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Summary and perspectives
Cardiovascular disease is an umbrella term for any type of disorder that affects the heart
and/or circulation. Despite improvements in knowledge and treatment options over the
last decades, it remains one of the leading causes of disability and death. The underlying
mechanisms vary depending on the disease in question. Most often there is not one cause
for cardiovascular disease, but instead several risk factors are involved that increase the
risk of development and progression of disease. Some of these risk factors can be avoided,
controlled, treated or modified such as high cholesterol, high blood pressure and obesity.
While others, such as family history and gender, cannot be avoided and their emphasis
lies on monitoring and treatment. In this thesis, different mouse models were used to
examine the role of DNA damage, atherosclerosis and the renin angiotensin system (RAS)
on cardiovascular disease development and progression. Moreover, the present studies
explored the effect of nutritional and therapeutic interventions.
This chapter describes the main findings of this thesis and concludes each part with suggestions for future research.

Part I	Introduction
Chapter 2 provides an overview of the general structure and cell biology of the vessel wall.
The vessel wall consists of three different layers termed tunica intima, tunica media and
tunica adventitia. The main components of these layers include endothelial cells, vascular
smooth muscle cells, cytoskeleton proteins and extracellular matrix proteins. Interaction
between the components of these different layers determines the biological and physical
properties of the blood vessel. Changes and damage to these components and cellular
constituents contribute to the pathogenesis and progression of several vascular diseases,
as well as to ageing of the vasculature.
In Chapter 3, the role of the RAS in the pathogenesis of vascular disease is reviewed.
Activity of the RAS affects factors that contribute to the development and progression of
vascular disease; i.e. extracellular matrix defects, atherosclerosis and ageing. Oxidative
stress seems to be related to all of these components, subsequently contributing to the
onset of vascular disease. Though, the precise mechanisms by which these components
induce vascular damage is not entirely clear. RAS inhibiting therapies seem to have beneficial effects in treating cardiovascular disease, however, they are not 100 percent effective
in all patients and occasionally even give rise to adverse side effects, including hypotension and hyperkalemia. Yet, when an angiotensin receptor blockade is used simultaneous
with a neprilysin inhibition (‘ARNI’), a much stronger favorable effect was found when
compared to angiotensin receptor blockade only, without any extra associated negative
side effects.1, 2 However, insight into the mechanism of action of ARNI is still needed. Thus,
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future research should explore optimal strategies of (combined) RAS blockade to prevent
or stop the progression of vascular disease. Moreover, it would be particularly interesting to test the efficacy of combined RAS/reactive oxygen species suppressing therapy in
animal models of cardiovascular disease, as it might give further beneficial effects on the
vasculature.

Part II	Aortic aneurysms
In part II, the effect of two risk factors, atherosclerosis and increased RAS signaling, on
the development and progression of aortic aneurysms was studied. In Chapter 4, the relation between atherosclerosis and aortic aneurysms formation was investigated. In order
to get a more representative physiological situation as observed in humans, aneurysmal
susceptible heterozygous Fibulin-4 deficient mice (Fibulin-4+/R) were combined with the
atherosclerotic ApoE knockout mouse model. Our study showed that subtle thoracic
aortic wall defects, such as increased elastic fiber fragmentation, induce increased atherosclerotic plaques formation and changes in plaque composition, including decreased
elastin content, in ApoE-/-Fibulin-4+/R mice after 10 weeks of high fat diet. Moreover,
ApoE-/-Fibulin-4+/R mice already showed relatively small thoracic dilatations when exposed
to 20 weeks of low-fat diet. Interestingly, between 20 and 30 weeks of age, some of these
ApoE-/-Fibulin-4+/R mice developed symptoms of paralysis and 30% did not survive. These
results indicate that subtle thoracic aortic wall defects in association with atherosclerosis,
predisposes for development of aortic dilatations and altered plaque morphology. Whole
body angiographs might help to further study the cause of paralysis and death observed in
the ApoE-/-Fibulin-4+/R mice. This will be a challenge since their death is quite sudden and
unpredictable. Moreover, preliminary mouse RNA sequencing data suggests a difference
in expression of genes involved in mitochondrial dysfunction and the immune system between atherosclerosis and aneurysm formation. Human RNA expression analysis similarly
showed differences in immune pathway regulation between abdominal aneurysms and
aortic occlusion (AAA vs AOD). Therefore, further analysis of specific immune factors
in plasma of both mouse and human might shed light on the observed differences. It is
evident that external factors such as diet have an enormous influence on aortic dilatations,
especially abdominal. With this ApoE-/-Fibulin-4+/R mouse model, we can now study the
effect of high- and normal fat diet in a controlled manner, and elucidate the mechanisms
that play a role in abdominal aneurysm formation and progression next to genetic factors.
Chapter 5 evaluated whether treating Fibulin-4R/R mice with the angiotensin II type
1 (AT1) receptor antagonist losartan outperforms the effect of the renin inhibitor aliskiren
or the effect of the β-blocker propranolol on aneurysm progression. Although both types
of RAS blockers (losartan and aliskiren) identically lowered hemodynamic stress, only
losartan increased survival, reduced aneurysm size and improved aortic wall distensibility.
Moreover, losartan increased ejection fraction, decreased left ventricular diameter and
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reduced cardiac TGF-β signaling, while the other drugs did not have these effects. None
of the drugs examined here affected aortic wall morphology. To explain the beneficial
effect of losartan compared to aliskiren, we reasoned that losartan offers an additional
advantage, possibly by simulation of angiotensin II (AT2) type receptors and/or activation
of the angiotensin-(1-7)/Mas receptor axis. It still remains unclear whether RAS inhibition
is effective in the prevention or reduction of aortic root dilations.3, 4 Most clinical studies
have a heterogeneous patient population in which they do not make a distinction between
different underlying mutations, which makes it more difficult to draw firm conclusions. In
addition, these clinical studies all start at different ages with their treatment, e.g. children,
adolescent, adults and elderly. The strength of our study is the fact that these mice have
the same genetic mutation, are treated from the same starting point, and accurate monitoring of aneurysm progression is followed within the same animal over time. Moreover,
in this present study mice were treated postnatally, when aneurysm formation has already
started, which is more clinically relevant as treatment of aneurysmal patients usually starts
in the presence of an aneurysm. Timing of treatment as well as the underlying mutation
are of utmost importance, as they may explain the success, or lack thereof, of different RAS
blockers in clinical trials.4, 6 Thus, future research should follow the same patient and/or
animal over time, and should make a distinction between the underlying mutations of
disease causing genes.

Part III	Cardiovascular aging
In part III, the effect of defective DNA repair and the consequential aging process on the
development of cardiovascular damage was examined. Previous studies have shown that
the well-established premature aging Ercc1d/- mouse model shows signs of accelerated agedependent vasodilator dysfunction, accompanied by increased blood pressure, vascular
stiffness and vascular senescence. In Chapter 6, it was examined whether this accelerated
age-dependent vasodilator dysfunction could be prevented by either treating the mice
with the chronic AT1 receptor blocker losartan, a well-known antihypertensive drug,
or exposing them to dietary restriction, known to induce an anti-aging response. This
study shows that dietary restriction is a very efficient intervention to prevent vasodilator dysfunction caused by genomic instability. Improvement of prostaglandin-mediated
endothelium-dependent signaling and better vascular smooth muscle cell responses to
nitric oxide were identified as mechanisms. Conversely, endothelial dysfunction was not
reversible with chronic losartan treatment. These results suggest that this aging mouse
model appears to represent the RAS blockade-resistant part of aging-related vascular disease. Accordingly, future research should use progeroid mouse models to further explore
the underlying mechanism leading to age-related vascular disease and test the efficacy of
drugs targeting vascular disease in order to extrapolate the results to the elderly population. A possible explanation for the lack of effect of losartan might be that vascular dys-
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function in Ercc1d/- mice is largely ROS-independent, while often part of the detrimental
effects of Ang II involve ROS formation. Additionally, Ercc1d/- mice show an upregulation
of anti-oxidant and detoxification defense genes as part of a so-called survival response
that aims to extend their lifespan.7, 8 Research efforts should therefore also continue to
fully elucidate the role of ROS in age-related vascular dysfunction.
In Chapter 7, the effect of aging on the heart was characterized and the use of
fluorescent molecular markers for the early detection of cardiovascular disease was tested.
MicroCT imaging showed that premature aging Ercc1d/- mice at 24 weeks of age display
changes in left ventricular geometry and functioning, e.g. increased ventricular volumes
and reduced ejection fraction. Results were similar when compared to functional analysis
by echocardiography. Moreover, specific loss of Ercc1 in cardiomyocytes, comparably
showed adverse cardiac remodeling and poor cardiac functioning, suggesting the direct
involvement of Ercc1 in the heart. Furthermore, the combination of microCT and optical imaging allowed simultaneous analysis of molecular and functional changes in these
mouse models for accelerated aging. Our study showed that a temporal increase in matrix
metalloprotease activity and apoptosis precede cardiac functional decline in progeroid
Ercc1 mice. It would be interesting to investigate whether the increase in matrix metalloprotease activity is derived from senescent cells. In addition, this study did not investigate
the direct causal effect of DNA damage on the development of heart failure; therefore,
future research should be aimed at elucidating this question, for examples by measuring
DNA damage markers in the hearts of the Ercc1 mice, as well as inducing DNA damage by
radiation and examining the effect on cardiac function. Furthermore, extensive analysis of
mutations in DNA damage and repair genes leading to cardiovascular diseases is needed
to expand our comprehension on how DNA damaging factors increase the susceptibility
to cardiovascular event.

Part IV	The renin-angiotensin system
In part IV, the role of the RAS was investigated. In Chapter 8, the use of the NIRF probe
ReninSense680™ was tested to study renin activity in vivo and characterize renin activity in progeroid Ercc1∆/- mice which have premature age-related kidney pathology due
to a defective nucleotide excision repair gene. Our study confirmed that Ercc1d/- kidneys
display severe tubular attenuation and degeneration with marked anisokaryosis, which
was shown previously.9-11 In addition, we demonstrated that non-invasive imaging, using
the NIRF probe ReninSense680™, enables imaging of altered renin activity in the kidney
over time. The increased intrarenal activity detected with the ReninSense680™ probe after
losartan treatment, is in full agreement with the literature, and thus not only validates
the specificity of this probe, but also supports its use for longitudinal imaging of altered
RAS signaling in aging. Moreover, our observations in the premature aging Ercc1d/- mouse
model provides evidence that intrarenal renin activity does not necessarily run in parallel
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with circulating renin. This observation was also seen in animal models of early diabetic
nephropathy and patients with diabetes mellitus.12-16 Hence, it would be interesting to
further explore the association between aging and diabetes mellitus on the development
of renal injury as well as the implications for future therapies; should we aim at locally
lowering the intrarenal RAS in these models? Moreover, in several of the diabetic animal
studies it was suggested that altered renin release from the kidney, and not reduced production, is responsible for the low circulating renin levels (reviewed within Price et al.)14.
Future research should investigate the release and production of renin and other RAS
components in aging mouse models.
In Chapter 9, our study re-evaluated the occurrence of (pro)renin in the brain,
as the concept of a brain RAS has been controversial and this controversy continues to
this day. It was found that buffer perfusion reduced mouse brain renin by approximately
60% and although renin-dependent Ang I-generating activity (AGA) could be detected in
virtually every region, plasma renin was 40-800x higher than brain renin. Furthermore,
deoxycorticosterone acetate (DOCA) salt, like Ang II, reduced circulating renin, and,
contrary to our expectations did not increase brain prorenin. In fact, both DOCA-salt
and Ang II lowered brain renin in parallel with plasma renin. Aliskiren-inhibitable AGA
was entirely absent in the brain of Ren1c-/- mice, supporting the validity of our brain renin
measurement. Thus, our data do not support the presence of locally synthesized, kidneyindependent renin in the brain and we conclude that brain renin must represent renin that
is taken up from blood. Moreover, the absence of Ang I in brain tissue outside the blood
compartment strongly suggests that there is no local Ang I generation in the brain, and
it appears that brain Ang II therefore originates from the blood compartment. Thus, it
would be interesting to explore how this Ang II enters the blood-brain barrier, for instance
by binding to brain angiotensin type-receptors that are outside the blood-brain barrier or
rather by entering at sites where the blood-brain barrier permeability is compromised. In
addition, the ReninSense probe holds considerable promise to localize and detect renin
activity in tissues, and future studies should address the possibilities of assessing renin
activity in other tissues than the kidney.
In Chapter 10, the use of VTP-27999, a novel renin inhibitor -without major sideeffects at high doses- was examined in order to establish the maximum effect of renin
inhibition in the kidney. The effect of VTP-27999 was compared to the clinically used
renin-inhibitor aliskiren in 22 healthy volunteers on a low-sodium diet. A maximum effect
of renin inhibition on renal plasma flow (RPF) and glomerular filtration rate (GFR) was
found at VTP-27999 doses of 300 mg and higher, while a maximum effect was not reached
with aliskiren at a dose of 300 mg. The maximum effect of VTP-27999 was approximately
30% higher than the effect of aliskiren at the same dose. The maximum effect of VTP27999 can most likely be reached with 600 mg of aliskiren, however such high doses
of aliskiren are clinically not recommended because of its side effects. With this study,
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we could establish that maximum RPF increases cannot be established with aliskiren at
clinically relevant doses. As our study only included healthy patients, future research
in patients with diabetes, hypertension and/or kidney disease is necessary to confirm
these results, as the use of RAS blockers increases the risk of adverse events, including
hyperkalemia, in this population. In addition, it would be interesting to test the effect of
VTP-27999 in an aging mouse model, as they may have an altered RAS activity resulting in
a different responsiveness. Moreover, in this study we did not compare males and females,
thus further research should distinguish between males and females to determine whether
or not the effect is similar in both genders.
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