius red and visualised under polarised light to detect COL1A1/2 or (B) immunostained for 
COL3A1 (*, P<0.05; NS, not significant; Student t test). Scale bar: 100µm (C) Aortic root plaques 

were stained with Oil Red O and visualised under polarised light to detect cholesterol crystals. (NS, 
not significant; Univariate) Scale bar: 50µm. (D) Plaques of the brachiocephalic artery were 
immunostained for p62 as marker for defective autophagy. (***, P<0.001; Student t test). Scale bar: 
100µm. 
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Figure 4.14 Atherosclerotic plaques of Atg7F/FSM22α-Cre+ApoE-/- mice show several 
features of VSMC senescence. (A) Sections of the aortic root were stained for SA-β-gal activity 

(black arrowheads) and compared with serial SM22α staining (not shown) to locate the fibrous 
caps (*, P<0.05; n=5; Mann-Whitney U test). Scale bar: 10µm. (B) Consecutive sections of the 

aortic root were double stained for phospho-RB (red; white arrowheads) and α-SMC-actin (green) 
(*, P<0.05; n=5; Mann-Whitney U test). Scale bar: 25µm (C) Sections of the brachiocephalic artery 

were immunostained for α-SMC-actin to quantify the size of the nuclei (white arrowheads) of 
VSMCs within the fibrous cap. (***, P<0.001; n=10 nuclei/mouse; Univariate) Scale bar: 20µm. (D) 

Consecutive sections were stained for phospho-RB and periodic acid-Schiff to quantify P-RB-
positive VSMC nuclei in the media. (**, P<0.01; n=10; Mann-Whitney U test). Scale bar: 50µm. 
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4.3.7 Activation of the Nrf2 and senescence pathway does not occur in autophagy 

defective macrophages 

Because it was previously demonstrated that defective autophagy in macrophages led to 

increased apoptosis and plaque destabilisation,30 we further explored the antioxidative 

mechanisms and cellular senescence in autophagy defective macrophages. Unlike 

Atg7F/F VSMCs, Atg7F/F macrophages did not overexpress GSTα and NQO1 (Fig. 4.15A 

and 4.15B) and were much more sensitive to tBHP-induced cell death as compared to 

controls (Fig. 4.15C). This was attributed to the lack of Nrf2 activation in Atg7F/F 

macrophages (Fig. 4.15D).  

 

Figure 4.15 Defective autophagy in macrophages does not trigger an antioxidative backup 
mechanism. Bone marrow-derived macrophages were isolated from Atg7+/+LysM-Cre+ (+/+) and 
Atg7F/FLysM-Cre+ (F/F) mice (A,B) Western blot analysis (A) and real time RT-PCR (B) of GSTα and 
NQO1 in untreated Atg7+/+ and Atg7F/F macrophages (NS, not significant; n=2 experiments in duplicate; 
Student t test). (C) Atg7+/+ and Atg7F/F macrophages were treated with 50µmol/l tBHP for 24h (***, 
P<0.001 vs. Atg7+/+; ###, P<0.001 vs. control; n=2 experiments in duplicate; Two-way ANOVA). (D) 
Western blot analysis of Nrf2 in cytoplasmic and nuclear fractions of Atg7+/+ and Atg7F/F macrophages. 

 

Furthermore, besides an unaltered proliferation (Fig. 4.16A), Atg7F/F macrophages 

showed neither cell cycle arrest nor upregulation of p16 (Fig. 4.16B and 4.16C), 

indicating that defective autophagy in macrophages does not induce  senescence. 
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Figure 4.16 Defective autophagy in macrophages does not induce senescence. (A) Proliferation of 
Atg7+/+ and Atg7F/F macrophages was examined by BrdU incorporation assay (NS, not significant; n=6 
counting regions of 500 cells/region/condition; Student t test) (B) DNA cell cycle analysis of Atg7+/+ (blue) 
and Atg7F/F (red) macrophages. The bar graph shows the percentage of Atg7+/+ and Atg7F/F nuclei in G1 
and G2/M phase of the cell cycle (NS, not significant; Student t test). (C) Western blot analysis of p16 in 
Atg7+/+ and Atg7F/F macrophages. 

 

To find a possible explanation for the discrepancy between autophagy defective VSMCs 

and macrophages, we examined the level of p62 expression in both cell types. According 

to western blot analysis, the p62 protein accumulation in Atg7F/F VSMCs was much more 

pronounced as compared to Atg7F/F macrophages (Fig. 4.17A). Moreover, accumulation 

of p62 in Atg7F/F VSMCs is not only due to defective autophagy but also due to increased 

p62 mRNA expression (Fig. 4.17B). 

 
Figure 4.17 p62 expression level differs between autophagy deficient VSMCs and macrophages. 
(A) Western blot analysis of ATG7 and p62 in untreated Atg7+/+ and Atg7F/F  VSMCs (left) versus Atg7+/+ 
and Atg7F/F  macrophages (right). β-actin was used as loading control. (B) Real time RT-PCR of p62 in 
untreated Atg7+/+ and Atg7F/F VSMCs versus macrophages (NS, not significant; **, P<0.01; n=4 
experiments in duplicate; Student t test). 
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4.4 Discussion 

In this study, we provide novel evidence for a prominent role of autophagy in the 

regulation of VSMC survival and phenotype. Defective autophagy has major effects on 

the mechanistic, functional and morphological properties of VSMCs, with significant 

implications for the development of cardiovascular diseases such as post-injury 

neointima formation and diet-induced atherosclerosis (Fig. 4.18).  

The relationship between autophagy and cell survival has been thoroughly investigated 

by several research groups. Because autophagy is considered as an important 

mechanism for the survival of VSMCs,3, 4, 7 it is plausible to assume that defects in the 

autophagic machinery could aggravate VSMC death. Surprisingly, our data indicate that 

Atg7F/F VSMCs were highly resistant to oxidative stress as compared to Atg7+/+ VSMCs. 

The protection against oxidative stress-mediated cell death was attributed to increased 

expression of different antioxidative enzymes such as GSTα and NQO1. These phase II 

enzymes serve as a detoxification mechanism to protect cells against electrophilic insults 

and oxidative stress. Accumulation of the protein p62, one of the hallmarks of defective 

autophagy,31 plays a central role in the upregulation of these antioxidative enzymes. p62 

accumulation triggers nuclear translocation of the transcription factor Nrf2,26, 32 a well-

known key regulator of the intracellular redox balance. Under basal conditions, Nrf2 is 

immobilised in the cytoplasm by binding to its inhibitor KEAP1 (kelch-like ECH-associated 

protein 1). However, when p62 accumulates, it will interfere with the Nrf2-KEAP1 binding 

complex by sequestrating KEAP1 into aggregates.26, 32 As a result, Nrf2 is released from 

its inhibitor and translocated to the nucleus where it promotes transcription of multiple 

antioxidative genes by binding to the antioxidant response element (ARE) in their 

promoter region. Therefore, p62 is considered to be a crucial activator of Nrf2.26 In the 

present study, Atg7F/F VSMCs showed increased nuclear translocation of Nrf2. Silencing 

of Nrf2 suppressed the expression of GSTα and NQO1 and abolished the protection of 

Atg7F/F VSMCs against oxidative stress. Importantly, Atg7F/F VSMCs did not reveal 

improved protection against ROS-independent apoptosis. Hence, Atg7 deletion in 

VSMCs did not result in a general pro-survival status but only protected VSMCs against 

oxidative stress-mediated cell death. Interestingly, this antioxidative backup mechanism 

seems to be cell type specific. Atg7F/F macrophages revealed neither Nrf2 activation nor 

elevated phase II enzyme expression, which is in line with previous reports showing that 

various cell types including hepatic cells, neurons, pancreatic β cells and macrophages 
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are more susceptible to (oxidative stress-mediated) cell death under defective autophagy 

conditions.13, 30, 33, 34  

Besides an improved antioxidant defence, Atg7F/F VSMCs were characterised by cellular 

hypertrophy, nuclear hypertrophy, a decline in proliferative capacity due to a G1-mediated 

cell cycle arrest and SA-β-gal activity, indicative of cellular senescence.35 Moreover, 

Atg7F/F VSMCs showed an increase in TGFβ and SDF1 expression, which is most likely 

related to the increase in migration potential and the development of a senescence-

associated secretory phenotype.36, 37 In addition, Atg7F/F VSMCs showed a significant 

upregulation of IL1β and NLRP3, two key components of the inflammasome that have 

been recently described as additional characteristics of human senescent VSMCs.38 

Cellular senescence can be established by the activation of two different tumour 

suppressor pathways: p53-p21 and p16-RB.27, 28 The p53 pathway is triggered by DNA 

damage and generally associated with p21 upregulation to initiate growth arrest. The 

p16-RB (retinoblastoma) pathway is engaged when cells are exposed to cellular stress, 

leading to the development of stress-induced premature senescence (SIPS).39 During 

SIPS, the increased expression of p16 leads to hypophosphorylation and activation of 

RB, resulting in prevention of transcription of proliferation promoting genes.27 In the 

present study, senescence in Atg7F/F VSMCs was associated with the activation of the 

p16-RB pathway but not with DNA damage-mediated activation of the p53-p21 pathway. 

Importantly, the senescence pathway acts independently of the Nrf2-ARE pathway as 

shown by p16 overexpression and Nrf2 silencing experiments. Furthermore, analogous 

with the Nrf2 pathway, the induction of senescence seems cell-type dependent. In 

contrast to Atg7F/F VSMCs, Atg7F/F macrophages did not show any signs of cellular 

senescence. One possible reason for this discrepancy is that p62 plays a less central 

role in autophagy deficient macrophages. Indeed, Atg7F/FLysM-Cre+ macrophages 

showed only a modest accumulation of p62 protein as result of defective autophagy 

whereas Atg7F/FSM22α-Cre+ VSMCs show an increase in both p62 protein and mRNA 

expression. 

Several research groups have shown that senescence contributes to the aging process 

and to the development of age-related pathologies.36, 40 Given that p16 expression is 

elevated in aged VSMCs41 and p16 is considered as a biomarker of aging,36, 42 we define 

here a possible link between autophagy deficiency and VSMC aging. The relationship 

between autophagy and aging has been strongly investigated over the last 10 years. 
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Induction of autophagy by caloric restriction, spermidine, resveratrol or rapamycin 

extends life span in different organisms.43 For example, the autophagy inducers 

rapamycin and resveratrol suppress cellular senescence,44, 45 whereas inhibition of 

autophagy by knockdown of ATG7 or ATG12 induces premature senescence.46 In the 

present study, we dissected out the molecular link between defective autophagy and 

VSMC senescence. Overexpression of p62 induced senescence in Atg7+/+ VSMCs as 

shown by p16 accumulation, RB hypophosphorylation, reduced proliferation capacity and 

increased SA-β-gal activity. This experiment indicates that severe accumulation of p62, 

which occurs during defective VSMC autophagy, mediates the induction of senescence 

in VSMCs. Although some researchers have suggested that p62 could play a role in the 

induction of senescence in other pathologies,47, 48 this is the first study that addresses 

p62 accumulation as the direct link between defective autophagy and VSMC 

senescence. The inverse relationship between autophagy and senescence seems logical 

if they are both considered as 2 cytoprotective pathways.49 Indeed, autophagy is an 

important homeostatic regulator by eliminating damaged intracellular components and 

may play a critical role in the prevention of cellular senescence.50 When autophagy is 

impaired, however, senescence can be engaged as a backup mechanism to protect the 

cell.49  

Because changes in VSMC survival, phenotype, proliferation and migration are critical 

factors in the development of arterial vascular disease, we investigated their functional 

significance in 2 mouse models for post-injury neointima formation and atherosclerosis. 

Post-injury neointimal lesions are formed by the accumulation of VSMCs and 

extracellular matrix.51 Five weeks after carotid ligation, Atg7F/F mice developed larger and 

more collagen-rich neointimal lesions as compared to Atg7+/+ mice. The mechanism 

behind this excessive neointimal formation includes high MMP9 activity in the ligated 

LCCA of Atg7F/F mice already 5 days after ligation. Matrix metalloproteinases facilitate 

migration of VSMCs by remodelling the extracellular matrix.52 In particular MMP9 and 

MMP2 are upregulated in response to vascular injury and to trigger intimal thickening.53 

Because MMP2 levels rise at a later time and remain lower than MMP9 levels,54 we failed 

to detect MMP2 activity 5 days after ligation. Moreover, the expression of TGFβ and 

SDF1 was significantly increased in the LCCA of Atg7F/F mice. TGFβ plays a crucial role 

in intimal thickening and may stimulate MMP9 and MMP2 expression after arterial injury 

which in turn may augment the bioavailability of TGFβ, thereby creating a positive 

feedback loop promoting intimal thickening.55 Given that TGFβ is also involved in 
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collagen synthesis, RB-dependent G1-growth arrest and induction of several senescence 

markers (e.g. SA-β-gal activity),56-58 this growth factor most likely plays a central role in 

both the development of senescence and the formation of post-injury neointima in Atg7F/F 

mice. SDF1 is an important chemoattractant that is released by VSMCs after mechanical 

injury and triggers the recruitment of SMC progenitor cells to the lesion.59, 60 All together, 

the excessive neointimal thickening in Atg7F/F mice could be attributed to a combination 

of factors: cellular hypertrophy of neointimal VSMCs, increased deposition of collagen, 

improved VSMC migration and recruitment of smooth muscle progenitor cells due to 

increased MMP9 activity and elevated levels of TGFβ and SDF1. These findings support 

our in vitro data that autophagy defective VSMCs exhibit improved migration potential 

and develop a senescence-associated secretory phenotype which is characterised by 

the increased secretion of growth factors (TGFβ), cytokines (SDF1) and proteases 

(MMPs).36, 37 Furthermore, neointimal Atg7F/F VSMCs were characterised by p16 

upregulation, SA-β-gal activity and nuclear hypertrophy, indicating that neointima 

formation in Atg7F/F mice was associated with VSMC senescence.   

Atherosclerotic lesions are characterised by the accumulation of VSMCs, immune cells, 

lipids and extracellular matrix within the arterial wall. Ten-week WD-fed Atg7F/FApoE-/-

mice developed larger and more advanced plaques as compared to Atg7+/+ApoE-/- mice, 

due to an increase in necrotic core size, fibrous cap thickness, macrophage and total 

collagen content. After 14 weeks on WD, the differences in plaque size, macrophage 

content, necrosis and apoptosis between both groups were no longer significant. Still, the 

fibrous cap thickness and total collagen content were significantly elevated in plaques of 

14-week WD-fed Atg7F/FApoE-/- mice. To assess the contribution of collagen to plaque 

stability, the amount of COL1A1/2 (more rigid) and COL3A1 (less rigid) was measured. 

In accordance with our in vitro findings, plaques of Atg7F/FApoE-/- mice showed a 

significant decrease in COL1A1/2 while COL3A1 was increased. Taken together, we 

cannot define that plaque stability was improved in Atg7F/FApoE-/- mice because several 

important criteria such as a sufficient decrease in plaque necrosis and plaque apoptosis 

and high amounts of COL1A1/2 were not evident. Moreover, VSMCs within the fibrous 

cap of atherosclerotic plaques of Atg7F/FApoE-/- mice were characterised by several 

senescence markers including RB hypophosphorylation, SA-β-gal activity and nuclear 

hypertrophy. Different research groups have shown that VSMC senescence is present in 

atherosclerotic plaques and contributes to the pathogenesis of atherosclerosis.28, 40, 61, 62 

Our observations confirm once more the dual role of VSMCs in atherosclerosis. Although 
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VSMCs are considered beneficial in terms of plaque stability due to the formation of a 

thick fibrous cap that safeguards plaques from rupturing, VSMCs also play a fundamental 

role in promoting plaque development.63  

It is important to note that longer in vivo studies were not feasible due to the development 

of heart failure in Atg7F/FApoE-/- mice starting at the age of 20 weeks (unpublished data, 

Grootaert et al). The occurrence of heart failure in these mice most likely results from the 

short-term expression of SM22α in the primitive heart during embryonic development.64 

Cardiomyocytes isolated from Atg7F/FApoE-/- mice showed decreased ATG7 mRNA 

expression and accumulation of p62 protein as compared to Atg7+/+ApoE-/- mice 

(unpublished data). These observations should be considered as an important limitation 

of the current study. 

Because defective autophagy in VSMCs accelerates atherogenesis, we do not 

recommend inhibition of VSMC autophagy but rather suggest controlled stimulation of 

autophagy as a therapeutic strategy to treat atherosclerosis as recently suggested.65-67 

Caloric restriction for example, is a powerful tool to induce autophagy and has both life 

span-prolonging and anti-atherogenic properties in mice.68 Also SIRT1 (sirtuin 1) 

deacetylase, an inducer of autophagy and a negative regulator of cellular aging, plays a 

protective role in atherosclerosis. VSMC-specific deletion of SIRT1 deacetylase in ApoE-

/- mice promotes atherosclerosis associated with increased DNA damage and 

senescence.69 Finally, it is worthwhile to mention that mTOR-inhibitors such as 

rapamycin (or rapalogs) are able to stimulate autophagy and have significant promise to 

treat patients with unstable plaques, particularly in combination with statins or 

metformin.70 

In conclusion, defective autophagy in VSMCs accelerates senescence and promotes 

ligation-induced neointima formation and diet-induced atherogenesis. Although 

neointimal and atherosclerotic lesions of VSMC-specific autophagy deficient mice show 

several features of senescence, we cannot exclude that other pathways, besides 

senescence, are engaged in response to defective VSMC autophagy and involved in the 

accelerated plaque formation. Overall, our study uncovers for the first time the role of 

VSMC autophagy in post-injury neointima formation and diet-induced atherosclerosis 

and reveals p62 as a key player in the induction of VSMC senescence, supporting the 

growing body of evidence that autophagic dysfunction plays a major role in 

cardiovascular disease.  
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Figure 4.18 Overview of the mechanisms by which defective VSMC autophagy accelerates 
senescence and promotes post-injury neointima formation and diet-induced atherogenesis. 

p62 accumulation in autophagy defective VSMCs triggers Nrf2 activation and transcription of 
multiple antioxidative enzymes including GSTα and NQO1. Upregulation of GSTα and NQO1 
promotes VSMC survival against oxidative stress under defective autophagy conditions. p62 
accumulation in autophagy defective VSMCs triggers the development of  stress-induced 
premature senescence. Autophagy defective VSMCs are characterised by p16-RB-mediated G1 
proliferation arrest, increased migration and changes in VSMC phenotype. Enhanced migration is 
associated with increased secretion of MMP9, TGFβ and SDF1. The phenotype of autophagy 
defective VSMCs is defined by nuclear and cellular hypertrophy, and by increased collagen 
content. Defective autophagy in VSMCs accelerates post-injury neointima formation and diet-
induced atherogenesis. 
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5.1 Introduction 

Formation and enlargement of a necrotic core plays a key role in the pathology of 

unstable atherosclerotic plaques.1, 2 The necrotic core is a major source of DAMPs, pro-

inflammatory cytokines, proteases and pro-thrombotic factors3 and thus can jeopardise 

plaque stability by promoting inflammation, plaque rupture (e.g. by thinning of the fibrous 

cap) and subsequent thrombosis.1 Despite the importance and potential therapeutic 

relevance of necrosis in human atherosclerosis, plaque necrosis has not been a subject 

of interest for many years. Possible reasons are the lack of reliable markers to detect 

necrosis, the poor availability of therapeutic agents to specifically target necrosis and the 

incorrect view of necrosis as an accidental and uncontrolled form of cell death. 

In this study, we aimed to inhibit necrosis formation in atherosclerotic plaques of WD-fed 

ApoE-/- mice to improve features of plaque stability using a novel small molecule necrosis 

inhibitor NecroX-7. NecroX compounds exhibit antioxidative properties through ROS and 

RNS scavenging,4 NADPH oxidase inhibition5 and inhibition of mitochondrial ROS 

generation.6 Moreover, NecroX compounds have been shown to prevent oxidative 

stress-induced necrotic cell death,4, 5 to inhibit HMGB1-mediated inflammatory 

responses7 and to protect against myocardial necrosis after ischemia-reperfusion injury.8 

Furthermore, NecroX-7 is currently being tested in ST-segment elevated myocardial 

infarction (STEMI) patients undergoing percutaneous coronary intervention 

(https://clinicaltrials.gov, identifier NCT02070471).  

 

5.2 Materials and Methods 

5.2.1 Mice 

Male ApoE-/- mice (C57BL/6, Jackson Laboratory, stock number 002052) were fed a 

western-type diet (4021.90, AB Diets) for 16 weeks. Simultaneously, mice were treated 

with NecroX-7 (LG Life Sciences, 30mg/kg body weight) (n=25) or vehicle (water for 

injection) (n=26) via intraperitoneal injections 3 times per week. At the end of the 

experiment, mice were fasted overnight and blood was collected by cardiac puncture. 

Total cholesterol, LDL cholesterol and triglyceride levels in plasma were measured on a 

Dimension Vista® System (Siemens Healthcare Diagnostics). Plasma levels of oxLDL 
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and malondialdehyde (MDA) were measured by an ELISA (USCNK, SEA527Mu) or 

HPLC-fluorescence detection method9, respectively. Urinary excretion of 8-oxodG was 

determined with an ELISA kit (NWK-8OHDG01, Northwest Life Science Specialties) and 

normalised to creatinine levels (CR01, Oxford Biomedical Research). Tissues were 

imbedded in OCT or fixed in formalin 4% for 24h before paraffin imbedding. For in vitro 

experiments, wild-type mice (C57BL/6, stock number 000664) and Ripk3-/- mice10 (gift 

from K. Newton and V. Dixit) were used. All experiments were approved by the Ethical 

Committee of the University of Antwerp.  

5.2.2 Histological analysis 

The thoracic aorta was stained en face with Oil Red O (ORO) to determine plaque 

burden. Atherosclerotic plaques located in the aortic root were analysed by 

immunohistochemistry at 3 different sections sliced at equally spaced intervals (every 

50µm). The size of the necrotic core was determined by measuring the area of the 

necrotic core divided by the total plaque size on a haematoxylin-eosin (H&E) staining 

according to a standard method.11 A 3000μm2 minimum threshold was implemented in 

order to avoid counting of regions that likely do not represent necrotic core areas. A Sirius 

red staining was used for detection of total collagen. Collagen type I was detected on 

Sirius red-stained sections visualised under polarised light.12 Apoptosis was determined 

by anti-cleaved caspase-3 (9661, Cell signaling Technology) and TUNEL (S7101, 

Millipore) staining. Plaques were further analysed by immunohistochemistry with the 

following primary antibodies: mouse anti-α-SMC-actin (A2547, Sigma-Aldrich) and rabbit 

anti-MMP13 (ab39012, Abcam). The minimal thickness of the fibrous cap within each 

plaque was determined on the α-SMC-actin staining. Frozen sections of the plaques were 

analysed with rabbit anti-Moma-2 (MCA519, Serotec), rabbit anti-8-oxodG (orb10011, 

Biorbyt) and rabbit anti-iNOS (BML-SA200, Enzo Life Sciences). Thereafter, tissue 

sections were incubated with species-appropriate HRP-conjugated secondary antibodies 

followed by 60min of reactive ABC. 3,3’-diaminobenzidine or 3-amino-9-ethyl-carbazole 

were used as a chromogen. All images were acquired with Universal Grab 6.1 software 

using an Olympus BX40 microscope and quantified with Image J software.  

5.2.3 Cell culture  

Bone marrow-derived macrophages (BMDM) were harvested by flushing bone marrow 

from the hind limbs of mice. Cells were cultured for 7 days in RPMI medium (Gibco Life 
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Technologies) supplemented with 15% L-cell conditioned medium (LCCM) containing 

monocyte colony stimulating factor (M-CSF). To polarise BMDM into M1 macrophages, 

cells were incubated for 24h with 100ng/ml LPS (Sigma-Aldrich). To induce oxidative 

stress-mediated necrosis, BMDM were treated with 0.5mmol/l and 1mmol/l tert-butyl 

hydroperoxide (tBHP, Sigma Aldrich) for 2h and 4h. Intracellular and mitochondrial ROS 

was measured using the fluorogenic marker 2’,7’-dichlorofluorescin diacetate (DCFDA) 

and MitoSOX Red (Molecular Probes), respectively. After incubation with 25µmol/l 

carboxy-H2DCFDA for 1h or 5µmol/l MitoSOX for 30min in HBSS (Gibco Life 

Technologies), cells were collected, resuspended in FACS-buffer (PBS with 0.1% BSA 

and 0.05% NaN3) and analysed with BD Accuri flow cytometer. Necrosis was monitored 

by propidium iodide (PI) labelling. Briefly, cells were labelled with 1µg/ml PI (Molecular 

Probes) and 5µg/ml Hoechst (Life Technologies) and immediately visualised by 

fluorescence microscopy (EVOS FL Cell Imaging System). To induce apoptosis and 

necroptosis, BMDM were treated for 24h with 30µg/ml cycloheximide (Sigma-Aldrich) or 

100ng/ml LPS and 20µmol/l zVAD-fmk (Enzo Life Sciences), respectively. Necrostatin-1 

(Enzo Life Sciences) was used as RIPK1 inhibitor.  

5.2.4 Western blotting 

Cells were lysed in Laemmli sample buffer (Bio-rad) containing β-mercaptoethanol and 

boiled for 4min. Tissues samples were first homogenised in RIPA buffer and protein 

content was determined using BCA method before mixing with Laemmli sample buffer. 

Samples were loaded on Bolt 4-12% Bis-Tris gels (Life Technologies) and after 

electrophoresis transferred to Immobilon-P membranes (Millipore). Membranes were 

probed with rabbit anti-cleaved caspase-3 (9661, Cell signaling Technologies), rabbit 

anti-P-NF-κB (3031, Cell signaling Technologies), rabbit anti-total NF-κB (3034, Cell 

signaling Technologies), hamster anti-TNFα (1221-00, Genzyme) or mouse anti-β-actin 

(A5441, clone AC-15, Sigma-Aldrich) primary antibodies. Subsequently, membranes 

were incubated with HRP-conjugated secondary antibodies (Dako) to allow 

chemiluminescent detection. In some experiments, supernatant was collected and the 

extracellular proteins were precipitated with 10% trichloroacetic acid. After incubation on 

ice for 15min, supernatant was centrifuged for 10min at 2500g. The protein pellet was 

resuspended in Laemmli sample buffer containing β-mercaptoethanol. The release of 

HMGB1 in supernatant during necrosis was detected via western blotting using rabbit 

anti-HMGB1 (ab18256, Abcam) antibody.   
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5.2.5 Real time RT-PCR 

Total RNA was prepared using the Nucleospin RNA Kit (Filter Service). Cell culture 

samples were analysed for iNOS using a TaqMan gene expression assay 

(Mm00440502_m1, Applied Biosystems). β-actin (Mm00607939_s1) was used as 

reference gene. Tissue samples were analysed using SYBR Green (GC Biotech) and 

gene-specific primers (Sigma-Aldrich) (listed in Table 5.1). Real time RT-PCR was 

performed on a ABI Prism 7300 sequence detector system (Applied Biosystems). The 

parameters for PCR amplification were 95°C for 10min followed by 40 cycles of 95°C for 

15sec and 60°C for 1min. In case of SYBR Green analysis, an additional step of 72°C for 

30sec and a dissociation stage were added. Relative expression of mRNA was calculated 

using qBASE+ software (Biogazelle).13 

Table 5.1 SYBR Green mouse primers 

Gene Forward primer (5’-3’) Reverse primer (5’-3’) 

TNFα GGCAGGTCTACTTTGGAGTCATTG 
 

ACATTCGAGGCTCCAGTGAATTCG 

IL6 
 

CTGGTGACAACCACGGCCTTCCCTA 
 

ATGCTTAGGCATAACGCACTAGGTT 

IL1α AAGACAAGCCTGTGTTGCTGAAGG TCCCAGAAGAAAATGAGGTCGGTC 

IL1β 
 

TGAAATGCCACCTTTTGACAG 
 

CCACAGCCACAATGAGTGATAC 

iNOS 
 

CCCTTCCGAAGTTTCTGGCAGC 
 

GGCTGTCAGAGCCTCGTGGCTTTGG 

HMGB1 
 

TGGCAAAGGCTGACAAGGCTC 
 

GGATGCTCGCCTTTGATTTTGG 

RAGE 
 

CACTTGTGCTAAGCTGTAAGGG CATCGACAATTCCAGTGGCTG 

TLR4 
 

GCCTTTCAGGGAATTAAGCTCC 
 

GATCAACCGATGGACGTGTAAA 

CPTa1 CAAAGATCAATCGGACCCTAGAC CGCCACTCACGATGTTCTTC 

ACOX1 GCCTGCTGTGTGGGTATGTCATT 
 

GTCATGGGCGGGTGCAT 
 

PNPLA2 CATGATGGTGCCCTATACTC GTGAGAGGTTGTTTCGTACC 

FASN CTCCGTGGACCTTATCACTA CTGGGAGAGGTTGTAGTCAG 

DGAT1 GCTCTGGCATCATACTCCATC CGGTAGGTCAGGTTGTCTGG 

CD36 ATGGGCTGTGATCGGAACTG GTCTTCCCAATAAGCATGTCTCC 

GAPDH 
 

CCAGTATGACTCCACTCACG 
 

GACTCCACGACATACTCAGC 

PPIA 
 

GAAGCCATGGAGCGTTTTGG 
 

CAGATGGGGTAGGGACGCTC 

HPRT TCAGTCAACGGGGGACATAAA GGGGCTGTACTGCTTAACCAG 

 

5.2.6 Statistical analysis 

All data were analysed with SPSS 22.0 software (SPSS Inc.) and presented as mean ± 

SEM. Statistical tests are mentioned in the figure legends. Differences were considered 

significant at P<0.05.  
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5.3 Results 

5.3.1 NecroX-7 reduces total aortic plaque burden in ApoE-/- mice without affecting 

total plasma cholesterol levels 

ApoE-/- mice were treated with NecroX-7 (30mg/kg body weight) or vehicle 3 times per 

week and fed a western-type diet for 16 weeks to induce atherosclerotic plaque 

formation. Oil Red O staining of the thoracic aorta showed a significant decrease in 

atherosclerotic plaque formation, particularly in the aortic arch of NecroX-7-treated mice 

as compared to vehicle-treated control mice (Fig. 5.1). Body weight, total cholesterol, 

LDL cholesterol and triglyceride plasma levels were not significantly altered in NecroX-7-

treated mice as compared to controls (Table 5.2). Moreover, NecroX-7 treatment did not 

affect [oxLDL]/[LDL] and malondialdehyde plasma levels (Table 5.2), indicating that 

NecroX-7 does not inhibit oxidation of LDL and lipid peroxidation in WD-fed ApoE-/- mice. 

Also the urinary excretion of 8-oxodG, a well-known marker of oxidative stress-induced 

DNA damage, was not affected by NecroX-7 treatment (Table 5.2). 

 

Figure 5.1: NecroX-7 reduces total aortic plaque burden in ApoE-/- mice. The thoracic aorta of 
vehicle-treated (Veh) and NecroX-7-treated (NX-7) ApoE-/- mice were stained en face with Oil Red O 
(ORO) to evaluate total aortic plaque burden (*P<0.05; n=5; Student t test). Scale bar: 2mm. 

 

5.3.2 NecroX-7 increases features of atherosclerotic plaque stability in ApoE-/- mice 

To evaluate the effect of NecroX-7 on plaque size and composition, atherosclerotic 

plaques located in the aortic root were analysed. NecroX-7 treatment significantly 

reduced the necrotic core area as illustrated by smaller and less abundant necrotic cores 

(Fig. 5.2A), but did not affect plaque apoptosis (Fig. 5.2B and Table 5.2). However, 

neither plaque size nor macrophage content were altered between both groups (Table 

5.2).  
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Table 5.2: Characteristics of vehicle-treated and NecroX-7-treated ApoE-/- mice  
after 16 weeks on western-type diet  

 

 Vehicle NecroX-7 

General   

Body weight (g)b 34±1 33±1 

Total cholesterola,b 482±25 465±28 

LDL cholesterola,b  349±19 315±17 

Triglyceridesa,b 154±13 122±21 

[oxLDL]/[LDL] a,b 0.12±0.01 
 

0.11±0.01 
 Oxidative stress markers   

MDA (µmol/l) in plasmab 
 

0.71±0.05 
 

0.62±0.05 
 8-oxodG (ng/mg creatinine) in urineb 140±31 138±28 

Aortic Root Plaque    

Plaque area (x103µm2)c 176±6 168±5 

# TUNEL positive cells/mm2 plaque areac 46±10 52±7 

Moma-2 positive area (%)c 1.2±0.1 1.4±0.1 

α-SMC-actin positive area (%)c 2.5±0.2 3.2±0.2* 
 

(a, mg/dl; b, Student t test; c, Repeated Measure;*P<0.05 vs. vehicle) 

 

Figure 5.2: NecroX-7 reduces necrotic core formation in atherosclerotic plaques of ApoE-/- mice. 
(A) Sections of the aortic root of vehicle-treated (Veh) and NecroX-7-treated (NX-7) ApoE-/- mice were 
stained with H&E to quantify the necrotic core area (indicated by an asterisk) (*P<0.05 vs. vehicle; n=25; 
Repeated Measure). (B) Serial sections were immunostained for cleaved caspase-3 to measure the 
percentage of apoptosis (NS, not significant vs. vehicle; n=25; Repeated Measure). Scale bar: 100µm. 
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Figure 5.3 NecroX-7 increases collagen deposition and formation of a thick fibrous cap in 
atherosclerotic plaques of ApoE-/- mice. (A, B) Sections of the aortic root of vehicle-treated (Veh) 
and NecroX-7-treated (NX-7) ApoE-/- mice were stained with Sirius red to quantify total collagen 

(A) and collagen type I visualised under polarised light (B) (red, indicated by white arrowheads) 
(***P<0.001, **P<0.01, vs. vehicle; n=25; Repeated Measure). (C) Serial sections were 

immunostained for α-SMC-actin to measure the minimum fibrous cap thickness (indicated by black 
arrowheads). (*P<0.05 vs. vehicle;n=25; Repeated Measure). (D) Serial sections were 

immunostained for MMP13 (*P<0.05 vs. vehicle; n=10; Repeated Measure). Scale bar: 100µm. 
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Because a reduction in the necrotic core area is a key event in plaque stabilisation, other 

features of plaque stability were examined. Total collagen, in particular collagen type I, 

was significantly increased in plaques of NecroX-7-treated versus vehicle-treated mice 

(Fig. 5.3A and 5.3B). Moreover, smooth muscle cell content and the minimal fibrous cap 

thickness were significantly elevated in plaques of NecroX-7-treated mice (Table 5.2 and 

Fig. 5.3C). Interestingly, MMP13 expression, also known as collagenase 3, was 

significantly decreased in plaques of NecroX-7-treated mice (Fig. 5.3D). Further analysis 

showed that there was a significant correlation between the amount of collagen and the 

number of smooth muscle cells (P=0.025) (Fig. 5.4 left panel) as well as an inverse 

association between collagen amount and MMP13 expression in the plaque (P=0.015) 

(Fig. 5.4 right panel). These data suggest that the increase in collagen content in 

plaques of NecroX-7-treated ApoE-/- mice is likely due to a combination of increased 

smooth muscle cell content and decreased MMP13-mediated degradation.  

 

Figure 5.4 Correlation between the collagen deposition, smooth muscle cell content and 
MMP13 expression in atherosclerotic plaques of ApoE-/- mice. Sections of the aortic root of 
vehicle-treated (Veh) (blue dots) and NecroX-7-treated (NX-7) (green dots) ApoE-/- mice were 

stained with Sirius red, anti-α-SMC-actin antibody and anti-MMP13 antibody to quantify total 
collagen, smooth muscle cell content and MMP13 expression, respectively. A correlation analysis 
showed a positive relationship between total collagen content (%) and α-SMC-actin positive area 
(%) (Spearman’s rho, P=0.025, left panel) whereas total collagen content (%) and MMP13 positive 
area (%) were negatively correlated (Spearman’s rho, P=0.015, right panel). 
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5.3.3 NecroX-7 reduces atherosclerotic plaque oxidative stress and inflammation 

According to an immunohistochemical staining of 8-oxodG, 4 out of 11 control plaques 

showed signs of oxidative stress while none of the plaques of NecroX-7-treated ApoE-/- 

mice stained positive for 8-oxodG (Fig. 5.5A). In control mice, 8-oxodG-positivity was 

mostly observed in the proximity of the necrotic core and revealed both nuclear and non-

nuclear oxidative DNA damage. Also iNOS expression was significantly decreased in 

plaques of NecroX-7-treated mice, suggestive of reduced oxidative stress and 

inflammation (Fig. 5.5B). Real time RT-PCR analysis of whole plaque lysates of NecroX-

7-treated mice revealed a significant decrease of multiple inflammation markers including 

TNFα, IL1β, iNOS, high mobility group box 1 (HMGB1) and receptor for advanced 

glycation end products (RAGE) as compared to vehicle-treated mice (Fig. 5.5C). There 

was also a trend (P=0.06) for reduced IL6 mRNA expression in NecroX-7-treated 

plaques. The mRNA expression of IL1α and Toll-like receptor 4 (TLR4) in the 

atherosclerotic tissue were not altered by NecroX-7 treatment. Moreover, the reduced 

expression of inflammation markers in NecroX-7-treated plaques was associated with 

hypophosphorylation of NF-κB (Fig. 5.5D).  

5.3.4 NecroX-7 reduces hepatic steatosis in WD-fed ApoE-/- mice 

Livers of ApoE-/- mice fed a western-type diet for 16 weeks displayed severe steatosis as 

shown by the macrovesicular steatosis pattern on a H&E staining and the large numbers 

of Oil Red O-positive lipid droplets (Fig. 5.6A). Administration of NecroX-7 however, 

significantly reduced hepatic steatosis. To investigate this further, we performed real time 

RT-PCR analysis on the livers of NecroX-7 and vehicle-treated ApoE-/- mice for genes 

involved in lipid uptake (CD36), β-oxidation (CPTa1 and ACOX1), lipolysis (PNPLA2) and 

lipid synthesis (FASN and DGAT1). Only a significant decrease in FASN (fatty acid 

synthase) mRNA expression was observed in the livers of NecroX-7-treated ApoE-/- mice 

(Fig. 5.6B), indicating a reduction in de novo fatty acid synthesis. We also observed a 

small trend for reduced CD36 mRNA expression in NecroX-7-treated livers. Moreover, 

the inflammation markers TNFα and IL1β were not significantly altered between both 

groups, suggesting that steatohepatitis was not (yet) established in WD-fed ApoE-/- mice. 
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Figure 5.5 NecroX-7 reduces oxidative stress and inflammation in atherosclerotic plaques 
of ApoE-/- mice (A) Sections of the aortic root of vehicle-treated (Veh) and NecroX-7-treated (NX-
7) ApoE-/- mice were immunostained for 8-oxodG to detect oxidative stress (P<0.05; Chi square, 
4/11 (Veh) vs. 0/9 (NX-7)). Scale bars: 150µm and 25µm (detail). (B) Serial sections were 
immunostained for iNOS. Scale bar: 150µm. (C) Real time RT-PCR analysis on whole plaque 

lysates for TNFα, IL6, IL1α, IL1β, iNOS, HMGB1, RAGE and TLR4 mRNA expression. GAPDH 
and β-actin were used as housekeeping genes (*P<0.05, **P<0.01; NS, not significant vs. vehicle; 
n=6 aortas/group; Student t test). (D) Western blot analysis on plaque lysates for P-NF-κB, total 

NF-κB and TNFα. β-actin was used as loading control. n=2 pooled samples/group. Each pooled 
sample consists of atherosclerotic tissue from 3 different mice due to low protein amount.  
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Figure 5.6: NecroX-7 reduces hepatic steatosis in WD-fed ApoE-/- mice. (A) Livers of WD-fed 
vehicle-treated (Veh) and NecroX-7-treated (NX-7) ApoE-/- mice were stained with H&E (upper 
panel) and Oil Red O (ORO) (lower panel; **P<0.01 vs. vehicle, Student t test) to determine the 
pattern of steatosis and the presence of lipid droplets, respectively. Scale bar: 25µm (B) Real time 

RT-PCR analysis of livers of WD-fed vehicle-treated (Veh) and NecroX-7-treated (NX-7) ApoE-/- 
mice for CD36, CPTa1, ACOX1, PNPLA2, FASN, DGAT1, TNFα, IL1β. GAPDH and HPRT were 
used as housekeeping genes (***P<0.001; NS, not significant vs. vehicle; n=6/group; Student t 
test). CPTa1: carnitine palmitoyl transferase; ACOX1: acyl coA dehydrogenase; PNPLA2: patatin 
like phospholipase domain containing 2; FASN: fatty acid synthase; DGAT1: diacylglycerol O-
acyltransferase.   
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5.3.5 NecroX-7 inhibits oxidative stress-induced necrosis in macrophages  

Validation of tBHP as an inducer of oxidative stress-induced necrosis 

To induce oxidative stress-induced necrosis in bone marrow-derived macrophages 

(BMDM), cells were treated with the free radical donor tert-butyl hydroperoxide (tBHP). 

High doses of tBHP (0.5 and 1mmol/l) and short incubation times (2h and 4h) were the 

most optimal conditions to induce oxidative stress-induced necrosis in macrophages. In 

these conditions, tBHP induced necrosis in a dose-dependent manner as determined by 

PI labelling (Fig.5.7A white bars) but did not stimulate RIPK1/RIPK3-dependent 

necroptosis (Fig. 5.7A grey/black bars). Moreover, high doses of tBHP did not induce 

apoptosis as shown by the absence of cleaved caspase-3 expression on western blot 

(Fig. 5.7B). These data were confirmed by a cleaved caspase-3 and TUNEL staining 

(Fig. 5.7C).  

Validation of NecroX-7 as an inhibitor of oxidative stress-induced necrosis 

From 10µmol/l onwards NecroX-7 inhibited necrosis significantly as shown by decreased 

PI labelling (Fig. 5.8A). Increasing the dosage up to 30µmol/l did not further improve its 

anti-necrotic effect. Henceforth, all experiments were performed with 10µmol/l NecroX-7. 

Importantly, NecroX-7 itself did not affect cell viability. Moreover, NecroX-7 diminished 

HMGB1 release in the supernatant of tBHP-treated BMDM (Fig. 5.8B). Morphological 

analysis also revealed improved cell viability of tBHP-treated BMDM after NecroX-7  

treatment (Fig. 5.8C). In particular, the incidence of cell oncosis was decreased in 

NecroX-7-treated BMDM by about 90%. These data indicate that NecroX-7 inhibits 

necrosis in BMDM in the presence of a powerful oxidant. 

Next, we investigated whether the anti-necrotic effects of NecroX-7 were associated with 

its antioxidative properties. High doses of tBHP generated high levels of intracellular and 

mitochondrial ROS after 2h and 4h treatment in a dose-dependent manner as shown by 

DCFDA and MitoSOX labelling, respectively (Fig. 5.8D and 5.8E). NecroX-7 strongly 

decreased intracellular ROS as well as mitochondrial ROS levels in all conditions (Fig. 

5.8D and 5.8E). Moreover, NecroX-7 inhibited iNOS expression in M1-polarised BMDM 

exposed to tBHP (Fig. 5.8F), an indirect measure for reduced oxidative stress. 
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Figure 5.7 High doses of tBHP induce necrosis but not necroptosis and apoptosis. (A) Wild-type 
(WT) bone marrow-derived macrophages (BMDM) were exposed to 0, 0.5 or 1mmol/l tBHP for 2h or 4h. 
Necrosis was monitored by PI labelling. WT BMDM treated with 30µmol/l Necrostatin-1 (Nec-1) and 
Ripk3-/- BMDM were used as negative controls for necroptosis. (***P<0.001 vs. 0mmol/l; NS, not 
significant vs WT+Nec-1 and Ripk3-/-; n=3 experiments with 3 counting regions of 200 cells/region in 
duplicate; Factorial ANOVA; Dunnett post hoc). (B,C) WT BMDM were exposed to 0.5 or 1mmol/l tBHP 
for 2h or 4h. Untreated (0mmol/l tBHP) or cycloheximide-treated BMDM (CHX, 30μg/ml for 24h) were 
used as negative and positive control, respectively. Apoptosis was monitored by (B) western blot analysis 
of cleaved caspase-3 and (C) immunohistochemical staining for cleaved caspase-3 and TUNEL. Scale 
bar: 75µm (NS, not significant vs. 0mmol/l; ***P<0.001 vs. CHX; n=2 counting regions of 500 cells/region 
in duplicate; Factorial ANOVA). 
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Figure 5.8 NecroX-7 inhibits oxidative stress-induced necrosis in macrophages. (A) Bone marrow-
derived macrophages (BMDM) were exposed to 0, 0.5 or 1mmol/l tBHP for 2h or 4h and treated with 
1,10 or 30µmol/l NecroX-7 (NX-7) or left untreated (Ctrl). Necrosis was monitored by PI labelling. 
(***P<0.001 vs. Ctrl; n=3 experiments with 2 counting regions of 200 cells/region in duplicate; Factorial 
ANOVA, Bonferroni post hoc). (B) BMDM were exposed to 0 or 1mmol/l tBHP for 2h or 4h and treated 
with 10µmol/l NecroX-7 (NX-7) or left untreated (Ctrl). Necrosis was determined by western blot analysis 
of HMGB1 release in supernatant. Corresponding cell lysates were analysed for β-actin as internal 
control. (C) Representative images of BMDM exposed to 0mmol/l tBHP (left panel), 1mmol/l tBHP 
(middle panel), or 1mmol/l tBHP + 10µmol/l NecroX-7 (right panel) for 4h. Necrotic BMDM (indicated by 
black arrows) were characterised by an increase in cell volume (oncosis) (***P<0.001 vs. Ctrl, n= 200 
cells, One way ANOVA) and a translucent cytoplasm. Scale bar: 25µm. (D,E) BMDM were exposed to 
0, 0.5 or 1mmol/l tBHP for 2h or 4h and treated with 10µmol/l NecroX-7 (NX-7) or left untreated (Ctrl). 
Intracellular and mitochondrial ROS generation was monitored by DCFDA (D) and MitoSOX (E) labelling, 
respectively. (***P<0.001 vs. Ctrl; ###P<0.001 vs. 0mmol/l; n=2 experiments in duplicate; Factorial 
ANOVA). (F) BMDM were polarised to M1 macrophages, exposed to 0 or 1mmol/l tBHP for 4h in the 
presence (NX-7) or absence (Ctrl) of 10µmol/l NecroX-7.  iNOS expression was analysed by real time 
RT-PCR (***P<0.001 vs. Ctrl; ###P<0.001 vs. 0mmol/l; n=2 independent experiments in tetraplicate; One 
way ANOVA, Bonferroni post hoc test).  
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5.3.6 NecroX-7 inhibits neither LPS-induced necroptosis nor cycloheximide-

induced apoptosis 

To investigate whether NecroX-7 inhibits necroptosis, BMDM were treated with LPS 

(100ng/ml) and zVAD-fmk (20µmol/l) for 24h. Necroptosis was induced in wild-type 

BMDM but not in Necrostatin-1 (Nec-1, RIPK1 inhibitor) treated or Ripk3-/- BMDM (Fig. 

5.9A). However, NecroX-7 treatment did not affect LPS/zVAD-fmk-induced necroptosis. 

To study whether NecroX-7 targets apoptosis, BMDM were treated with the protein 

synthesis inhibitor cycloheximide (30µg/ml) for 24h. According to western blot analysis 

and immunocytochemistry for cleaved caspase-3, NecroX-7 did not inhibit 

cycloheximide-induced macrophage apoptosis (Fig.5.9B and 5.9C). 

 

Figure 5.9 NecroX-7 inhibits neither LPS-induced necroptosis nor cycloheximide-induced 
apoptosis (A) Wild-type bone marrow-derived macrophages (BMDM) were exposed to 100ng/ml 

LPS + 20μmol/l zVAD-fmk in the presence or absence of NecroX-7 (10µmol/l). Necroptosis 
induction was evaluated via PI labelling. Necrostatin-1 (Nec-1, 30μmol/l) treated WT BMDM and 
Ripk3-/- BMDM were included as a negative control for necroptosis induction. (***P<0.001 vs. WT; 
NS, not significant vs. WT) (n=3 experiments with 2 counting regions of 300 cells/region in 
duplicate; One-way ANOVA with Dunnett post hoc). (B,C) Wild-type BMDM were treated with 

30μg/ml cycloheximide (CHX) with or without NecroX-7 (10µmol/l). Apoptosis was assessed by 
detection of cleaved caspase-3 by western blotting (B) (bands are shown in duplicate; β-actin was 
used as loading control) or by immunocytochemistry (C) (NS, not significant vs. CHX; n=2 counting 
regions of 500 cells/region in duplicate, One-way ANOVA with Bonferroni post hoc) (scale bar: 
75μm).  
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5.4 Discussion 

Recently, NecroX compounds have been successfully tested in several pathologies 

including oxidative stress-induced cardiomyopathy, hepatic and renal ischemia-

reperfusion injury, nonalcoholic steatohepatitis, allergic lung inflammation and acute 

graft-versus-host-disease.5-7, 14-20 As a result, NecroX-7 is currently being tested in ST-

segment elevated myocardial infarction (STEMI) patients before percutaneous coronary 

intervention to reduce myocardial infarct size (https://clinicaltrials.gov, identifier 

NCT02070471). In the present study, we tested the potential plaque stabilising effects of 

NecroX-7 in ApoE-/- mice, a model of atherosclerosis.  

From a general point of view, unstable plaques are characterised by a high inflammatory 

cell content, a large necrotic core and a thin fibrous cap consisting of a low amount of 

smooth muscle cells and extracellular matrix (e.g. collagen).21 NecroX-7 was able to 

improve plaque stability at different levels. Firstly, NecroX-7 reduced necrotic core area, 

albeit this effect did not result in smaller plaques. Secondly, we observed an increase in 

collagen content. A correlation analysis showed that the increase in total collagen content 

is most likely due to an increase in collagen deposition (owing to increased smooth 

muscle cell amount) and a decrease in MMP13-mediated collagen degradation. Though, 

to fully strengthen the latter view, measurement of MMP13 collagenolytic activity is 

required. Thirdly, even though the amount of macrophages was not different after 

NecroX-7 treatment, plaques developed a less inflammatory phenotype. Multiple 

inflammation markers such as TNFα, IL1β, iNOS, HMGB1 and RAGE were decreased in 

plaques of NecroX-7-treated ApoE-/- mice, which was associated with reduced NF-κB 

activation. There was also a trend (P=0.06) for reduced IL6 mRNA expression in NecroX-

7-treated plaques whereas the expression of IL1α, typically released by necrotic 

VSMCs,22 was not altered by NecroX-7 treatment. Of all pro-inflammatory mediators, 

HMGB1 is one of the most studied molecules associated with necrosis. HMGB1 is a 

nuclear protein that is passively released from necrotic or damaged cells, but not during 

apoptosis and secondary necrosis.23 Once released, HMGB1 acts as a danger-

associated molecular pattern (DAMP) signal and stimulates macrophages to produce 

pro-inflammatory cytokines such as TNFα, IL6 and IL1β via activation of NF-κB and 

MAPK signaling pathways upon binding with the receptor for advanced glycation end 

products (RAGE) or members of the toll-like receptor family (e.g. TLR4).24-26 On the other 

hand, pro-inflammatory cytokines may stimulate HMGB1 mRNA expression in 
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macrophages and promote the release of HMGB1 in an active manner.26, 27 Our data 

indicate that NecroX-7 downregulates the HMGB1/RAGE axis and attenuates 

inflammation in a NF-κB-dependent manner. 

Our in vitro experiments demonstrated that NecroX-7 inhibited oxidative stress-induced 

necrosis in primary macrophages, but targeted neither LPS-induced necroptosis nor 

cycloheximide-induced apoptosis. NecroX-7 inhibited necrosis in tBHP-treated BMDM by 

preventing HMGB1 release and preserving cell membrane integrity as shown by reduced 

PI labelling. Moreover, NecroX-7 inhibited the generation of mitochondrial ROS (mtROS) 

in tBHP-treated BMDM. The antioxidative action of NecroX-7 may account, at least 

partially, for its anti-necrotic potential. Indeed, the imbalance between mtROS production 

and elimination may lead to excessive mtROS levels and subsequent cell death.28 

According to various reports, excessive mtROS promotes the progression of 

atherosclerosis in both patients and mouse models.29-33 In the present study, NecroX-7 

lowered oxidative stress in atherosclerotic plaques of ApoE-/- mice as detected by 8-

oxodG. This structure is a typical oxidative modification of nuclear DNA and mtDNA,34 

and a recently accepted marker of mtROS in murine atherosclerotic lesions.32  

Although the detrimental role of oxidative stress in atherosclerosis is broadly accepted, 

the results of clinical trials investigating antioxidative compounds (e.g. vitamin E) are 

rather disappointing (reviewed in 35,36). Possibly, these compounds convert into pro-

oxidants when scavenging ROS and/or impair mitochondrial function.37 Moreover, these 

classical antioxidants are widely distributed throughout the body and block several 

oxidative reactions (e.g. propagation of lipid peroxidation) though they do not target 

mitochondrial oxidative damage directly.38 Mitochondria-targeted antioxidants such as 

NecroX-7 are chemically designed in such a way that they selectively concentrate within 

the mitochondria in the tissue.38 In this way, these antioxidants accumulate in high 

amounts at the site where most ROS are generated. The unique chemical moiety of 7-

amino (indole) allows NecroX-7 to preferentially accumulate in the mitochondria and thus 

to inhibit the generation of mtROS, mitochondrial depolarisation, ATP depletion and 

subsequent necrosis (Fig. 5.10). Additional evidence shows that NecroX-7 inhibits 

necrosis and preserves mitochondrial membrane potential much more effectively than 

the classical antioxidants, presumably by inhibition of the opening of the mitochondrial 

permeability transmission pore (mPTP).8 Moreover, NecroX-7 significantly inhibits 

myocardial necrosis after ischemia-reperfusion injury in rats as compared to controls and 
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cyclosporine A, a well-known mPTP blocker.8 To our knowledge, these anti-necrotic 

effects have not been described for other currently available antioxidative compounds in 

atherosclerosis studies. In addition, NecroX-7 was not able to lower oxLDL and 

malondialdehyde levels in plasma of WD-fed ApoE-/- mice, indicating that inhibition of lipid 

(per)oxidation reactions is not its main mode of action to reduce atherogenesis, in 

contrast to the classical antioxidants such as vitamin E.39 Although we cannot exclude 

that the decrease in plaque inflammation in NecroX-7-treated mice is a result of reduced 

mtROS, above-mentioned data indicate that NecroX-7 exhibits discernible anti-necrotic 

effects which are likely accountable for the decreased inflammation. Furthermore, it is 

worthwhile to mention that comparable plaque stabilising effects were observed in ApoE-

/- mice treated with MitoQ, one of the few antioxidants that selectively target the 

mitochondria. MitoQ does not affect total plaque size, smooth muscle content and 

apoptosis, but reduces the number of plaque macrophages.40 Unfortunately, the effect of 

MitoQ on necrotic core formation was not examined. 

 

 

Figure 5.10 Chemical structure of NecroX-7. The chemical moiety of 7-amino indole allows 

NecroX-7 to preferentially accumulate in the mitochondria and to prevent mitochondrial oxidative 
damage and mtROS-induced necrosis. 
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Furthermore, we examined the livers of vehicle and NecroX-7-treated mice, which are, 

besides the vasculature, heavily subjected to a western life style. NecroX-7 treatment 

reduced hepatic steatosis significantly in WD-fed ApoE-/- mice. Similar results were 

recently described in a NASH (non-alcoholic steatohepatitis) ob/ob mouse model. In this 

study, the reduced hepatic steatosis upon NecroX-7 treatment was associated with 

increased β-oxidation.6 In the present study, we did not observe a significant upregulation 

of β-oxidation-related genes in the livers of NecroX-7-treated ApoE-/- mice, though FASN 

(fatty acid synthase) mRNA expression was significantly decreased. These data indicate 

that the reduction in hepatic steatosis in NecroX-7-treated ApoE-/- mice was not attributed 

to increased lipid degradation (via β-oxidation or PNPLA2-regulated lipolysis) but was 

associated with decreased de novo lipogenesis. Because the livers of ApoE-/- mice did 

not show signs of inflammation after 16 weeks on WD, the effect of NecroX-7 on NASH 

could not be examined. Nevertheless, these findings underscore the potential of NecroX-

7 in the treatment of atherosclerosis, not only by exerting a direct effect on plaque 

stability, but possibly also by affecting whole body lipid metabolism. Further and probably 

longer studies are required to establish an effect on the circulating lipids. 

Taken together, our study demonstrates that inhibition of important triggers of necrosis 

such as mitochondrial oxidative stress during atherogenesis attenuates the severity of 

the disease. However, from a translational point of view, more experiments evaluating 

the effect of NecroX-7 on established plaques would be extremely valuable. With regard 

to its suitability in humans, NecroX-7 is now being tested in phase II clinical trials to 

evaluate its efficacy, safety and pharmacokinetic properties (https://clinicaltrials.gov, 

identifier NCT02070471). Moreover, analysis of the cytokine profiles of healthy subjects 

showed that NecroX-7 does not induce a pathological inflammatory response, at least 

not after one single injection.18 Because the treatment of atherosclerosis requires a 

chronic approach, the evaluation of the safety of NecroX-7 during chronic administration 

should be included in future trials.  

In conclusion, NecroX-7 improves features of atherosclerotic plaque stability in 16 week 

western-type diet-fed ApoE-/- mice by reducing necrotic core formation, oxidative stress 

and inflammation, and by increasing collagen deposition and fibrous cap thickness (Fig. 

5.11). Given the multifaceted pathophysiology of atherosclerosis and the pleiotropic 

efficacy of NecroX-7, this compound could be a new attractive therapeutic drug in the 

treatment of atherosclerosis.  
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Figure 5.11 Schematic overview of the mechanism by which NecroX-7 improves features of 
atherosclerotic plaque stability in ApoE-/- mice. NecroX-7 inhibits oxidative stress-induced 

necrosis by targeting mtROS. Inhibition of necrosis attenuates HMGB1 release and subsequent 
activation of the NF-κB pathway, resulting in reduced inflammation. NecroX-7 improves plaque 
stability by reducing necrotic core formation and exerting anti-inflammatory effects, resulting in a 
thicker fibrous cap (FC). 
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6.1 Discussion 

Cell death plays a central role in the pathophysiology of atherosclerotic plaque 

destabilisation. Unstable, rupture-prone plaques are characterised by a thin fibrous cap, 

a high inflammatory cell content and a large necrotic core.1 Death of vascular smooth 

muscle cells (VSMCs) and macrophages in atherosclerotic plaques does not only 

increase plaque vulnerability, but also promotes plaque inflammation and thrombosis. 

The goal of this thesis was to investigate whether inhibition of cell death, in particular of 

apoptosis, autophagy, or necrosis, could be a beneficial strategy to improve 

atherosclerotic plaque stability. In this thesis, we kind of travel through time as the three 

main chapters reflect the historical changes in cell death research in atherosclerosis (Fig. 

6.1). During this time travelling, we started-off with a mouse model for apoptosis 

deficiency to investigate its impact on plaque development and stability (chapter 3). 

Because cell death research gradually switched from apoptosis to autophagy about 10 

years ago, we were encouraged to investigate the role of VSMC autophagy in post-injury 

neointima formation and atherosclerosis in a second study (chapter 4). In the third study, 

we tested the plaque stabilising potential of NecroX-7, a newly developed necrosis 

inhibitor (chapter 5). Only since the last few years, necrosis has been considered as a 

highly regulated form of cell death, and therefore, the development of new inhibitors and 

their applications in atherosclerosis is expected to rise in the upcoming years. 

 

 

 
Figure 6.1 Historical overview of cell death research in atherosclerosis 
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In this discussion, we will review the different approaches implemented in this thesis to 

inhibit cell death in atherosclerosis and provide an answer to the three main research 

questions before formulating a general conclusion. 

6.1.1 Does apoptosis impairment improve plaque stability? 

In the first study of this thesis (chapter 3), we used caspase-3 deficient mice as a model 

for apoptosis deficiency to investigate its impact on plaque development and stability. 

Many other mouse models (listed in Table 1.2) have previously been generated to impair 

apoptosis, though these models target only one route of apoptosis. Deletion of caspase-

3 enables us to block the execution of both the extrinsic and intrinsic apoptotic pathway. 

Moreover, by targeting apoptosis, we aimed to prevent secondary necrosis and 

concomitant enlargement of the necrotic core.   

We could demonstrate that caspase-3 deficient macrophages and VSMCs were resistant 

to apoptosis and did not activate the analogous compensatory executioner caspase-7. 

However, caspase-3 deficient macrophages and VSMCs showed increased susceptibility 

to necrosis when exposed to apoptotic stimuli. Thus inactivation of caspase-3 inhibits 

apoptosis but does not prevent cell death. The switch to necrotic cell death did not involve 

induction of necroptosis, but is possibly attributed to the downstream activity of caspase-

3 in the apoptotic pathway.2 Caspase-3 inactivation prevents the final execution of 

apoptosis by inhibiting all the morphological changes associated with apoptosis but does 

not affect the biochemical events that occur upstream in the pathway. For example, 

different cell death stimuli can still reach the mitochondria and cause mitochondrial 

membrane permeabilisation. When mitochondrial ROS levels increase and ATP levels 

drop, a point-of-no-return is trespassed and the cell is forced to die by necrosis.3 

In vivo, caspase-3 deficiency reduced plaque apoptosis but promoted necrosis in 

atherosclerotic plaques in WD-fed ApoE-/- mice resulting in increased plaque size. 

Although plaques of Casp3-/-ApoE-/- mice showed a decrease in macrophage content, 

this should not be considered as a feature of increased plaque stability since it likely 

reflects an increase in macrophage necrosis. Thus instead of preventing secondary 

necrosis by inhibiting apoptosis, caspase-3 deletion promotes necrotic core enlargement 

by increasing primary necrosis. Hence, caspase-3 deficiency promotes plaque growth 

and plaque instability, indicating that inhibition of apoptosis is not a favourable strategy 
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to improve plaque stability. These findings are in line with previous observations in mice 

lacking the pro-apoptotic protein p53.4-6 

Our study has a number of limitations. Firstly, we used full-knockout mice in which 

caspase-3 is deleted in every cell type. VSMC-specific or macrophage-specific caspase-

3 knockout mice could have been extremely valuable to investigate the contribution of 

each cell type to necrotic core formation. Secondly, given that macrophage apoptosis is 

considered beneficial in early but not in advanced lesions, macrophage-specific deletion 

of caspase-3, using mice that contain an inducible Cre recombinase, could have made it 

possible to inhibit macrophage apoptosis only in advanced plaques. 

Taken together, repression of apoptosis promotes atherosclerosis and plaque necrosis 

and may not be of therapeutic benefit in atherosclerosis considering the pro-inflammatory 

and pro-thrombotic properties of necrosis.  

6.1.2 What are the consequences of defective autophagy in VSMCs in 

atherosclerosis? 

Next, we investigated the impact of defective VSMC autophagy on post-injury neointima 

formation and atherosclerosis. This study differs from the other two studies in this thesis 

(related to apoptosis [chapter 4] and necrosis [chapter 5]) as the role of VSMC autophagy 

in atherosclerotic plaque stabilisation was completely unknown. Because autophagy has 

both pro-survival and cell death potential, the outcome of this experiment was impossible 

to predict, though very intriguing to uncover. 

We demonstrated that defective autophagy in VSMCs accelerated the development of 

stress-induced premature senescence (SIPS) as shown by cellular and nuclear 

hypertrophy, a decline in proliferative capacity due to a p16/RB-mediated G1 cell cycle 

arrest and SA-β-galactosidase activity. Moreover, autophagy defective VSMCs were 

characterised by an augmented migration potential, elevated expression of TGFβ and 

SDF1, and upregulation of the inflammasome components IL1β and NLRP3. These 

findings are in line with the characteristics of senescent human VSMCs as recently 

described by Gardner et al.7 However, the senescence-associated secretory phenotype 

in human VSMCs is IL1α-dependent while Atg7F/FSM22α-Cre+ VSMCs did not show 

upregulation of IL1α. Moreover, Atg7F/FSM22α-Cre+ VSMCs were characterised by 

increased collagen synthesis, which is not consistent with the observations in the 

senescent human VSMCs. The discrepancies between both studies can be explained by 
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multiple factors. First of all, we are comparing two different species. Numerous studies 

have shown that senescence in mice can be regulated differently as compared to 

senescence in humans.8, 9 Secondly, human VSMCs investigated in the study of Gardner 

et al., develop senescence by repetitive replication and have a competent autophagic 

machinery while Atg7F/FSM22α-Cre+ VSMCs developed senescence as result of 

defective autophagy. Nevertheless, we have gathered sufficient evidence to state that 

autophagy defective VSMCs develop a senescent phenotype. However, we must be 

aware that some characteristics of Atg7F/FSM22α-Cre+ VSMCs could be related to the 

activation of other cellular pathways - which we did not investigate - rather than being 

part of the senescent phenotype.  

Furthermore, we revealed that the induction of senescence in Atg7F/FSM22α-Cre+ 

VSMCs was mediated by severe accumulation of p62, which typically occurs during 

defective autophagy. This is the first study that addresses p62 accumulation as a direct 

link between defective autophagy and senescence in VSMCs. The inverse relationship 

between autophagy and senescence has previously been described by others10-12 and 

seems highly conceivable when they are considered as two cytoprotective pathways. 

When autophagy is impaired, senescence can be engaged as a backup mechanism to 

protect the cell13 while, vice versa, autophagy may prevent cellular senescence by 

facilitating the removal of damaged organelles and promoting self-renewal.14 

Nonetheless, other studies favour a direct relationship between autophagy and 

senescence.15-17 Besides the fact that this theory, so far, only accounts for oncogene-

induced or DNA damage-induced senescence, and not SIPS, a direct relationship 

between autophagy and senescence seems intuitively less logical. Why would 

autophagy, a process known for its life-expanding and anti-aging properties, take place 

in senescent cells? 

Besides the development of senescence, Atg7F/FSM22α-Cre+ VSMCs were highly 

resistant to oxidative stress-mediated cell death as compared to Atg7+/+SM22α-Cre+ 

VSMCs. This phenomenon is attributed to activation of the transcription factor Nrf2 

resulting in upregulation of several anti-oxidative enzymes such as GSTα and NQO1. 

According to literature, accumulation of p62 triggers nuclear translocation and activation 

of Nrf2.18 Thus, the Nrf2 pathway is activated in autophagy defective VSMCs as a 

protective backup mechanism to maintain cell survival against oxidative insults. Although 

senescent cells may show apoptotic resistance (e.g. senescent fibroblasts),19, 20 our 
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experiments revealed that the senescence and the Nrf2/ARE pathway acted 

independently in Atg7F/FSM22α-Cre+ VSMCs. 

Because changes in VSMC survival, phenotype, proliferation and migration are critical 

factors in the development of arterial vascular disease, we investigated their functional 

significance in two mouse models for post-injury neointima formation and diet-induced 

atherosclerosis. Defective VSMC autophagy accelerated neointima formation 5 weeks 

after ligation of the left common carotid artery. The mechanism behind neointima 

formation included high MMP9 activity and increased expression of TGFβ and SDF1 in 

the ligated vessel of Atg7F/FSM22α-Cre+ mice. Moreover, neointimal Atg7F/FSM22α-Cre+ 

VSMCs showed typical markers of VSMC senescence. Along these lines, ApoE-/- mice 

with defective VSMC autophagy developed larger and more complex atherosclerotic 

plaques after 10 weeks of western-type diet as compared to Atg7+/+SM22α-Cre+ApoE-/- 

mice. Differences in plaque size were no longer evident after 14 weeks of WD, though 

the fibrous cap thickness and total collagen content remained significantly elevated in 

plaques of Atg7F/FSM22α-Cre+ApoE-/- mice. Moreover, VSMCs within the fibrous cap of 

Atg7F/FSM22α-Cre+ApoE-/- mice were characterised by several senescence markers. 

Both experiments show that defective VSMC autophagy is closely associated with VSMC 

senescence and exerts pro-atherogenic effects by promoting the migration of monocytes 

and/or smooth muscle cell progenitor cells and by remodelling the extracellular matrix. 

Although VSMC senescence is known to contribute to the pathogenesis of 

atherosclerosis,21-24 we cannot state that VSMC senescence is exclusively involved in 

the accelerated plaque formation in Atg7F/FSM22α-Cre+ApoE-/- mice.   

During the completion of this study, Liao et al. published that defective autophagy in 

macrophages increases plaque instability after 12 and 16 weeks of WD.25 Moreover, 

autophagy deficient macrophages showed increased susceptibility to apoptotic cell 

death. These observations encouraged us to further explore the antioxidative 

mechanisms and cellular senescence in autophagy deficient macrophages. Atg7F/FLysM-

Cre+ macrophages did not overexpress GSTα and NQO1 due to the lack of Nrf2 

activation. Moreover, Atg7F/FLysM-Cre+ macrophages did not show any signs of cellular 

senescence. The opposite response of VSMCs and macrophages to defective 

autophagy, is most intriguing. One possible reason is that p62 plays a less central role in 

autophagy deficient macrophages. Indeed, Atg7F/FLysM-Cre+ macrophages show only a 

modest accumulation of p62 protein as result of defective autophagy whereas 
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Atg7F/FSM22α-Cre+ VSMCs show an increase in both p62 protein and mRNA expression. 

It is tempting to speculate that p62 should exceed a certain threshold before it is able to 

induce senescence and to activate Nrf2. In addition, the dissimilarity between VSMCs 

and macrophages in response to defective autophagy may simply be predetermined by 

the cell’s origin. Hematopoietic cells preferentially respond to stress by inducing 

apoptosis rather than undergoing senescence whereas mesenchymal cells (.e.g. 

fibroblast-like cells) respond in the opposite direction.26 

Taken together, targeting autophagy has oppossite effects in VSMCs versus 

macrophages and implies that autophagy may have a distinct role in both cell types. The 

induction of senescence in autophagy defective VSMCs favors a pro-survival role for 

autophagy and opens the current debate on whether or not autophagy should be 

classified as a typical cell death pathway.  

6.1.3 Is inhibition of necrosis a good strategy for plaque stabilisation? 

In the last part of this thesis, we evaluated the plaque stabilising potential of the necrosis 

inhibitor NecroX-7. In vitro validation of this compound revealed that NecroX-7 inhibits 

oxidative stress-induced necrosis in primary macrophages. NecroX-7 inhibited the 

generation of mtROS and reduced necrosis both at the morphological and biochemical 

level: NecroX-7 prevented cell oncosis, preserved membrane integrity and inhibited the 

release of HMGB1 in tBHP-exposed macrophages. Neither LPS-induced necroptosis nor 

cycloheximide-induced apoptosis was inhibited by NecroX-7.  

Examination of atherosclerotic plaques in WD-fed ApoE-/- mice revealed no difference in 

the level of apoptosis between the NecroX-7-treated group and controls. When we 

evaluated necrosis into more detail, we observed that NecroX-7 reduced necrotic core 

size by about 38%. Although the necrotic core also consists of cholesterol deposits and 

thus does not represent 100% necrosis, these data still imply that NecroX-7 only targeted 

approximately one third of all plaque necrosis. The other two third possibly reflects 

RIPK3-dependent necroptosis and/or secondary necrosis. Similarly, in Ripk3-/-ApoE-/- 

mice, necrotic core size was reduced by 50%,27 indicating that the other 50% likely 

reflects RIPK3-independent primary necrosis and/or secondary necrosis. Different 

lessons can be drawn from these studies. First of all, secondary necrosis is a major 

contributor to necrotic core formation and should be considered as an important target 

for future research. Although prevention of secondary necrosis by inhibition of apoptosis 
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was ineffective in reducing plaque necrosis (vide supra), improving efferocytosis might 

be an alternative approach. Secondly, given that necrosis can be regulated by diverse 

mechanisms may challenge the approach of targeting plaque necrosis as a whole.  

Nevertheless, besides reducing necrosis, NecroX-7 improved plaque stability at different 

levels. NecroX-7 lowered plaque inflammation and oxidative stress, and increased 

collagen deposition and fibrous cap thickness in WD-fed ApoE-/- mice. It is likely that the 

anti-inflammatory effects of NecroX-7 are a secondary event and thus occur downstream 

of necrosis inhibition. Specifically, inhibition of necrosis attenuates HMGB1 release and 

the subsequent binding to the RAGE receptor on adjacent cells. Consequently, the NF-

κB pathway is hypo-activated and the production of pro-inflammatory cytokines is 

hindered. In turn, adjacent cells are less stimulated to synthesise HMGB1, creating a 

viscous circle. This theory is based on the observed downregulation of the 

HMGB1/RAGE axis and the decreased expression of NF-κB-dependent pro-

inflammatory cytokines in plaques of NecroX-7-treated ApoE-/- mice, combined with the 

recently published paper of Im et al. In this paper, the authors state that NecroX-7 inhibits 

HMGB1-induced release of TNFα and IL6 in a model for graft-versus-host-disease.28 

Although our data point towards a central role for HMGB1 between necrosis and 

inflammation, we should not exclude that other pathways, including the decrease in 

mtROS, may be involved in the reduced inflammation in NecroX-7-treated plaques. 

Overall, NecroX-7 improves plaque stability in WD-fed ApoE-/- mice by interfering with 

key atherosclerotic processes including oxidative stress, necrosis and inflammation, and 

could therefore be an attractive anti-atherosclerotic drug. It would be interesting to study 

the effect of NecroX-7 also on established plaques since patients often present 

themselves to the hospital with advanced lesions characterised by a large necrotic core. 

However, we must take into account that NecroX-7 cannot eliminate necrosis that is 

already present in the plaque. It may only inhibit further enlargement of the necrotic core. 

Nevertheless, we presume that NecroX-7 would still exerts its anti-inflammatory and 

plaque stabilising effects on advanced lesions.  
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6.2 Conclusion 

From the three different cell death inhibiting strategies tested in this thesis, only one was 

effective in improving plaque stability (Fig. 6.2). The necrosis inhibitor NecroX-7 

improved features of plaque stability by reducing necrotic core formation, increasing 

fibrous cap thickness and lowering plaque inflammation and oxidative stress in WD-fed 

ApoE-/- mice. These pleiotropic effects delineate NecroX-7 as a promising compound to 

treat a multifaceted pathology such as atherosclerosis. However, from a translational 

point of view, future experiments are required to evaluate its efficacy as a curative therapy 

in advanced atherosclerotic plaques. Also the safety of NecroX-7 during chronic 

administration should be assessed in future trials.  

The other two approaches exerted detrimental effects on atherosclerosis in WD-fed 

ApoE-/- mice. Repression of apoptosis through caspase-3 deletion aggravated plaque 

stability by increasing primary necrosis. Impairment of autophagy in VSMCs did not 

dramatically affect plaque stability but greatly accelerated atherogenesis and induced 

VSMC senescence, indicating that inhibition of VSMC autophagy is not a favourable 

strategy to treat atherosclerosis. Instead, we rather recommend controlled stimulation of 

autophagy as an anti-atherosclerotic strategy as recently suggested29, 30. 

Moreover, this thesis supports the general concept that inhibition of one cell death 

pathway often results in the compensatory activation of other cellular (death) routes.  Of 

course, these compensatory reactions challenge the therapeutic application of cell death 

inhibitors in general. To date, necrosis is the only cell death pathway that can be inhibited 

(by NecroX-7 or Ripk3 knockout27, 31) without evoking a compensatory switch to other cell 

death pathways and that confers true cytoprotection.  

Finally, we report the very first study wherein necrosis is specifically targeted in 

atherosclerosis using a pharmacological compound. Giving the detrimental role of 

necrosis in atherosclerotic plaque destabilisation, the new concept of necrosis as a highly 

regulated form of cell death, and the upcoming development of new necrosis inhibitors, 

we may stand at the beginning of a new era in (atherosclerosis) cell death research. 
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Figure 6.2 Evaluation of the three different approaches to inhibit cell death in 
atherosclerosis as potential plaque stabilising strategies. (1) Genetic disruption of the effector 
caspase-3 in ApoE-/- mice reduced plaque apoptosis but induced a switch to primary necrosis, 
leading to increased plaque instability. (2) VSMC-specific deletion of Atg7 accelerated senescence 

and promoted atherogenesis in ApoE-/- mice and is therefore unsuitable as an anti-atherosclerotic 
therapy. (3) The necrosis inhibitor NecroX-7 reduced necrotic core formation and lowered 

inflammation, indicating that pharmacological inhibition of necrosis by NecroX-7 is the only suitable 
strategy, tested in this thesis, for plaque stabilisation. 
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Atherosclerosis is a chronic, inflammatory disease characterised by the formation of 

atherosclerotic plaques in the arterial blood vessel wall. These atherosclerotic plaques 

may narrow the lumen of the artery (i.e. stenosis) or completely occlude the vessel by 

the formation of thrombi following plaque rupture, resulting in clinical manifestations such 

as myocardial infarction or stroke. Despite remarkable advances in cardiovascular 

research, atherosclerosis remains a leading cause of death and morbidity in the western 

world (± 370 000 deaths/year in the USA). Therefore, we are searching for new strategies 

that prevent plaque rupture and can augment the current anti-atherosclerotic therapies. 

Atherosclerotic plaque rupture is facilitated by the conversion of a stable lesion into a 

vulnerable, unstable plaque. An atherosclerotic plaque is defined unstable when it 

consists of a high inflammatory cell content, a large necrotic core and a thin fibrous cap. 

One of the main mechanisms leading to plaque destabilisation is cell death of lesional 

macrophages and vascular smooth muscle cells (VSMCs).  

There are 3 main cell death pathways: apoptosis, autophagy and necrosis. Apoptotic cell 

death is characterised by several morphological changes such as cellular shrinkage, 

membrane blebbing and DNA fragmentation, and is regulated by so-called caspases, 

whereas necrotic cells oppositely undergo cell swelling followed by cell lysis. Autophagy 

is characterised by the formation of double-membraned vacuoles, under control of ATG 

proteins, wherein damaged proteins and/or cell organelles are degraded. The catabolic 

function of autophagy may promote cell survival by generating nutrients and energy but 

may also induce cell death by degrading vital cell organelles. Apoptotic and necrotic cell 

death of macrophages and VSMCs promotes plaque destabilisation by causing thinning 

of the protective fibrous cap, enlargement of the necrotic core and induction of 

inflammatory responses. Defective autophagy in macrophages aggravates plaque 

stability whereas the role of autophagy in VSMCs in atherosclerosis requires further 

elucidation.  

Based on the current knowledge, we decided to investigate whether inhibition of 

apoptosis, VSMC autophagy, or necrosis, could have beneficial effects on the stability of 

atherosclerotic plaques in Apolipoprotein E deficient (ApoE-/-) mice. To accelerate plaque 

development, mice were fed a western-type diet (WD). First, we used caspase-3 deficient 

(Casp3-/-) mice crossbred with ApoE-/- mice as a model for apoptosis deficiency in 

atherosclerosis. In vitro, caspase-3 deficient macrophages and VSMCs were resistant to 

apoptosis, but showed increased susceptibility to necrosis. However, caspase-3 
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deficiency did not induce a switch to RIPK1-dependent necroptosis. Thus, defective 

apoptosis, through caspase-3 deletion, does not prevent cell death but triggers a switch 

to primary necrosis. In vivo, caspase-3 deficiency reduced plaque apoptosis but 

promoted necrotic core formation in atherosclerotic plaques of ApoE-/- mice. Moreover, 

Casp3-/-ApoE-/- mice were characterised by increased plaque size and reduced 

macrophage content, both presumably due to an increase in necrosis. VSMC and 

collagen content were not different between both groups. Hence, apoptosis deficiency, 

via deletion of caspase-3, aggravates plaque stability in WD-fed ApoE-/- mice by 

promoting plaque growth and plaque necrosis. 

To investigate the role of VSMC autophagy in arterial disease, a mouse model was 

constructed in which the essential autophagy gene Atg7 was specifically deleted in 

VSMCs. Loss of Atg7 in murine VSMCs (Atg7F/F VSMCs) caused accumulation of the 

ubiquitin-binding scaffold protein p62 and accelerated the development of stress-induced 

premature senescence as shown by cellular and nuclear hypertrophy, p16-RB-mediated 

G1 proliferative arrest and senescence-associated β-Gal activity. Transfection of p62-

encoding plasmid DNA in Atg7+/+ VSMCs induced similar features, suggesting that 

accumulation of p62 promotes VSMC senescence. Interestingly, Atg7F/F VSMCs were 

resistant to oxidative stress-induced cell death as compared to controls. This effect was 

attributed to nuclear translocation of the transcription factor Nrf2 resulting in upregulation 

of several antioxidative enzymes. In vivo, defective VSMC autophagy led to upregulation 

of MMP9, TGFβ and SDF1 and promoted post-injury neointima formation and diet-

induced atherogenesis. Lesions of VSMC-specific Atg7 knockout mice were 

characterised by increased total collagen deposition, nuclear hypertrophy, p16 

upregulation, RB hypophosphorylation and SA-β-Gal activity, features typical of cellular 

senescence. We can conclude that defective autophagy in VSMCs accelerates 

senescence and promotes ligation-induced neointima formation and diet-induced 

atherogenesis.  

To test the plaque stabilising potential of the necrosis inhibitor NecroX-7, WD-fed ApoE-

/- mice were treated with the compound (30mg/kg, i.p.) three times per week for 16 weeks. 

NecroX-7 reduced total plaque burden in the thoracic aorta as compared to controls 

without affecting total plasma cholesterol. Plaques of NecroX-7-treated mice showed a 

significant decrease in necrotic core area, 8-oxodG, iNOS and MMP13 expression while 

collagen content and minimum fibrous cap thickness were increased. Moreover, NecroX-
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7 treatment reduced the expression of multiple inflammation markers such as TNFα, 

IL1β, iNOS, HMGB1 and RAGE in a NF-κB-dependent manner. In vitro, NecroX-7 

prevented tert-butyl hydroperoxide (tBHP)-induced mitochondrial ROS formation, 

necrosis, iNOS expression and HMGB1 release in primary macrophages. Taken 

together, NecroX-7 improves features of plaque stability in ApoE-/- mice by reducing 

necrotic core formation, oxidative stress and inflammation, and by increasing collagen 

deposition and fibrous cap thickness.  

 

We can conclude that inhibition of apoptosis and VSMC autophagy are unfavourable 

strategies to improve atherosclerotic plaque stability. In contrast, inhibition of necrosis 

proved to be effective as a plaque stabilising strategy. The necrosis inhibitor NecroX-7 

reduced plaque necrosis without the compensatory activation of an alternative cell death 

pathway. Moreover, NecroX-7 improved several features of plaque stability in WD-fed 

ApoE-/- mice including fibrous cap thickening and reduced inflammation, and could 

therefore be a potential pleiotropic drug for the treatment of atherosclerosis. 
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Atherosclerose is een chronische, inflammatoire aandoening gekarakteriseerd door de 

vorming van atherosclerotische plaques in de arteriële bloedvatwand. Deze 

atherosclerotische plaques kunnen het lumen van de arterie vernauwen (i.e. stenose) of 

het bloedvat volledig afsluiten door de vorming van bloedklonters als gevolg van 

plaqueruptuur, resulterend in klinische verschijnselen zoals een hartinfarct of een 

beroerte. Ondanks de opmerkelijke voortuitgang in het cardiovasculair onderzoek, blijft 

atherosclerose één van de grootste doodsoorzaken in de westerse wereld (± 370 000 

doden/jaar in de VS). Daarom blijven we onderzoek doen naar nieuwe strategieën die 

plaqueruptuur kunnen voorkomen en de huidige anti-atherosclerotische therapieën 

kunnen verbeteren of aanvullen. Plaqueruptuur wordt bewerkstelligd wanneer een 

stabiele plaque evolueert naar een kwetsbare, onstabiele plaque. Een plaque wordt 

gedefinieerd als zijnde onstabiel als die bestaat uit een groot aantal inflammatoire cellen, 

een grote necrotische kern en een dunne fibreuze kap. Een van de belangrijkste 

mechanismen die aanleiding geven tot plaque destabilisatie is het optreden van celdood 

van macrofagen en gladde spiercellen (GSC) in de plaque. 

De drie belangrijkste vormen van celdood zijn apoptose, autofagie en necrose. Apoptose 

wordt gekarakteriseerd door verschillende morfologische veranderingen zoals cel 

inkrimping, membraan blebbing en DNA fragmentatie, en wordt gereguleerd door 

zogenaamde caspasen, terwijl necrotische cellen juist cel zwelling ondergaan en 

vervolgens lyseren. Autofagie wordt gekarakteriseerd door de vorming van 

dubbelmembraan vacuolen, onder de controle van ATG eiwitten, waarin beschadigde 

eiwitten en/of celorganellen worden afgebroken. De katabole functie van autofagie kan 

bijdragen tot cel overleving door de vrijstelling van nutriënten en energie maar kan ook 

celdood induceren door de afbraak van levensnoodzakelijke celorganellen. Apoptose en 

necrose van macrofagen en GSC bevordert plaque destabilisatie door de fibreuze kap te 

verzwakken, de necrotische kern te vergroten en inflammatoire reacties uit te lokken. 

Autofagie deficiëntie in macrofagen leidt tot plaque destabilisatie terwijl de rol van 

autofagie in GSC in atherosclerose nog ongekend is.  

Gebaseerd op de huidige kennis, besloten we te onderzoeken of inhibitie van apoptose, 

GSC autofagie of necrose, een positieve invloed zou kunnen hebben op de stabiliteit van 

atherosclerotische plaques in Apolipoprotein E deficiënte (ApoE-/-) muizen. De 

ontwikkeling van de plaques werd versneld door de muizen te voeden met een 

cholesterolrijk dieet. Ten eerste werden caspase-3 deficiënte (Casp3-/-) muizen gekruist 
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met ApoE-/- muizen als model voor apoptose deficiëntie in atherosclerose. In vitro waren 

caspase-3 deficiënte macrofagen en GSC resistent voor apoptose maar vertoonden ze 

een verhoogde gevoeligheid voor necrose. Nochtans lokte de caspase-3 deficiëntie geen 

switch uit naar RIPK1-afhankelijke necroptose. Apoptose deficiëntie via deletie van 

caspase-3 beschermt dus niet tegen celdood maar veroorzaakt een switch naar primaire 

necrose. In vivo leidde caspase-3 deficiëntie tot een vermindering in plaque apoptose 

maar ook tot een vergroting van de necrotische kern in plaques van ApoE-/- muizen. 

Bovendien vertoonden Casp3-/-ApoE-/- muizen een toename in plaquegrootte en een 

afname in het aantal macrofagen, hoogstwaarschijnlijk te wijten aan een toename in 

necrose. Het aantal GSC en de hoeveelheid collageen in de plaques waren niet 

verschillend tussen beide groepen. Hieruit kunnen we besluiten dat apoptose deficiëntie 

via deletie van caspase-3 de plaque stabiliteit in ApoE-/- muizen verslechtert door het 

bevorderen van plaque groei en necrose. 

Om de rol van autofagie in GSC in arteriële aandoeningen te onderzoeken, werd een 

muismodel ontwikkeld waarin het essentiële autofagie gen Atg7 specifiek in de GSC werd 

uitgeschakeld. Deletie van Atg7 in muis GSC (Atg7F/F GSC) leidde tot de accumulatie 

van het ubiquitine-bindende eiwit p62 en versnelde de ontwikkeling van stress-

geïnduceerde premature senescentie aangetoond door het optreden van cellulaire en 

nucleaire hypertrofie, een p16-RB-gemedieerde G1 groeistop en senescentie-

geassocieerde β-Gal activiteit. Transfectie van een p62-coderend plasmide DNA in 

Atg7+/+ GSC veroorzaakte gelijkaardige verschijnselen en toont dus aan dat accumulatie 

van p62 senescentie in GSC kan bevorderen. Daarenboven vertoonden Atg7F/F GSC een 

verhoogde resistentie tegen oxidatieve stress-geïnduceerde celdood in vergelijking met 

controles. Dit effect was te wijten aan de nucleaire translocatie van de transcriptiefactor 

Nrf2 wat resulteert in de opregulatie van verscheidene anti-oxidatieve enzymen. In vivo 

leidde defecte GSC autofagie tot de opregulatie van MMP9, TGFβ en SDF1 en 

bevorderde de ontwikkeling van neointima vorming (post-ligatie) en dieet-geïnduceerde 

atherogenese. Plaques van GSC-specifieke Atg7 knockout muizen werden 

gekarakteriseerd door een toename in collageen, nucleaire hypertrofie, p16 opregulatie, 

RB hypofosforylatie en SA-β-Gal activiteit, typische kenmerken van cellulaire 

senescentie. We kunnen concluderen dat autofagie deficiëntie in GSC het optreden van 

senescentie doet versnellen en de ontwikkeling van neointima vorming (post-ligatie) en 

dieet- geïnduceerde atherogenese bevordert.  
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Om het potentiële plaquestabiliserende effect van de necrose inhibitor NecroX-7 te 

onderzoeken, werden ApoE-/- muizen 3 keer per week gedurende 16 weken met deze 

remmer (30mg/kg, i.p.) behandeld. Behandeling met NecroX-7 verminderde de totale 

plaque vorming in de thoracale aorta in vergelijking met controles zonder invloed op de 

totale cholesterol. Plaques van NecroX-7 behandelde muizen vertoonden een 

significante daling in de grootte van de necrotische kern, 8-oxodG, iNOS en MMP13 

expressie terwijl de hoeveelheid collageen en de dikte van de fibreuze kap waren 

toegenomen. Bovendien verlaagde NecroX-7 de expressie van verschillende 

inflammatoire merkers zoals TNFα, IL1β, iNOS, HMGB1 en RAGE via een NF-κB-

afhankelijke wijze. In vitro beschermde NecroX-7 primaire macrofagen tegen tert-butyl 

hydroperoxide (tBHP)-geïnduceerde mitochondriale oxidatieve stress, necrose, iNOS 

expressie en vrijstelling van HMGB1. We kunnen concluderen dat NecroX-7 

verschillende aspecten van plaquestabiliteit bevordert in ApoE-/- muizen door de vorming 

van de necrotische kern, oxidatieve stress en inflammatie te verminderen en door de 

hoeveelheid collageen en de dikte van de fibreuze kap te verhogen. 

We kunnen besluiten dat inhibitie van apoptose en GSC autofagie geen wenselijke 

strategieën zijn om de stabiliteit van atherosclerotische plaques te bevorderen. 

Uitsluitend inhibitie van necrose was effectief als plaquestabiliserende strategie. De 

necrose inhibitor NecroX-7 leidde tot een vermindering in plaque necrose zonder een 

compensatoire activatie van een alternatieve celdoodroute uit te lokken. Bovendien 

verbeterde NecroX-7 verschillende kenmerken van plaquestabiliteit waaronder een 

verdikking van de fibreuze kap en een vermindering in inflammatie, en zou dus een 

mogelijk pleiotroop geneesmiddel kunnen zijn voor de behandeling van atherosclerose. 



 

 

 


