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Summary

Unlike cardiac or skeletal muscle cells, vascular smooth muscle cells (VSMCs) retain
a remarkable degree of plasticity. On environmental cues they can dedifferentiate
from a quiescent contractile state towards phenotypes of increased proliferation and
migration as well as secretory capacity and inflammation. This ability to transition
between different phenotypes is a prerequisite for physiological vascular remodeling
processes, but also plays a key role in the pathogenesis of virtually all vascular
diseases. These vascular diseases, above all atherosclerosis resulting in myocardial
infarction or stroke, are still the leading cause of death worldwide.

Based on the respective metabolic requirements of proliferating versus quiescent cells
it was hypothesised that VSMCs undergo metabolic changes during dedifferentiation.
Therefore, the aim of this study was to investigate the metabolic adaptions VSMCs
exhibit during phenotypic transition and identify possible regulators thereof.

Utilising two in vitro models and one in vivo model for VSMC dedifferentiation, this
study showed that dedifferentiated VSMCs shift their energy generation from mito-
chondrial respiration towards elevated glycolysis and lactate production, reminiscent
of the Warburg effect observed in cancer cells. Dedifferentiated VSMCs also displayed
reduced expression of genes involved in mitochondrial respiration, lower mitochon-
drial abundance and altered mitochondrial shape, indicating a strong association
between mitochondrial homeostasis and VSMC plasticity.

The second objective of this study was to investigate whether intervention in VSMC
metabolism would affect VSMC plasticity and vascular remodeling. Two known reg-
ulators of metabolism, Sirt6 and Sirt7, were chosen for their regulatory function in
glucose and mitochondrial metabolism, respectively. The effects of VSMC specific
knock-outs of Sirt6 and Sirt7 on VSMC dedifferentiation and proliferation were as-
sessed in vitro and in vivo. Both sirtuins were expected to display atheroprotective
functions. This could be confirmed for Sirt7 as the VSMC-specific knock-out of Sirt7
resulted in elevated neointima formation in a carotid artery ligation mouse model and
increased plaque sizes in an ApoE™ atherosclerosis mouse model. VSMC-specific
knock-out of Sirt6é did not impact both these parameters. Contrary to expectations,
the effects of the Sirt7 knock-out did not seem to be mediated by regulation of mito-
chondrial homeostasis. The atheroprotective role shown in this study, nevertheless
renders Sirt7 an interesting target for the treatment of vascular diseases.
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Zusammenfassung

Im Gegensatz zu Skelettmuskelzellen weisen vaskulare glatte Muskelzellen (VSMCs)
eine hohe Plastizitat auf. Verschiedene Stimuli kénnen eine Dedifferenzierung des
ruhenden, kontraktilen Phanotyps hin zu Phanotypen induzieren, die sich durch
erhdhte Proliferation, Migration, gesteigerte Sekretion oder starkere inflammatorische
Eigenschaften auszeichnen. Diese phanotypische Fluiditat bildet die Grundlage
fir physiologischen GefaBumbau, aber auch fir pathophysiologische GefaBum-
bauprozesse in vaskularen Erkrankungen. Vaskulare Erkrankungen, insbesondere
Atherosklerose und deren klinische Manifestationen wie Myokardinfarkte und Schla-
ganfalle, sind gegenwartig die haufigste Todesursache weltweit.

Basierend auf den unterschiedlichen metabolischen Anforderungen von proliferieren-
den gegeniber ruhenden Zellen, wurde die Hypothese aufgestellt, dass sich der
Metabolismus von VSMCs der phanotypischen Umstellung anpasst. Das Ziel dieser
Arbeit war deshalb die metabolischen Veranderungen in VSMCs wéahrend des phéno-
typischen Wandels zu untersuchen und mdégliche Regulatoren zu identifizieren.

Mit Hilfe zweier in vitro und eines in vivo Modells fiir VSMC-Dedifferenzierung, konnte
in dieser Arbeit gezeigt werden, dass VSMCs ihre Energiequelle von verstarkter mito-
chondrialer Atmung hin zu verstarkter Glykolyse and Laktatproduktion verschieben,
ein Prozess, der an den aus Krebszellen bekannten Warburg Effekt erinnert. Dedif-
ferenzierte VSMCs zeigten auBerdem eine reduzierte Expression von Genen der mi-
tochondrialen Atmung, eine geringere Anzahl an Mitochondrien und eine veranderte
mitochondriale Form, was auf eine starke Assoziation zwischen Mitochondrien und
der Plastizitat glatter Muskelzellen schlie3en lasst.

Das zweite Ziel dieser Arbeit war es zu untersuchen, ob eine Intervention in den
Metabolismus die Plastizitat glatter Muskelzellen und den pathologischen GefaBum-
bau beeinflussen wiirde. Zwei bekannte Stoffwechselregulatoren, Sirt6 und Sirt7,
wurden auf Grund ihrer Funktionen im Glukosestoffwechsel zum einen und im mito-
chondrialen Metabolismus zum anderen, ausgewahlt. Der Effekt glattmuskelspezifis-
cher Sirt6 und Sirt7 Knock-Outs wurde in in vitro und in in vivo Modellen untersucht,
wobei flr beide Sirtuine eine atheroprotektive Wirkung erwartet wurde.

Diese Annahme konnte flr Sirt7 bestatigt werden, da der glattmuskelspezifische
Knock-Out von Sirt7 zu einer gesteigerten Bildung von Neointima in einem Carotis-
Ligatur Mausmodell und zu gréBeren Plaques in einem ApoE™"~ Atherosklerose Maus-
modell fihrte. Der glattmuskelspezifische Sirt6 Knock-Out zeigte in dieser Studie

XIX



keine Effekte in den genannten Modellen. Entgegen den Erwartungen schienen
die Effekte des Sirt7 Knock-Outs nicht durch eine Regulation der Mitochondrien
vermittelt zu werden. Die hier gezeigte atheroprotektive Funktion, bestatigt Sirt7 als
vielversprechendes Zielmolekil in der Erforschung und Behandlung von vaskularen

Erkrankungen.
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1 Introduction

1.1 The vascular system

All tissues in the mammalian body are dependent on an effective transport of gases,
liquids, nutrients and signaling molecules. Their transport throughout the body is
accomplished by an extensive, highly branched and connected tubular network, the
vascular system [1]. The vascular system is comprised of two branching networks,
the blood vasculature and the lymphatic vasculature, which are responsible for main-
taining homeostasis in the organism, stabilising body temperature and for innate
and adaptive immunity [2, 3]. The lymphatic vasculature consists of blind-ending
lymphatic vessels that transport the lymph, a protein-rich fluid, and immune cells from
distal tissues into the venous branch of the blood circulation via the thoracic duct [1,
3].

In contrast to the lymphatic system, the blood vasculature is a closed network which
is built up from arteries, capillaries and veins. Arteries carry blood away from the
heart towards smaller arteries, called arterioles, and further into the capillaries. Pul-
monary arteries transport blood with low oxygen content from the right ventricle to
the lungs while systemic arteries transport oxygenated blood from the left ventricle to
the body tissues. Capillaries surround body cells and tissues to deliver and absorb
oxygen, carbon dioxide, nutrients and other substances while veins return blood back
towards the heart. The inner linings of all these blood vessels are formed by vascular
endothelial cells. Pericytes and vascular smooth muscle cells (VSMCs), summarised
as mural or perivascular cells, wrap around the vessel walls to provide mechanical
strength and vasomotor control of the circulation. Pericytes are contractile cells that
cover the endothelium of capillaries and are important for maintaining endothelial
homeostasis [4—6]. Vascular smooth muscle cells, together with connective elastic
tissue, wrap around the larger vessels, namely arteries and veins, and give them the

necessary flexibility for constriction and relaxation [7].
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A Large vessels

Fibrous  External h Internal
connective elastic elastic Endothelium
tissue tissue

Pericyte

Smooth
muscle cell

‘ Pericyte
Endothelial Smooth
cell muscle cell Capillaries

Figure 1 Types of blood vessels

Blood vessels show distinct wall compositions depending on their size. A Larger vessels
are comprised of multiple layers, including cellular layers and layers consisting of extracel-
lular materials. Arterial vessel walls are strong and elastic for withstanding and upkeeping
blood pressure whereas veins have interior valves for preventing backflow of blood. B Cap-
illaries, small vessels, are just comprised of the endothelium which is loosely covered by
pericytes. Figure modified from [8].

The walls of larger vessels are comprised of three layers. The innermost layer, the
tunica intima (also called tunica interna), consists of a monolayer of endothelial cells
surrounded by a fine network of connective tissue and elastic fibers. The middle
layer, the tunica media, is comprised of vascular smooth muscle cells which are
oriented circular around the vascular lumen and form numerous layers. The tunica
media provides support for the vessel and is able to adapt the vessel diameter to
regulate blood flow and blood pressure. It is located between the tunica intima and
tunica adventitia and is separated from these layers by the lamina elastica interna
and the lamina elastica externa, respectively. The outermost layer, which attaches
the vessel to the surrounding tissue, is the tunica externa or tunica adventitia. This
layer is comprised of connective tissue which contains varying amounts of elastic and
collagenous fibers, fibroblasts, nerves and, in bigger vessels, also small blood vessels
supplying the vascular wall, called vasa vasorum. In addition, the tunica adventitia
anchors blood vessels to the adjacent tissues.



Tunica media

Tunica externa Tunica intima

Smooth muscle Endothelium

External elastic
membrane Internal elastic

membrane

Figure 2 The structure of the arterial wall

Large arterial walls are divided into three layers, the tunica intima, tunica media and tunica
externa (also tunica adventitia). The tunica intima consists of a monolayer of endothe-

lial cells surrounded by a fine network of connective tissue and an internal elastic layer.
Smooth muscle cells which are oriented circular around the vascular lumen in numerous
layers form the tunica media while the tunica adventitia is comprised of connective tissue
which contains varying amounts of elastic and collagenous fibers. Figure taken from [9].

The two most important cell types found in the vessel wall are endothelial cells and
vascular smooth muscle cells (VSMCs). In the tunica intima, endothelial cells form
a permeable barrier between vessels and tissue and control the exchange of cells,
molecules and fluids between the bloodstream and the surrounding tissues. Among
other processes, the endothelium is essential for the formation of new blood vessels,
inflammatory processes and wound healing, forms the blood brain barrier and is
involved in cardiovascular and other diseases. VSMCs form the tunica media and
are critical to maintain structural integrity of the vessel. They regulate the vessel
diameter by contracting and relaxing dynamically in response to vasoactive stimuli
and participate in arterial wall remodeling. In contrast to skeletal muscle cells, they
are not terminally differentiated but highly plastic (see 1.3.1).

Both endothelial cells and VSMCs, interact and communicate with each other as well
as with the surrounding tissues through an extensive network of signaling pathways,
small molecules, physical forces and other stimuli. Through this crosstalk as well
as other factors, the vascular network is highly adaptive. Blood vessels can grow
towards tissues in the body that are underoxygenated and can remodel according
to changes in their surroundings. New blood vessel formation occurs through two
distinct mechanisms, vasculogenesis and angiogenesis. Vasculogenesis describes
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the formation and self-assembly of endothelial cells during embryonic development,
whereas the growth and reorganisation of existing vessels during tissue repair, de-
velopment and cancer is called angiogenesis [10, 11]. The initial formation of blood
vessels is not terminal however, as developmental as well as other signaling pathways
can initiate remodeling of artery walls during physiological and pathological adaptation
to vessel wall injury, inflammation or chronic hypoxia. Moreover, vascular remodeling
plays an important part in the pathophysiology of cardiovascular diseases, such
as hypertension, restenosis, the development of aneurysms and, most prominently,
atherosclerosis.

1.2 Vascular diseases
1.2.1 Overview

Cardiovascular diseases (CVDs) are pathological conditions affecting the heart and
the blood vessels. Diseases specifically affecting the blood vessels are often sum-
marised as vascular diseases. Among the most common vascular diseases are
stroke, coronary artery disease (CAD), abdominal aortic aneurysm (AAA), restenosis
and peripheral artery disease (PAD). Vascular diseases can affect all types of blood
vessels manifesting in diseases like arteriovenous malformation (AVM), critical limb-
threatening ischemia (CLTI), pulmonary embolism (blood clots), deep vein thrombosis
(DVT) and chronic venous insufficiency (CVI). Cardiovascular diseases are the lead-
ing cause of death worldwide [12].

The underlying disease of major cardiovascular events, such as myocardial infarction,
acute coronary syndrome (ACS) and stroke, is a chronic progressive inflammatory
disease, atherosclerosis (see 1.2.2). Atherosclerosis can lead to the narrowing or
blockage of vessels by plaques. Rupture of these plagues can then cause the men-
tioned cardiovascular events. For treatment, the artery can be cleared by angioplasty.
For this, a catheter is guided through the aorta and into the coronary arteries of the
heart where blocked arteries can be opened with a balloon positioned at the tip of the
catheter. Angioplasty is often combined with the placement of a stent, a small wire
mesh tube that serves as a scaffold that keeps the artery open [13]. The recurrence
of a vessel blockage is called restenosis. One of the main underlying mechanisms
of restenosis is increased and pathological proliferation of VSMCs. Therefore, most
stents are now coated with drugs aiming for the inhibition of VSMC proliferation to
keep the artery open after intervention [14].



Aortic aneurysms can occur in the ascending aorta (TAA) or abdominal aorta (AAA)
and are defined as a progressive loss of the arterial wall’s ability to withstand the
wall tension generated by high intraluminal pressure. This results in a local dilation
of the arterial wall which can lead to intramural or complete rupture. A common
mechanism in the pathogenesis of aortic aneurysms is the degradation of extracellular
matrix (ECM) by proteolytic enzymes. Usually, the insoluble fibrillary ECM which is
synthesised by VSMCs should withstand the wall tension and ensure the integrity of
the vessel [15].

1.2.2 Atherosclerosis

Atherosclerosis is a progressive, inflammatory disease of the large arteries and
the primary cause of heart disease, like myocardial infarction and acute coronary
syndrome (ACS), and stroke. It is characterised by the accumulation of lipids and
fibrous material initiating a chronic inflammation of the vessel wall and the build-up of
so-called plaques which may become unstable, rupture and thus cause thrombotic

events which trigger cardiovascular events.

There are numerous risk factors for developing atherosclerosis which can be roughly
divided into factors with a strong genetic component and environmental risk fac-
tors. Elevated levels of low density lipoprotein (LDL) or very low density lipoprotein
(VLDL) are often due to genetic disposition and are among the highest risk factors for
atherosclerosis. Similarly, reduced levels of high density lipoprotein (HDL) have been
associated with the atherosclerosis development. High blood pressure and systemic
inflammatory diseases as well as diabetes are also among risk factors. Not only ge-
netic risk factors but also environmental factors can contribute to the development of
atherosclerosis. Especially the lifestyle in highly developed westernised countries that
often includes high-fat diets, smoking and little exercise gives rise to the development
and progression of atherosclerosis [16].

Atherosclerotic lesions usually form at locations with a weakened endothelial barrier.
One of the major physical forces acting on the endothelium is fluid shear stress. The
endothelial cells in the vessel wall will alter their morphology according to the blood
flow. Where the flow is laminar and uniform they will align in the direction of the
flow whereas in areas with disturbed blood flow like in curvatures or areas of arterial
branching, they will have no discrete orientation. Sites with disturbed blood flow are
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preferential sites for atherosclerotic lesion formation, so-called predilection sites [17].
At predilection sites, low density lipoprotein (LDL) can diffuse passively through en-
dothelial tight junctions and accumulate in the subendothelial matrix. Atherosclerosis
may then develop from there. The LDL in the vessel wall will then get modified through
oxidation, lipolysis, proteolysis and aggregation. The most significant LDL modifica-
tion for the formation of early atherosclerotic lesions is lipid oxidation. Macrophages
take up the oxidised LDL and turn into foam cells which will drive inflammation in the
vessel wall. In contrast to LDL, of which high levels in the circulation will increase the
risk for lipid accumulation in the subendothelium, HDL is strongly protective against
atherosclerosis. HDL promotes the removal of excess cholesterol from peripheral
tissues and inhibits lipoprotein oxidation, thereby reducing the inflammatory process
[16]. When LDL is highly oxidised it can be taken up by macrophages to form foam
cells. The oxidation is believed to stem from reactive oxygen species released by
endothelial cells as well as the modification through several enzymes. The uptake of
the highly oxidised LDL is mediated by a group of scavenger receptors.

In addition to the formation of foam cells, accumulation of oxidised LDL stimulates the
endothelial cells to produce pro-inflammatory molecules such as adhesion molecules
and growth factors like macrophage colony-stimulating factor (M-CSF). Through the
adhesion molecules, monocytes can bind to the endothelium, first rolling along the
surface and then adhering to selectins or intercellular adhesion molecule (ICAM).
Further adhesion molecules, like integrins and vascular cell adhesion molecule 1
(VCAM-1), bind lymphocytes, enabling them to enter the subendothelial space (Figure
3). Other molecules such as monocyte chemotactic protein (MCP-1) and its receptor
CCR2 also play a role in this process. M-CSF, released from endothelial cells, is a
cytokine that stimulates the differentiation and proliferation of macrophages as well as
the expression of some scavenger receptors. The formation of foam cells as well as
the recruitment of monocytes and lymphocytes drive the inflammation in the vessel
wall which is characteristic for the early stages of the atherosclerotic lesion.

During the development towards more advanced lesions, smooth muscle cells also
start to play a role in the pathogenesis. Different stimuli initiate proliferation and mi-
gration of VSMCs from the tunica media into the atherosclerotic lesion, now forming
an atherosclerotic plaque. There VSMCs produce large amounts of extracellular
matrix. The accumulation of VSMCs and the VSMC-derived extracellular matrix come
together to form a fibrous cap covering the inflamed lesion (Figure 3C). Historically,
VSMCs in atherosclerotic lesions were perceived as plaque-stabilising and athero-



protective whereas macrophages are viewed as being destabilising. This perception,
however, has had to be reassessed during the last years (see 1.3.2). It could be
shown that VSMCs as well as macrophages can undergo an extensive phenotypic
modification over the course of the disease which renders the definitive identification
of these cells and their classification as one or the other extremely difficult. The role
of phenotypic plasticity of VSMCs in this setting is further described in 1.3.3.

The major clinical consequences of atherosclerosis, such as myocardial infarction
or stroke are not caused by the narrowing of the vessel but by thrombotic events.
The occurrence of thrombi is initiated by the acute rupture or erosion of unstable
plagues. Vulnerable or instable plagues usually have a thin or fragmented fibrous cap
comprised of cells presumed to be derived from VSMCs, large numbers of inflam-
matory cells and cells presumed to be macrophages as well as a large necrotic core
containing foam cells and lipids (Figure 3D) [18]. Factors fostering inflammation may
influence thrombosis, as plaque rupture often occurs at the lesion edges where foam
cells tend to accumulate. Tissue factor, a protein from the initiation of the coagulation
cascade, is produced by endothelial cells and macrophages and is a major factor in
the thrombogenicity of the lesion core.

Processes like calcification and neovascularisation which take place during formation
of advanced lesions also influence plaque stability. Calcification of the intima is
driven by pericyte-like cells that secrete a matrix scaffold that subsequently becomes
calcified, similar to bone formation. Neovascularisation describes the growth of small
vessels from the media which might provide a further entry point for inflammatory
cells.
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Figure 3 Development and progression of atherosclerosis

Shown are processes and cell changes during atherosclerosis progression in human arter-
ies.

A The healthy artery is comprised of three layers, the tunica intima, tunica media and tu-
nica adventitia. The tunica intima contains the endothelium surrounded by connective tis-
sue and an internal elastic layer. The human intima also contains resident smooth muscle
cells. The tunica media contains SMCs embedded in extracellular matrix. The outer layer
of human arteries, the tunica adventitia, is comprised of connective tissue which contains
elastic and collagenous fibers, nerve endings and micro vessels. B Atherosclerotic lesions
usually form at locations with a weakened endothelial barrier. Blood leukocytes adhere to
the activated endothelial monolayer and can migrate into the intima. Low density lipoprotein
(LDL) diffuses passively through endothelial tight junctions and accumulates in the suben-
dothelial matrix where it is oxidised. The recruited monocytes mature into macrophages
which take up the oxidised LDL and turn into foam cells which will drive inflammation in
the vessel wall. C During lesion progression SMCs in the media as well as resident intimal
SMCs start proliferating and medial SMCs migrate from the media into the intima. SMCs
undergo phenotypic modulation and synthesise and excrete large amounts of extracellular
matrix components. SMCs as well as plague macrophages can die in advancing lesions,
some by apoptosis. If extracellular lipid accumulates in the central region of a plaque, the
so-called lipid or necrotic core is formed. Advancing plaques also contain cholesterol crys-
tals and micro vessels. D If the fibrous cap, formed by SMCs, fractures, blood coagulation
and tissue factors from the plaque’s interior form a thrombus which can extend into the
vessel lumen where it can impede blood flow. If the thrombus breaks free from the plaque
and enters the blood circulation, this can lead to heart attacks and strokes, the ultimate
complications of atherosclerosis. Figure modified from [19].



1.2.3 Treatment of Atherosclerosis

One of the first aims during atherosclerosis therapy is the reduction of atherogenic risk
factors through adaption of lifestyle. Dietary changes, physical activity and abstaining
from smoking can largely benefit patients as well as improve their overall health [20,
21].

When the modification of environmental factors is not sufficient to prevent the disease,
control of lipoprotein levels is essential. Hypercholesterolemia is one of the main
triggers of atherosclerosis and lowering of LDL cholesterol levels remains, to date, the
standard medical prevention and treatment of atherosclerotic disease [21]. Pharma-
cological reduction of LDL cholesterol levels is achieved by statins. Statins inhibit the
endogenous cholesterol synthesis in the liver which leads to a reduction in intracellu-
lar cholesterol concentration. This triggers an increased surface expression of low
density lipoprotein receptor (LDLR) on the cells, which results in increased uptake of
LDL cholesterol from the blood stream. This lowers the plasma concentration of LDL
cholesterol and other apoB-containing lipoproteins, including triglyceride (TG)-rich
particles in the circulation [22]. The lowering of atherogenic lipoproteins by statins
and the reduction of blood pressure through anti-hypertensive agents, dramatically
decreased clinical events and mortality from atherosclerosis.

However, while conventional atherosclerosis treatment with statins and the control of
blood pressure reduces the risk of cardiovascular events, heart disease and stroke
are still the most common cause of death in westernised societies [21]. Therefore,
new therapies are still needed and have been investigated over the course of the
past decade. Among them are anti-inflammatory or inflammation-resolving thera-
pies, agents that block the disease at the level of the vessel wall or raising of the
anti-atherogenic HDL.

1.2.4 Mouse models of Atherosclerosis

The most widely used mouse models for atherosclerosis are apolipoprotein E knock-
out (ApoE™) mice and low density lipoprotein receptor deficient mice (Ldir’), both
of which develop hypercholesterolemia. Apolipoprotein E is synthesised by the
liver and several peripheral tissues and cell types, including macrophages. It has
various functions, like efficient hepatic uptake of lipoproteins, stimulation of cholesterol
efflux from macrophage foam cells in the atherosclerotic lesion, and the regulation
of immune and inflammatory responses [23]. ApoE deficient mice display poor
lipoprotein clearance which leads to accumulation of cholesterol particles in the blood,
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promoting the development of atherosclerotic plaques. Both ApoE deficient and
LDLR deficient mice are frequently used to study the initiation, pathophysiology and
progression of atherosclerosis [24].

1.3 Vascular smooth muscle cells

Vascular smooth muscle cells are highly specialised cells in the vasculature of adult
humans and animals. Their main function is contraction which enables the regulation
of blood vessel tone and diameter, both determining blood pressure and blood flow
distribution. In the adult vessel VSMCs characteristically display very low proliferation
and a very low synthetic activity. They also express a set of contractile proteins and
signaling molecules distinguishable from other cell types. Another major difference
to skeletal and cardiac muscle lies in the VSMCs’ ability to undergo profound but
reversible phenotypic changes in response to environmental cues, a characteristic
that is called VSMC plasticity [25-27].

The quiescent, non-proliferative, contractile phenotype is characterised by an abun-
dance of contractile fibres containing VSMC specific contractile proteins such as
a-actin and the SM-1 and SM-2 myosin heavy chain isoforms as well as other pro-
teins of the contractile apparatus. Although they share these characteristics, quiescent
VSMCs are still highly heterogenous. The vessel wall contains contractile cells, syn-
thetic cells specialised on extracellular matrix production and progenitor cells which
are the source of VSMCs accumulating in the intima during vascular remodeling,
such as neointimal hyperplasia and arteriosclerosis [28—30]. Upon different stimuli
during vascular remodeling as well as during the onset and development of vascular
diseases, VSMCs undergo phenotypic modulation, often referred to as phenotypic
switching, towards synthetic and proliferative phenotypes which are often summarised
as dedifferentiated phenotype.

During different stages of differentiation, VSMCs express a variety of differentiation
markers. These markers can be divided into early, mid-term and late according to
their appearance during embryonic development [27]. Most prominent early markers
are smooth muscle (SM) a-actin, myocardin and SM22-« [31-33]. SM «a-actin is
the earliest known VSMC differentiation marker and is frequently used as a VSMC
identifying marker. However, the expression of SM a-actin can be misleading as
it is not exclusive to VSMCs but can also be expressed by other cell types [34].
Together with other proteins like calponin, SM «-actin is located in thin filaments
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in VSMCs and contributes to the cell’s cytoskeleton and contractility. Another early
smooth muscle differentiation marker is SM22-« which is an actin-binding protein that
is also contributing to the organisation of the actin cytoskeleton and enhances the
contractility and mobility of VSMCs [35].

Arguably the most important of the early differentiation markers is myocardin. My-
ocardin is a transcriptional coactivator of serum response factor (SRF) and a master
regulator of smooth muscle marker gene expression. Most smooth muscle marker
genes contain essential binding sites for SRF. However, binding of SRF alone is not
sufficient for expression of VSMC specific genes. Here, myocardin is needed as a
transcriptional coactivator of SRF. Together the myocardin-SRF complex induces,
among others, expression of SM «a-actin, SM22-«, calponin and smooth muscle
myosin heavy chain (SM-MHC). As myocardin is essential for VSMC differentiation,
mice lacking it will die during embryogenesis from a lack of differentiated VSMCs. A
reduction of myocardin, for example through proteasomal degradation, will promote
phenotypic transition of VSMCs toward the synthetic and proliferative phenotype
[36-38].

Early to mid-term differentiation markers include caldesmon and SM-calponin, both
cytoskeletal proteins. Caldesmon occurs in two isoforms, high molecular weight
caldesmon (h-caldesmon) and low molecular weight caldesmon (I-caldesmon). While
h-caldesmon is found in adult and fully differentiated smooth muscle cells, I-caldesmon
is present in non-muscle cells and in dedifferentiated VSMCs. Smooth muscle
caldesmon interacts with actin, tropomyosin, myosin and calmodulin and plays a role
in Ca?*-dependent inhibition of smooth muscle contraction [39, 40].

Calponin is a regulatory protein associated with actin filaments. It occurs in three
isoforms, all of which are expressed in smooth muscle cells but also in other cell
types. Calponin 1-3 inhibit actin-activated myosin ATPase and stabilise the actin
cytoskeleton. They are also involved in smooth muscle contractility and in processes
in the cytoskeleton during embryogenesis, myogenesis and neuronal plasticity. In
addition, they have tumor suppressing effects (calponin 1 and 2) and can serve as
tumor markers in the serum of patients (calponin 2) [41-43].

Finally, late markers of VSMC differentiation include desmin, meta-vinculin, SM-1 and
SM-2 isoforms of myosin heavy chain and smoothelin [31, 34, 44]. Desmin is a muscle
specific protein and, together with vimentin, forms intermediate filaments in VSMCs.
It is considered to be more prominent towards a more advanced differentiation status.
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Meta-vinculin is a high-molecular form of vinculin, both of which are membrane-
cytoskeletal proteins co-localised in focal adhesion plaques. There they are involved
in the linkage of integrin adhesion receptors to the actin cytoskeleton. Meta-vinculin
is considered to be a marker for well differentiated VSMCs and expression levels drop
upon phenotypic modulation towards the dedifferentiated, synthetic, proliferative phe-
notype. This has been shown in human coronary arteries affected by arteriosclerosis
or during cultivation of VSMCs [45, 46].

The most widely recognised marker for VSMC differentiation is smooth muscle myosin
heavy chain (SM-MHC). It is located in thick filaments and occurs in two isoforms,
SM-1 and SM-2 MHC whose expression is highly variable in VSMCs [31]. In addition
to SM-1 and SM-2 myosin heavy chain, VSMCs express the non-muscle (NM) isoform
of MHC which can also be found in other cell types like fibroblasts and macrophages
[47]. During phenotypic modulation towards the dedifferentiated phenotype, e.g.
during vascular disease, vascular surgery and cultivation of VSMCs, the expression
of both SM isoforms decreases profoundly [31, 47, 48].

The last differentiation marker discussed here is smoothelin. Smoothelin (SMTN)
is a cytoskeletal protein and occurs as SMTN-A, SMTN-B and SMTN-like protein
(SMTNL1). All isoforms can be found in VSMCs where they are associated with
the contractile apparatus, help maintain the contractile phenotype and contribute to
vascular adaptions in physiological and pathophysiological processes [49, 50].

1.3.1 VSMC phenotypic plasticity in vascular remodeling and disease

Cells expressing high levels of the differentiation markers listed above are generally
described as displaying a differentiated and mature phenotype. However, in contrast
to other cell types, VSMCs are not terminally differentiated but retain profound plastic-
ity. Upon environmental cues and extracellular signals VSMCs undergo phenotypic
modulation, transitioning from the contractile, differentiated to a synthetic phenotype.
This process is also often called phenotypic switching. Phenotypic modulation is
characterised by a loss of contractile filaments, decreased expression of VSMC
differentiation marker genes and is generally associated with increased smooth mus-
cle cell proliferation and migration. It is referred to as the synthetic phenotype as
these cells then typically express large amounts of extracellular matrix [18, 25, 27, 51].

Phenotypically modified VSMCs play a major role in vascular remodeling and in

various vascular diseases. Pathological processes involving VSMCs in vascular
diseases are intimal thickening, formation of atherosclerotic plaques, thickening
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of the blood vessel wall during hypertension, stenosis or full obliteration of the
vascular lumen and restenosis after intervention [18, 52, 53]. Phenotypic modulation
also occurs when VSMCs are cultivated in vitro, particularly under conventional
static conditions and in standard serum-supplemented media [27, 31, 54]. During
phenotypic switching, the markers of VSMC differentiation are gradually lost [55, 56].
The first markers to disappear are the late markers of differentiation that were defined
earlier. Upon an injury of the vessel wall for example, as occurring in atherosclerosis
or restenosis, smoothelin-B is the first marker to disappear [7].

1.3.2 The role of VSMCs in atherosclerosis

The loss of VSMC marker genes during phenotypic modulation has made the inves-
tigation of VSMCs in vascular diseases difficult as they are increasingly harder to
identify once the dedifferentiation process has started. This is also true for the inves-
tigation of the pathology of atherosclerosis and the role of VSMCs therein. VSMC
phenotypic plasticity in atherosclerosis has been studied extensively but is still not
completely understood [57]. One of the major obstacles in the investigation of the role
of VSMC in atherosclerosis is the loss of VSMC marker genes on the one hand and
the ability of phenotypically modulated VSMCs to express marker genes of other cell
types like macrophages, on the other. In the past decade, this phenotypic transitioning
during atherogenesis has been shifted into the focus of atherosclerosis research
again through smooth muscle cell specific lineage tracing studies. In these studies,
VSMCs are permanently labelled and stay identifiable by expression of a reporter
gene like fluorescent proteins or 3-galactosidase. All progeny of thus labelled VSMCs
will continue to express the reporter gene and can therefore be traced, even if the
cells loose expression of typical VSMC marker genes. Taking the results of these
studies into account, former assumptions about the composition of atherosclerotic
lesions must be re-evaluated. It seems that a major fraction of cells in atherosclerotic
plaques have previously not been recognized as VSMC-derived cells or have been
identified as another cell type.

Fate of VSMCs in the atherosclerotic lesion Utilizing lineage tracing models, it
was shown, for instance, that over 80% of VSMC-derived cells within advanced
plaques of ApoE”" mice expressed genes like CD68, Lgals3/Mac2 and CD11b, which
are commonly thought of as macrophage markers [58-60]. Similarly, in humans it
could be shown that almost 20% of CD68 positive cells in advanced coronary plaques
were actually of smooth muscle cell and not of myeloid origin. These results further
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supported the widespread theory of VSMC-to-macrophage transdifferentiation during
atherogenesis. However, the precise fate of VSMCs in the atherosclerotic lesion and
the nature of their phenotypic states, are still controversial.

With a combined lineage tracing and scRNA-seq experiment, Alencar et al. recently
identified several clusters of VSMCs in late-stage atherosclerotic lesions [61]. These
included clusters characterised by inflammatory markers, stem-like markers, pro-
duction of ECM and osteogenic markers, demonstrating the immense phenotypic
diversity and complexity of VSMC dedifferentiation and transition during atherosclero-
sis. Furthermore, they identified a transitional VSMC population exhibiting Galectin 3
(Lgals3) expression. They called these cells pioneer cells. Despite their expression of
Lgals3 which is typically thought of as a macrophage marker however, Alencar et al.
postulated that these cells did not acquire a macrophage cellular state. They rather
generated inflammatory, extracellular matrix and osteogenic cell states. Alencar et
al. therefore proposed, that contractile VSMCs dedifferentiate towards transitional
pioneer cells which go on towards non-macrophage cellular states which could also
give rise to osteogenic cell states, usually seen as being plaque destabilising [61].
In line with these results Pan et al. identified a similar transitional cell state in
atherosclerotic lesions which displayed expression of markers for stem cells, endothe-
lial cells and monocyte/macrophages. Derived from these characteristics the cells
were called SEM cells. Like pioneer cells they showed Lgals3 expression and were
multipotent [62].

While the results from Pan et al.’s study as well as earlier findings suggest the transition
of VSMC to macrophage like cell states, studies from Alencar et al. and Wirka et al.
showed little evidence for the presence of VSMC-derived macrophage like cells in
atherosclerotic lesions [61, 63]. Therefore, the theory of VSMC transdifferentiation to
macrophages in the atherosclerotic lesion is still controversial and requires further
research.

Fate of macrophages in the atherosclerotic lesion This is further complicated by
the fact that until the usage of lineage tracing, cells that were not VSMC-derived were
still identified as such due to their expression of SMC marker genes. It was shown
that myeloid derived cells in lesions of ApoE knock-out mice were able to express
early markers of SMCs, like SM-actin (Acta2) and SM22-« but not late stage markers
such as MHC (Myh11) [64]. This is supported by studies of human coronary artery
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lesions where myeloid cells did not acquire the SMC-specific MYH11 H3K4dime
epigenetic signature [58]. There are also cells in atherosclerotic lesions that express
both, markers perceived as VSMC-specific and markers perceived as specific for
macrophages. For example, in a study by Allahverdian et al., 40% of foam cells within
advanced human coronary artery lesions expressed both Acta2 and CD68 [65].
Taken together, these relatively new findings indicate that previous conceptions about
the function of VSMCs and macrophages in atherosclerotic lesions may have been
incorrect and need re-evaluation.

Origin of VSMCs in the vessel wall Lineage tracing has also enabled more precise
investigation of where VSMC-like cells in the atherosclerotic lesion originate. It has
been shown that even mature MYH11 expressing VSMCs from the vessel media are
not terminally differentiated but can perform phenotypic transitioning in culture, after
vascular injury and in atherosclerosis [58—-60, 66]. The question remains, however,
whether there is a number of VSMCs in the media predetermined to progress to the
transitional cell state in the growing intima or if the selection is random. Although all
contractile VSMCs seem to have the ability of phenotypic transition, studies indicate
that not all cells from the media switch but that VSMCs in the plaque originate
from specific progenitor cells in the vessel wall [67]. This concept is not new as
healthy vessel walls show areas with monoclonal VSMCs formed by the expansion
of progenitor cells during vascular development. Recent studies also support the
theory of some VSMCs being predetermined for fate switching towards VSMC derived
transitional cells in vascular disease [57, 68, 69]. Findings of monoclonality of
VSMCs within clusters in atherosclerotic plaques further supports the theory of a
subpopulation of MYH11 positive progenitor cells in the vessel media [18]. Whether
transitional pioneer cells in the atherosclerotic lesion then continue to expand clonally,
however, has not been fully elucidated yet.

VSMC proliferation, migration, apoptosis and senescence in atherosclerosis
The role of VSMCs and the processes that they undergo in the atherosclerotic plaque
are highly diverse and have recently been revisited due to the availability of new
tools like lineage tracing. Generally, VSMCs are often associated with the stability of
atherosclerotic plaques which depends on the thickness and integrity of the fibrous
cap and the degree of cap inflammation. The population of VSMCs within the plaque
is formed through a balance of cell proliferation and migration versus cell death and
cell senescence. Cell death which is accompanied by the breakdown of collagen and
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other ECM components promotes thinning of the fibrous cap and the vulnerability of
the plague. A major change that switching VSMCs undergo is their proliferative activity.
In the healthy vessel VSMCs are barely proliferating and have a very slow turnover.
Upon vascular injury and during early atherosclerosis however, VSMC proliferation
increases drastically [70]. This effect ablates in advanced human atherosclerotic
plagues and also in aged vessels where VSMC proliferation drops again. Fittingly, the
expression pattern of cell cycle regulators in human plague VSMCs and in normal
human VSMCs undergoing replicative senescence are similar [18]. A decrease in
proliferation upon aging was not found in rodents however, as aged VSMCs showed
increased proliferation compared to younger animals [71-73]. As plaque stability is
dependent on VSMCs thickening the fibrous cap, it might be beneficial to enhance
VSMC proliferation in advanced lesions. Migration of VSMCs to the mature human
plaque on the other hand is not very well understood as it is difficult to investigate due
to the loss of marker genes and because human arteries also contain intimal VSMCs.
In rodents however, VSMCs in lesions must arise from the media as healthy vessels
do not contain intimal VSMCs.

Increased proliferation and migration of VSMCs into the plaque are opposed by cell
death, mainly apoptosis. Apoptotic rate is low during the early stages but increases
as the lesions develop [18, 74, 75]. Apoptosis occurs in the necrotic core and the
fibrous cap and affects primarily VSMCs and macrophages. Apoptosis of VSMCs in
atherosclerosis promotes plaque vulnerability as it can lead to a thinner fibrous cap,
an enlarged necrotic core and macrophage infiltration into the cap [76]. Usually VSMC
apoptosis, which also occurs in vascular aging and remodeling, is not associated with
high inflammation. In atherosclerosis however, apoptosis of VSMCs is accompanied
by and promotes inflammatory processes. This is in part due to inefficient clearance
of apoptotic VSMCs and the release of cytokines by VSMCs surrounding apoptotic
cells [18]. Phagocytosis is also delayed in hyperlipidemia and VSMCs that have
undergone phenotypic switching towards macrophage like cells display defective
phagocytosis [77].

As was touched on earlier, cell senescence also plays a role in the atherosclerotic
lesion. Senescent cells have irreversibly lost their ability to divide. In replicative
senescence, cells have exhausted their proliferative potential over time which is a
characteristic of aging. It is accompanied by an induction of DNA damage due to a
critical shortening of the telomers at chromosomal ends. Senescence can also be
triggered prematurely through external stimuli which is then called stress-induced
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senescence. It can be induced by oxidising agents and radiation and in contrast
to replicative senescence is not associated with telomere shortening. Shortened
telomers have been found in plague VSMCs and endothelial cells compared to the
normal vessel wall [78, 79]. An increase in the senescence associated marker,
[-galactosidase, was observed in aged vessels and atherosclerotic lesions [78].
Moreover, aged VSMCs show upregulation of chemokines, adhesion molecules and
innate immune receptors, promoting the inflammatory environment in the plaque [80].
Like other cell types, VSMCs will transition into a senescence-associated secretory
phenotype upon aging [18].

Taken together, VSMC proliferation, migration, apoptosis and senescence form a
complex cellular and extracellular environment which is embedded in the complex
structure of the atherosclerotic plague. While VSMC proliferation is no primary
driver of plaque formation and is possibly even beneficial for plaque stability, VSMC
apoptosis and senescence both promote atherogenesis and plaque vulnerability.
Therefore, it would be desirable for new therapies to directly target and manipulate
the different phenotypic transitions of VSMCs in atherosclerotic lesions to promote
beneficial changes of phenotypes and inhibit detrimental ones to overall reduce
plaque burden and increase plaque stability. For this however, the mechanisms of
VSMC phenotypic switching as well as environmental cues need to be found and
better understood.

1.3.3 Regulation of VSMC phenotypic transition in atherosclerosis

The mechanisms of VSMC phenotypic transition in atherosclerosis and other vascular
diseases have been and still are extensively investigated and various influencing
factors have been identified. One major regulator of VSMC marker gene expres-
sion and consequently VSMC phenotype is the myocardin-serum response factor
regulatory module. As described in 1.3, myocardin via SRF is a major regulator of
activating and repressing expression of most VSMC contractile genes. ApoE” mice
with a heterozygous knock-out of myocardin developed increased atherosclerosis with
heightened accumulation of macrophages or macrophage-like cells compared to the
homozygous control. Consequently, gain of myocardin function inhibited inflammatory
pathways and limited macrophage accumulation [37].

Tying into the myocardin-SRF axis, the transcription and stem cell factor Kruppel-like
factor 4 (KLF4) is an important regulator of phenotypic plasticity. It has been found to
be required in phenotypic transition of cultured VSMCs induced by different stimuli,
such as platelet-derived growth factor BB (PDGF-BB), oxidised phospholipids and
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interleukin-1/ [81-85]. Transcriptional repression of VSMC markers in cells treated
with these stimuli was dependent on the binding of KLF4 to a highly conserved G/C
repressor element found in the promotors of many SMC maker genes. KLF4 also
inhibits myocardin expression and therefore myocardin dependent gene activation of
VSMC markers. lts expression is increased within atherosclerotic lesions of ApoE™
mice as well as after vascular injury [18, 58, 86, 87]. VSMC specific knock-out of KLF4
reduced the number of VSMC derived macrophage-like cells, reduced plaque size
but increased fibrous cap area in atherosclerosis. This indicates that KLF4 regulates
the phenotypic transition towards macrophage-like cells [86, 88]. Additionally, in a
recent study, Alencar et al. found Kif4 to impact the transitioning of VSMCs to the
pioneer cell state they postulated in the respective study [61]. Moreover, in a ligation
injury model, loss of KLF4 delayed phenotypic switching, supporting the assumption
that KLF4 is required for the process [87].

Given the importance of the myocardin-SRF dependent activation or repression of
VSMC markers, the accessibility of chromatin for the myocardin-SRF complex is also
of importance for VSMC phenotypic modulation. Chromatin accessibility is regulated
by epigenetic modifications. Epigenetic modifications are heritable through mitosis
and often play a crucial role in cell differentiation and cell lineage determination. Dur-
ing VSMC differentiation, promoter regions of SMC marker genes acquire epigenetic
modifications including histone acetylations and histone 3 lysine 4 dimethylations
(H3K4dime). These modifications are believed to facilitate SRF/myocardin binding to
CArG-containing regions by inducing chromatin relaxation. The H3K4dime is specific
to smooth muscle cells and has been shown to persist even when VSMCs undergo
phenotypic switching in vitro and in vivo, making it one of the most reliable markers of
SMC origin detected so far [51, 59, 89].

Besides myocardin and KLF4, there are several other transcription factors that can
regulate VSMC phenotypic switching. The transcription factor Oct4, for example, has
been shown to regulate VSMC phenotypic transition and plays an important role in
the pathogenesis of atherosclerosis [61, 90].

In their study giving rise to the VSMC to SEM cell transition theory mentioned earlier
(see 1.3.2), Pan et al. identified cellular retinoic acid-binding protein 2 as a potential
master regulator of the VSMC to SEM cell transition. Retinoids had been shown
before to impact VSMC phenotype by inhibiting VSMC growth and migration [91]. In
the study by Pan et al. all-trans retinoic acid inhibited the VSMC to SEM transition
in vitro and in vivo. They also showed that all-trans retinoic acid reduced the intimal
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area in atherosclerotic lesions [62].

Another possible regulator of VSMC phenotypes was proposed by Wirka et al. They
showed that transcription factor 21 (Tcf21) reduced VSMC phenotypic modulation
and resulted in less fioromyocytes at the fibrous cap [57, 63].

Evidence has accumulated that VSMC phenotypic plasticity is also regulated by
non-coding RNAs, including microRNAs (miRNA). MiRNAs are small single-stranded
non-coding RNAs that bind to specific messenger RNAs (mRNAs), either repress-
ing their translation or promoting mRNA degradation, thereby repressing protein
expression. MiRNAs that promote the contractile VSMC phenotype are miR-1 and
miR-143/145. miR-1 expression is induced by myocardin and targets KLF4 which
in turn inhibits myocardin and induced VSMC transition towards the macrophage-
like phenotype [92]. miR-143/145 is driven by the myocardin coactivator SRF and,
similarly to miR-1, sustains VSMC differentiation. Without miR-143/145, VSMCs are
locked in the synthetic phenotype and decreased miR-143/145 expression was found
in atherosclerotic plaques. miR-143/145 can target KLF4, ETS Like-1 protein (Elk1)
and angiotensin-converting enzyme (Ace). In vitro cholesterol treatment induces
VSMC transition towards the macrophage-like phenotype which was mediated by miR-
143/145 [93-95]. In contrast, there are miRNAs that promote the synthetic phenotype.
miR-221 and miR-222 both induce VSMC proliferation and can trigger a transition
towards an osteogenic phenotype which is characterised by high calcification activity
[96, 97]. MiR-24 and miR-26a play a role in PDGF-BB driven dedifferentiation of
VSMCs. PDGF-BB has been shown to induce phenotypic switching in VSMCs in
vitro by suppressing SMC marker gene expression and promoting proliferation and
migration [98, 99]. It is not yet fully understood whether PDGF-BB is as potent a
regulator of VSMC differentiation in vivo as was shown in vitro [99].

During atherosclerosis, there are some more factors that can influence VSMC pheno-
typic plasticity. One factor thought to be driving VSMC transition to macrophage-like
cells might be the accumulation of lipids in the plaque. It was shown that cultured
VSMCs that were exposed to cholesterol suppressed expression of VSMC marker
genes and elevated expression of macrophage markers. Cholesterol treatment also
increased expression of proinflammatory genes and induced phagocytic activity. All
of these phenotypic adjustments were KLF4 dependent [58, 88, 100]. However,
these macrophage-like VSMCs still differ from classical macrophages in their gene
expression and display reduced ability of phagocytosis. Reduced phagocytosis is a
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characteristic of advanced atherosclerotic lesions and promotes the formation of a
necrotic core. Therefore, the reduced ability to clear lipids, dying cells and necrotic
debris of VSMCs transitioned to macrophage-like cells may worsen the clearance
and promote inflammation in the plaque [77].

In addition to the accumulation of lipids, the environment surrounding VSMCs can
also impact phenotypic plasticity. The interplay between VSMCs and the extracellular
matrix is complex. Usually, VSMCs synthesise and are embedded in an ECM which
is assumed to suppress phenotypic switching. However, breakdown of ECM, for
example by matrix metalloproteinases released by both, macrophages and VSMCs
themselves, promotes phenotypic modulation as well as proliferation and migration
of cells [18, 101, 102]. As with phenotypic modulation, ECM synthesis can be both
beneficial and detrimental. Fibronectin deposition at sites of early lesions, for instance,
promotes atherosclerosis but also enables the formation of the protective fibrous cap
[103].

Although the regulation of VSMC phenotypic modulation has been studied inten-
sively, many aspects remain that are still not understood. Several factors influencing
the dedifferentiated transitional VSMC have been identified but the regulation of
these factors themselves is largely unknown. It is also still unclear how the fate of
VSMCs in the atherosclerotic lesion is decided and which factors will lead to the
transition towards the respective phenotypes, like inflammatory, macrophage-like or
osteogenic phenotype. Therefore, the molecular signatures of VSMC derived cell
types in atherosclerotic lesions need to be further investigated. Finally, although
evidence suggests that VSMCs can transition towards a macrophage-like phenotype,
the question whether they can also acquire macrophage-like functions, still remains

unanswered.
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Figure 4 Phenotypic plasticity of vascular smooth muscle cells

Phenotypic plasticity of VSMCs is characterised by a transition from the so-called differ-
entiated, contractile, quiescent, non-migratory phenotype towards synthetic, inflammatory,
proliferative or migratory phenotypes, often summarised as dedifferentiated phenotype.
Phenotypic transition is induced and regulated by a variety of factors, including mechanical
forces, transcription factors, neuronal influences, growth factors and cytokines, modifica-
tions in the ECM, cell metabolism and epigenetics. The myocardin-SRF complex is the
main driver of VSMC marker gene expression. These marker genes are mainly contraction-
related genes. Tying into the myocardin-SRF axis, the transcription and stem cell factor
Kruppel-like factor 4 (KLF4) is an important regulator of phenotypic plasticity. It inhibits my-
ocardin expression and therefore myocardin-dependent gene activation of VSMC markers.
Figure taken from [104].
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1.4 Cell metabolism

Cell metabolism has increasingly moved into focus as a key regulator of cell function
and fate. It has been shown, for instance, that a cell’s metabolism can determine its
differentiation status and vice versa.

1.4.1 Overview

Cell metabolism is defined as the entirety of biochemical reactions involved in
biomolecular synthesis (anabolism), maintenance, and breakdown (catabolism). The
sum of these processes defines the energetic status of the cell. Involved are basic
cellular building blocks such as lipids, amino acids, carbohydrates and nucleotides,
and numerous enzymes and cofactors that participate in metabolic reactions. The up-
take of nutrients provides these cellular building blocks and thus influences metabolic
reactions in the cell.

Lipids, or fats, are a heterogenous group of molecules that provide energy for cell
functions and serve as building blocks for cellular structures such as membranes and
cell organelles. Lipids can be stored long-term and can be mobilised again during
times of nutritional or energetic deficiency. Important lipids taken up from food are
triglycerides and cholesterol, both of which are essential for organismal function but
can also play a major role in the onset of vascular diseases like atherosclerosis.

A common component of complex lipids are fatty acids which are both a source
and storage unit of energy in the cell. They play a major role in cellular signaling
and can thus influence cellular function. Fatty acids differ in chain length and the
number and position of double bonds. These structural variations result in functional
differences and different impacts upon cell and tissue responses and consequently
metabolism. Fatty acids are synthesised from acetyl coenzyme A (acetyl-CoA) and
nicotinamide adenine dinucleotide phosphate (NADPH), a process catalysed by fatty
acid synthase. Acetyl-CoA is generated during glycolysis, the breakdown of glucose
which also provides glycerol. Together, fatty acids and glycerol form triglycerides as
well as phospholipids. Phospholipids serve many functions within the cell and are the
major building block of cell membranes. Fatty acid $-oxidation, the process of fatty
acid breakdown into their acetyl-CoA subunits, takes place in the mitochondria where
the acetyl-CoA is shuttled into the citric acid cycle.
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Most of the energy needed by the body is provided by glucose. It can be taken
up by all tissues in the body and can be stored as glycogen primarily in liver and
muscle cells. When blood glucose levels drop, glycogen can be rapidly hydrolysed
back into glucose and provide energy when needed. During glycolysis, glucose is
converted into pyruvic acid (pyruvate) in a series of enzyme catalysed steps. The
energy released in this process is used to generate adenosine triphosphate (ATP) and
reduced nicotinamide adenine dinucleotide (NADH). In contrast to other metabolic
pathways, glycolysis does not require oxygen and is therefore the predominant energy
providing pathway in anaerobic organisms. When oxygen is limited, other organisms
also rely more on glycolysis for generation of energy.

A key step in cell metabolism is the conversion of pyruvate, the end product of glycol-
ysis, into acetyl-CoA by the enzyme pyruvate dehydrogenase. This step connects
glycolysis and the citric acid cycle and takes place in the mitochondrial matrix. Acetyl-
CoA is shuttled into the citric acid cycle where a series of redox reactions generate the
high-energy molecules NADH, dihydroflavine-adenine dinucleotide (FADH,) and ATP
as well as carbon dioxide and water as byproducts. Each glucose molecule renders
two pyruvates which fuel two run-throughs of the citric acid cycle and the generation
of two carbon dioxide molecules, three NADH, one FADH, and one ATP for each
turn. The citric acid cycle itself does not produce much ATP but generates NADH
and FADH, which are needed as electron carriers in the electron transport chain
during oxidative phosphorylation. Oxidative phosphorylation (OXPHOS) is the final
stage of cellular respiration and takes place across the inner mitochondrial membrane.
A linked set of protein complexes in the inner mitochondrial membrane forms an
electron transport chain. Electron transport along this chain creates potential energy
which is ultimately used to generate ATP.

As illustrated, the products of glycolysis are necessary for cellular respiration and are
shunted into the citric acid cycle and oxidative phosphorylation. However, glucose-6-
phosphate which is generated in the first step of glycolysis is also shuttled into the
pentose phosphate pathway. This cytosolic pathway generates NADPH, pentose
sugars and ribose 5-phosphate, which serve as precursor molecules for nucleotide
synthesis, necessary for DNA and RNA production.

This shows the intricate network of biochemical reactions that are summarised as
cell metabolism [105—-108].
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Figure 5 Metabolic pathways in the cell
Cells metabolise nutrients to generate energy and cellular building blocks. Figure modified
from [109].

1.4.2 Mitochondria

The mitochondrial network Mitochondria are cell organelles that fulfil several es-
sential functions in the cell. They are comprised of two compartments, the matrix
and the intermembrane space. These compartments are divided by two structurally
and functionally distinct membranes, the outer and the inner membrane. The inner
membrane is almost completely non-permeable as it effectively blocks even small
molecules and ions. It is highly folded and forms cristae which increases the mem-
brane’s surface area. The outer membrane is more permeable and most molecules
with a molecular weight less than 5 kDa can pass through it [110, 111].

Mitochondria form a dynamic interconnected network within the cell which is con-
stantly changing by fusion and fission processes. However, when looked at through
microscopes they often appear as single round or oblong shapes. This is due to
the thin sectioning needed for imaging techniques like electron microscopy, and the
limited two-dimensional view that most microscopes provide [110]. The dynamics of
fusion and fission processes are tightly regulated by GTPases. Dynamin-related pro-
tein 1 (DRP1) is responsible for mitochondrial fission while mitofusin 1 and 2 (MFN1,
MFN2) and optic atrophy 1 (OPA1) regulate fusion. The balance of fission and fusion
determines the shape of the mitochondrial network and can influence mitochondrial
function [112, 113]. It can mediate energy output, production of reactive oxygen
species (ROS) and mitochondrial quality control. During the cell cycle, mitochondrial
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shape is synchronised to accommodate the energy demands of a proliferating cell
[114, 115].

In addition to fusion and fission events, the mitochondrial network is shaped by the
turnover of mitochondria through mitochondrial biogenesis and mitophagy.

Mitochondrial biogenesis Mitochondria are comprised of a large number and va-
riety of proteins, most of which are encoded in the nucleus. Nuclear coded proteins
are synthesised on cytoplasmic ribosomes and imported post-translationally into the
mitochondrion. However, mitochondria contain multiple copies of their own circular
DNA, which encodes for two ribosomal RNAs (rRNAs), 22 transfer-RNAs (tRNAs)
and 13 protein subunits and is transcribed and translated within the mitochondrion.
Mitochondrial DNA (mtDNA) does not encode any transcription factors but is de-
pendent on nuclear transcription factors. Nuclear respiratory factor (NRF) 1 and 2
are nuclear transcription factors that control both mtDNA genes and nuclear genes
while mitochondrial transcription factors A and B (TFAM, TFBM) exclusively regulate
mtDNA genes. In addition to the transcription factors, transcription requires an RNA
polymerase (POLRMT) and a termination factor. Mitochondrial ribosomes are formed
by ribosomal RNA that is encoded by and transcribed from mitochondrial DNA and
ribosomal proteins that are encoded by the nucleus and imported from the cytoplasm
[110, 116, 117]. The expression of mtDNA is vital for the assembly and functioning of
the oxidative phosphorylation complexes as thirteen of their subunits are encoded
by the mitochondrial genome. Defects in mtDNA gene expression can lead to dis-
turbed assembly of these complexes and consequently to mitochondrial disease [118].

Mitochondrial biogenesis is regulated by multiple factors, including the transcription
factors NRF1 and NRF2. These were the first nuclear transcription factors found to
be involved in multiple mitochondrial functions. NRF1 regulates multiple target genes
encoding proteins of the respiratory complex, the mitochondrial import machinery and
the transcription of mtDNA (transcription factor A mitochondrial, TFAM, transcription
factor B1 mitochondrial, TFB1M, and transcription factor B2 mitochondrial TFB2M)
[116, 119]. NRF2 was identified as a transcriptional activator of the cytochrome ¢
oxidase subunit IV (COXIV) promotor and regulates the expression of mitochondrial
transcription factors (TFAM, TFB1M, TFB2M). Its mouse-ortholog is the GA-binding
protein (GABP), an ETS-domain (E26 transformation-specific) transcription factor
[120]. GABP is comprised of a tetrameric complex which includes two distinct pro-
teins, GABPa and GABP/. GABP« binds to DNA through its ETS domain and
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recruits GABPS to the DNA. GABP/1 is deacetylated by SIRT7 which triggers its
binding to GABP«a and enhances GABP transcriptional activity [121]. GABP« was
shown to regulate transcription of TFB1M, an RNA dimethyltransferase that regulates
mitochondrial protein translation [122]. Together the GABP complex regulates the
expression of a plethora of mitochondrial proteins and transcription factors and is
thus an essential regulator of mitochondrial biogenesis.

Other transcription factors involved in mitochondrial biogenesis include nuclear re-
ceptors like peroxisome proliferator-activated receptor alpha (PPAR«) and estrogen-
related receptors (ERRs) as well as nuclear transcriptions factors like YY1, MEF2
and c-myc [117, 123, 124].

Since an important function of mitochondria is to provide the cell with energy by gen-
erating ATP from nutrients, they are vulnerable to metabolic stress. The homeostasis
of mitochondria is thus tightly controlled through mechanisms like mitochondrial bio-
genesis and mitophagy, the degradation of mitochondria by autophagy. Adaptions
to cellular energetic and metabolic stress are controlled by transcription factors and
transcriptional coregulators, such as PPAR~y coactivator 1« (PGC-1a), other PGC-1
coactivators and sirtuins. PGC-1c;, for example, coactivates NFR1, which in turns ac-
tivates transcription of the transcription factor TFAM, a regulator of mtDNA synthesis
[117,125].

The sirtuin family also links cellular energetic and metabolic stress to transcriptional
coregulation (see 1.6). Several other mechanisms play important roles in mitochon-
drial biogenesis. Mitochondrial protein import, mtDNA replication, transcription and
translation have all been shown to be essential for biogenesis [116, 117].

Mitochondrial functions The main function of mitochondria is cellular respiration.
In an initial step, pyruvate and fatty acids are shuttled into mitochondria from the
cytoplasm via membrane bound permeases and are then converted to acetyl-CoA.
Pyruvate decarboxylation, the conversion of pyruvate to acetyl-CoA, is catalysed
by a complex of three enzymes, the pyruvate dehydrogenase complex. Fatty acids
are first converted to their CoA ester derivative in the cytosol. However, the mi-
tochondrial membranes are not permeable to medium- and long-chain acyl-CoAs
with hydrocarbon chains longer than 12 carbons. They are therefore translocated
through a carnitine-dependent process involving isoforms of the enzyme carnitine
palmitoyltransferase (CPT) on the mitochondrial outer and inner membranes. Once
inside the mitochondrion, fatty acids are broken down in a series of enzyme catalysed
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steps that are repeated until only acetyl-CoA remains. Acetyl-CoA is then oxidised in
the citric acid or tricarboxylic acid (TCA) cycle to yield carbon dioxide and reduced
electron carriers NADH and FADH2. During oxidative phosphorylation, electrons
from these carriers are then passed along a series of electron donors and acceptors
organised into four complexes (I-1V) [105, 108].

The initial step in the respiratory chain is the transfer of two electrons by oxidation
of NADH to NAD* and reduction of ubiquinone, a lipid-soluble quinone that is found
in the mitochondrion membrane [126]. Succinate dehydrogenase (complex Il) ox-
idizes succinate to fumarate and reduces ubiquinone and is therefore part of the
electron transport chain as well as the citric acid cycle. This reaction does not con-
tribute to the proton gradient across the mitochondrial membrane [127]. Outside the
complexes, electron transfer flavoprotein-ubiquinone oxidoreductase (ETF-Q oxidore-
ductase) is an important enzyme in the respiratory chain. It accepts electrons from
electron-transferring flavoprotein in the mitochondrial matrix and uses these electrons
to reduce ubiquinone. This metabolic pathway is important in F-oxidation of fatty
acids as it accepts electrons from acetyl-CoA dehydrogenases [128]. Cytochrome
c reductase (complex lll) catalyses the oxidation of ubiquinol and the reduction of
cytochrome ¢, a heme protein that is localized in the compartment between the
inner and outer mitochondrial membranes [129]. The final protein complex in the
electron transport chain is cytochrome ¢ oxidase (complex 1V). It oxidises cytochrome
¢ and transfers electrons to oxygen and hydrogen while pumping protons across the
membrane. Oxygen, the terminal electron acceptor in the chain, is reduced to water
which releases energy [130].

The electron transport through these four complexes is directly linked to the establish-
ment of a proton gradient by pumping of protons across the mitochondrial membrane
from matrix to intermembrane space. Subsequent dissipation of this gradient is
coupled to the formation of ATP. In the final step of oxidative phosphorylation, the
ATP-synthase (also called complex V) utilises the movement of protons back across
the inner membrane to synthesise ATP from ADP and phosphate [131]. The shuttling
of adenosine diphosphate (ADP) and phosphate into the mitochondria in exchange
for ATP is also powered by the proton-motive force. Three ATPs are produced and
released into the cytosol for each NADH that is oxidised through the electron transfer
chain [105, 110].
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In addition to ATP production, mitochondria also play essential roles in other metabolic
pathways. They have key functions in heme, steroid and iron-sulfur cluster biosynthe-
sis and are important for cellular calcium homeostasis. They are also an essential
part of apoptosis. Mitochondria protect cells from oxidative stress induced by reactive
oxygen species (ROS). ROS are normal by-products of mitochondrial metabolism and
energy generation. In the vascular system their production is increased by stimuli like
endothelin I, angiotensin Il, TNFa and mechanical stretch. To prevent cell damage by
ROS they are regulated by antioxidant mechanisms, which includes the manganese
superoxide dismutase (Mn-SOD) in the mitochondria as well as cytosolic and extracel-
lular SODs [132, 133]. Mitochondria have further been shown to influence signaling
pathways, affect gene expression and thus play roles in cell proliferation, cell aging
and determine cell differentiation [134].
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Figure 6 Mitochondrial functions

Shown are different mitochondrial functions and aspects of mitochondrial biogenesis. One
of the main functions of mitochondria is the production of ATP. Initially, glucose is bro-

ken down to pyruvate through glycolysis in the cytosol. Pyruvate as well as other small
molecules can pass through the outer mitochondrial membrane through voltage-dependent
anion channels (VDACs). AMP-dependent kinase (AMPK) is activated by low ATP/ADP
ratios and can regulate mitochondrial functions and output by targeting transcription fac-
tors and coactivators. ADP can be imported and ATP exported by the adenine nucleotide
translocase (ANT). Mitochondrial proteins are encoded by mitochondrial DNA (mtDNA) and
nuclear DNA. Translocases of the inner and outer mitochondrial membrane (TIM and TOM)
transport nuclear-encoded proteins into mitochondria. Mitochondria can take up calcium
into the mitochondrial matrix through the calcium uniporter (CaU) and thus play a role in
calcium signaling. Mitochondria also play a major role in apoptosis. Upon apoptotic signals
the mitochondrial outer membrane becomes compromised, a process called mitochondrial
outer membrane permeabilization (MOMP). The permeabilization of the membrane leads
to the release of cytochrome c (cyt ¢) and other pro-apoptotic proteins from the intermem-
brane space into the cytosol. There they induce apoptotic cell death. Figure modified from
[135].
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Figure 7 Oxidative phosphorylation
Shown are the components necessary for oxidative phosphorylation and details on the
respiratory chain complexes. Figure modified from [135].

1.5 Metabolic regulation of cell functions

There is evidence for numerous cases in which metabolism can influence cellular
function and vice versa. The cellular metabolism is highly adaptable and reacts to
changes in the cell environment as well as to the availability of nutrients and metabo-
lites. Generally, cells rely on the metabolism of glucose, amino acids and fatty acids
to maintain overall energy homeostasis. However, increasing evidence suggests
that the favouring of specific metabolic pathways, the levels of available substrates
and their intermediates can modulate specific molecular activities. Metabolites such
as acetyl-CoA, for instance, directly connect metabolism to the regulation of protein
function and chromatin modification. Evidence for a role of metabolism in modulating
cellular function can be found in various contexts. These areas include the tumour

microenvironment and the immune system but also the vascular system.

The metabolic changes in tumour cells are probably the best studied example of
metabolic adaption to a cell’s requirements. Usually, cells need to be stimulated
by growth factors to take up nutrients from their environment from which they can
then gain the energy needed for proliferation. Cancer cells, however, often acquire
mutations that constitutively activate these pathways so that they are no longer
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dependent on growth factors. This can lead to an increased uptake of nutrients,
especially glucose which then delivers the required energy for cancer cell proliferation
[136—138]. While differentiated cells primarily rely on oxidative phosphorylation to
generate energy from glucose, most cancer cells rely on aerobic glycolysis instead.
When oxygen is limited, the pyruvate generated through glycolysis is not shuttled into
the mitochondria for oxidative phosphorylation but is directly converted into lactate by
lactate dehydrogenase (LDH), a process called anaerobic glycolysis. The observation
that cancer cells tend to generate lactate from glucose even in the presence of
sufficient oxygen, a process termed aerobic glycolysis, is called the Warburg effect
[136, 139, 140]. Studies have shown that mitochondrial function is not impaired in
most cancer cells suggesting another reason for aerobic glycolysis in these cells [141,
142]. This is puzzling, as generating ATP from aerobic glycolysis is less efficient than
the complete metabolization of glucose through oxidative phosphorylation.
Therefore, it is probably not the generation of energy in form of ATP but other metabolic
requirements, that drive this effect in proliferating cells. As proliferating cells need to
replicate their cellular content in order to create new cells, they have a large need for
cellular building blocks like nucleotides, amino acids and lipids. To meet this need not
all glucose can be catabolised completely as part of its carbon chain are needed as
basis for other molecules. Acetyl-CoA, for example, is needed as a building block for
acyl chains to synthesise lipids. Another important pathway that generates NADPH,
pentose sugars and ribose 5-phosphate, which serve as precursor molecules for
nucleotide synthesis is the pentose phosphate pathway. Glucose-6-phosphate which
is generated in the first step of glycolysis is shunted into this pathway [136].
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Figure 8 The Warburg effect

lllustration of oxidative phosphorylation, anaerobic glycolysis, and aerobic glycolysis (War-
burg effect) in differentiated and proliferative and cancer tissue, respectively. In cells in
nonproliferating (differentiated) tissues most of the pyruvate generated by glycolysis is
shunted into the mitochondria where it is oxidised during oxidative phosphorylation. This
process is oxygen dependent. When oxygen is limiting, cells can redirect the pyruvate and
generate lactate (anaerobic glycolysis). Warburg found that cancer cells tend to convert
most glucose to lactate regardless of whether oxygen is present (aerobic glycolysis). This
has also been found in normal proliferating cells. Figure taken from [136].

In the vascular system, glycolysis has been shown to be an important regulator of
endothelial cells in vessel sprouting. De Bock et al. found that endothelial cells
relied on glycolysis rather than on oxidative phosphorylation for ATP production. The
glycolytic activator phosphofructokinase-2/fructose-2,6-bisphosphatase 3 (PFKFB3)
was shown to regulate endothelial cell proliferation as well as directional migration.
Consequently, silencing of PFKFB3 impaired vessel sprouting, suggesting that glycol-
ysis even overrules the Notch signaling pathway as the master regulator of endothelial
proliferation and migration [143].

Metabolism can also determine the phenotype of plastic cells as was shown for
the polarisation of macrophages. Macrophages are highly plastic and adaptable
but can be roughly simplified into two extremes, a pro-inflammatory phenotype
(M1) and an anti-inflammatory phenotype (M2). The phenotypic and functional
changes of macrophages are accompanied by drastic changes in metabolism. M1
macrophages rely mainly on glycolysis and have an impaired TCA cycle. The break
in the TCA cycle leads to an accumulation of succinate which stabilises hypoxia
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inducible factor 1a: (HIF1«). HIF1« activates the transcription of glycolytic genes,
keeping glycolytic metabolism in M1 macrophages on a high level. M2 macrophages
on the other hand are more dependent on oxidative phosphorylation and have an
intact TCA cycle. Pathways that regulate lipid and amino acid metabolism are also
differentially activated in M1 and M2 macrophages. These metabolic adaptations sup-
port macrophage activities of the two phenotypes and help sustain their polarisation
[144].

These findings provide evidence that metabolism is an important regulator of cell
function and cell fate and can determine the phenotype of plastic cells. Vascular
smooth muscle cells are highly plastic and frequently undergo phenotypic transitions
in physiology and pathology. It would stand to reason that metabolism could also play
arole in these processes.

1.5.1 Metabolism and VSMCs

In the healthy vessel, VSMCs rely on both, glycolysis and oxidative phosphorylation,
for the generation of energy. Glycolysis however, seems to play an important role
in proliferation as well as for the phenotypic transition towards the synthetic pheno-
type. Even under fully oxygenated conditions, VSMCs metabolise a notable part
of their glucose to lactate [145, 146]. In a cell culture model, incubation of VSMCs
with lactate lead to a more synthetic phenotype. This suggests that a lactate rich
environment might promote the dedifferentiated phenotype [147]. PDGF treatment
of cultured cells induced glycolytic flux, further suggesting a link between increased
glycolysis and the dedifferentiated, synthetic phenotype. PDGF has also been shown
to promote the Warburg effect in pulmonary arterial smooth muscle cells supporting
the theory that an adaptive metabolism plays an important role in smooth muscle
cell proliferation [148]. In the disease setting, human atherosclerotic plaques were
reported to exhibit enhanced glycolysis and pentose phosphate pathways as well as
increased hexokinase 2 expression [145].

In addition to glycolysis, mitochondria have also been associated with VSMC pheno-
typic plasticity. PDGF treatment of cultured VSMCs lead to enhanced mitochondrial
respiration in some studies while it was reduced in others. Several studies have found
connections between mitochondrial fission and neointima formation [53, 114, 149,
150].
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Mitochondrial DNA damage has been repeatedly linked to atherosclerosis. It was
shown that mtDNA damage was present in the vessel wall as well as in circulating
cells already in early stages of atherosclerosis and that mtDNA damage was found in
atherosclerotic plagues in humans [151]. MtDNA defects also promoted atherosclero-
sis and plaque vulnerability in an ApoE knock-out mouse model of atherosclerosis
[152]. MtDNA damage can lead to mitochondrial dysfunction. As mitochondria are
regulators of various cell functions, mitochondrial dysfunction can lead to cell death,
inflammation, oxidative stress and alterations of metabolism. Docherty et al. identified
a subset of human plaque VSMCs that showed increased mitochondrial dysfunction
and decreased oxidative phosphorylation linking possibly dedifferentiated VSMCs
with an altered metabolic state [153].

These studies suggest that phenotypic plasticity of VSMCs is tightly linked to adap-
tions in metabolism and mitochondrial integrity. However, most studies of VSMC
metabolism have been conducted in cultured cells, a setting lacking the microenviron-
ment of cell-cell interactions, extracellular elastic fibers, hemodynamic factors and
cytokines that all influence and regulate VSMC phenotype. Furthermore, studies
investigating mitochondrial respiration in PDGF treated cultured VSMC have rendered
contradictory results. Therefore, it was one of the aims of this study to further eluci-
date the role of metabolism in VSMC phenotypic plasticity in vitro and especially in

Vivo.

1.6 Sirtuins

A group of enzymes that link the nutritional state of the cell and regulation of
metabolism and cell functions are the sirtuins. Sirtuins are the mammalian homologue
of silent regulator 2 (Sir2) that was originally discovered in yeast as a regulator of
aging [154].

There are seven Sir2 homologues in mammals, SIRT1-SIRT7, which belong to the
class Il histone acetylases. Sirtuins are NAD dependent histone deacetylases and
share a conserved catalytic domain that contain a large, structurally homologous
Rossmann-fold domain for NAD*- binding and a smaller, more structurally diverse
zinc-binding domain [155].

Deacetylation of histones leads to a more compact DNA conformation, which prevents
or hinders the binding of transcription factors to the DNA. Thus, through deacetylation,
sirtuins can regulate gene transcription. The different sirtuins have variable N- and
C-terminal extensions and their cellular localisation, activities and functions differ
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widely. SIRT1 is found in the nucleus and the cytoplasm, SIRT2 is localised in the
cytoplasm while SIRT3,4 and 5 are located in the mitochondria. SIRT6 and SIRT7
are nuclear sirtuins. Similar to the originally found Sir2 in yeast, mammalian sirtuins
have been shown to play beneficial roles in aging, longevity and stress responses
[156, 157]. They also have various functions in transcription regulation, modulation of
energy metabolism, cell survival, DNA repair and apoptosis [158, 159].

SIRT1 is the most extensively studied sirtuin. In addition to its function as a histone
deacetylase it regulates transcription factors, such as p53, forkhead box (FOXOs),
nuclear factor kappa-light-chain-enhancer of activated B cells (NFxB) and DNA repair
proteins like poly-ADP-ribose-polymerase 1 (PARP1) [160-163]. SIRT1 has also been
shown to regulate PGC-1«, an important coactivator in mitochondrial biogenesis [164,
165]. In cardiovascular diseases like atherosclerosis protective effects of SIRT1 have
been shown [165, 166]. SIRT1 expression was reduced in atherosclerotic plaques of
ApoE knock-out mice and a smooth muscle specific knock-out of SIRT1 in ApoE™
mice lead to increased atherosclerosis [167]. It also plays a role in maintaining en-
dothelial functions as inhibition of SIRT1 was associated with endothelial dysfunction
and increased artery stiffness [168]. SIRT1 has also been found to play a role in
angiogenesis, ischemia-reperfusion injury and other cardiovascular contexts, like

hypertrophy and heart failure, hypertension and arrythmias [165].

The role of other sirtuins in cardiovascular diseases are not as well understood.
SIRT3 has been associated with angiogenesis, hypertension as well as hypertrophy
and fibrosis while SIRT5 was shown to have a protective role in ischemia reperfusion
injury and prevents age-related hypertrophy and fibrosis in mice. Most sirtuins have
also been shown to play roles in metabolic diseases, like dyslipidemia, obesity and
type 2 diabetes [165].

Their broad spectrum of regulatory functions in all areas of cellular function make them

interesting targets for further research and disease therapies. This study focuses on
two sirtuins, SIRT6 and SIRT7.

35



1 Introduction

1.6.1 Sirtuin 6

Sirtuin 6 is one of the nuclear located sirtuins and acts as a NAD*-dependent deacety-
lase of acetyl groups and long-chain fatty-acyl groups [169—171]. It also functions
as an ADP-ribosylase [172]. SIRT6 has been found to play important roles in the
regulation of DNA repair, telomere maintenance and glucose and lipid metabolism
and thus contributes to longevity and a healthy homeostasis [173]. SIRT6 also im-
pacts genome integrity, genomic stability and DNA repair [173]. Loss of SIRT6 leads
to dysfunctional telomers and genomic instability which can induce premature cell
senescence [169]. Sirt6 also senses and regulates DNA double strand break (DSB)
repair via multiple ways [173, 174]. Upon oxidative stress, for instance, SIRT6 was
found to interact with PARP1 which was necessary for DSB repair [172].

An important area of SIRT6 function is in cellular metabolism. SIRT6 has been found
to be a central regulator of glucose homeostasis, regulating both glycolysis and gluco-
neogenesis. SIRT6-deficient mice showed severe hypoglycaemia and an increased
glucose uptake upon SIRT6 depletion was found in various cell types in vivo and
in vitro [175, 176]. SIRT6 deficiency also led to an increase in GLUT1 expression,
an enhanced glycolysis and a reduced mitochondrial respiration. SIRT6 was found
to interact with hypoxia-HIF1«a and to deacetylate histone 3 lysine 9 (H3K9) at the
promoter of HIF1« target genes. Therefore, SIRT6 directly suppresses the expression
of HIF1« target genes, such as PDK1, LDH, PFK1 and GLUT1 [176]. SIRT6 has
also been found to control gluconeogenesis by modulating PGC-1« [173]. In lipid
metabolism, evidence suggests that SIRT6 acts as a negative regulator of triglyceride
synthesis [177]. It also promotes hepatic S-oxidation through the activation of PPAR«
[178].

SIRT6 has also been increasingly studied in the field of cancer. The enhanced
glycolysis and inhibited mitochondrial respiration upon SIRT6 depletion is reminiscent
of the Warburg effect observed in cancer cells [173, 176]. Fittingly, SIRT6 expression
was found to be reduced in several cancer types, leading to enhanced expression
of HIF1« target genes and enhanced glycolysis. It was therefore suggested that
SIRT6 acts as a tumour suppressor by repressing HIF1a and thus inhibiting aerobic
glycolysis [179].
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1.6.2 Sirtuin 7

Like SIRT®S, sirtuin 7, is located in the nucleus. SIRT7 however, has been shown to
be predominantly located in the nucleolus [180]. SIRT7 is a highly selective histone
3 lysine 18 (H3K18) deacetylase but has also been shown to have a variety of non-
histone substrates [181, 182]. Through regulating polymerase expression and activity,
SIRT7 is involved in regulating ribosome biogenesis and protein translation [182].
Similar to other sirtuins, SIRT7 also promotes genomic stability and protects against
cellular senescence. Different groups have shown that SIRT7 is recruited to DSB in a
PARP1-dependent manner and that it can regulate p53 to promote genomic stability
[183, 184]. SIRT7 is suggested to have a critical role in aging as SIRT7 knock-out
mice had a shorter lifespan than control mice [121]. SIRT7 expression gradually
declines with age and SIRT7 as well as SIRT6 expression levels are decreased in
senescent cells [121, 182, 185]. Dysregulation of this mechanism is implicated in
various diseases. High and low SIRT7 expression have both been associated with
different cancers and are considered predictors of poor patient outcome [182]. The
contradictory data found for SIRT7 in cancer, illustrate the complexity and variety of
SIRT7 interactions and cellular functions [182].

Like SIRT6, SIRT7 plays an important role in metabolic regulation. It has been shown
to be sensitive to low glucose levels and to protect the cell from nutritional stress.
Upon glucose deprivation SIRT7 translocates from the nucleolus to the nucleoplasm
where it inhibits ribosomal DNA (rDNA) transcription to preserve energy [186]. SIRT7
was found to impact glycolysis by regulating the activity of PGK1 in liver cancer cells
and to be involved in gluconeogenesis [187, 188]. SIRT7 also negatively regulates
the expression of HIF-1a and HIF-2a proteins. Over-expression of SIRT7 reduced
the levels of HIF proteins and their transcriptional targets, consequently repressing
glycolysis [189]. In addition to its role in glucose metabolism SIRT7 has been shown
to be an important regulator of mitochondrial homeostasis. In a study by Ryu et al.,
SIRT7 knock-out mice showed multi-systemic mitochondrial dysfunction as well as
lactate accumulation. SIRT7 regulates mitochondrial biogenesis by deacetylating
GABP1 which forms a hetero-tetramer complex with GABP« [121]. Together the
GABP complex regulates the transcription of a variety of nuclear-encoded mitochon-
drial target genes and is thus considered an essential regulator of mitochondrial
biogenesis [122]. In another study, SIRT7 interacted with NRF1, a master regulator of
mitochondrial biogenesis, to regulate mitochondria size and activity of the respiratory
chain [190].
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Figure 9 Overview sirtuins
Schematic overview of the regulation of sirtuins and the role of SIRT1, SIRT6 and SIRT7 in
metabolic pathways. Figure modified from [191].
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1.7 Aim of the study

The aim of this study was to investigate the association between VSMC plasticity
and VSMC metabolism in vascular disease. As was shown for other cell types, cell
metabolism can regulate cell functions and cell fate in physiological as well as patho-
physiological conditions. In an experiment preceding this study the expression pattern
in dedifferentiated versus differentiated VSMCs was acquired with a proteomics ap-
proach. Interestingly, there was a major shift in expression levels of proteins involved
in cell metabolism. Most prominent was a drop in the abundance of mitochondrial
proteins after induction of dedifferentiation with PDGF.

From this experiment and evidence in the literature (see 1.5.1), the hypothesis that
VSMC phenotypic transition is accompanied by an adaption of the metabolism ac-
cording to the requirements of the respective phenotype was generated. In this study,
this hypothesis was to be tested in two in vitro and one in vivo mouse model of VSMC
dedifferentiation.

The second part of this study aimed at manipulating VSMC metabolism through
deletion of known metabolic regulators Sirt6 and Sirt7 and determining whether direct
intervention in the cells’ metabolism would impact VSMC plasticity in an in vitro and
in vivo model of VSMC dedifferentiation and in an atherosclerosis mouse disease
model. Based on the literature, the working hypothesis was that Sirt6 and Sirt7
might counteract the observed metabolic changes in VSMCs and thus would act
atheroprotectively.

To summarise, the aim of this study was to investigate the metabolic adaptions
VSMCs exhibit during phenotypic transition and identify possible regulators thereof.
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals

All chemicals were obtained from Carl Roth or Sigma-Aldrich if not indicated otherwise.

Table 1 Chemicals

Name Supplier Cat.No.

BSA (bovine serum albumin), Merck 2930-100GM
Fraction V

Collagenase Il Worthington LS004176
DAPI Sigma-Aldrich D9564
(4’,6-Diamidino-2-phenylindole)

Elastase Worthington LS002292
Epon resin Serva

Lead citrate Sigma-Aldrich 15326
Mygliol 812 Caelo 3274
Neo-Clear Merck 1.09843.5000
Neo-Mount Merck 1.09016.0500

Osmium tetroxide
Paraffin type 6 & 9

Roti-Histofix 4% (Phosphate
buffered formaldehyde solution 4%)

Tamoxifen

Vectashield with DAPI

Science Services

Fisher Scientific

Carl Roth

Sigma-Aldrich
BIOZOL

E19140
8337
P087.3

15648
VEC-H-1200
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2 Materials and Methods

2.1.2 Reagents, Inhibitors etc.

Table 2 Reagents, Inhibitors etc.

Name Supplier Cat. No.

Antimycin A Sigma-Aldrich A8674

Cholesterol-methyl-f3- Sigma-Aldrich C4951

cyclodextrin

FCCP Sigma-Aldrich C2920

Mitotracker™ Deep Red FM Thermo Fisher Scientific  M22426

Oligofectamine™ Thermo Fisher Scientific 12252011

Transfection Reagent

Oligomycin A Sigma-Aldrich 75351

ON-TARGETplus Dharmacon D-001810-01-05

Non-targeting Control siRNA

ON-TARGETplus Dharmacon L-086898-02-0005

SMARTpool Sirt7 siRNA

PDGF-BB from rat, recombinant ~ Sigma-Aldrich P4056

Proteinase K Qiagen 19131

Rotenone Sigma-Aldrich R8875

2.1.3 Cells

Table 3 Cells

Name Description Source

A7r5 thoracic aorta, smooth muscle cells ATCC®CRL-1444™
from rat

mVSMCs vascular smooth muscle cells isolated from carotid arteries

from mouse

and aorta from mice

42



2.1.4 Animals

Table 4 Mouse strains

Strain

Source

Reference

C57BL/6

Jackson Laboratory

SMMHC-CreER™

kindly provided by Angela Wirth,
Institute of Pharmacology, Uni-
versity of Heidelberg, Heidelberg,
Germany

[192]

mT/mG

kindly provided by Stefan Offer-
manns, Max Planck Institute for
Heart and Lung Research, Bad
Nauheim, Germany

[193]

ApoE™”

kindly provided by Stefan Offer-
manns, Max-Planck-Institute for
Heart and Lung Research, Bad
Nauheim, Germany

Sirt6 flox

kindly provided by Thomas Braun,
Max-Planck-Institute for Heart and
Lung Research, Bad Nauheim,
Germany

[194]

Sirt7 flox

kindly provided by Eva Bober,
Max-Planck-Institute for Heart and
Lung Research, Bad Nauheim,
Germany

[195]

SM-mT/mG

in-house breeding

SM-Sirt6

in-house breeding

SM-Sirt6-mT/mG

in-house breeding

SM-Sirt6-ApoE™

in-house breeding

SM-Sirt7

in-house breeding

SM-Sirt7-mT/mG

in-house breeding

SM-Sirt7-ApoE™”

in-house breeding

SM-Sirt7-ApoE”-mT/mG

in-house breeding
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2 Materials and Methods

2.1.5 Cell culture

Cell culture consumables were purchased from Sarstedt, BD Falcon, Corning and

B. Braun.

Table 5 Cell culture

Name Supplier Cat. No.
DMEM/F-12 1:1 Thermo Fisher Scientific (Gibco) 31330038
DMEM 4.5 g/l glucose Thermo Fisher Scientific (Gibco)  41966-029
DMEM powder, basic (no glucose, Sigma-Aldrich D5030

no NaHCO3, no L-glutamine, no

phenol red, no sodium pyruvate,

no HEPES)

DMSO (Dimethyl Sulfoxide) Sigma-Aldrich D2650
DPBS (Dulbecco’s phosphate Thermo Fisher Scientific (Gibco) 14190250
buffered saline)

Fetal calf serum (FCS) Biochrom AG S0115
Opti-MEM Thermo Fisher Scientific (Gibco) 31985062
Penicillin/Streptomycin (P/S) Thermo Fisher Scientific (Gibco) 15140122
Trypsin-EDTA (0.05%) Thermo Fisher Scientific (Gibco) 5300054
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2.1.6 Consumables

All consumables not specifically listed here, were purchased from Sarstedt, BD Falcon,
Corning and B. Braun.

Table 6 Consumables

Name Supplier Cat. No.

Histo Bond Microscope Slides Marienfeld
810000

Microscope Slides Superfrost PLUS Thermo Fisher Scien- J1800AMNZ

tific (Menzel)

Microtome blade S35 Feather S35
Sakura Finetek Tissue-Tek Fisher Scientific 12351753
OCT Compound

Sakura Finetek Tissue-Tek Cryomold Fisher Scientific 10690461

Biopsy square (10 x 10 x 5 mm), 4565

Sakura Finetek Tissue-Tek Cryomold Inter- Fisher Scientific 10844231
mediate square (15 x 15 x 5 mm), 4566

XFe96 FluxPak Agilent 102416
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2 Materials and Methods

2.1.7 Kits

Table 7 Commercial Kits

Name Supplier Cat. No.
DNeasy Blood and Tissue Kit Qiagen 69504
Elastic Stain Kit Sigma-Aldrich HT25A
Fluitest CHOL (cholesterol) Analyticon 4248
High-Capacity cDNA Reverse Thermo Fisher Scientific 4374966
Transcription kit

RNeasy Micro Kit Qiagen 74004
Rneasy Mini Kit Qiagen 74104
TagMan Gene Expression Master Thermo Fisher Scientific 4369016
Mix

TG (Triglycerides) Analyticon 5052
Quant-iT™ PicoGreen™ dsDNA Thermo Fisher Scientific P7589

Assay Kit
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2.1.8 Primer

Table 8 Tagman Assays used for quantitative PCR (qPCR)

Gene ID

Gene name

TagmanAssay ID

Targeting Mouse

Abcat

Acadm

Aco2

Acta2
Aldoa
Atp5h

Atp50

CD68
Clpp

Cptia
Dnm1l|
Echs1
Eef2
Eno1
Etfa
Fh1
Got2
Idh2
Ldha
Lgals3
Mfn1
Mfn2
Mrpl49
Mrps5
Mrps9

ATP-binding cassette, sub-family A (ABC1),
member 1

acyl-Coenzyme A dehydrogenase, medium
chain

aconitase 2, mitochondrial

actin, alpha 2, smooth muscle

aldolase A

ATP synthase, H+ transporting, mitochondrial FO
complex, subunit D

ATP synthase, H+ transporting, mitochondrial F1
complex, O subunit

CD68 antigen

caseinolytic mitochondrial matrix peptidase pro-
teolytic subunit

carnitine palmitoyltransferase 1a

dynamin 1-like

enoyl-CoA hydratase, short chain 1

eukaryotic translation elongation factor 2
enolase 1

electron transfer flavoprotein subunit alpha
fumarate hydratase 1

glutamatic-oxaloacetic transaminase 2
isocitrate dehydrogenase 2 (NADP+)

lactate dehydrogenase A

galectin 3/ lectin, galactose binding, soluble 3
mitofusin 1

mitofusin 2

mitochondrial ribosomal protein L49
mitochondrial ribosomal protein S5
mitochondrial ribosomal protein S9

Mm00442646_m1

Mm01323360_g1

Mm00475673_g1
MmO00725412_s1
Mm00833172_g1
Mm02392026_g1

MmO01611862_g1

Mm03047343_m1
MmO00489940_m1

Mm01231183_m1
Mm01342903_m1
Mm01276347_m1
Mm05700170_g1

Mm01619597_g1

MmO00521254_m1
MmO01321349_m1
Mm00494703_m1
MmO00612429_m1
Mm01612132_g1

Mm00802901_m1
Mm00612599_m1
Mm00500120_-m1
MmO00782916_s1

Mm01281573_m1
MmO00469845_m1
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d Methods

Gene ID

Gene name

TagmanAssay ID

mt-Nd1
Myh11
Ndufa13
Ndufs1

Pcx
Pdhat
Pdhb
Pdhx
Pdk2
Pdpr

Ptkfb3

Pfkm

Pgk1
Polrmt
Sirté

Sirt7 E5-6
Sirt7 E9-10
Slc2a1
Tfam

Tigar
Uqgcrh

Housekeeper
Rpl19

NADH dehydrogenase 1, mitochondrial

myosin heavy chain 11, smooth muscle
NADH:ubiquinone oxidoreductase subunit A13
NADH:ubiquinone oxidoreductase core subunit
St

pyruvate carboxylase

pyruvate dehydrogenase E1 subunit alpha 1
pyruvate dehydrogenase E1 subunit beta
pyruvate dehydrogenase complex, component X
pyruvate dehydrogenase kinase 2

pyruvate dehydrogenase phosphatase regulatory
subunit
6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 3

phosphofructokinase, muscle
phosphoglycerate kinase 1

RNA polymerase mitochondrial

sirtuin 6

sirtuin 7 exon 5-6

sirtuin 7 exon 9-10

solute carrier family 2 member 1

transcription factor A, mitochondrial

Trp53 induced glycolysis regulatory phosphatase
ubiquinol-cytochrome c reductase hinge protein

ribosomal protein L19

Targeting Rat

Abca1

Acadm

ATP-binding cassette, sub-family A (ABC1) mem-

ber 1
acyl-Coenzyme A dehydrogenase, medium
chain

Mm04225274 _s1

MmO00443013_-m1
Mm00445751_m1
Mm00523640-m1

Mm00500992_m1
Mm00468675_-m1
Mm00499323_m1
Mm00558275_m1
Mm00446681_m1
Mm01243524_m1

Mm00504650-m1

MmO01309576_m1
Mm00435617_m1
Mm00553272_m1
MmO01149042_m1
MmO00461897_m1
Mm01248607_m1
Mm00441480_-m1
MmO00447485_m1
Mm00621530-m1
Mm00835199_g1

Mm02601633_g1

Rn00710172_m1

Rn00566390_m1
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Gene ID

Gene name

TagmanAssay ID

Aco?2
Acta2
Atp50

Ccnd1
CD68

Clpp

Cptla
Ctnnb1
Echs1
Etfa
Idh2
Ldha
Lgals3
Mfn1
Mfn2
Mki67
Mrpl49
Mrps5
Mrps9
Myh11
Ndufa13
Pfkfb3

Polrmt
Sirt7 E5-6
Sirt7 E9-10
Slc2at
Tfam

Housekeeper
Rps11

aconitase 2, mitochondrial

actin, alpha 2, smooth muscle

ATP synthase, H+ transporting, mitochondrial F1
complex, O subunit

cyclin D1

CD68 antigen

caseinolytic mitochondrial matrix peptidase pro-
teolytic subunit

carnitine palmitoyltransferase 1a

catenin beta 1

enoyl-CoA hydratase, short chain 1

electron transfer flavoprotein subunit alpha
isocitrate dehydrogenase 2 (NADP+)

lactate dehydrogenase A

galectin 3 / lectin, galactose binding, soluble 3
mitofusin 1

mitofusin 2

marker of proliferation Ki-67

mitochondrial ribosomal protein L49
mitochondrial ribosomal protein S5
mitochondrial ribosomal protein S9

myosin heavy chain 11, smooth muscle
NADH:ubiquinone oxidoreductase subunit A13
6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 3

RNA polymerase mitochondrial

sirtuin 7 exon 5-6

sirtuin 7 exon 9-10

solute carrier family 2 member 1

transcription factor A, mitochondrial

ribosomal protein S11

Rn00577876_mf1
Rn01759928_g1
Rn00756345_m/1

RN00432359_m1
RNn01495634 g1
RN01527475_m1

Rn00580702_m1
Rn00584431_g1

Rn01454617_m1
Rn01766950_m1
Rn01478119_m1
Rn00820751_g1

Rn04219572_m1
Rn00594496_m1
Rn00672763_-m1
Rn01451446_m1
Rn01501728_m1
Rn01513191_m1
Rn01437394_m1
Rn01530321_m1
Rn01766950_m1
Rn00678825_m1

Rn01748691_m1
Rn01471420_m1
Rn01471424_m1
Rn01417099_m1
Rn00580051_m1

Rn00821284 g1

All Tagman Assays were purchased from Thermo Fisher Scientific.
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2 Materials and Methods

Table 9 Primers for genotyping of mice

Gene Primer sequence

SMMHC-CreER™ (1) TGA CCC CAT CTC TTC ACT CC
(2) AAC TCC ACG ACCACCTCATC
(3) AGT CCC TCA CAT CCT CAG GTT

mT/mG (1) CTC TGC TGC CTC CTG GCT TCT
(2) TCAATG GGC GGG GGT CGT T
(3) CGA GGC GGA TCA CAA GCA ATA

Sirt6 (1) AACTGACTG TTG CGG CAG AG
(2) CCT GTC CCATTC TGA GGA AC

Sirt7 (1) ACT CCT CAT GAA TGA ACT GGG
(2) ACT GAT GGC GAG CTC AGA CC
(3) GGC TGC ACA CCA TCT GTG G

ApoE” (1) GCC TAG CCG AGG GAG AGC CG
(2) TGT GAC TTG GGA GCT CTG CAG C
(3) GCC GCC CCG ACT GCATCT

All primers were purchased from TIB MOLBIO.

2.1.9 Buffers and Solutions

Lysis buffer for DNA measurement

10 MM Tris-HCI pH 7.4
1imM EDTA
0.1%  Triton X-100

Fixating solution for electron microscopy

2.5% Glutaraldehyde
01 M 0.1 M sodium cacodylate buffer
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2.1.10 Laboratory instruments

Table 10 Laboratory instruments

Name

Description

Supplier

BD FACSAria™ ||
BZ 9000 (Biorevo)

CyAn ADP Analyzer 3 laser
(405, 488 and 635 nm)

Electron Microscope
EM 906

Embedding center
EC 350-2

HM 325 Rotary Microtome

Jung Frigocut 2800 E
Leica DMIL

Leica MZ6

MACSQuant Analyzer 10

Seahorse XF96e
Flux Analyzer

Shandon Citadel 1000

Spectramax 340PC384
Spectramax GEMENI EM
TissuelLyser

QuantStudio 7 RT-PCR

Cell sorter
Fluorescence microscope

Flow cytometer

Electron microscope

Paraffin tissue block embed-
ding station

Microtome

Cryostat

Light microscope
Stereomicroscope
Flow cytometer

Metabolic flux analyser

Automated tissue processor
for paraffin embedding

Plate reader
Fluorescence plate reader
Tissue Homogeniser

Real-Time PCR System

BD Biosciences
Keyence

Beckman Coulter

Carl Zeiss

Microm International
GmbH

Thermo Fisher
Scientific

Leica
Leica
Leica
Miltenyi Biotec

Agilent

Thermo Electron
Corporation

Molecular Devices
Molecular Devices
Retsch

Thermo Fisher
Scientific
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2 Materials and Methods

2.1.11 Software

Table 11 Software

Name Supplier/Company

FCSalyzer Open-source software

Imaged National Institutes of Health (NIH)
Prism Version 8 GraphPad

Summit V4.3.02 Beckman Coulter

QuantStudio Real-Time PCR Software Thermo Fisher Scientific

Wave Agilent

2.2 Methods
2.2.1 Cell culture

A7r5 A7r5 rat aortic smooth muscle cells were obtained from ATCC (ATCC CRL-
1444) and cultured in DMEM (4.5 g/l glucose, L-glutamine, pyruvate) supplemented
with 10% FCS and 1% penicillin/streptomycin. For passaging, cells were washed with
PBS and incubated with 0.02% trypsin for 3-5 min. Growth medium was added to
stop enzyme activity and cells were either transferred directly to a new cell culture
vessel or were centrifuged at 1000 x g for 5 min before being resuspended in fresh

growth medium.

Isolation of primary mouse VSMCs from aorta and carotids Mice were euth-
anized and thoracic and abdominal aorta, as well as both carotid arteries, were
dissected. Connective tissue was removed and the exposed vessels were transferred
to a petri dish with serum-free DMEM/F12 where they were cleaned of all remaining
perivascular tissue. After dissection and tissue removal, vessels were placed in
serum-free media and stored on ice until all vessels were collected and digestion
could be started. For digestion, vessels were cut into small cross-sections and were
placed in 700 ul of enzyme solution (serum-free DMEM/F12 with 1 mg/ml collagenase
[I'and 0.5 mg/ml elastase) for 3 h 30 min at 37°C. 3 ml of growth medium (DMEM-F12
supplemented with 10% FCS and 1% penicillin/streptomycin) were added to the
solution which was then centrifuged at 800 x g for 5 min. Cells were resuspended in
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1 ml growth medium and seeded into a 24-well plate. Hereby, cells originating from
one mouse were seeded into one well of a 24-well plate, respectively.

Cultivation of primary mouse VSMCs Isolated primary mouse vascular smooth
muscle cells (mVSMCs) were cultivated in DMEM/F12 media supplemented with 10%
FCS and 1% penicillin/streptomycin. For passaging, cells were washed with PBS
twice and incubated with 0.02% trypsin for 5-7 min. Growth medium was added to
stop enzyme activity and cells were either transferred directly to a new cell culture
vessel or were centrifuged at 800 x g for 5 min before being resuspended in fresh
growth medium. Cells up to passage 4 were used for experiments.

PDGF treatment For gene expression analysis, mVSMCs at passage 3 were
seeded into a 12-well plate at 100 000 cells per well and left undisturbed for one
day. Growth medium was then changed to serum free DMEM/F-12 medium and left
over night. Cells were then treated with 50 ng/ml PDGF-BB (solved in 4 mM HCL
containing 0.1% BSA) or vehicle in serum-free medium for 48 h.

For metabolic flux analysis, mMVSMCs at passage 3 were seeded into a 12-well plate
at 100 000 cells per well and left undisturbed for one day. Growth medium was then
changed to serum free DMEM/F-12 medium and left over night. Cells were then
treated with 50 ng/ml PDGF-BB or vehicle in serum-free medium for 6 days. They
were seeded into 96-well cell culture microplates (Agilent) at a seeding density of
15 000 cells per well and further incubated with PDGF or vehicle. Flux analysis was
performed the next day, after 7 days of PDGF treatment in total.

Cholesterol treatment mVSMCs at passage 3 were seeded into a 12-well plate
at 100 000 cells per well and left undisturbed for one day. Growth medium was
then changed to serum free DMEM/F-12 medium supplemented with 0.2% BSA and
left over night. The next day, cells were either treated with 5 pg/ml water-soluble
cholesterol (Cholesterol-methyl-3-cyclodextrin) or with vehicle, both in serum free
DMEM/F-12 containing 0.2% BSA. For gene expression analysis, cholesterol and
vehicle treated cells were lysed and collected after 24 h, 48 h and 72 h, respectively.
For metabolic flux analyses cells were seeded into 96-well cell culture microplates
(Agilent) at 15 000 cells per well. Cholesterol treatment was then carried out as
described above and measurement took place 72 h after addition of cholesterol to
the cells.

A7r5 cells were seeded into 6-well plates at 300 000 cells per well and left undisturbed
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for one day. Growth medium was then changed to serum free DMEM medium
supplemented with 0.2% BSA and left over night. The next day, cells were either
treated with 5 pg/ml water-soluble cholesterol (Cholesterol-methyl-3-cyclodextrin) or
with vehicle, both in serum free DMEM containing 0.2% BSA. For gene expression
analysis, cholesterol and vehicle treated cells were lysed and collected after 24 h and
48 h, respectively. For metabolic flux analyses cells were seeded into 96-well cell
culture microplates (Agilent) at 15 000 cells per well. Cholesterol treatment was then
carried out as described above and measurement took place 48 h after addition of
cholesterol to the cells.

siRNA transfection A7r5 cells were seeded in a 12-well cell culture plate at
100 000 cells per well. Two days after seeding, cells were transfected with 20 nM
siRNA following the manufacturer’s instructions. 1.5 pl Oligofectamine were added to
6 pl Opti-MEM and incubated for 10 min while siRNA was diluted in Opti-MEM. The
Oligofectamine solution was added to the diluted siRNA before incubating for another
20 min at room temperature. Cells were washed once with Opti-MEM and then 400 pl
Opti-MEM were dispersed per well. For transfection, 100 ul Oligofectamine and siRNA
mix was added to each well. After 6 hours 1.5 ml of growth medium were added to
each well. The procedure was repeated the next day for a total of two transfections.
For gene expression analysis, cells were analysed 72 h after first transfection. For
metabolic flux analyses with the Seahorse XFe96 Analyzer cells were transfected as
described above, trypsinised 48 h after first transfection and seeded into Agilent cell
culture microplates. Flux analysis was then performed 72 h after transfection.

Proliferation assay For assessing the proliferation of cells with repressed expres-
sion of Sirt7, A7r5 cells were seeded and transfected as described above. 48 h
after first transfection, cells were trypsinised and seeded into 48-well plates at a
density of 20 000 cells per well. The cells were then trypsinised and counted using
a MACSQuant flow cytometer after 24 h, 48 h and 72 h. 4 wells were analysed per
condition and time point. To account for differences in cell seeding, cell numbers after
24 h were set to 1 and growth rates were calculated based on this value.

2.2.2 Gene expression analysis

RNA isolation, reverse transcription, qPCR RNA isolation was performed with
the RNeasy Mini Kit or RNeasy Micro Kit from Qiagen, depending on the starting
material. RNA isolation from tissue was always performed with the RNeasy Micro
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Kit. Here, the manufacturer’s protocol for purification of total RNA from fibrous tissue
was used. 3 to 4 mouse carotid arteries or one mouse aorta were placed in 150 pl
of the supplied lysis buffer supplemented with 1% [5-Mercaptoethanol. Tubes were
placed in a TissuelLyser which was operated for 4 min at 20 Hz. 295 pul RNase-free
water was added to the homogenate as well as 5 ul Proteinase K (20 mg/ml) for a
final concentration of 0.33 mg/ml and incubated at 55°C for 10 min. The solution
was centrifuged for 3 min at 10 000 x g at room temperature and the supernatant
was transferred to a new tube. RNA isolation, including DNA digestion, was then
carried out according to protocol. RNA isolation from mVSMCs was also performed
with the RNeasy Micro Kit according to manufacturer’s instructions. RNA isolation
from A7r5 cells was carried out with the RNeasy Mini Kit. Reverse Transcription (RT)
was performed with the High Capacity cDNA Reverse Transcription Kit with addition
of RNAse inhibitor according to the manual. TagMan assays were used to quantify
the expression of selected genes (see Table 8 in 2.1.8) in 8-10 ng of cDNA (assayed
in duplicate) using the Quantstudio 7 Real-Time-PCR System. Expression of target
genes was calculated relative to the expression of a housekeeping gene (Rpl19 for
mVSMCs and mouse tissue and Rps11 for rat A7r5 cells) using the comparative ACt

2~ AACt yalyes.

method. Relative mRNA expression levels are presented as
DNA isolation, qPCR DNA from mouse tissue was isolated using the DNeasy
Blood and Tissue Kit. 1-2 carotid arteries were placed in 100 pl of the provided lysis
buffer containing 0.6 mg/ml proteinase K and incubated at 56 °C for 2 h. DNA isolation
was then performed according to the manufacturer’s protocol. Relative copy numbers
of nucleic and mitochondrial genes were determined with gPCR using TagMan assays.
Values are shown as Ct value of mitochondrial gene divided by Ct value of nuclear
gene.

2.2.3 Metabolic flux analysis

Metabolic flux measurement Metabolic flux analyses were performed with a “Sea-
horse” XF96e Flux Analyzer. Cells were seeded into the appropriate 96-well cell
culture microplates at a seeding density of 10 000 or 15 000 cells per well. The outer
ring of wells was left without cells to serve as background measurement. Cells were
seeded in their standard growth medium and left to attach overnight. The medium
was exchanged to Seahorse Assay Medium one hour before beginning the mea-
surement. Seahorse Assay Medium was prepared by adding glucose, glutamin and
pyruvate to Seahorse Basal Medium which consists of unbuffered, phenolred-free
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DMEM complemented with 1.85 g/l NaCl and adjusted to pH 7.4. For experiments
on primary mVSMCs, 17.5 mM glucose and 2.5 mM glutamine were added to the
medium. For experiments on A7r5, 25 mM glucose, 2 mM glutamine and 1 mM
pyruvate were used. After exchanging the growth medium to Assay Medium the cell
culture microplate was incubated at 37°C in a non-CO, incubator. Sensor plates were
hydrated according to the manufacturer’s instructions the day before the experiment
and left in a non-CO, incubator at 37 °C overnight. Ports were loaded with 25 pl of
Oligomycin (Port A), FCCP (Port B) and Antimycin A and Rotenone (Port C) each.
For experiments on primary mVSMCs, a final concentration of 3 uM Oligomycin, 0.5
pm FCCP, 1.5 uM Rotenone and 1 uM Antimycin A was used. For experiments on
A7r5 2 uM Oligomycin, 0.75 uM FCCP, 0.5 uM Rotenone and 0.5 uM Antimycin A was
applied to the cells during the measurement. Three data points were acquired for the
baseline measurement as well as after addition of oligomycin, FCCP and Rotenone +
Antimycin A, respectively. Parameters were calculated as shown in Figure 10 using
the Wave software.
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Figure 10 Metabolic flux measurement

A An exemplary metabolic flux measurement is shown. Oxygen consumption rate is mea-
sured in pmol/min. Three data points were acquired for the baseline measurement as
well as after addition of oligomycin, FCCP and Rotenone + Antimycin A (black line). Basal
respiration, ATP-linked respiration, proton leak, maximal respiration, spare respiratory ca-
pacity and non-mitochondrial oxygen consumption were calculated as shown. B Shown
are the functions of the four compounds added during the measurement. Rotenone and
Antimycin A are inhibitors of the respiratory complexes | and lll, respectively. Oligomycin is
an inhibitor of ATP-synthase (complex V) of the respiratory chain. FCCP uncouples oxida-
tive phosphorylation by transporting protons across the mitochondrial membrane. Figure
modified from [196].
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Normalisation of metabolic flux data Data generated during the metabolic flux
analyses were normalised to DNA content per well. For this purpose, the assay
medium from the cell culture microplates was removed and the plates were frozen at
-20°C directly after the measurements. DNA content per well could then be determined
at a suitable time point. For this, plates were set to thaw at room temperature before
adding 50 pl of lysis buffer (10 mM Tris-HCL pH 7.4, 1 mM EDTA, 0.1% Triton X-100)
to each well and placing the plate on a shaker for 30 min. The lysate was transferred
to individual tubes which were placed on ice and in order to make sure to collect all
the cells from the well, another 50 pl of lysis buffer was added to the wells. The plate
was then placed at -20°C for 30 min until the buffer was frozen, thawed again and
placed on a shaker for another 30 min. The lysis buffer containing the remaining
lysed cells was then combined with the previously obtained 50 pl of lysate to generate
a total of 100 pl of lysate from each well. Next, 0.1 mg/ml proteinase K was added
to each tube which were then incubated for 2 h at 50°C. The DNA content was then
measured with the Quant-iT™ PicoGreen™ dsDNA Assay Kit in 25 pl of the lysate in
duplicate. Oxygen consumption rates and extracellular acidification rates obtained
during the metabolic flux measurements were then normalised to the DNA content in
each well.

2.2.4 Flow cytometry

Staining and analysis of mitochondria with flow cytometry For the analysis of
mitochondria with Mitotracker™ Deep Red, cells were isolated from carotid arteries,
stained and analysed with flow cytometry. Carotid arteries, taken from mice that
underwent carotid artery ligation surgery, were sliced into small pieces and then
digested with 1 mg/ml collagenase Il and 0.5 mg/ml elastase in serum-free DMEM/F12
for 3 h 30 min at 37°C. Released cells were then centrifuged, resuspended and tissue
debris was filtered with a cell strainer. Cells were then stained with 5 nM Mitotracker™
Deep Red FM in serum-free DMEM/F12 for 15 min, spun down and resuspended in
500 pl serum-free DMEM/F12. The fluorescence intensity of the stained cells was
then measured with a CyAn ADP Analyzer flow cytometer.

Sorting of VSMCs with FACS For cell sorting, carotid arteries and aorta were
dissected from mice and connective tissue was removed. The vessels were cut into
small cross-sections and were placed in enzyme solution (serum-free DMEM/F12
with 1 mg/ml collagenase Il and 0.5 mg/ml elastase) for 3 h 30 min at 37 °C. Released
cells were then centrifuged, resuspended and tissue debris was filtered with a cell
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strainer. Cells were centrifuged again, resuspended in 500 pl of PBS and sorted
with an Aria Il cell sorter according to their displayed fluorescence from the mT/mG
reporter construct.

2.2.5 Electron microscopy

Carotid arteries of 8-week old wildtype mice were ligated as described below. 4 weeks
after ligation mice were euthanized and the vessels were perfused via the left ventricle
with 10 ml PBS and 10 ml fixing solution containing 2.5% glutaraldehyde. Ligated
and control carotid arteries were then dissected, connective tissue was removed
and the vessels were cut in half longitudinally. The two halves were placed and
stored in fixating solution for at least 24 h. Further processing of the tissue was
then performed at the core facility for electron microscopy at Charité, Berlin. The
samples were postfixed with 1% osmium tetroxide and 0.8% potassium ferrocyanide
II'in 0.1 M cacodylate buffer for 1.5 h at room temperature. The samples were
then dehydrated in a graded ethanol series and embedded in Epon resin. Ultrathin
sections of the samples (70 nm) were stained with 4% uranyl acetate and Reynolds
lead citrate. Images were taken with a Zeiss EM 906 electron microscope at 80 kV
acceleration voltage. Images were analysed with Imaged software. Cell boundaries
and mitochondrial shapes were tracked manually of which area and circularity were
calculated by the software. Mitochondrial number was calculated per visible cell area.

2.2.6 Animal models

At all times, mice were housed in a 12 h dark/ 12 h light cycle at a constant room
temperature (22°C) and had access to food and water ad libitum. All conducted
animal experiments described in the following were approved (G0202/13, G0150/15
and G0139/19) by the local authority (Landesamt fir Gesundheit und Soziales, Berlin,
Germany) and performed according to the guidelines of Charité University Medicine
Berlin.

Mouse strains All the mouse strains used in this study were created by in-house
breeding of existing mouse strains which are briefly described in the following. The
origins of these strains and where they were obtained is summarised in Table 4 in
2.1.4.
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SMMHC-CreER™ (SM) This transgenic mouse strain expresses a fusion protein of
the cre recombinase with a modified estrogen receptor binding domain (CreER'™)
under the control of the smooth muscle myosin heavy chain (SMMHC) promoter.
SMMHC is almost exclusively expressed in smooth muscle cells and is therefore
considered a specific marker for VSMCs. This means that after treating these mice
with tamoxifen and thus activating the cre recombinase, cre-mediated recombination
occurs exclusively in smooth muscle cells. This construct is therefore used for smooth
muscle cell specific genetic modifications like knock-outs of genes of interest [192].

mT/mG These mice have a cell membrane-targeted, two-colour fluorescent cre-
reporter allele. Prior to cre-mediated recombination, cell membrane-localised td-
Tomato (mT) fluorescence protein is expressed in all cells and tissues. Upon recom-
bination the red fluorescence is replaced by cell membrane-localised EGFP (mG)
fluorescence in cre recombinase expressing cells and all new cells derived from these
cells [193].

Figure 11 The mT/mG construct before and after cre-mediated recombination

Shown is a schematic overview of the mT/mG construct before and after cre-mediated
recombination. The mT/mG construct contains a chicken -actin core promoter with a CMV
enhancer (pCA). The promoter drives a membrane-targeted tandem dimer Tomato (mT)
sequence which results in the expression of membrane localised tdTomato. The sequence
is flanked by loxP sites for cre-mediated recombination, represented by triangles. Upon
cre-mediated recombination, the mT sequence is cut and the pCA promoter then drives the
expression of membrane-targeted enhanced green fluorescent protein (mG) instead. pA
stands for polyadenylation sequence. Figure taken from [193].

Sirt6 flox The exons 4-6 of the Sirt6 gene are flanked by loxP sites. Upon cre-
mediated recombination they are eliminated from the gene [194].
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Sirt7 flox The exons 6-9 of the Sirt7 gene are flanked by loxP sites. Upon cre-
mediated recombination they are eliminated from the gene [195].

ApoE”~ These mice have a global knock-out of the ApoE™ gene. For more informa-
tion see section 2.2.6 Atherosclerosis mouse model.

SM-mT/mG This mouse strain was created by crossing the SMMHC-CreER™ and
the mT/mG line to serve as a genetic lineage tracing mouse model. Membranous
tandem dimer Tomato fluorescent protein, tdTomato (mT), is globally expressed in all
cells. Upon cre-mediated recombination, tdTomato is silenced in VSMCs expressing
SMMHC and membranous enhanced green fluorescent protein (EGFP) is expressed
instead. This results in permanent labelling of VSMCs with EGFP while all other
cells continue expressing tdTomato. All progeny of the thus labelled VSMCs will also
express EGFP.

All mouse strains used in this study were created by crossing the respective lines.
Details on the different genotypes are shown in Table 12.
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Table 12 Overview of mouse strains

SMMHC-

Gene CreER™ Sirt6 Sirt7 mT/mG ApoE™
C57BL/6 - wt wt -
SM-mT/mG + wit wit +
SM-Sirt6-wildtype + wt wt -
SM-Sirt6-floxed + floxed — wt -
SM-Sirt6-wildtype-mT/mG + wi wi +
SM-Sirt6-floxed-mT/mG + floxed  wt +
SM-Sirt6-wildtype-ApoE™" + wit wit - +
SM-Sirt6-floxed-ApoE™ + floxed — wt - +
SM-Sirt7-wildtype + wt wt -
SM-Sirt7-floxed + wt floxed -
SM-Sirt7-wt-mT/mG + wt wt +
SM-Sirt7-floxed-mT/mG + wt  floxed +
SM-Sirt7-wildtype-ApoE ™" + wt wt - +
SM-Sirt7-floxed-ApoE ™" + wt  floxed - +
SM-Sirt7-wildtype-ApoE”-mT/mG + wt wt + +
SM-Sirt7-floxed-ApoE”-mT/mG + wt  floxed + +
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Induction of cre recombinase with Tamoxifen Tamoxifen was diluted in Mygliol
at 20 mg/ml and was dissolved by continuous rotation for at least three hours. Once
prepared the solution was protected from light and could be stored up to one week at
4°C. Mice were given 1 mg Tamoxifen per mouse per day for five consecutive days.
After disinfection of the injection site Tamoxifen injections were given intraperitoneal
alternately into the left and right lower quadrant of the abdomen to minimise scarring.
During long-term atherosclerosis experiments, Tamoxifen injection was repeated after
6 weeks.

Carotid artery ligation model The carotid artery ligation model is a highly feasible,
reproducible model to investigate vascular smooth muscle cell behaviour in response
to injury in mice as well as the controlling factors thereof. In this model, complete
ligation of the common carotid artery induces smooth muscle cell dedifferentiation,
proliferation and migration. Smooth muscle cells migrate across the internal elastic
lamina, forming a neointima in the vessel. Gene expression changes and vascular
remodelling start immediately after ligation and a stable lesion is formed within 3 to 4
weeks. Lineage-tracing studies have shown that the majority of neointimal cells are
derived of medial vascular smooth muscle cell origin, demonstrating the highly plastic
nature of smooth muscle cells and showing the lack of other cell types, like invading
immune cells, in the neointima [197].

Important features of this model include lumen narrowing by neointimal lesion for-
mation and by constrictive remodelling of the artery with maintenance of an intact
endothelium, low levels of mechanical injury and no major inflammatory response.
This allows for investigation of factors controlling vascular remodelling as well as
smooth muscle cell phenotypic plasticity in a non-inflammatory environment. In ad-
dition, the carotid artery ligation model is technically simple and relatively easy to
perform which leads to a high reproducibility of the vascular remodelling and neoin-
tima formation.

Although highly reproducible, the extent of the neointima formation can be dependent
on the used mouse strain [198]. In general, however, the extent of generated neoin-
tima decreases with distance from the ligation. In wild-type mice, for example, the
most severe neointima formation usually occurs within the first 500 um of the ligation.
Due to the constrictive nature of the remodelling process in this model, cross sections
of the artery will display wavy elastic lamellae as in Figure 12 [199, 200].
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For changes in gene expression and VSMC proliferation, arteries are examined
at earlier time points. In this study, gene expression analysis and investigation of
mitochondria was carried out at 3 and 7 days after ligation, respectively. As the
composition of the neointima will continue to change a few weeks after ligation,
neointimal size is usually examined at later times. In this study, intimal lesion size
was assessed 4 weeks after ligation. There is a variety of factors and mediators that
control the remodelling and neointimal response, including growth factors, adhesion
molecules, transcriptional regulators, cytokine and hormone signaling and many more.
An overview can be found in a review by Peterson et al. [197].
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Figure 12 Carotid artery ligation
Shown are representative cross sections of A the right sham-ligated common carotid artery
which serves as control and B the left common carotid artery 4 weeks after ligation

Carotid artery ligation - procedure In this model for smooth muscle cell dediffer-
entiation, the left carotid artery (carotis communis) was ligated directly below the
bifurcation at the distal end of the vessel. Anesthesia was performed with an intraperi-
toneal injection of Ketamin 10% (0.1 pl/g body weight) and Xylazin 2% (0.05 pl/g body
weight). Mice were placed onto a heating pad to preserve body temperature and
salve was applied for eye protection. After hair removal a midline cervical incision
was made and the left carotid artery was exposed. It was ligated directly below the
bifurcation at the distal end of the vessel with a 7.0 silk thread. The wound was
flushed with NaCl and the skin was sutured with a 6.0 silk thread. Animals were
kept under a heating lamp until recovery and pain medication was applied when
necessary.

63



2 Materials and Methods

Figure 13 Carotid artery ligation - procedure

For the carotid artery ligation model, the left carotid artery (carotis communis) was ligated
directly below the bifurcation at the distal end of the vessel as shown. Figure created with
BioRender [201].

Atherosclerosis mouse model The mouse model for atherosclerosis used in this
study is the apolipoprotein E knock-out (ApoE”") model. In this model, ApoE”~ knock-
out mice develop hypercholesterolemia and subsequently develop atherosclerotic
lesions. Apolipoprotein E is synthesised by the liver and several peripheral tissues
and cell types, including macrophages. It has various functions, like efficient hep-
atic uptake of lipoproteins, stimulation of cholesterol efflux from macrophage foam
cells in the atherosclerotic lesion, and the regulation of immune and inflammatory
responses [23]. ApoE deficient mice display poor lipoprotein clearance which leads
to accumulation of cholesterol particles in the blood, promoting the development
of atherosclerotic plaques. ApoE deficient mice are frequently used to study the
initiation, pathophysiology and progression of atherosclerosis [24]. An example of
an atherosclerotic plaque in a ApoE" knock-out mice in this study is presented in
Figure 14. In this study, for atherosclerosis experiments, the plaque development
was analysed in the brachiocephalic artery (BCA) which is sometimes considered a
surrogate for human coronary plagues [202].
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Figure 14 Atherosclerosis mouse model
Shown is an atherosclerotic plaque in a cross section from the brachiocephalic artery
(BCA) of an ApoE™" mouse fed a high fat diet for 12 weeks.

Sirté 8-week-old SM-Sirt6-wildtype-ApoE” and SM-Sirt6-floxed-ApoE™” mice
were injected with tamoxifen for five consecutive days (see 2.2.6). From the following
week onward, the mice were then fed a Western type diet containing 21.2% butter
fat and 0.3% cholesterol (TD88137 mod., ssniff, Soest, Germany) for 12 weeks.
Tamoxifen was injected again during week 6 of the experiment. General health and
body weight of the mice were monitored weekly.

After 12 weeks tissues were harvested and processed as described below. Analysis
of plaque sizes was carried out in paraffin sections.

Sirt7 8-week-old SM-Sirt7-wildtype-ApoE” and SM-Sirt7-floxed-ApoE™” mice
were subjected to the same regimen as Sirt6-ApoE” mice (see above). Tissues were
also harvested after 12 weeks and processed as described below. Analysis of plaque

sizes was also carried out in paraffin sections.

Sirt7-mT/mG  8-week-old SM-Sirt7-wildtype-ApoE”-mT/mG and SM-Sirt7-floxed-
ApoE”-mT/mG mice were subjected to the same regimen as Sirt6-ApoE” and Sirt7-
ApoE™ mice (see above). After 12 weeks tissues were harvested and processed as
described below. In contrast to the two experiments above, the analysis of plaque
sizes was carried out in cryosections instead of paraffin sections in order to preserve

fluorescence.
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2.2.7 Processing of animal samples

Tissue harvesting - Carotid artery ligation model Mice were euthanized and
vessels were perfused with 10 ml PBS and 10 ml fixating solution (4% paraformalde-
hyde, Roti-Histofix) via the left ventricle. Carotid arteries were dissected under a
stereomicroscope and connective tissue was removed. Carotids were fixed in PFA for
24 h and then stored in 70% ethanol. Tissue harvesting for electron microscopy is
described in 2.2.5.

Tissue harvesting - Atherosclerosis mouse model Mice were euthanized and
blood was withdrawn from the heart. Serum was obtained by centrifugation at
8000 x g for 10 min. Vessels were flushed with 0.9% NaCl via left ventricular perfusion.
Carotid arteries were dissected under a stereomicroscope and connective tissue was
removed. For later generation of paraffin sections, carotids were fixed in PFA for 24 h
and then stored in 70% ethanol before being embedded in paraffin. For cryosections,
vessels were fixed in 4% PFA (Roti-Histofix) for 1 h on ice, then washed in cold PBS
three times and embedded in Tissue-Tek O.C.T. Compound. For this, carotids were
placed longitudinally into cryomolds, covered with O.C.T. compound, frozen on dry
ice and stored at -80°C.

Determination of serum lipid levels Cholesterol and triglyceride concentrations
in serum samples from Western type diet fed mice were measured using enzymatic
colorimetric assays (Fluitest CHOL and TG) according to the manufacturer’s instruc-
tions. For measuring of triglycerides (TG), serum samples were diluted 1 to 5in 0.9%
NaCl. For determination of total cholesterol serum levels, samples were diluted 1
to 10 before assaying. Preceding the concentration measurement of high-density
lipoprotein cholesterol (HDL-C), apolipoprotein B (apoB)-containing lipoproteins were
removed with phosphotungstate magnesium precipitation. Briefly, 40 ul of serum
were mixed with 4 pl sodium phosphotungstate solution (40 g/l of phosphotungstic
acid in 160 mM NaOH) and 1 pl 2 M MgCl, and centrifuged at 8000 x g for 10 min at
4°C for separation. HDL-C was measured in the supernatant.

Histological analysis of tissues
Paraffin Left and right carotid arteries from ligation and atherosclerosis experi-

ments were dehydrated and embedded in paraffin type 9 and cut into cross sections of
5 um. Ligated left carotid arteries were cut starting from the point of ligation. The first
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unobstructed view of the whole artery circumference below the ligating knot was set
as 0 and the vessel was cut continuously from there. For atherosclerosis experiments
the brachiocephalic artery (BCA) was analysed. Sections were cut beginning from the
proximal side of the BCA and ended with the branching of the right subclavial artery.
For morphological assessment, sections were stained with an Elastica Van Giesson
staining kit. Elastic Van Giesson staining was performed according to manufacturer’'s

instructions:

5 min NeoClear

5 min NeoClear

1 min 98% ethanol

1 min 80% ethanol

1 min 70% ethanol

1 min 60% ethanol

2 min deionised water

10 min elastic stain iodine solution

3x rinsing in deionised water

2 min ferric chloride solution
1 min rinsing in tap water
1 min 95% ethanol

rinse in deionised water

1 min van Giesson solution
dip in 95% ethanol

1 min 99% ethanol

5 min NeoClear

5 min NeoClear

Briefly, slides were hydrated, stained with elastic stain iodine solution and then
differentiated in ferric chloride solution before being stained with van Giesson solution.
Sections were then dehydrated again and slides were mounted with NeoMount
mounting medium. Images were taken with the BZ 9000 microscope.

Cryosections Vessels were embedded and frozen as described above. Cryosec-
tions were made at -20°C with 5 um thickness. In preparation for imaging, sections
were thawed, left to dry for a few minutes and then fixed in ice-cold acetone for 10
min at -20°C. Slides were washed in PBS once and then stained with 0.5 pug/ml
DAPI in PBS for 10 min in the dark. After washing in PBS, slides were mounted with
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Vectashield Antifade Mounting Medium and images were taken with the BZ 9000
microscope.

Analysis of histological sections of carotid arteries from carotid artery liga-
tion model Cross sections from carotid arteries were analysed at predetermined
intervals. The first unobstructed view of the whole artery circumference below the
ligating knot was set as 0 and the vessel was cut and analysed continuously from
there. Sections at 100 um, 200 pm, 400 pum, 700 pm, 1000 um, 1500 um, 2000 um
and 3000 um distance from starting point 0 were analysed. The neointimal area in
ligated carotid arteries was measured by manually tracking the elastica interna and
the vessel lumen using the Imaged software (for illustration see Figure 12). Sections
with signs of complete thrombotic occlusion of the artery were excluded from the
analysis. Two sections were analysed per distance and the mean neointima size was
plotted against the distance from the starting point. The area under the curve (AUC)

was calculated to obtain the neointima volume.

Analysis of histological sections of the BCA from the atherosclerosis mouse
model For atherosclerosis experiments the brachiocephalic artery (BCA) was anal-
ysed. Cross sections were cut beginning from the proximal side of the BCA and
ended with the branching of the right subclavial artery. Sections at 0 um, 100 um, 200
pm, 300 pm, 400 pm, 500 pum, 600 pum, 700 um, 800 um and 900 um were analysed
from the BCA. Plaque sizes were also measured by manually tracking each plaque.
Two sections were analysed per distance and the mean plaque size was plotted
against the distance from the starting point. The area under the curve (AUC) was
calculated to obtain the plaque volume.

2.2.8 Statistical Analysis

Data analysis was performed using Prism (GraphPad) software version 7. All data
are represented as individual values, mean + standard deviation or mean * standard
error of the mean (SEM). Outliers, identified using the ROUT method (Q=1%), were
excluded. Comparison between two groups was made using unpaired or paired
Student’s t-test as indicated. Prerequisite for Student’s t-tests was the confirmation
of normal distribution of the data with D’Agostino and Pearson tests. Comparisons
between more than two groups were made using two-way analysis of variance
(ANQVA,) followed by Tukey’s or Dunnett’s multiple comparison test.

A p-value < 0.05 was considered statistically significant.
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3 Results

To investigate the mutual effects of VSMC dedifferentiation and metabolic adap-
tation of VSMCs, two approaches were taken. First, VSMCs were prompted to
dedifferentiate in a number of different in vitro and in vivo models and the resulting
changes in cell metabolism were observed. Second, the impact of known regulators
of cell metabolism, namely Sirtuin 6 and Sirtuin 7, on VSMC dedifferentiation was
investigated.

3.1 Effects of VSMC dedifferentiation on metabolism
3.1.1 Effects of PDGF treatment on VSMC dedifferentiation and metabolism

Different in vitro models and one in vivo model of VSMC dedifferentiation were used
to assess the shifts in metabolic pathways occurring after prompting VSMCs to
dedifferentiate. An in vitro model for VSMC dedifferentiation was set up according
to previously published protocols that used platelet-derived growth factor (PDGF)
to prompt smooth muscle cells to dedifferentiate (Figure 15A). It is known that the
dedifferentiation process manifests among other changes in a reduced expression of
VSMC marker genes a-smooth muscle actin (a-SMA) and myosin heavy chain 11
(Myh11). As a proof of concept after setting up the PDGF driven in vitro model for
dedifferentiation, the expression of these genes was analysed after 48 h of PDGF
treatment compared to vehicle control. As expected, the expression of both genes
decreased significantly, to 0.37 + 0.04 for «-SMA and 0.27 + 0.05 for Myh11 (Figure
15B).
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Figure 15 Relative mRNA expression of smooth muscle cell marker genes in
mVSMCs after treatment with PDGF

A Primary mouse vascular smooth muscle cells (mVSMCs) were grown in serum-free
media for 24 h before being treated with either vehicle or 50 ng/ml platelet-derived growth
factor (PDGF) for 48 h B Relative mRNA expression of smooth muscle marker genes was
analysed by RT-gPCR. Data are shown as mean * standard deviation. Three independent
experiments were carried out (n=3). mVSMCs were isolated from 3-4 mice and pooled

for each experiment. ** p < 0.01, *** p < 0.001 indicate significance versus vehicle by
Student’s t-test.

In a previous experiment in the working group, the expression pattern in differentiated
versus dedifferentiated VSMCs was acquired with a proteomics approach. For this,
VSMCs directly isolated from mouse aortas and carotid arteries were compared to
previously isolated VSMCs that were cultured and treated with PDGF for several
days. As expected, protein levels of VSMC markers, including Myh11, Acta2, SM-22a
and calponin were severely reduced or not detectable in PDGF treated cells versus
freshly isolated cells. Interestingly, there was a major shift in expression levels of
proteins involved in cell metabolism. Most prominent was a drop in the abundance of
mitochondrial proteins after PDGF treatment. From this experiment, the hypothesis
that VSMC phenotypic transition is accompanied by an adaption of the metabolism
towards the requirements of the respective phenotype, was generated.

Aiming to confirm and further develop the results from this proteomics-based ap-
proach, the expression of genes involved in metabolic pathways that were regulated
in those experiments were tested in the PDGF driven in vitro model using RT-gPCR
(Figure 16).
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Figure 16 Relative mRNA expression of metabolic genes in mVSMCs after treatment
with PDGF

Primary mVSMCs were grown in serum-free media for 24 h before being treated with ei-
ther vehicle or 50 ng/ml PDGF for 48 h. Relative mRNA expression of genes involved in A
glucose uptake, glycolysis and lactate production as well as B genes involved in oxidative
phosphorylation (OXPHOS), the citric acid cycle and §-oxidation was analysed by qPCR.
Data are shown as mean * standard deviation. Three independent experiments were car-
ried out (n=3). mVSMCs were isolated from 3-4 mice and pooled for each experiment. * p
< 0.05, ** p < 0.01 indicate significance versus vehicle by Student’s t-test.

After 48 h of PDGF treatment, expression of the glycolytic genes Aldolase A (Aldoa)
and Enolase 1 (Eno1) was upregulated to 1.25 + 0.2 and 1.2 *+ 0.16, respectively.
Lactate dehydrogenase (Ldha) expression was elevated significantly to 1.38 £ 0.12.
(Figure 16A) Expression of Ndufs1, encoding the largest subunit of NADH dehydro-
genase type | and Atp5h, part of the ATP synthase, was not altered in this model of
PDGF driven dedifferentiation. The same was true for Fumarate hydratase 1 (Fh1)
and Pyruvate carboxylase (Pcx), both enzymes of the citric acid cycle. Acyl-CoA dehy-
drogenase medium chain (Acadm) was significantly less expressed (0.59 + 0.08 -fold)
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after 48 h of PDGF treatment. Expression of the three subunits of Pyruvate dehydro-
genase Pdpr, Pdhb and Pdha1 was also lowered (Figure 16B).

These results largely correlated with the results obtained in the proteomics-based
approach. Expression of glycolytic enzymes and Ldha was upregulated while expres-
sion of genes involved in OXPHOS, the citric acid cycle and [3-oxidation was lowered
in PDGF treated cells compared to vehicle control.

To investigate whether this changed expression of genes related to glycolysis and
mitochondrial oxidation also has an impact on the overall cell metabolism, cells were
analysed for oxygen consumption and extracellular acidification, an indicator of lactate
production, with an XFe Flux Analyzer. Following treatment with PDGF or vehicle
for 7 days, the oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) of these cells was measured. In addition to measuring the basal rate, differ-
ent compounds were added to inhibit specific metabolic pathways. First added was
oligomycin, an inhibitor of ATP synthase (complex V of the mitochondrial respiration
chain), then FCCP, an uncoupler of mitochondrial oxidative phosphorylation and lastly
rotenone and antimycin A, complex | and complex Ill inhibitors, respectively. Figure
17A shows the unprocessed data for the measured OCR after 7 days of treatment
with either vehicle or PDGF. Important parameters calculated from the obtained curve
are shown in Figure 17E. Cells grown with PDGF displayed a higher basal respiration
as well as higher maximal respiration (185 + 49 vs. 109 = 36 pmol/min), spare
respiratory capacity (117 £ 27 vs. 65 + 35 pmol/min) and ATP production. ECAR was
also elevated in PDGF treated cells throughout the whole measurement compared to
control (Figure 17C).
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Figure 17 XFe Flux Analysis of VSMCs after 7 days of PDGF treatment

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were mea-
sured with an XFe96 Flux Analyzer in primary VSMCs that received 50 ng/ml PDGF or ve-
hicle for 7 days before as well as during the measurement. Oligomycin (Oligo), FCCP and
rotenone and antimycin A (R+A) were added at indicated timepoints during the measure-
ment. A OCR measured over time and B normalised to DNA content. C ECAR measured
over time and D normalised to DNA content. E Parameters calculated from OCR values
over time from non-normalised curve (A) as well as F parameters calculated from OCR val-
ues over time from normalised curve (B). G OCR over ECAR ratios calculated from basal
values. Data are shown as mean * standard deviation. At least three independent experi-
ments were performed (n=3). * p < 0.05, ** p < 0.01, *** p < 0.001 indicate significance
versus vehicle by Student’s t-test.

However, it is a known feature of the method that the measurement largely corre-
lates with the number of cells present in the observed wells. Therefore, different
normalisation methods are employed. Here, the normalisation was based on the
amount of DNA in each well, measured with a Quant-iT™ PicoGreen™ DNA Assay
Kit. Upon normalisation the results looked reversed. Basal respiration was then
significantly lower in PDGF treated cells compared to control. Non-mitochondrial
oxygen consumption and ATP production were both significantly reduced by 54% and
44%, respectively. Other parameters such as maximal respiration and spare respi-
ratory capacity were also reduced in PDGF treated cells (Figure 17F). Normalised
ECAR values did not show any difference between treatment and control until FCCP
injection during the measurement whereupon the acidification rate in control cells was
higher than in PDGF treated cells (Figure 17D). Figure 17G shows the OCR/ECAR
ratio calculated from the basal values for OCR and ECAR which was significantly
different in PDGF treated cells compared to the control (2.5 vs. 5.7).
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3.1.2 Effects of cholesterol treatment on VSMC dedifferentiation and
metabolism

The second in vitro model of VSMC dedifferentiation was cholesterol-driven.
Treatment of VSMCs with cholesterol has been previously reported to result in VSMC
transdifferentiation towards a macrophage-like phenotype [100].

Here, isolated primary mouse VSMCs were treated with cholesterol or vehicle
for 24 h, 48 h and 72 h, respectively (Figure 18A). As illustrated in Figure 18B,
expression of the VSMC marker genes a-SMA and Myh11 was already reduced
after 24 h treatment and declined further the longer the treatment lasted. In contrast,
expression of macrophage marker genes CD68 (microsialin) and Lgals3 (galectin-3,
also known as galactose binding lectin 3 or Mac-2), was elevated consistently after
24 h, 48 h and 72 h of cholesterol treatment compared to control. The expression of
ABC transporter Abcal was also strongly increased upon cholesterol treatment.
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Figure 18 Relative mRNA expression of smooth muscle cell and macrophage marker
genes in mVSMCs after treatment with cholesterol

A Primary mVSMCs were grown in serum-free media for 24 h before being treated with
either vehicle or 5 pug/ml cholesterol for 24 h, 48 h and 72 h, respectively. B Relative mRNA
expression of smooth muscle cell and macrophage marker genes was analysed by RT-
gPCR. Data are shown as mean * standard deviation. Three independent experiments
were carried out (n=3). mMVSMCs were isolated from 3-4 mice and pooled for each exper-
iment.” p < 0.05, ™ p < 0.01, ** p < 0.001 indicate significance versus 24 h vehicle by
Two-way ANOVA followed by Dunnett’s multiple comparisons test.
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As with the PDGF driven model, the expression of genes involved in metabolic
pathways upon cholesterol treatment was analysed.
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Figure 19 Relative mRNA expression of metabolic genes in mVSMCs after treatment
with cholesterol

Primary mVSMCs were grown in serum-free media for 24 h before being treated with ei-
ther vehicle or 5 pg/ml cholesterol for 24 h, 48 h and 72 h, respectively. Relative mRNA
expression of genes involved in A glucose uptake, glycolysis and lactate production as well
as B genes involved in oxidative phosphorylation (OXPHOS), the citric acid cycle and -
oxidation was analysed by RT-qPCR. Data are shown as mean + standard deviation. Three
independent experiments were carried out (n=3). mVSMCs were isolated from 3-4 mice
and pooled for each experiment.

When looking at genes involved in glucose uptake, glycolysis and lactate production,
expression of Slc2al (coding for glucose transporter 1 (Glut1)) and of Pfkfb3
(6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3) was not significantly
changed while there was a slight trend of increased lactate dehydrogenase
expression after 24 h and 48 h of treatment (Figure 19A). However, expression of
isocitrate dehydrogenase 2 (Idh2) and aconitase 2 (Aco2), enzymes in the citric acid
cycle, was reduced upon cholesterol treatment. The same was true for the expression
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of NADH dehydrogenase subunit 13 (Ndufa13) in the respiration chain which was
lowered to 0.72 = 0.19 as well as acyl-Coenzyme A dehydrogenase medium chain
(Acadm), carnitine palmitoyltransferase 1A (Cpti1a) and electron-transfer-flavoprotein
alpha subunit (Etfa), all playing a role in fatty acid oxidation. Acadm expression was
reduced to 0.44 + 0.07, Cpt1a expression to 0.36 £ 0.07 and Etfa expression to 0.79
+0.18.

Along the lines of the analyses of the PDGF-driven VSMC dedifferentiation model, flux
analyses were also performed for the cholesterol-driven transdifferentiation model.
Figure 20 illustrates that there were no major differences in oxygen consumption
rate between cholesterol treated and control cells. All calculated parameters such
as maximal respiration, spare respiratory capacity and ATP production were not
significantly different between groups. Normalisation to DNA content did not result
in any larger shift in the data. Extracellular acidification rate before as well as after
normalisation was consistently elevated in cholesterol-treated compared to control
cells (Figure 20C and D). The OCR/ECAR ratios calculated from basal values were
significantly different between both groups (6.9 control vs. 4.0 cholesterol) (Figure
20G).
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Figure 20 XFe Flux Analysis of VSMCs after 72 h of cholesterol treatment

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were mea-
sured with an XFe96 Flux Analyzer in primary VSMCs that were incubated with 5 pg/ml
cholesterol or vehicle for 72 h before the measurement. Oligomycin (Oligo), FCCP and
rotenone and antimycin A (R+A) were added at indicated timepoints during the measure-
ment. A OCR measured over time and B normalised to DNA content. C ECAR measured
over time and D normalised to DNA content. E Parameters calculated from OCR values
over time from non-normalised curve (A) as well as F parameters calculated from OCR val-
ues over time from normalised curve (B). G OCR over ECAR ratios calculated from basal
values. Data are shown as mean * standard deviation. At least three independent experi-
ments were performed (n=3). ** p < 0.01 indicate significance versus vehicle by Student’s
t-test.

3.1.3 In vivo effects of VSMC dedifferentiation on metabolism

Analyses of gene expression upon carotid artery ligation Following the in vitro
experiments, the next aim was to confirm and expand those results in an in vivo
model of VSMC dedifferentiation. For this, a carotid artery ligation mouse model was
employed. In this experimental system, the left common carotid artery (arteria carotis
communis) is ligated directly below the carotid bifurcation, where the common carotid
artery divides into internal and external carotid arteries (see 2.2.6). This ligation
disrupts the blood flow in that area which subsequently leads to a dedifferentiation
and immigration of VSMCs into the intima of the vessel, forming the so-called
neointima (see 2.2.6 and Figure 21A).

For the following analyses, tissue from the ligated left carotid artery was compared to
the right carotid artery, which served as control.
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Figure 21 Relative mRNA expression of smooth muscle cell marker genes 3 days
after carotid artery ligation

A The left common carotid artery (artery carotis communis) of 8 week-old mice was ligated
directly below the carotid bifucation where the common carotid artery divides into internal
and external carotid arteries. The right carotid artery was left in its orinigal state and served
as internal control. B Relative mRNA expression of VSMC marker genes was analysed in
ligated left carotid arteries (artery ligation (LCC)) vs. control right carotid arteries (sham
(RCQ)) by gPCR 3 days after surgery. Data are shown as mean * standard deviation.
Three indepent experiments were performed (n=3). For each experiment, RNA was iso-
lated from LCCs and RCCs from 3-4 mice. ** p < 0.01, *** p < 0.001 indicate significance
versus sham (RCC) by Student’s t-test.

As a first experiment, the carotid arteries of wildtype mice were ligated and the tissue
harvested 3 days post surgery for RT-gPCR analysis. Since one carotid artery does
not render sufficient tissue material for RNA isolation and subsequent qPCR analysis
carotid arteries from three individual mice were pooled and analysed. As a proof of
concept, it was first checked whether the VSMC marker genes a-SMA and Myh11
were downregulated in the ligated vessel.

As presented in Figure 21B, expression of both VSMC marker genes was largely
decreased three days after surgery compared to control. Both, expression of a-SMA
and Myh11 was reduced to 0.2 + 0.2. From this, it is evident that a major part of the
VSMCs in the vessel undergo a dedifferentiation process.

After confirming that ligation of the artery sets dedifferentiation processes in motion,
the expression of further genes was investigated.
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Figure 22 Relative mRNA expression of metabolic genes 3 days after carotid artery
ligation

Relative mRNA expression of genes involved in A glucose uptake, glycolysis and lactate
production, B genes involved in the citric acid cycle, C genes involved in oxidative phospho-
rylation (OXPHOS) and D genes involved in 5-oxidation was analysed in ligated left carotid
arteries (artery ligation (LCC)) vs. control right carotid arteries (sham (RCC)) by RT-qPCR
3 days after surgery. Data are shown as mean * standard deviation. 3-6 experiments were
performed (n=3-6). For each experiment, RNA was isolated from LCCs and RCCs from
3-4 mice. * p < 0.05, *** p < 0.001 indicate significance versus sham (RCC) by Student’s
t-test.

Figure 22A shows the mRNA levels of genes encoding for proteins and enzymes
in glucose uptake and glycolytic activity. Expression of the genes Pfkfb3 and Pgk1,
encoding 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 and phosphoglyc-
erate kinase 1 was elevated to 2 and 1.9, respectively. Similarly, the expression of
Slc2a1 encoding the glucose transporter 1 (Glut1) was increased to 1.4 while the
largest shift in expression was found for lactate dehydrogenase A (Ldha) which was
expressed 2.3-fold in tissue from the ligated arteries.

The expression of enzymes from the citric acid cycle was lowered to 0.56 and 0.7 for
Idh2 and Aco2. Expression levels of glutamatic-oxaloacetic transaminase 2 (Got2)
and fumarate hydratase 1 (Fh1) were not altered significantly (Figure 22B).

The expression of genes encoding subunits of different respiratory chain complexes
NADH:ubiquinone oxidoreductase subunit A13 (Ndufa13) and NADH:ubiquinone
oxidoreductase core subunit S1 (Ndufs1), ATP synthase, H+ transporting, mito-
chondrial F1 complex, O subunit (Atp50) and pyruvate dehydrogenase complex,
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component X (Pdhx) was decreased in the carotid artery tissue after ligation (Figure
22C).

Figure 22D shows the results for genes involved in the [S-oxidation process. Expres-
sion of Cpt1a, enoyl Coenzyme A hydratase short chain 1 (Echs1) and Etfa was
reduced to 0.77, 0.62 and 0.58. The strongest decrease in expression level was
found for Acadm with a reduction to 0.3.

Overall, there was an increase in expression of genes involved in glucose uptake and
glycolysis while genes encoding for enzymes in the citric acid cycle, fatty acid oxida-
tion and for components of the respiratory chain complexes were down-regulated.

3.1.4 Analysis of mitochondrial abundance upon carotid artery ligation

The decreased expression of several genes encoding for enzymes in the citric acid
cycle, fatty acid oxidation and for components of the respiratory chain complexes
led to the assumption that the processes induced by the artery ligation have a
direct or indirect impact on the cells’ mitochondria. A series of experiments was
performed to investigate whether the down regulation of mMRNA expression led
to fewer mitochondria or if mitochondrial integrity was affected. One means to
investigate the abundance of mitochondria in cells is to determine the amount of
mitochondrial DNA present in the cell and normalize this to the nuclear DNA. This
relies on the fact that there are as many copies of mitochondrial DNA present in the
cell as there are mitochondria while there is only one copy of nuclear DNA.

Employing the carotid artery ligation model again (Figure 23A), tissue was collected
4 weeks after surgery from which DNA was isolated and analysed with gPCR. For
measuring mitochondrial DNA the amount of NADH dehydrogenase 1 (mt-Nd1) gene
was determined while eukaryotic translation elongation factor 2 (Eef2) represented
the nuclear DNA.
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Figure 23 Amount of mitochondrial DNA 4 weeks after carotid artery ligation

A The left common carotid artery (arteria carotis communis) of 8-week-old mice was ligated
directly below the carotid bifurcation where the common carotid artery divides into inter-
nal and external carotid arteries. The right carotid artery was left in its original state and
served as internal control. B The amount of DNA for the mt-Nd1 gene, representing mito-
chondrial DNA (mtDNA), and the amount of DNA for the Eef2 gene, representing nuclear
genomic DNA (gDNA), was determined in ligated left carotid arteries (artery ligation (LCC))
vs. control right carotid arteries (sham (RCC)) by gPCR 4 weeks after surgery. The ratio
of mt-Nd1/Eef2 was calculated and shown here as ratio mtDNA/gDNA. Data are shown
as mean * standard deviation. 4 experiments were performed (n=4). For each experiment,
DNA was isolated from LCCs and RCCs from 1-2 mice. p=0.09 versus sham (RCC) by
Student’s t-test.

Figure 23B shows that 4 weeks after ligation the mtDNA to nuclear DNA ratio
decreased by 25% to 0.85. The calculated p-value is 0.09 suggesting there might be
a significant difference in comparison to the control.

As a second approach to determine the abundance of mitochondria in dedifferentiated
VSMCs, mitochondria were stained with MitoTracker™Deep Red FM and cells were
analysed with flow cytometry. For this experiment, ligated and sham operated carotid
arteries were harvested 7 days after surgery and digested to release individual cells
which were then stained with MitoTracker™Deep Red FM to label mitochondria. In
order to be able to differentiate between vascular smooth muscle cells and other cell
types like endothelial cells that are also released from the tissue by the enzymatic
digestion, a genetic lineage tracing mouse model (SM-mT/mG) was used here.
Membranous red fluorescent protein (mTomato) is globally expressed in all cells. Upon
Cre-mediated recombination, mTomato is silenced in VSMCs expressing SMMHC
and membranous green fluorescent protein GFP is expressed instead. This results
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in labelling of VSMCs with GFP while all other cells continue expressing mTomato.
Thus, VSMCs from tissue taken from these mice can be identified with flow cytometry.

A
. carots
externa differentiated VSMCs
> A carotis communis . 0 MitoTracker™
o Isolation of VSMC .:.: Deep Red FM
U e 7 days post OP ::: ﬁ Analysis by Flow
—_—
' oo Cytometry
> = . carots communis e
A carot ...o
..:
104
B ¢ C R2 R3
192 10°4
o 3
£
8
3 128 g
w
o
64
VSMC
origin
0 T T T 10° R T =
0 64 128 192 256 100 10! 102 108 10¢
FsC FITC Log Comp
D E
104 [} el
2 5000+
8
1034 2 - ®
‘g 4000 L4 .
3 u
2 e
€ ol 5 30001 -
8 S o
& 2000 u
107 S -
£ 10004 ° .
c
100 : . - 8 o .
100 101 102 108 104 = & e
& NS
APC Log (MitoTracker Deep Red FM Mean Fluorescence) ,,6‘\ X
& &
o2
)
&

Figure 24 Mitochondrial abundance 7 days after carotid artery ligation

A The left common carotid artery (arteria carotis communis) of 8 week-old mice was lig-
ated directly below the carotid bifurcation where the common carotid artery divides into
internal and external carotid arteries. The right carotid artery was left in its original state
and served as internal control. 7 days after surgery, vessels were digested to release cells
from the tissue which were then stained with MitoTracker™ Deep Red FM and analysed
by flow cytometry. B Forward vs. Side scatter: Only cells from Gate R1 were used for fur-
ther analyses C Red fluorescence as PE compensated versus the GFP fluorescence as
FITC compensated: Cells accumulating in the upper left quadrant (R2) display red fluo-
rescence and accordingly are not from VSMC origin while cells in the lower right quadrant
(R5) display green fluorescence and are thus from VSMC origin. D MitoTracker™ Deep
Red staining of cells from R5 only E Mean MitoTracker Fluorescence from cells isolated
from sham operated carotids (control) vs. ligated carotid arteries 7 days after surgery. Data
are shown as individual values and mean * standard deviation. n=11, ** p < 0.01 indicate
significance versus sham (RCC) by paired Student’s t-test.

84



Figure 24C shows the red fluorescence as PE compensated versus the GFP
fluorescence as FITC compensated. Cells accumulating in the upper left quadrant
display red fluorescence and accordingly are not from VSMC origin while cells in the
lower right quadrant display green fluorescence and are thus from VSMC origin. Cells
in the lower left quadrant which show little red and little green fluorescence, were
shown to be dead cells by DAPI staining. Cells with VSMC origin (from the lower right
quadrant) were analysed for MitoTracker™Deep Red staining (Figure 24D). Figure
24E shows the mean MitoTracker fluorescence for cells from ligated carotid arteries
(LCC) compared to cells from control vessels (RCC). 7 days after ligation, cells from
ligated arteries showed significantly less fluorescence compared to control.

To gain further insight into how the ligation-induced dedifferentiation of VSMCs
influenced mitochondria, electron microscopy was employed. Electron microscopy
allows a closer look at the size, shape and integrity of mitochondria. Figure 25 shows
the different morphologies of ligated vessels and control vessels. Figure 25A i) and ii)
illustrate how the control vessel is comprised of the adventitia or outer layer, the tunica
media which contains the VSMCs and an endothelial layer on the lumen side of the
vessel. Elastic fibers run through the vessel and stabilise it. Differentiated VSMCs are
positioned longitudinally between the fibers and thus display an elongated, stretched
out phenotype (Figure 25A ii)). In the ligated vessels, dedifferentiated VSMCs newly
form the neointima which then extends between the media and the endothelium. As
can be observed in Figure 25A i) and ii) VSMCs in the neointima did not display any
uniform orientation but are scattered throughout the new layer. In the larger 12930x
magnification (iii-v) it becomes evident that VSMCs from the media in the control
vessels and VSMCs in the neointima in ligated vessels displayed a very different
phenotype. While VSMCs in the media were elongated, spindly and quite large,
VSMCs in the neointima appeared smaller, more circular and did not show consistent
orientation. Mitochondria in the two different cell types displayed similar qualities.
Mitochondria in differentiated VSMCs in the media were more elongated than in
dedifferentiated VSMCS in the neointima. This is also reflected in the significantly
higher circularity that was determined by analysing mitochondria in both cell types
(Figure 25D). This different shape however, did not affect the overall size of the
mitochondria (Figure 25C). Since electron microscopy is only two-dimensional, the
size that is given here is equal to the area measured and does not provide any
information on the actual volume of the mitochondria. In addition to mitochondrial

area and circularity, mitochondria were also counted. Since cells often were not
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completely depicted in one image, mitochondrial number was not calculated per
cell but per visible cell area (Figure 25E). There was no difference in number of
mitochondria per cell area detected.
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Figure 25 Mitochondrial size, shape and humber 4 weeks after carotid artery ligation
A The left common carotid artery (arteria carotis communis) of 8 week-old mice was ligated
directly below the carotid bifurcation. The right carotid artery was left in its original state
and served as internal control. Sections of ligated and control vessels were imaged with
electron microscopy 4 weeks after surgery. i) 775x magnification of control vessel (left) and
ligated vessel (right), white lines indicate respective tissue layers ii) 1670x magnification of
control vessel (left) and ligated vessel (right), white lines indicate respective tissue layers
iii-v) 12930x magnification of control vessel (left) and ligated vessel (right), white lines
indicate cell boundaries and mark mitochondria B mean mitochondrial size (area) in cells
from control and ligated vessels C mean circularity of mitochondria in cells from control
and ligated vessels D number of mitochondria per cell area in three control vessels and
three ligated vessels. Data are shown as mean + standard deviation. Carotids from three
mice were analysed (n=3). 50 pictures were analysed per condition. * p < 0.05 indicate
significance versus sham (RCC) by Student’s t-test.

3.2 The role of Sirtuin 6 and Sirtuin 7 in VSMC dedifferentiation

Histone deacetylases sirtuin 6 (Sirt6) and sirtuin 7 (Sirt7) are known regulators of cell
metabolism. Sirt6 has been shown to play a major role in the regulation of glycolytic
genes. Sirt7 was identified as an important regulator of mitochondrial biogenesis
mediated through its impact on GA-binding protein (GABP)31, a master regulator
of nuclear-encoded mitochondrial genes. Global Sirt7 deficiency in mice has been
shown to induce multi-systemic mitochondrial dysfunction. As the activity of these
sirtuins depends on the citric acid cycle intermediate NAD as a substrate, they are
also considered as sensors of cellular nutritional demands that regulate metabolism
accordingly (see 1.6). Due to this sensitivity towards the metabolic state of cells
and their own functional role in regulation metabolism, Sirt6 and Sirt7 are interesting
targets to investigate in the context of VSMC dedifferentiation and the concomitant
shift in metabolism explored in 3.1.

3.2.1 Effect of VSMC dedifferentiation on Sirté and Sirt7 expression

As a first step, the cholesterol-driven in vitro model of VSMC dedifferentiation was
utilized to investigate whether dedifferentiation affects the expression of Sirt6é and
Sirt7 (Figure 26A). mRNA levels of Sirt6 and Sirt7 were slightly but not significantly
lowered in cells that were treated with cholesterol.

In addition to the in vitro model, this question was also addressed in the in vivo artery
ligation model (Figure 26B). Here, a moderate decrease of Sirt6 expression as well
as a slight increase in Sirt7 expression was found three days after surgery.
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Figure 26 Relative mRNA expression of Sirt6 and Sirt7 in vitro and in vivo

A Primary mVSMCs were grown in serum-free media for 24 h before being treated with
either vehicle or 5 pg/ml cholesterol for 24 h, 48 h and 72 h, respectively. Relative mRNA
expression of Sirt6 and Sirt7 was analysed by RT-qPCR. Data are shown as mean  stan-
dard deviation. Three independent experiments were carried out (n=3). mVSMCs were
isolated from 3-4 mice and pooled for each experiment. B Relative mMRNA expression of
Sirt6 and Sirt7 was analysed in ligated left carotid arteries (artery ligation (LCC)) vs. con-
trol right carotid arteries (sham (RCC)) by RT-gPCR 3 days after surgery. Data are shown
as mean * standard deviation. 4 experiments were performed (n=4). For each experiment,
RNA was isolated from LCCs and RCCs from 3-4 mice.

3.2.2 Establishment and validation of knock-out mouse models

To investigate the role of Sirté and Sirt7 in VSMCs specifically, conditional knock-out
mouse models were created, containing a smooth-muscle cell specific cre recombi-
nase and floxed Sirt6 and Sirt7 alleles, respectively. Upon cre recombinase activation
by administration of tamoxifen the floxed areas of the Sirt6 or Sirt7 gene were
eliminated from cells with VSMC origin. For each strain respective wildtype controls
have been bred, resulting in genotypes SM-Sirt6-WT, SM-Sirt6-floxed, SM-Sirt7-WT
and SM-Sirt7-floxed, in the following referred to as Sirt6 WT, Sirt6 KO, Sirt7 WT
and Sirt7 KO. These floxed mice were then also crossed with the SM-mT/mG
lineage tracing reporter mouse strain to create SM-Sirt6-WT/floxed-mT/mG and
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SM-Sirt7-WT/floxed-mT/mG strains (for further details on the mouse strains see 2.1.4
and 2.2.6).

To validate whether recombination by the activated cre recombinase leads to the de-
sired elimination of exons 4-6 of the Sirt6 and exons 6-9 of the Sirt7 gene respectively,
carotids and aorta from SM-Sirt6-mT/mG and SM-Sirt7-mG/mT reporter mice were
taken, digested and cells were sorted by FACS. The cells showing green fluorescence,
indicating their VSMC origin, were collected and analysed with RT-qPCR. As Figure
27 shows, expression of Sirt6 and Sirt7 is almost completely abolished 10 days after
completed tamoxifen administration.

Thus, the knock-down of Sirt6 and Sirt7 in their respective mouse strain was con-
firmed and the mouse lines were deemed suitable for further analysis of the role of
Sirt6 and Sirt7 in VSMC dedifferentiation and metabolism.
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Figure 27 Validation of Sirt6 and Sirt7 knock-out in mouse models

8-week old SM-Sirt6-floxed-mT/mG and SM-Sirt6-WT-mT/mG as well as SM-Sirt7-floxed-
mT/mG and SM-Sirt7-WT-mT/mG mice were injected with tamoxifen for five consecutive
days. 10 days after the last injection the aorta and carotid arteries were harvested and
digested to release individual cells. Cells were then sorted with FACS. A Cells were gated
according to size and granularity (Forward vs. side scatter FCS-A vs. SSC-A) and double
and multiple cells were excluded (FSC-H vs. FSC-W and SSC-H vs. SSC-W). Only cells
exhibiting green fluorescence (R4) that were thus from VSMC origin were sorted and fur-
ther analysed with RT-gPCR. B Relative mRNA expression of Sirt6 in sorted VSMCs from
Sirt6 floxed and Sirt6 wildtype mice. C Relative mRNA expression of Sirt7 in sorted VSMCs
from Sirt7 floxed and Sirt7 wildtype mice. Data are shown as mean * standard deviation
within one experiment (n=1). Sorted cells from 4 Sirt6 wildtype and 4 Sirt6 floxed mice
were pooled and analysed (n per genotype = 4). Sorted cells from 3 Sirt7 wildtype and 5
Sirt7 floxed mice were pooled and analysed (n per genotype = 3-5).
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3.2.3 The influence of Sirt6 on VSMC dedifferentiation and metabolism

The influence of Sirté on VSMC dedifferentiation in an in vivo carotid artery
ligation model To investigate whether a Sirt6 knock-out in VSMCs affects their ded-
ifferentiation process during remodeling, mice from the SM-Sirt6 line were subjected
to carotid artery ligation inducing VSMC dedifferentiation. The resulting phenotype
was analysed based on histological cross sections of the ligated vessels. The area
and volume of the neointima formed upon vessel ligation in knock-out mice were
compared to that forming in the carotids of wildtype mice.

4 weeks after carotid artery ligation, no difference was observed in neointima area or
volume in the vessels of Sirté KO mice compared to wildtype (Figure 28).

93



3 Results

A AT o e
B Sirté WT Sirté KO
250 pm
1000 pm
Neointima area Neointima volume

20000~ 1.5%107
- -~ Sirt6 WT
E .
3 15000 = Sir6 KO 1%107- .
[ =
o £
< =
< 100004 o 5x10%
E 2
€
s 5000+ 0
(7]
=z

0 T T T ' — -5x10¢ T T
S & & & & & & Sirté WT Sirt6 KO
S S

distance [um]

Figure 28 Histological analysis of ligated carotid arteries from Sirt6 conditional
knock-out mice

8-week old SM-Sirt6 floxed and SM-Sirt6 wildtype mice were injected with tamoxifen for five
consecutive days. A 10 days after the last injection, the left common carotid artery (arteria
carotis communis) was ligated directly below the carotid bifurcation where the common
carotid artery divides into internal and external carotid arteries. B 4 weeks after surgery
the vessels were harvested and processed for histological analysis. The cross section
directly below the ligation knot was defined as starting point and cross sections with de-
fined distances from the ligation were analysed. Representative images of cross sections
250 um and 1000 um from the starting point are shown. C The area of the formed neoin-
tima at indicated distances was measured and D the volume of the neointima was defined
as the calculated area under the curve. Data are shown as mean + standard error of mean
(SEM) for the measured area and individual values with mean * standard deviation for
the calculated volume. Analysed were 7 Sirt6 wildtype mice and 9 Sirt6 floxed mice (n per
genotype= 7-9).
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Expression profile of Sirt6 knock-out mice after carotid artery ligation Since
Sirt6 is, among other functions, a known regulator of cell metabolism it was inves-
tigated whether the VSMCs from the respective knock-out mice showed altered
expression patterns regarding key metabolic genes. Expression was compared be-
tween VSMCs from untreated control vessels (right carotid arteries) from knock-out
versus wildtype mice. In addition, it was looked at whether the shift in expression of
metabolic genes that occurs in VSMCs upon carotid artery ligation, as was found and
shown in 3.1.3, were also observed in Sirt6 knock-out animals or whether there were
differences to be found.
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Figure 29 Relative mRNA expression of metabolic genes in Sirt6 knock-out versus
wildtype 3 days after carotid artery ligation

8-week-old SM-Sirt6 floxed and SM-Sirt6 wildtype mice were injected with tamoxifen for five
consecutive days. 10 days after the last injection, the left common carotid artery (arteria
carotis communis) was ligated. Relative mRNA expression of A VSMC marker genes and
Sirt6, B expression of genes involved in glucose uptake, glycolysis and lactate production
and C genes involved in oxidative phosphorylation (OXPHQOS), in the citric acid cycle and
in B-oxidation was analysed in ligated left carotid arteries (artery ligation (LCC)) vs. control
right carotid arteries (sham (RCC)) by RT-gPCR 3 days after surgery. Data are shown as
mean * standard deviation. 1-2 experiments were performed (n=1-2). For each experiment,
RNA was isolated from LCCs and RCCs from 3-4 mice.

Expression of VSMC marker genes upon artery ligation was similarly down-regulated
in Sirté WT and Sirt6 KO cells (Figure 29). There was also no difference in expression
patterns for genes Slc2a1, Ptkfb3 and Ldha. As was found in the previous analysis of
expression patterns after carotid artery ligation (3.1.3), expression of many genes
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involved in oxidative phosphorylation, the citric acid cycle and 3-oxidation was de-
creased after the surgery. This could also be observed in this experiment for the Sirté
WT mice. Expression of these genes was also lowered in Sirt6 KO cells.

Influence of Sirt6 on the development of atherosclerosis in an ApoE™
atherosclerosis mouse model While the carotid artery ligation model is useful
to investigate the dedifferentiation of VSMCs in vivo, it cannot depict the complex
pathology of real vascular diseases. Therefore, the effects of Sirt6é depletion in
VSMCs were also investigated in a mouse model for atherosclerosis. For this
purpose, in addition to the creation of the SM-Sirt6 and SM-Sirt6-mT/mG mouse
strains, the SM-Sirt6 line was also crossed with ApoE knock-out mice (ApoE™)
to create the SM-Sirt6-ApoE™ mouse strain. In these mice the apolipoprotein E
(ApoE) is globally knocked-out and they possess floxed Sirt6 alleles as well as the

smooth-muscle cell specific cre recombinase.

SM-Sirt6-floxed-ApoE™" (referred to as Sirté KO ApoE™) and SM-Sirt6-wildtype-
ApoE™ mice (referred to as Sirté WT ApoE™") were fed a Western type diet for 12
weeks to induce the development of atherosclerosis. They were then analysed
for cholesterol levels in the blood as well as the plaque burden in the diseased
vessels. Body weight of Sirté WT ApoE” mice increased from 25.6 + 1.8 g at
the beginning of the experiment to 38.0 + 3.1 g at the end of the experiment.
Sirté KO ApoE™ mice gained weight in a similar fashion, starting at 26.9 + 3.0 g
and ending at 37.4 = 3.8 g (Figure 30A). Total cholesterol as well as high density
lipoprotein (HDL) and triglyceride levels were similar in Sirté WT ApoE™ and Sirt6
KO ApoE" mice after 12 weeks of Western type diet (Figure 30B,C and D). To
determine the atherosclerotic plaque burden, the brachiocephalic artery (BCA) was
analysed histologically. Cross sections were made beginning at the branch-off
from the aortic arch and sections were analysed at fixed intervals. The plaque
area in Sirt6 WT ApoE” and Sirté KO ApoE” mice was similar up to 500 pm
from the branch-off. Towards the end of the BCA however, the plaque area in
Sirté KO ApoE” mice was slightly larger than in Sirt6é WT ApoE” mice (Figure
30F). The calculated area under curve which depicts the plaque volume was not
significantly different in Sirté WT ApoE™ and Sirt6 KO ApoE”" mice although there
was a small trend towards higher plaque volume in Sirté KO ApoE” mice (Figure 30G).

In summary, neointima formation as well as atherosclerotic plaque size were not
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significantly different in Sirté KO compared to Sirt6 WT mice. Screening of metabolic
gene expression upon carotid artery ligation also did not show obvious differences
between Sirté WT and Sirt6 KO mice.
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Figure 30 Development of atherosclerosis in Sirté deficient ApoE”* mice compared to
Sirt6 wildtype ApoE™

8-week-old SM-Sirt6-floxed-ApoE” and SM-Sirt6-WT-ApoE~" mice were injected with
tamoxifen for five consecutive days. The mice were then fed a Western type diet for 12
weeks. Shown is A body weight at beginning and end of the experiment, B levels of total
cholesterol in the blood serum after 12 weeks of Western type diet, C levels of high density
lipoprotein (HDL) in the blood serum after 12 weeks of Western type diet and D levels of
triglycerides at the end of the experiment without prior fasting. E Representative images of
cross sections of the brachiocephalic artery (BCA) 0-300 um, 300-600 pum and 600-900 um
distal from the branch-off from the aortic arch. F Plaque area was measured in cross sec-
tions of the BCA at indicated distances from the branch-off from the aortic arch. G The
area under the curve was calculated and defined as plaque volume. Data are shown as
individual values (A, B, C, D and G) with mean * standard deviation or as mean * standard
error of mean (SEM) (E). Analysed were 10 Sirt6-wildtype-ApoE” mice and 11 Sirt6-floxed-
ApoE'/'- mice (n per genotype = 10-11).

3.2.4 The influence of Sirt7 on VSMC dedifferentiation and metabolism

The influence of Sirt7 on VSMC dedifferentiation in an in vivo carotid artery
ligation model To investigate whether a Sirt7 knock-out in VSMCs affects their ded-
ifferentiation process during remodeling, mice from the SM-Sirt7 line were subjected
to carotid artery ligation inducing VSMC dedifferentiation. The resulting phenotype
was analysed based on histological cross sections of the ligated vessels. The area
and volume of the neointima formed upon vessel ligation in knock-out mice were
compared to that forming in the carotids of wildtype mice.

Figure 31 illustrates the results for the carotid artery ligation of Sirt7 knock-out mice.
Here, a significant increase in neointima formation could be observed throughout
the length of the vessel. Consequently, the calculated volume of the neointima was
significantly larger in Sirt7 KO mice compared to control. The exemplary images show
a pronounced hypertrophy in the Sirt7 KO vessel compared to control (Figure 31B).
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Figure 31 Histological analysis of ligated carotid arteries from Sirt7 conditional
knock-out mice

8-week old SM-Sirt7 floxed and SM-Sirt7 wildtype mice were injected with tamoxifen for five
consecutive days. A 10 days after the last injection, the left common carotid artery (arteria
carotis communis) was ligated directly below the carotid bifurcation where the common
carotid artery divides into internal and external carotid arteries. B 4 weeks after surgery
the vessels were harvested and processed for histological analysis. The cross section
directly below the ligation knot was defined as starting point and cross sections with de-
fined distances from the ligation were analysed. Representative images of cross sections
250 ym and 1000 pm from the starting point are shown. C The area of the formed neoin-
tima at indicated distances was measured and D the volume of the neointima was defined
as the calculated area under the curve. Data are shown as mean + standard error of mean
(SEM) for the measured area and individual values with mean * standard deviation for

the calculated volume. Analysed were 6 Sirt7 wildtype mice and 5 Sirt7 floxed mice (n per
genotype= 5-6) ** p < 0.01 indicate significance versus wildtype by Student’s t-test.
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Expression profile of Sirt6 knock-out mice after carotid artery ligation Since
Sirt7, like Sirt6, is a known regulator of cell metabolism it was investigated whether the
VSMCs from Sirt7 knock-out mice showed altered expression patterns regarding key
metabolic genes. Expression was compared between VSMCs from untreated control
vessels (right carotid arteries) from knock-out versus wildtype mice. In addition, it was
looked at whether the shift in expression of metabolic genes that occurs in VSMCs
upon carotid artery ligation, as was found and shown in 3.1.3, was also observed in
Sirt7 knock-out animals or whether there were differences to be found.
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Figure 32 Relative mRNA expression of metabolic genes in Sirt7 knock-out versus
wildtype 3 days after carotid artery ligation

8-week-old SM-Sirt7 floxed and SM-Sirt7 wildtype mice were injected with tamoxifen for five
consecutive days. 10 days after the last injection, the left common carotid artery (arteria
carotis communis) was ligated. Relative mRNA expression of A VSMC marker genes and
Sirt7, B expression of genes involved in glucose uptake, glycolysis and lactate production,
C genes involved in oxidative phosphorylation (OXPHOS) and D genes involved in the citric
acid cycle and in 3-oxidation was analysed in ligated left carotid arteries (artery ligation
(LCC)) vs. control right carotid arteries (sham (RCC)) by RT-qPCR 3 days after surgery.
Data are shown as mean = standard deviation. 1-2 experiments were performed (n=1-2).
For each experiment, RNA was isolated from LCCs and RCCs from 3-4 mice.

Expression of VSMC marker genes upon artery ligation was similarly reduced in
Sirt7 WT and Sirt7 KO cells. As was found in the previous analysis of expression
patterns after carotid artery ligation (3.1.3), expression of genes involved in glucose
uptake, glycolysis and lactate production was increased after the surgery. In this
experiment this was confirmed for Sirt7 WT vessels and was also largely true for
the Sirt7 KO arteries. Down-regulation of the master regulator of glycolysis, Tigar,
was also consistent in both genotypes. Expression of genes involved in oxidative
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phosphorylation, the citric acid cycle and (5-oxidation was also reduced in a similar
fashion in Sirt7 WT ligated vessels as well as in Sirt7 KO ligated vessels compared to

control.

Influence of Sirt7 on the development of atherosclerosis in an ApoE™
atherosclerosis mouse model While the carotid artery ligation model is useful
to investigate the dedifferentiation of VSMCs in vivo, it cannot depict the complex
pathology of real vascular diseases. Therefore, the effects of Sirt7 depletion in
VSMCs were also investigated in a mouse model for atherosclerosis. For this
purpose, in addition to the creation of the SM-Sirt7 and SM-Sirt7-mT/mG mouse
lines, the SM-Sirt7 strain was also crossed with ApoE knock-out mice (ApoE™)
to create the SM-Sirt7-ApoE™ mouse strain. In these mice the apolipoprotein E
(ApoE) is globally knocked out and they possess floxed Sirt7 alleles as well as the

smooth-muscle cell specific cre recombinase.

As in the experiment with Sirt6 mice, SM-Sirt7-floxed-ApoE™ (referred to as Sirt7-KO
ApoE™) and SM-Sirt7-wildtype-ApoE™ mice (referred to as Sirt7 WT ApoE™") were fed
a Western type diet for 12 weeks to induce the development of atherosclerosis. They
were then analysed for cholesterol levels in the blood as well as the plague burden in
the diseased vessels. Body weight of Sirt7 WT ApoE”" mice increased from 26.7+
2.8 g at the beginning of the experiment to 34.8 + 5.7 g at the end of the experiment.
Sirt7 KO ApoE™ mice gained weight in a similar fashion, starting at 23.9 + 1.6 g and
ending at 33.0 = 3.8 g (Figure 33A). Total cholesterol as well as HDL and triglyceride
levels were not different in Sirt7 WT ApoE™ and Sirt7 KO ApoE™ mice after 12 weeks
of Western type diet (Figure 33B,C and D). The plaque area in Sirt7 KO ApoE” mice
was significantly larger compared to Sirt7 WT ApoE™ mice over the whole length of
the BCA (Figure 33F). Consequently, the plaque volume was significantly higher in
Sirt7 KO ApoE” mice than in Sirt7 WT ApoE™ mice (Figure 33G).
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Figure 33 Development of atherosclerosis in Sirt7 deficient ApoE”" mice compared to
Sirt7 wildtype ApoE”" mice

8-week-old SM-Sirt7-floxed-ApoE” and SM-Sirt7-WT-ApoE~" mice were injected with
tamoxifen for five consecutive days. The mice were then fed a Western type diet for 12
weeks. Shown is A body weight at beginning and end of the experiment, B levels of total
cholesterol in the blood serum after 12 weeks of Western type diet, C levels of high density
lipoprotein (HDL) in the blood serum after 12 weeks of Western type diet and D levels of
triglycerides at the end of the experiment without prior fasting. E Representative images of
cross sections of the brachiocephalic artery (BCA) 0-300 pm, 300-600 um and 600-900 um
distal from the branch-off from the aortic arch. F Plaque area was measured in cross sec-
tions of the BCA at indicated distances from the branch-off from the aortic arch. G The
area under the curve was calculated and defined as plaque volume. Data are shown as
individual values (A, B, C, D and G) with mean * standard deviation or as mean * standard
error of mean (SEM) (E). Analysed were 13 Sirt7 wildtype ApoE”" mice and 13 Sirt7 floxed
ApoE™" mice (n per genotype = 13), ** p < 0.01 indicate significance versus wildtype by
Student’s t-test.

In summary, mice with a VSMC-specific Sirt7 knock-out showed increased neointima
formation upon carotid artery ligation and developed larger atherosclerotic plaques
compared to wildtype mice. These results indicate that Sirt7 regulates VSMC dedif-
ferentiation in these models. Therefore, the next step was to identify how Sirt7 affects
VSMC homeostasis and dedifferentiation.

3.2.5 Mechanistic effects of Sirt7 on VSMC homeostasis

Establishment of a Sirt7 knock-down cell culture model Before further investi-
gations into the role of Sirt7 in VSMCs could be implemented, a cell culture model for
a Sirt7 knock-down was needed. Due to animal welfare the experiments aimed at
elucidating the basic function of Sirt7 and the effects of its knock-out could not and
were not carried out exclusively with the help of animal experiments. Therefore, a cell
culture model with a known and widely used VSMC cell line, A7r5, was established.
Sirt7 knock-down was achieved by small interference RNA (siRNA) transfection.
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Figure 34 Establishing a Sirt7 knock-down cell culture model

A A7r5 cells were transfected with either scrambled or Sirt7 siRNA on two consecutive
days. Cells were then harvested 72 h after the first transfection and B expression of Sirt7
was analysed with RT-gPCR. Two different primer sets were used, detecting exon 5-6 and
exon 9-10 of Sirt7 cDNA. Data are shown as mean + standard deviation. Three indepen-
dent experiments were performed (n=3). ** p < 0.01, *** p < 0.001 indicate significance
versus scrambled by Student’s t-test.

As Figure 34 illustrates, a knock-down of 60-70% with a remaining Sirt7 expression
of 30-40% could be achieved with two consecutive siRNA transfections. In spite
of additional testing of different conditions and siRNA concentrations, a complete
knock-down of Sirt7 could not be achieved. Therefore, this model was used in the
following analyses despite the remaining Sirt7 mRNA and probably also protein.

Expression of Sirt7 target and key metabolic genes upon Sirt7 knock-down
in vitro In their publication from 2014, Ryu et al. found that Sirt7 regulates the
GA-binding protein which in turn is a master regulator of mitochondrial biogenesis.
Consequently, a lot of genes involved in mitochondrial biogenesis were strongly
down-regulated upon Sirt7 knock-down or knock-out [121]. The lowered expression
of Sirt7 target genes was confirmed in hepatocytes as well as cardiomyocytes but up
until now they were not investigated in VSMCs.

The mRNA levels of several of these target genes were analysed in the established
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siRNA Sirt7 knock-down cell culture model. As Figure 35 shows, a significant decline
in MRNA levels upon Sirt7 knock-down was only observed for mitofusin 1 (Mfn1),
mitofusin 2 (Mfn2) (0.74 £ 0.08) and mitochondrial polymerase (Polrmt) with 0.83 +
0.02. A downwards trend could also be observed for mitochondrial ribosomal protein
5 (Mrps5) with a p-value of 0.07. Although these down-regulations were significantly
different from the control the observed decline in expression was not very large. In
the publication of Ryu et al., the effects of Sirt7 depletion on these target genes was
a lot more pronounced.

In addition to the target genes proposed from the mentioned publication, it was also
checked whether Sirt7 knock-down had an impact on the expression of other genes
important for cell metabolism (Figure 35B and C). However, there was no difference
in expression of genes involved in glycolysis (Slc2a1, Pfkfb3, Ldha), in oxidative
phosphorylation (Atp50, Ndufa13), the citric acid cycle (Aco2, Idh2) or 3-oxidation
(Cpt1a, Echs1, Etfa).

106



>

Sirt7 targets

§ El scrambled

[7]

@ .

o Sirt7

Qo

x

@

<

4

[

£

Qo

=

S

©

[

B C

glucose uptake, glycolysis, lactate production OXPHOS, TCA cylce, B-oxidation

c 15 c 2.0

o El scrambled 9 El scrambled

73 73

A . @ .

] Sirt7 S 1.5 Sirt7

2 1.0- T T T &

> @ I I

< < 1.0

2 2 SN NINT

€ 0.5- £

2 s 057

s ki

€ ool M . . € ool K ; I .
N > el I S N e AT
> & X F & & & & & E &

& Q((*- 2 S S v K F &

Figure 35 Relative mRNA expression of Sirt7 target genes and chosen metabolic
genes upon Sirt7 siRNA knock-down

A7r5 cells were transfected with either scrambled or Sirt7 siRNA on two consecutive days.
Cells were then harvested 72 h after the first transfection and A expression of Sirt7 and
several of its target genes, B genes involved in glucose uptake, glycolysis and lactate pro-
duction and C genes involved in oxidative phosphorylation (OXPHOS), in the citric acid
cycle and in S-oxidation was analysed with RT-gPCR. Data are shown as mean + standard
deviation. Three independent experiments were performed (n=3) * p < 0.05, ** p < 0.01
indicate significance versus scrambled by Student’s t-test.

Expression of Sirt7 target genes upon VSMC-specific Sirt7 knock-out in vivo
In addition to the exploration of Sirt7 depletion and its effects on the expression
of published Sirt7 target genes in vitro, the expression was also investigated in
vivo. SM-Sirt7 floxed and SM-Sirt7 wildtype mice were injected with tamoxifen for 5
consecutive days. Vessels were harvested and the expression of Sirt7 target genes
analysed with RT-gPCR.

As Figure 36 illustrates, there was a strong knock-down of Sirt7 in Sirt7 floxed
mice after tamoxifen injection as shown with primers for two different deleted exons.
However, there was no effect on the expression of the Sirt7 target genes, published
by Ryu et al., to be observed [121].
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Figure 36 Relative mRNA expression of Sirt7 target genes in Sirt7 knock-out mice
compared to wildtype

8-week-old SM-Sirt7 floxed and SM-Sirt7 wildtype mice were injected with tamoxifen for five
consecutive days. 14 days after the last injection, carotid arteries and the aorta were har-
vested from these mice. Expression of Sirt7 and several of its target genes was analysed
with RT-gPCR. Data are shown as mean + standard deviation. Tissue was taken from two
Sirt7 floxed and two wildtype mice (n per genotype = 2) ** p < 0.01, *** p < 0.001 indicate
significance versus wildtype by Student’s t-test.

The effect of Sirt7 knock-down on metabolic output To investigate whether the
knock-down of Sirt7 and its postulated effects on the expression of mitochondrial
genes affects the overall cell metabolism, cells were analysed for oxygen consumption
and extracellular acidification, an indicator of lactate production, with an XFe Flux
Analyzer. Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR)
were measured following two consecutive siRNA transfections. Figure 37 illustrates
that there were no major differences in oxygen consumption rate in Sirt7 knock-down
cells compared to control cells. All calculated parameters such as maximal respiration,
spare respiratory capacity and ATP production were not significantly different between
groups. Normalisation to DNA content did not result in any larger shift in the data.
Extracellular acidification rate before as well as after normalisation was similar in Sirt7
knock-down and control cells (Figure 37C and D). The OCR/ECAR ratios calculated
from basal values were not significantly different although the OCR/ECAR ratio in
Sirt7 depleted cells was slightly lower than in the control (Figure 37G).
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Figure 37 XFe Flux Analysis of VSMCs after Sirt7 siRNA knock-down

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were mea-
sured with an XFe96 Flux Analyzer in A7r5 cells which were transfected with either scram-
bled or Sirt7 siRNA on two consecutive days. Cells were transferred into the measurement
plate 48 h after first transfection and measured 72 h after first transfection. During the mea-
surement Oligomycin (Oligo), FCCP and rotenone and antimycin A (R+A) were added

at indicated timepoints during the measurement. A OCR measured over time and B nor-
malised to DNA amount. C ECAR measured over time and D normalised to DNA amount.
E Parameters calculated from OCR values over time from non-normalised curve (A) as
well as F parameters calculated from OCR values over time from normalised curve (B). G
OCR over ECAR ratios calculated from basal values. Data are shown as mean + standard
deviation. At least three independent experiments were performed (n=3).

Influence of Sirt7 knock-down on metabolic output in VSMCs upon cholesterol-
induced dedifferentiation Using the cholesterol-driven dedifferentiation cell
culture model, it was tested whether Sirt7 knock-down had any influence on the
changes in metabolism occurring in VSMCs upon dedifferentiation. A7r5 cells were
transfected with Sirt7 or scrambled siRNA, treated with cholesterol for 48 h and cells
were analysed for oxygen consumption and extracellular acidification with an XFe
Flux Analyzer.

In both Sirt7 depleted and control cells, the oxygen consumption rate dropped notice-
ably upon cholesterol treatment which was probably due to a lower cell number in
these wells as normalisation to DNA content abolished this effect. In fact, after nor-
malisation there was no difference in oxygen consumption between the four different
groups. The same was true for all calculated parameters such as maximal respiration,
spare respiratory capacity and ATP production. Consistent with the results from
3.1.2 (Figure 20), extracellular acidification rate after normalisation was elevated in
cholesterol-treated compared to control cells (Figure 38D). However, there was no
difference between Sirt7-depleted and control cells. The OCR/ECAR ratios calculated
from basal values, were significantly lowered in the cholesterol treated group but
similar in Sirt7-depleted and control cells (Figure 38G).
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Figure 38 Flux Analysis of VSMCs after Sirt7 siRNA knock-down and cholesterol
treatment

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were mea-
sured with an XFe96 Flux Analyzer in A7r5 cells which were transfected with either scram-
bled or Sirt7 siRNA on two consecutive days. Cells were incubated with serum-free media
before being treated with 5 pg/ml cholesterol or vehicle for 48 h. The measurement took
place 5 days after the first siRNA transfection and after 48 h of cholesterol incubation. Dur-
ing the measurement Oligomycin (Oligo), FCCP and rotenone and antimycin A (R+A) were
added at indicated timepoints during the measurement. A OCR measured over time and
B normalised to DNA amount. C ECAR measured over time and D normalised to DNA
amount. E Parameters calculated from OCR values over time from non-normalised curve
(A) as well as F parameters calculated from OCR values over time from normalised curve
(B). G OCR over ECAR ratios calculated from basal values. Data are shown as mean +
standard deviation. Two independent experiments were performed (n=2).* p < 0.05, **

p < 0.01, *** p < 0.001 indicate significance versus siRNA or treatment as indicated by
Two-way ANOVA, followed by Tukey’s multiple comparison test.

Analyses of the abundance of mitochondria in Sirt7 knock-out versus wildtype
vessels upon carotid artery ligation In 3.1.4 the abundance of mitochondria in
dedifferentiated VSMCs was analysed with flow cytometry by staining mitochondria
with MitoTracker™ Deep Red FM. For this experiment, ligated and sham operated
carotid arteries from SM-Sirt7-floxed-mT/mG and SM-Sirt7-WT-mT/mG mice were
harvested 7 days after surgery and digested to release individual cells which were
then stained with MitoTracker™ Deep Red FM to label mitochondria. As in the
previous flow cytometry experiment (Figure 24) the genetic lineage tracing mouse
strain was used in order to be able to differentiate between VSMCs and other cell

types.

Figure 39B shows the absolute values of Mitotracker fluorescence in VSMCs from
sham operated carotid arteries and ligated carotid arteries from wildtype as well
as from Sirt7 knock-out mice. There was no observable difference between the
absolute Mitotracker fluorescence between these groups. Since the experiments with
wildtype and Sirt7 knock-out mice were not carried out on the same day and absolute
values can vary due to differences in the staining process on separate days, data
were normalised by calculating ratios of ligated and control arteries (Figure 39C).
As seen previously, Mitotracker fluorescence in cells isolated from ligated wildtype
arteries declines after surgery which results in a ratio lower than 1. Ratios from Sirt7
knock-out mice were not significantly different from those in wildtype mice indicating
that depletion of Sirt7 did not influence the effect of artery ligation on Mitotracker

fluorescence.
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Figure 39 Mitochondrial abundance in Sirt7 knock-out versus wildtype mice 7 days
after carotid artery ligation

A 8-week-old SM-Sirt7-floxed-mT/mG and SM-Sirt7-WT-mT/mG mice were injected with
tamoxifen for five consecutive days. The left common carotid artery (arteria carotis com-
munis) was ligated directly below the carotid bifurcation where the common carotid artery
divides into internal and external carotid arteries. The right carotid artery was left in its
original state and served as internal control. 7 days after surgery, vessels were harvested
and digested to release cells from the tissue which were then stained with MitoTracker™
Deep Red FM and analysed by flow cytometry. B Forward vs. Side scatter: Only cells from
Gate R1 were used for further analyses C Red fluorescence as PE compensated versus
the GFP fluorescence as FITC compensated: Cells accumulating in the upper left quad-
rant (R2) display red fluorescence and accordingly are not from VSMC origin while cells

in the lower right quadrant (R5) display green fluorescence and are thus from VSMC ori-
gin. D Mean MitoTracker fluorescence of cells (from R5 only) isolated from sham operated
carotids (control) vs. ligated carotid arteries 7 days after surgery of wildtype or Sirt7 knock-
out mice. E Ratio of MitoTracker fluorescence of cells (from R5 only) from ligated carotid
arteries (LCC) and control right carotid arteries (sham RCC) for each genotype. Data are
shown as individual values with mean * standard deviation. Analysed were 4 Sirt7 wildtype
mice and 4 Sirt7 floxed mice (n per genotype= 4).

3.2.6 Proliferation of VSMCs after Sirt7 knock-down

In their publication from 2018, Zheng et al. postulated that Sirt7 regulates VSMC
proliferation via the Wnt / 3-catenin signaling pathway [203]. To check whether these
results could be reproduced, a proliferation assay with A7r5 cells that were transfected
with Sirt7 siRNA was performed. Additionally, cells with knocked-down Sirt7 were
analysed for expression of genes from the canonical Wnt-signaling pathway.
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Figure 40 Proliferation of and Wnt-signaling in VSMCs after Sirt7 siRNA knock-down
A7r5 cells were transfected with either scrambled or Sirt7 siRNA on two consecutive days.
A Cells were then seeded with the same density into wells of a 24 well plate. 24 h, 48 h
and 72 h after seeding, the cells from 4 wells were trypsinised and counted. The cell num-
ber 24 h after seeding was set as the baseline and a growth factor was calculated.

B Expression of genes involved in the canonical Wnt-pathway and in proliferation was anal-
ysed with RT-gPCR 72 h after the first transfection. Data are shown as mean + standard
deviation. Six independent experiments were performed for A (n=6). Three independent
experiments were performed for B (n=3).

There was no difference observed in proliferation of VSMCs after Sirt7 knock-down.
Moreover, there was no difference in expression of 3-catenin (CtnnB1) or cyclin D1
(CenD1), both directly involved in the Wnt / S-catenin signalling pathway. Expression
of the proliferation marker Ki67 (Mki67) was also not significantly changed after siRNA
mediated knock-down of Sirt7.

3.2.7 Composition of atherosclerotic plaques in Sirt7 deficient ApoE™ mice

As shown in Figure 33 Sirt7-KO-ApoE™ mice developed larger atherosclerotic plaques
after 12 weeks of a Western type diet than Sirt7-WT-ApoE™ mice. Since the Sirt7
knock-out was only present in the VSMCs, it was then of interest to determine whether
the number of VSMCs within the plaques was altered in the Sirt7 knock-out animals.
However, as described before it can be difficult up to impossible to differentiate
between cells that originate from VSMCs and other cells in the plaque that just
assume a VSMC-like phenotype. To address this difficulty, genetic lineage tracing
was employed again. SM-Sirt7-floxed-ApoE”-mT/mG and SM-Sirt7-wildtype-ApoE™ -
mT/mG mice were fed a Western type diet for 12 weeks to induce the development of
atherosclerosis. They were then analysed for cholesterol levels in the blood as well
as the VSMC content within the plaques.

115



3 Results

A body weight B total cholesterol
40+ 1500+
] s 3
_ Spug vy )
3 30 . v £
= n vy =" 1000+
-E” .'5-:-' N g ole
- A
220 0 o ?
> 5
3 500 .
S 104 S
s
L
0 T T T T 0 T T
Sirt7 Wt Sirt7 KO
& & &L
& @ e
,\*‘é PN P
o & & &
C HDL
25+
L]
204
g
S 154
E ol®
= 104
3 k-
54
[ ]
[J
0 : T
Sin7 Wt Sirt7 KO
D Sirt7 WT Sirt7 KO

BRACHIOCEPHALIC
ARTERY (BCA) 4

0-300 pm
AORTIC ARCH
300 - 600 um
600 — 900 pm
E = VSMC fraction in plaque F VSMC fraction in plaque

©
@ 404 -
& - Sirt7 WT 30000 .
[} .
E; 304 = Sin7 KO .
3 g 200001 alm
= )
§ 20+ g
P < 10000
9 104
‘“ []
g’ [}
g rlr—a—"v—"—T"""TT"" 0 " T
% P LS LSS Sit7 WT  Sirt7 KO

distance [pm]

116



Figure 41 Plaque composition in Sirt7 deficient ApoE”- mice compared to Sirt7 wild-
type ApoE"mice

8-week-old SM-Sirt7-floxed-ApoE”-mT/mG and SM-Sirt7-WT-ApoE”-mT/mG mice were in-
jected with tamoxifen for five consecutive days. The mice were then fed a Western type diet
for 12 weeks. Shown is A body weight at beginning and end of the experiment, B levels

of total cholesterol in the blood serum after 12 weeks of Western type diet and C levels of
HDL in the blood serum after 12 weeks of Western type diet. D Representative images of
cross sections of the brachiocephalic artery (BCA) 0-300 um, 300-600 pum and 600-900 pm
distal from the branch-off from the aortic arch. E The GFP positive area was measured in
cross sections of the BCA at indicated distances from the branch-off from the aortic arch
and is shown as percentage of the total plaque area. F The area under the curve was cal-
culated and shows the relative content of VSMCs in relation to the total plaque volume.
Data are shown as individual values (A, B, C, D and G) with mean * standard deviation or
as mean = standard error of mean (SEM) (E). Analysed were 8 SM-Sirt7-wildtype-ApoE ™"
mice and 8 SM-Sirt7-floxed-ApoE™ mice (n per genotype = 8).

There was no difference in body weight at the beginning and end of the experiment
between the two groups (Figure 41A). There was also no difference in total cholesterol
and HDL levels in Sirt7-floxed-ApoE”-mT/mG and Sirt7-WT-ApoE”-mT/mG mice
(Figure 41B and C). The GFP positive area, indicating the cells of VSMC origin, was
measured and shown as percentage of the total plaque area. There was no difference
in the VSMC fraction of total plaque area over the length of the BCA between Sirt7
knock-out and wildtype mice (Figure 41E). Therefore the calculated volume of VSMC-
derived cells within the plagues was also not different between Sirt7 knock-out and
wildtype mice (Figure 41F).
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4 Discussion

The aim of this study was to investigate the association between VSMC dedifferenti-
ation and VSMC metabolism in vascular disease. It was tested whether metabolic
processes adapt to the requirements of the new phenotype during VSMC dediffer-
entiation. This was investigated in two in vitro and one in vivo mouse model of
VSMC dedifferentiation. The second part of this study aimed at manipulating VSMC
metabolism through deletion of known metabolic regulators Sirt6 and Sirt7 and de-
termining whether direct intervention in the cells’ metabolism would impact VSMC
dedifferentiation in an in vitro and in vivo model of VSMC dedifferentiation and in an
atherosclerosis mouse disease model.

4.1 Effects of VSMC dedifferentiation on metabolism
4.1.1 PDGF regulates VSMC dedifferentiation and metabolism

As smooth muscle cell plasticity, also referred to as phenotypic switching, phenotypic
modulation or phenotypic transition, is an intrinsic and complex process, it is an
ongoing challenge to find suitable models that fully represent it. In this study,
different cell culture models, an in vivo artery ligation model and an atherosclerosis
disease model were used to study VSMC phenotypic switching in vitro and in vivo.
A cell culture model that has been used widely and frequently is the induction of
VSMC dedifferentiation by the growth factor PDGF-BB. Cultured VSMCs treated
with PDGF-BB have been shown to exhibit increased proliferation and migration
which is accompanied by a decrease in smooth muscle marker gene expression
[98, 204]. In this study, the effect of PDGF treatment for 48 h on the mRNA
levels of two smooth muscle markers, SMa-actin (Acta2) and myosin heavy chain
(Myh11), was assessed in isolated mouse VSMCs. As expected, expression of
both genes declined significantly upon PDGF treatment (Figure 15). Therefore, the
PDGF-driven dedifferentiation model of mMVSMCs was established and was then
used for following experiments. In a previous experiment in the working group, the
expression pattern in differentiated versus dedifferentiated VSMCs was acquired with
a proteomics approach. For this, VSMCs directly isolated from mouse aortas and
carotid arteries were compared to previously isolated VSMCs that were cultured
and treated with PDGF for several days. As expected, protein levels of VSMC
markers, including Myh11, Acta2, SM-22« and calponin were severely reduced
or not detectable in PDGF treated cells versus freshly isolated cells. Interestingly,

119



4 Discussion

there was a major shift in expression levels of proteins involved in cell metabolism.
Most prominent was a drop in the abundance of mitochondrial proteins after PDGF
treatment. From this experiment and evidence in the literature (see 1.5.1), the
hypothesis that VSMC phenotypic transition is accompanied by an adaption of
the metabolism towards the requirements of the respective phenotype, was generated.

To verify this hypothesis, the mRNA levels of selected genes involved in glucose
uptake, glycolysis, lactate production, oxidative phosphorylation and fatty acid
oxidation were measured after 48 h of PDGF treatment. Expression of two glycolytic
enzymes, Aldoa and Eno1, was elevated while glucose transporter 1 (Glut1) was not
changed significantly. This could indicate a higher glycolytic rate but no increased
glucose uptake. Most prominent was the increase in Ldha expression which leads
to speculation whether the acetyl-coA generated in an accelerated glycolysis is
increasingly converted to lactate. An increase of Ldha expression as well as elevated
lactate production after PDGF treatment was also demonstrated by Perez et al.
[149]. While glycolysis seemingly increased, genes coding for different subunits of
complexes in the respiratory chain were down-regulated (pyruvate dehydrogenase
subunits Pdpr, Pdhb and Pdha1) or not altered (Atp5h, Ndufs1) in this PDGF-BB

driven model.

Taken together, the gene expression analysis does indicate that PDGF-BB driven
dedifferentiation is accompanied by changes in metabolic pathways. Gene expression
alone, however, cannot depict the overall metabolic turnover and whether it is altered
during VSMC phenotypic switching. Therefore, the oxygen consumption and lactate
production of VSMCs treated with PDGF-BB were measured with a flux analyser.
Cells grown with PDGF displayed a higher basal respiration as well as higher maximal
respiration, spare respiratory capacity and ATP production. Extracellular acidification
rate (ECAR), indicative of lactate production, was also elevated in PDGF treated cells
throughout the whole measurement compared to control (Figure 17C). However,
it is a known feature of the method that the measurement largely correlates with
the number of cells present in the observed wells. Therefore, the measured values
were normalised to DNA amount in each well. Upon this normalisation, the picture
looked reversed. Basal respiration was then significantly lower in PDGF treated cells
compared to control. ATP production, maximal respiration and spare respiratory
capacity were also reduced in PDGF treated cells (Figure 17F). Normalised ECAR
values did not show any difference between treatment and control until FCCP
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injection during the measurement whereupon the acidification rate in control cells was
higher than in PDGF treated cells. These drastic changes show that the cell number
in the PDGF treated wells must have increased substantially. This could be expected
as PDGF has been shown to increase VSMC proliferation before. Normalisation
to different parameters such as protein levels or, like in this case, DNA content is
important and necessary but might not be able to fully negate the effects of a large
difference in cell number during the measurement. As VSMC dedifferentiation leads
to a more synthetic phenotype which is characterised by the expression and secretion
of a variety of proteins, it is also questionable whether the increase in protein content
is correlative to the increase in cell number. These difficulties might be one reason
for the contradictory results when looking at flux analysis of PDGF treated cells.

Perez et al., for instance, found that PDGF treatment increased both mitochondrial
respiration, most prominently the spare respiratory capacity, and lactate production
significantly [149]. In their study, they normalised the flux data to protein content in
the wells to compensate for increased cell proliferation. These results match the
results obtained in this study before the normalisation was applied. Once normalised
however, the results contradict each other as Perez et al. have shown increased
mitochondrial activity and lactate production whereas they are reduced or not
significantly altered in the study presented here. These differences might be due to
the different normalisation methods used as well as to the different durations of PDGF
treatment. Perez et al. treated VSMCs with PDGF for 24 h before the measurement
while cells in this study were treated for 7 days before being reseeded and measured.
In addition, the amounts of substrates, like glucose and glutamine, added during the
measurement were different. Perez et al. performed their experiments in rat aortic
smooth muscle cells while cells from mouse aortas and carotid arteries were used

here.

A better indicator of the metabolic shift during phenotypic switching is probably the
OCR/ECAR ratio as it is based on the measured values from the same well and cir-
cumvents the problem of the difference in cell number. PDGF-treated cells displayed a
significantly lower ratio compared to control cells, indicating a shift towards increased
lactate production. This correlates with the elevated mRNA levels of Ldha after PDGF
treatment as higher expression of Ldha could directly lead to an increased lactate
production. Perez et al. have also shown an increase in Ldha protein expression
and enzyme activity and have shown this upregulation to be dependent on the PI3K
pathway.

121



4 Discussion

Increased lactate production is often a direct effect of an increased glycolysis. There
are reports that glycolysis can directly regulate VSMC proliferation by affecting cell
cycle protein expression and phosphorylation. This was found using 2-desoxyglucose
(2-D@) to inhibit glycolysis [149, 205]. This concept has also been shown for endothe-
lial cells, where glycolysis is a key regulator of vessel sprouting, a process in which
endothelial cells proliferate to form new vessels [206]. As endothelial proliferation dur-
ing vessel sprouting and VMSC proliferation during phenotypic switching are similar
processes, it stands to reason that the regulatory mechanisms might also be similar.
The effects of PDGF on metabolic pathways was also shown in pulmonary arterial
smooth muscle cells (PASMCs). Xiao et al. demonstrated that PDGF promotes
PASMC proliferation accompanied by an increase in lactate production as well as
LDH and Glut1 expression while cellular ATP production and pyruvate dehydrogenase
(PDH) expression was decreased [148]. This is indicative of the Warburg effect, a
metabolic phenomenon by which cancer cells produce lactate from glucose even
under non-hypoxic conditions. Xiao et al. showed an enhanced Warburg effect in
PDGF treated PASMCs. They found the PISK/AKT/mTOR/HIF-1« signaling path-
way to be involved in promoting this process. HIF-1a has been shown to play an
important role in regulating the Warburg effect in tumour cells by activating the gene
expression of pyruvate dehydrogenase kinase 1 (PDK1). Increased PDK1 inhibits
PDH, which in turn inhibits the TCA cycle and enhances the Warburg effect. Xiao
et al. also found a feedback regulation between the Warburg effect and HIF-1q.
Thus, they demonstrated that PDGF promotes the Warburg effect by activating the
PIBK/AKT/mTOR/HIF-1a signaling pathway in PASMC proliferation [148].

The results from the present study confirm that PDGF has similar effects in mouse
VSMCs. The significantly lower OCR/ECAR ratio compared to control and elevated
Ldha mRNA levels after PDGF treatment indicate a shift towards increased lactate pro-
duction which strongly suggests that PDGF enhances the Warburg effect in mVSMCs.
Whether this is a consequence or the driving force of VSMC dedifferentiation, could
not be resolved in this experiment.

Experiments in other models are thus needed to further understand the link between
VSMC dedifferentiation and metabolism.

4.1.2 Cholesterol treatment affects VSMC phenotypic plasticity and
metabolism

The second in vitro model of VSMC phenotypic switching used in this study was
the treatment of mMVSMCs with cholesterol. As the accumulation and uptake of

122



cholesterol plays a fundamental role in the development of atherosclerotic lesions it
might be the model better suited to depict the processes in this disease. Incubation
of isolated mVSMCs with free cholesterol, complexed to methyl-3-cyclodextrin
which enhances the solubility of the cholesterol, leads to a phenotypic transition
towards a macrophage-like phenotype as was demonstrated by Rong et al. [100].
Expression of VSMC marker genes like SMa-actin, MHC and calponin-h1 decreased
drastically after 72 h of cholesterol treatment while macrophage markers CD68 and
Mac2 expression was significantly elevated. Expression of Abcal, a key regulator
of cholesterol efflux, was also increased upon cholesterol treatment. VSMCs
incubated with cholesterol acquired phagocytic activity, further converging towards
the macrophage phenotype. The authors refer to this phenotypic transition towards
the macrophage-like cells as transdifferentiation.

These findings were confirmed in this study as cholesterol treatment for 24 h, 48 h
and 72 h reduced the expression of smooth muscle marker genes and significantly
elevated macrophage markers and Abcal (Figure 18).

After establishing the model, it was used to analyse the expression of several genes
involved in metabolic pathways. When looking at genes involved in glucose uptake,
glycolysis and lactate production, mMRNA expression levels were not significantly
changed except for a slight trend of increased Ldha expression after 24 h and 48 h.
However, mRNA levels of enzymes from the citric acid cycle, the respiration chain
and fatty acid oxidation, all associated with mitochondria, were downregulated upon
cholesterol treatment, suggesting that transdifferentiation is accompanied by a
metabolic shift.

Flux analysis showed no difference in mitochondrial respiration but a significant
increase in lactate production resulting in a shifted OCR to ECAR ratio towards
increased ECAR. In contrast to the PDGF driven model, cholesterol did not have
an impact on VSMC proliferation and the data did not change significantly upon
normalisation to DNA content. As is the case with PDGF, cholesterol probably can
also directly impact cell metabolism. Cholesterol accumulation in liver mitochondria
was shown to disrupt mitochondrial functional performance and the organisation of
respiratory supercomplexes in a recent study [207].

Taken together, both in vitro models suggest changes in VSMC metabolism upon
induction of phenotypic switching. An elevated lactate production and data suggesting
an increased glycolysis were observed with both methods upon phenotypic transition.
This would indicate that VSMCs undergo similar processes as endothelial cells during
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angiogenesis which also rely on glycolysis and lactate production to render energy
faster and in a hypoxic environment. Cancer cells are also known to shift their energy
generation from mitochondrial respiration towards glycolysis and lactate production,
known as the Warburg effect. It stands to reason that VSMCs, in order to adapt to
proliferative and synthetic phenotypes, underly the same mechanism. Whether a
shift in metabolism is a driver of VSMC phenotypic switching or the shift happens in
reaction to external dedifferentiation-inducing stimuli, is not fully understood.

4.1.3 Effects of VSMC dedifferentiation on VSMC metabolism in vivo

Cell culture models are useful to study specific processes in a contained reproducible
environment. VSMC phenotypic plasticity, however, is an intrinsic and complex
process that is influenced by the cells’ microenvironment, cell-cell interactions,
extracellular matrix, hemodynamic factors and cytokines. Crosstalk between
endothelial cells and VSMCs, for example, has effects on both the contractile and the
synthetic VSMC phenotype. The current cell culture models cannot depict this in vivo
environment and are thus limited. To study VSMC phenotypic switching in vivo, a
carotid artery ligation model was used in this study. The ligation of the artery induces
VSMC dedifferentiation and proliferation and leads to neointima formation (similar to
restenosis processes, see 1.2 and 2.2.6) VSMC dedifferentiation in this model was
confirmed by determining the expression of VSMC differentiation markers a-SMA
and Myh11 which were significantly down-regulated in ligated arteries (Figure 21).

In a next step, the expression of genes involved in glycolysis, the TCA cycle, oxidative
phosphorylation and fatty acid oxidation three days after carotid artery ligation was
measured. Expression of Slc2a1 encoding the glucose transporter 1 (Glut1) was
increased in ligated arteries. As Glut1 is the domineering isoform of the GLUT family
in VSMCs, an elevated expression could suggest an increased glucose uptake in
VSMCs upon ligation induced dedifferentiation. Expression of Pfkfb3, an important
activator of glycolysis, was also upregulated in dedifferentiated VSMCs. As Pfkfb3
was shown to play an important role in the regulation of endothelial proliferation
through glycolysis, it is likely that it is also involved in an enhanced glycolytic activity
and possibly VSMC proliferation [206]. Expression of Pgk1 which catalyses the first
ATP-generating step of the glycolytic pathway, was also significantly elevated after
carotid artery ligation. Together with the upregulation of other glycolytic enzymes
like Eno1 this indicates an enhanced glycolytic activity in dedifferentiating VSMCs. It
was demonstrated by Li et al. that conditions like hypoxia and oncogenic mutations
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that lead to the activation of ERK signaling, can induce translocation of Pgk1 to the
mitochondria. Mitochondrial PGK1 phosphorylates pyruvate dehydrogenase kinase
1 (PDK1) which in turn inhibits the pyruvate dehydrogenase complex (PDH). This
suppresses mitochondrial pyruvate metabolism and increases lactate production,
effectively promoting the Warburg effect [208]. The upregulation of Pgk1 and the
fact that the VSMC dedifferentiation in this model is at least partly hypoxia driven,
invite to speculate that the same mechanism is at work during phenotypic switching
of VSMCS.

An essential enzyme in cell metabolism is lactate dehydrogenase. In this setting,
expression of Ldha was upregulated significantly upon dedifferentiation of VSMC.
Higher expression of Ldha suggests an increased lactate production, possibly also
under oxygen rich conditions. In other studies lactate was shown to mediate the
regulation of proliferation, migration, gene transcription and synthetic phenotype
modulation in VSMCs [147]. Depletion of LDHA suppressed the viability, proliferation,
migration and invasive abilities of human and rat aortic smooth muscle cells [209, 210].

Supporting the theory of a Warburg like effect in switching VSMCs, expression of
enzymes from the TCA cycle and subunits from the respiration complexes was
down-regulated upon artery ligation. Idh2 expression, for example, was reduced
three days after ligation. Impaired function of Idh2 through mutations is known from
many cancers and other diseases [211]. This parallel between reduced Idh2 activity
in cancer cells and in proliferating VSMCs could further indicate a Warburg-like effect
in proliferating VSMCs.

Expression of critical enzymes involved in the oxidation of fatty acids was also
significantly reduced in dedifferentiated VSMCs in this model. This suggests a
decrease in fatty acid oxidation in the VSMC synthetic phenotype. Two other groups
however have found an increased fatty acid oxidation in dedifferentiated VSMCs
and postulated a shift in metabolism from glucose-based substrates to free fatty
acids [150, 212]. These studies, however, were carried out in cell culture models of
VSMC dedifferentiation, whereas the data presented here stem from an in vivo model.
Due to the different conditions and setups, discrepancies between the behaviour of
switching VSMCs in vitro and in vivo could have surfaced. Additionally, in the present
study only gene expression analysis was carried out. It is possible that lower gene
expression of fatty acid oxidation enzymes does not reflect in the actual metabolic
output of the cell. Since no metabolic flux analyses were done on the tissue, changes
in the metabolic output of VSMCs in vivo can only be speculated upon based on the
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gene expression pattern.

Taken together, the gene expression analysis in dedifferentiated cells from ligated
carotid arteries strongly suggests a metabolic shift in switching VSMCs. Upon
dedifferentiation, glycolysis seems to be enhanced in VSMCs while mitochondrial
respiration is reduced. Significantly increased expression of Ldha indicates that
dedifferentiated VSMCs turn towards aerobic glycolysis and metabolise pyruvate
to lactate instead of shunting it into the TCA cycle and respiration chain. These
processes are reminiscent of the Warburg effect in cancer cells. It is assumed that it
is not the generation of energy in form of ATP but other metabolic requirements that
drive the Warburg effect in proliferating cells. As proliferating cells need to replicate
their cellular content in order to create new cells, they have a large need for cellular
building blocks like nucleotides, amino acids and lipids. To meet this need, not all
glucose can be catabolised completely as parts of its carbon chain are needed as
basis for other molecules. Acetyl-CoA, for example, is needed as a building block for
acyl chains to synthesise lipids.

Another important pathway, the pentose phosphate pathway, generates NADPH,
pentose sugars and ribose 5-phosphate, which serve as precursor molecules for
nucleotide synthesis. Glucose-6-phosphate which is generated in the first step of
glycolysis is shunted into this pathway [136].

Based on the results from this study it seems likely that VSMCs also rely on the
Warburg effect with increased glycolysis and lactate production in order to meet their
metabolic requirements upon the increased proliferation and synthetic activity of
the dedifferentiated phenotype. Elevated lactate levels and production in synthetic
VSMCs has been shown before [147]. Lactate production, however, could also not
only be due to aerobic glycolysis but also to anaerobic glycolysis as the occlusion
of the blood vessel by the ligation could lead to a lack of oxygen, inducing HIF1«
and energy generation through anaerobic means. It has also been shown that
low mechanical shear stress induces HIF1a in endothelial cells. As ligation of the
vessel reduces the blood flow in the carotid artery and consequently alters the shear
stress, the same mechanisms could be in place in this model and not only apply
to endothelial cells but also to the underlying VSMCs [213]. This also presents
a drawback of this model which is the possible contamination with endothelial
cells. As there is only one layer of endothelium and a whole media of VSMCs,
the overwhelming number of VSMCs in relation to endothelial cells should make
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endothelial cells negligible. Nevertheless, influences by endothelial mMRNA can still
not be excluded.

Taken together, the data from the in vivo ligation model match the data obtained
from the cell culture models that also indicated a metabolic shift in VSMCs during
phenotypic switching. The cells undergo a Warburg-like effect to generate building
blocks and other metabolites needed in a state of increased proliferation.

4.1.4 The role of mitochondria in VSMC dedifferentiation

Although studies have shown that cancer cells undergoing the Warburg effect did not
show impaired mitochondrial function, the downregulation of various mitochondrial
genes in all the models utilised here lead to the question whether mitochondria are,
unlike in cancer cells, compromised in any form in dedifferentiated VSMCs [141, 142].
Lower expression of mitochondrial enzymes could indicate less mitochondrial activity
but also lower mitochondrial abundance in the cell. Especially the downregulation
of the expression of subunits of the respiratory complexes would suggest a lower
abundance rather than reduced activity as the activity is usually not transcriptionally
regulated. To test whether the processes induced by the artery ligation have a
direct or indirect impact on the cells’ mitochondria, a series of experiments was
performed to investigate whether the down regulation of mMRNA expression led to
fewer mitochondria or if mitochondrial integrity was affected.

One means to investigate the abundance of mitochondria in cells is to determine the
amount of mitochondrial DNA present in the cell and normalize this to the nuclear
DNA. This relies on the fact that there are as many copies of mitochondrial DNA
present in the cell as there are mitochondria while there is only one copy of nuclear
DNA. Here, it was found that 4 weeks after artery ligation the mtDNA to nuclear
DNA ratio decreased by 25%. The p-value was 0.09 and thus did not meet the
significance threshold of 0.05 but still suggests a relevant difference between ligated
artery and control. A lower mtDNA to nDNA ratio indicates that there were less
mitochondria present in the dedifferentiated VSMCs from the ligated artery than in
differentiated cells from the control artery. Again, the influence of endothelial cells on
the measurement cannot be eliminated.

In order to address the problem of potential bias by other cell types in the harvested
tissue, a genetic lineage tracing mouse model (SM-mT/mG) was employed. Induction
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of a smooth muscle cell specific cre recombinase results in permanent labelling of
VSMCs with GFP while all other cells continue expressing mTomato. VSMCs from
carotid tissue taken from these mice could then be identified with flow cytometry.
The cells were stained with MitoTracker™ Deep Red to label mitochondria and the
fluorescence measured only in cells from VSMC descent. MitoTracker fluorescence
was significantly reduced in VSMCs from ligated carotid arteries. This indicates
less abundance of mitochondria in dedifferentiated VSMCs. However, there are
limitations to this interpretation. There have been reports that MitoTracker™ Deep
Red is potentially sensitive to the mitochondrial membrane potential although the
manufacturer claims otherwise. The intermembrane mitochondrial potential A¥m
is defined by the proton gradient across the inner mitochondrial membrane that is
generated by the electron transport chain. Although the manufacturer claims the
function of MitoTracker™ Deep Red FM is not affected by the mitochondrial potential,
some groups have used it as an index for it. Data generated by Xiao et al. suggest
that the intensity of MitoTracker™ Deep Red changes along with mitochondrial
potential [214]. This might make it an unreliable tool to assess mitochondrial mass in
cells that have undergone metabolic changes.

Other groups that have investigated the role of mitochondria in VSMC phenotypic
plasticity have found links between mitochondrial morphology, mitochondrial
potential and VSMC proliferation. Salabei and Hill found that PDGF treatment of
VSMCs resulted in mitochondrial fragmentation and a 50% decrease in mitofusin
2 (Mfn2) abundance [150]. They therefore postulated that PDGF treatment leads
to increased mitochondrial fission and an impaired fusion process resulting in a
fragmentation of the mitochondrial cellular network. Inhibition of mitochondrial fission
with Mdivi-1 inhibited PDGF-induced mitochondrial fragmentation and reduced
VSMC proliferation. A reduction of Mfn2 was also observed in highly proliferative
VSMCs from atherosclerosis-prone or balloon-injured rats by Chen et al. [215,
216]. Mfn2 depletion also caused altered glucose metabolism in vivo [179]. Mfn2
overexpression on the other hand inhibited proliferation of neointimal VSMCs after
balloon injury [215]. Along the same lines, it was found that inhibition of mitochon-

drial fission reduced neointima formation in response to femoral artery wire injury [53].
These data strongly suggest a link between mitochondrial fission and fusion and

VSMC proliferation in vitro and in vivo. Inhibition of mitochondrial fusion was

also associated with a reduction in oxygen consumption, loss of intermembrane
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mitochondrial potential and mitochondrial DNA [217, 218].

The data obtained in this study suggest that this could also be true in dedifferentiated
proliferating VSMCs. Decreased oxygen consumption and reduced mtDNA content
were found in this study. The decrease in MitoTracker fluorescence after carotid
artery ligation could possibly be due to a reduction of mitochondrial potential in
proliferating VSMCs caused by increased mitochondrial fission and reduced fusion.
At this point, this assumption is highly speculative however, as more data would be
needed to further support this theory.

To look further into this, the morphology of mitochondria in VSMCs was assessed in
this study. Cells from ligated and control carotid arteries were examined 4 weeks after
surgery. As was expected, VSMCs in the vessel media were elongated, spindly and
quite large while VSMCs in the neointima appeared smaller, more circular and did not
show consistent orientation. This highlights that one aspect of dedifferentiation is a
change in VSMC morphology. The appearance of mitochondria in the two different cell
types was similar in most, but not all aspects. Mitochondria in differentiated VSMCs in
the media appeared more elongated than in dedifferentiated VSMCs in the neointima.
This is also reflected in the significantly higher circularity that was determined by
analysing mitochondria in both cell types (Figure 25). This different shape, however,
did not affect the overall size of the mitochondria. The change in shape could be
due to the different morphology of the cells themselves, as the mitochondrial network
could adapt to morphologic changes in the cell. It could also be indicative of an
increased fission and fragmentation of the mitochondrial network as discussed above.
Since electron microscopy is two-dimensional it is only possible to obtain the area
and not the volume of the mitochondria. Furthermore, the mitochondrial network as
a three-dimensional structure cannot be visualised with this technique. This also
questions whether the number of mitochondria determined here depicts the reality
in the cell. Therefore, the conclusions that can be drawn from this experiment are
limited.

4.1.5 Summary - Effects of VSMC dedifferentiation on metabolism

In this first part of the study, the metabolic adaptions of VSMCs during phenotypic
modulation were investigated. An experiment looking at protein expression in differen-
tiated and dedifferentiated VSMCs generated the hypothesis that VSMC phenotypic
transition is accompanied by an adaption of the metabolism towards the require-
ments of the respective phenotype. In the study presented here, this hypothesis was
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investigated utilising two different in vitro models and one in vivo model of VSMC
dedifferentiation. Results from the two in vifro models of VSMC dedifferentiation
suggested changes in VSMC metabolism upon induction of phenotypic switching.
An elevated lactate production and possibly increased glycolysis was observed with
both methods upon phenotypic switching. This indicated that VSMCs undergo similar
processes as cancer cells which have been shown to shift their energy generation
from mitochondrial respiration towards glycolysis and lactate production, a process
known as the Warburg effect. It stands to reason that VSMCs, in order to adapt
to the metabolic needs of proliferative and synthetic phenotypes, underly the same
mechanism.

Data from an in vivo carotid artery ligation model matched the data obtained from
the cell culture models, also indicating a metabolic shift in VSMCs during phenotypic
switching. In addition to an enhanced glycolysis, decreased oxygen consumption,
reduced mtDNA content and lower MitoTracker fluorescence were found in ligated
carotid arteries compared to the control. These results indicate a lower abundance of
mitochondria in dedifferentiated cells compared to differentiated cells.

Electron microscopy images showed more circular shaped mitochondria in dediffer-
entiated VSMCs but no difference in mitochondrial number and size. These results,
however, have to be interpreted carefully as electron microscopy cannot depict the
three-dimensional structure of the mitochondrial network.

Taken together this study presents strong evidence for a metabolic adaptation to-
wards increased glycolysis and lactate production in the form of a Warburg effect
in dedifferentiated VSMCs. Generally, it is assumed that it is not the generation
of energy in form of ATP but other metabolic requirements, that drive this effect in
proliferating cells [136]. As proliferating cells need to replicate their cellular content
in order to create new cells, they have a large need for cellular building blocks like
nucleotides, amino acids and lipids. As dedifferentiated VSMCs not only proliferate
more but can also completely change their phenotype towards a number of different
cell states, they require additional cellular building blocks and metabolites to transition
to and maintain these phenotypes. By reducing mitochondrial respiration and not
completely catabolising glucose in the mitochondria, part of its carbon chain can be
retained and used as basis for other molecules. Acetyl-CoA, for example, is needed
as a building block for acyl chains to synthesise lipids. Another important pathway
that generates NADPH, pentose sugars and ribose 5-phosphate, which serve as
precursor molecules for nucleotide synthesis is the pentose phosphate pathway.
Glucose-6-phosphate which is generated in the first step of glycolysis is shunted into
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this pathway [136]. Increasing glycolysis could therefore provide more material for
feeding this pathway. It is thus likely that the metabolic shift in dediffentiating VSMCs
is aimed at addressing the metabolic requirements for increased proliferation and
phenotypic modulation. In addition, this study showed a correlation between VSMC
dedifferentiation and mitochondrial abundance, possibly but not necessarily linked to
the shift in metabolic requirements. The precise role of mitochondrial abundance as
well as mitochondrial fusion and fission in VSMC dedifferentiation could not be fully
elucidated in this study, however.

4.2 Impact of sirtuins on VSMC proliferation and metabolism

VSMC dedifferentiation and proliferation have been shown to be accompanied by
modulations of cell metabolism both in this study and in the literature. Since cell
metabolism is regulated by a large variety of factors it is still unclear how the metabolic
adaptations in VSMCs are regulated. One group of metabolic regulators are the
sirtuins. Sirtuins are NAD*-dependent histone deacetylases with various histone and
non-histone targets. Due to their NAD dependency, they are sensors of the metabolic
state of the cell and regulate metabolism accordingly. The nuclear sirtuins SIRT6 and
SIRT7 have both been shown to regulate aspects of cell metabolism and expression
of both, SIRT6 and SIRT7, is reduced in various cancers. SIRT6 was also shown to
be protective against the Warburg effect in cancer cells. As the preferred metabolic
state of dedifferentiated and proliferating VSMCs is reminiscent of the Warburg effect
in cancer cells, it stands to reason that SIRT6 could also regulate this metabolic shift
in VSMCs.

In this study it was also found that the expression of mitochondrial respiratory genes
is down-regulated upon VSMC dedifferentiation and that the abundance and integrity
of the mitochondrial network might be impaired. SIRT7 has been shown to be a
master regulator of mitochondrial biogenesis through its interaction with GABP and
NRF1. The parallels between metabolic regulation by sirtuins in different cell types,
especially cancer cells, and the found metabolic adaptations in VSMCs are striking. If
SIRT6 and SIRT7 act similarly on VSMC metabolism as on other cell types, inhibiting
increased glycolysis and the Warburg effect and regulating mitochondrial biogenesis,
they could potentially inhibit VSMC dedifferentiation and proliferation. This could
indicate a protective role of these sirtuins in vascular diseases where VSMC plasticity
plays an essential role.

Another sirtuin, SIRT1, has already been found to play a protective role in various
cardiovascular diseases such as atherosclerosis. Therefore, it was one of the aims
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of this study to investigate whether SIRT6 and SIRT7 impact dedifferentiation by
regulating VSMC metabolism and could potentially protect against vascular diseases.

Expression of Sirté and Sirt7 was first assessed in the cholesterol driven in vitro
model of VSMC dedifferentiation. After 24 h, 48 h and 72 h cholesterol treatment the
mRNA levels of Sirt6 as well as Sirt7 were reduced in isolated primary mouse VSMCs.
This could indicate that Sirt6 and Sirt7 play a role in maintaining VSMC differentiation.
In the carotid artery ligation model Sirt6 expression was also moderately reduced 3
days after surgery. This supports the results from the in vitro model. Sirt7 expression
however, was increased 3 days after carotid artery ligation. This was unexpected
regarding the results from the in vitro model and the hypothesis that Sirt7 helps
maintain VSMC differentiation. As the functions of SIRT7 in the cell are diverse
and often intertwining with other cellular pathways however, it could very well be
that an elevated expression of Sirt7 is still protective against increased VSMC
dedifferentiation.

To investigate whether Sirt6 and Sirt7 play a role in VSMC dedifferentiation, possibly
via modulating cell metabolism, VSMC specific Sirté knock-out and Sirt7 knock-out
mouse strains were created. The deletion of exons 4-6 from Sirt6 and exons 6-9
from Sirt7 was achieved with a tamoxifen inducible cre recombinase at 6-8 weeks
of age. The knock-out was confirmed in mice crossed with the mT/mG reporter
construct. Permanently labelled VSMCs were sorted from mouse carotids and aorta
and analysed for Sirt6 and Sirt7 gene expression, respectively. Both Sirt6 and Sirt7
expression was almost completely abolished in tamoxifen treated mice. It was not
tested however whether truncated Sirt6 or Sirt7 mRNA and protein was made as
the expression analysis only checked for the floxed exons that were supposed to be
deleted.

4.2.1 Sirt6

Sirt6 knock-out did not affect neointima formation after carotid artery ligation
After successfully confirming the VSMC specific knock-out, Sirté WT and Sirt6 KO
mice were subjected to carotid artery ligation. The neointima formation in KO versus
wildtype mice was assessed histologically 28 days after surgery. VSMC-specific
Sirté knock-out did not result in any difference in neointima formation which did not
meet expectations. As mentioned earlier, it was shown that a deletion of SIRT6
promotes glycolysis and reduces mitochondrial respiration, effectively promoting the
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Warburg effect in cancer cells. If the function of Sirt6é was the same in VSMCs, a
metabolic shift towards the Warburg effect would be expected in response to Sirt6
knock-out. As was found earlier in this study, a metabolic adaptation like the Warburg
effect occurred in VSMCs that were undergoing dedifferentiation and proliferation
in this same artery ligation model. However, an enhanced glycolysis and inhibited
mitochondrial respiration upon Sirt6 knock-out would be expected to lead to increased
proliferation and to promote dedifferentiation. Therefore, neointima formation in Sirt6
knock-out mice would be expected to be enhanced. This was not the case in this
model, however. In addition, the ligation model is at least partly hypoxia driven.
HIF1« is usually negatively regulated by SIRT6 so a knock-out of this regulator would
be expected to amplify the effect of hypoxia-induced glycolysis on proliferation. It
could be that the effect of the Sirt6é knock-out could not be observed under these
conditions as the neointima formation was not assessed until after 4 weeks after
surgery. Possibly, effects could have been observed earlier in the development
of the neointima. The proliferation might have been at a maximum already and
could not be increased further. It would also be interesting to investigate the effect
of VSMC-specific knock-out of Sirt6 in other models of vascular injury and VSMC
dedifferentiation.

Sirt6 knock-out did not influence gene expression after carotid artery ligation
The results from the artery ligation model and the connection between neointima
formation and VSMC metabolism, found earlier in this study, gave rise to the hypothe-
sis that Sirt6 or Sirt7 would influence neointima formation through regulating VSMC
metabolism. However, a screen of metabolic gene expression after carotid artery
ligation in VSMC-specific Sirt6 knock-out mice did not reveal any differences when
compared to wildtype. This could suggest that Sirt6 knock-out might not impact ex-
pression of these genes in VSMCs in a major way. The sample size in this study was
very small however, so more data would be needed for an ascertained assessment of
this question.

Sirt6 knock-out did not influence development of atherosclerosis in ApoE™
mice While the carotid artery ligation model is useful to investigate the dediffer-
entiation of VSMCs in vivo, it cannot depict the complex pathology of real vascular
diseases. Therefore, the effect of Sirt6 depletion in VSMCs was also investigated in a
mouse model for atherosclerosis. For this purpose, the SM-Sirt6 mouse strain was
crossed with ApoE knock-out mice to create SM-Sirt6-ApoE” mice. In these mice
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the apolipoprotein E (ApoE) is globally knocked-out and they possess floxed Sirt6
alleles as well as the smooth-muscle cell specific cre recombinase.

Knock-out of Sirt6é had no impact on triglyceride, total cholesterol and HDL levels
in the serum of SM-Sirt6-ApoE” mice after 12 weeks of Western diet. Previously,
SIRT6 deletion in the liver had been shown to lead to increased triglyceride synthesis
as well as increased glycolysis and reduced (3-oxidation [177]. These findings do not
match with the results obtained in this study, as there was no change in triglyceride
levels in this model. This might be due to the fact that the Sirt6 knock-out in this
model was restricted to VSMCs in contrast to the liver-specific knock-out in the
described study by Kim et al. [177]. Apparently the VSMC specific knock-out had
no effect on the systemic triglyceride metabolism. There was also no evidence for
increased glycolysis upon Sirt6 knock-out in the present study. The expression of
three genes involved in fatty acid (5-oxidation was moderately reduced, however
(Figure 29). In a study using a Sirt6 knock-down model of small hairpin RNAs
(shRNAs) lentivirus injection in ApoE™ mice, total cholesterol levels were elevated
but HDL and triglyceride levels remained the same [219]. In the present study,
there was no change in cholesterol level observed. Since the lentivirus injection
model primarily targets endothelial cells, it is possible that the change in systemic
cholesterol level was mediated by endothelial cells upon Sirt6 knock-out. As there
was a VSMC-specific knock-out in this study and endothelial cells were expressing
Sirt6 normally, this effect was not observed here.

In this study, there was no difference in plaque area or plaque volume observed in
SM-Sirt6-ApoE” mice compared to Sirté WT mice after 12 weeks of Western diet.
This did not meet the hypothesis that Sirt6 could have an atheroprotective role. It
is also contradictory to other studies. Grootaert et al. reported that Sirté reduces
atherosclerosis by protecting against senescence [220]. They found that SIRT6
protein, but not mMRNA, expression was reduced in human and mouse atherosclerotic
plaques. This is supported by the results from Zhang et al. who also observed a
lower SIRT6 protein level in human atherosclerotic plaques [221]. Another group
found decreased Sirt6 mRNA expression in aortas of ApoE” mice fed a high
cholesterol diet [219]. In the study presented here, Sirt6 expression was measured
after carotid artery ligation and mRNA levels were moderately decreased. However,
Sirt6 expression was not measured in plagues or on protein level.

Liu et al. knocked down Sirt6 in ApoE”" mice using shRNA lentivirus injection. In
SIRT6-shRNA-treated ApoE™ mice, they found increased plaque size and augmented
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plaque vulnerability, shown by increased necrotic core areas, increased macrophage
accumulation and reduced collagen content. Since the lentivirus was injected into the
circulation, knock-out of Sirt6é was primarily achieved in endothelial cells but also in
VSMCs. Sirt6 knock-out led to endothelial dysfunction and increased atherosclerosis
formation but the authors did not specifically investigate the role of VSMCs in this
context [219]. Zhang et al. utilised mice that were heterozygous for Sirt6 in their
study. Sirt6*~ ApoE” mice fed a high fat diet for 16 weeks showed increased plaque
formation and features of plaque instability [221]. These results were not confirmed
in the study presented here, as cre-mediated VSMC-specific knock-out of Sirt6
did not result in increased atherosclerotic plaque burden in ApoE” mice after 12
weeks of Western type diet. This inconsistency could be due to the usage of different
models of Sirt6 knock-down. Since the lentivirus was injected into the bloodstream it
automatically targets the endothelium first and VSMCs second. Thus, the influence of
Sirt6 knock-out in endothelial cells might have overridden the effect in VSMCs. The
heterozygous model was a global model whereas the model used here was VSMCs
specific. Global and cell-specific knock-out might have different effects on a systemic
disease like atherosclerosis.

However, Grootaert et al. also found that Sirt6 inhibits atherosclerosis although
by utilising an overexpression model. In Grootaert’s study, SIRT6 regulated
telomere maintenance, enhanced VSMC lifespan and prevented senescence
associated metabolic changes. SIRT6 overexpressing ApoE” mice showed reduced
atherosclerosis, markers of senescence and inflammation compared to controls. This
was dependent on the deacetylase activity of SIRT6 [220].

Regarding these results, an increase in atherosclerosis upon knock-out of Sirt6
in the model presented here would have been expected. This was not the case,
however, which can be due to different reasons. After 12 weeks of Western type diet,
the atherosclerotic plaques observed in this model were already quite large and
depict the late stages of atherosclerosis. The diet given to the animals contained
a high amount of cholesterol so that the disease was heavily driven forward. It is
possible that the effects of Sirt6 knock-out were not visible in the later stages of
the disease anymore as plaque burden had already reached a very high level. In
addition, Grootaert et al. used a Sirt6 overexpression model while a knock-out
model was used here. There might be different effects of Sirt6 overexpression and
loss-of-function on a cellular level and in the pathology of the disease.

It must also be noted that different genetic backgrounds of the mice bred and used
for the experiments can influence the outcome of these studies.
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Taken together, the expected atheroprotective effects of Sirt6 were not observed in
this study. This contrasts with other studies that did show protective effects of Sirt6
in the context of atherosclerosis although these results were obtained in models
different to the one presented here. There is also not enough evidence to confirm or
reject a possible link between Sirt6 mediated regulation of metabolism and VSMC
dedifferentiation in disease.

4.2.2 Sirt7

Neointima formation was increased after carotid artery ligation in Sirt7 knock-
out mice Sirt7 knock-out in VSMCs on the other hand did enhance the formation of
neointima in the carotid artery ligation model. The Sirt7 knock-out might influence
VSMC behaviour in this setting in multiple ways. One major role of Sirt7 is the
regulation of mitochondrial biogenesis, as it was shown to regulate GABP as well as
NRF1, both important transcription factors of mitochondrial genes.

In this study, VSMCs displayed reduced expression of several mitochondrial genes
and possibly a lower abundance of mitochondria after carotid artery ligation. As was
discussed above, mitochondrial dysfunction, loss of integrity and mitochondrial fission
promotes VSMC proliferation, so the impairment of mitochondria could be a possible
mechanism via which loss of Sirt7 resulted in increased neointima formation. SIRT7
was also found to impact glycolysis by suppressing PGK1 activity in liver cancer
cells [187]. Consequently, a knock-out of Sirt7 could lead to higher PGK1 activity
and thus to increased glycolysis. As enhanced glycolysis has been associated with
increased cell proliferation, this is another pathway via which Sirt7 could regulate
VSMC proliferation.

Like SIRT6, SIRT7 also negatively regulates the expression of HIF-1a. and HIF-2«
proteins. Overexpression of SIRT7 reduced the levels of HIF proteins and their
transcriptional targets, consequently repressing glycolysis [189]. A Sirt7 knock-out
would therefore be expected to increase expression of HIF-1a and HIF-2« proteins.
This could potentially drive proliferation via an enhanced glycolytic activity.

While the knock-out of Sirt7 lead to enhanced neointima formation in this study,
Kimura et al. recently reported that Sirt7 deficiency reduced neointimal formation
following vascular injury in their study [222]. 28 days after femoral artery wire injury,
there was less neointima formation in Sirt7 knock-out mice compared to control mice.
This was true for a systemic Sirt7 knock-out as well as a VSMC specific knock-out
of Sirt7. The authors attribute this to reduced VSMC proliferation based on in vitro
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results of serum-induced VSMC proliferation. However, this seems to be reversed in
the study presented here as more neointima formation was detected which indicates
increased VSMC proliferation in this setting.

Sirt7 knock-out promotes the development of atherosclerosis in ApoE”" mice
The effect of Sirt7 depletion in VSMCs was also investigated in a mouse model for
atherosclerosis. For this purpose, the SM-Sirt7 mouse strain was crossed with ApoE
knock-out mice to create SM-Sirt7-ApoE” mice. In these mice the apolipoprotein E
(ApoE) is globally knocked-out and they possess floxed Sirt7 alleles, as well as a
smooth-muscle cell specific cre recombinase.

Knock-out of Sirt7 had no impact on body weight and did not significantly influence
triglyceride, total cholesterol or HDL levels in the serum of SM-Sirt7-ApoE” mice after
12 weeks of Western type diet. Previously, loss of Sirt7 was found to both reduce
and increase plasma levels of triglycerides. Shin et al. found low levels of plasma
triglycerides in a global Sirt7 knock-out mouse model. These mice also developed
chronic hepatosteatosis resembling human fatty liver disease. The lower levels of
triglycerides were due to reduced very-low-density lipoprotein (VLDL) secretion
[223]. Another group, however, found increased plasma levels of triglycerides and
fatty acids in Sirt7 knock-out mice [121]. These studies illustrate that data on the
role of Sirt7 in lipid metabolism is still contradictory and that further investigation
is needed. In the model presented here, VSMC-specific knock-out did not impact
plasma triglyceride levels or cholesterol levels.

Sirt7 did have an impact on plaque size, however. The area and volume of atheroscle-
rotic plaques was significantly larger in the brachiocephalic artery (BCA) of SM-Sirt7-
ApoE"" mice after 12 weeks of Western type diet compared to the control. This is
consistent with the results from the carotid artery ligation model where Sirt7 knock-out
led to an increased neointima formation. These results indicate that Sirt7 impacts
VSMC dedifferentiation and proliferation. There have been no reports from other
groups on the effect of Sirt7 in atherosclerosis up to this point.

Taken together, VSMC-specific knock-out of Sirt7 did not influence cholesterol or
triglyceride plasma levels but resulted in significantly larger plaque size. This sug-
gests that Sirt7 plays a role in the development of atherosclerosis and might act
atheroprotective.
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Knock-out of Sirt7 did not alter gene expression after carotid artery liga-
tion As discussed above, Sirt7 might influence VSMC proliferation by regulating
metabolism in the cell. The connection between neointima formation and VSMC
metabolism found earlier in this study, supports the theory that metabolic adaptation
can regulate dedifferentiation and proliferation of VSMCs. To further investigate this
hypothesis, carotid tissue from SM-Sirt7 WT and SM-Sirt7 KO mice were screened
for expression of metabolic genes after induction of VSMC dedifferentiation by carotid
artery ligation. This screen, however, did not reveal any differences in gene expression
patterns after artery ligation when compared to the wildtype.

Sirt7 knock-out did not impact expression of genes involved in metabolism
and mitochondrial homeostasis Ryu et al. found that SIRT7 regulates mitochon-
drial biogenesis via deacetylating GABP. Therefore, target genes identified in their
study were also analysed here. Ryu et al. found significantly decreased expression
of several mitochondrial ribosomal proteins (Mrpl49, Mrps5, Mrps9), mitochondrial
polymerase, mitochondrial transcription factor A (Tfam), caseinolytic mitochondrial
matrix peptidase (Clpp) and mitofusins 1 and 2 (Mfn1, Mfn2) in hearts and livers from
Sirt” mice as well as in primary mouse hepatocytes and cardiomyocytes with shRNA
mediated knock-down of Sirt7 [121].

However, in A7r5 cells, immortalised VSMCs, expression of these genes was not
significantly lowered upon siRNA knock-down of Sirt7, except for Mfn1, Mfn2 and
Polrmt which were all down-regulated moderately (Figure 35).

Expression of these genes that were termed as Sirt7 target genes by Ryu et al., was
also investigated in vivo. None of these genes, however, were regulated in aortic
tissue from SM-Sirt7 KO mice compared to wildtype mice (Figure 36). Together, the
in vitro and in vivo results collected in this study indicate that Sirt7 does not regulate
expression of these Sirt7 target genes in VSMCs. However, more data would be
needed to fully rule out a possible regulation of these genes by Sirt7 in VSMCs.

Sirt7 knock-down did not impact metabolic output of VSMCs in vitro Results
from metabolic flux analyses support the conclusion that Sirt7 does not regulate
genes involved in metabolic pathways and mitochondrial homeostasis in VSMCs.
There was no difference in oxygen consumption rate or extracellular acidification rate
in A7r5 cells with siRNA mediated knock-down of Sirt7 (Figure 37). The same was
true when VSMCs were induced to dedifferentiate by cholesterol loading. There was
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no impact of Sirt7 knock-down in differentiated or dedifferentiated A7r5 cells (Figure
38).

Since Sirt7 knock-out was reported to lead to mitochondrial dysfunction, the
mitochondrial abundance in carotid arteries from SM-Sirt7 WT and KO mice was
analysed after carotid artery ligation. There was no difference in MitoTracker
fluorescence in ligated or sham operated carotid arteries upon VSMC-specific
Sirt7 knock-out, indicating that Sirt7 does not influence mitochondrial abundance
in VSMCs. As discussed in 4.1.4, MitoTracker fluorescence might not only equal
mitochondrial abundance but can also be dependent on mitochondrial membrane
potential which is an indicator of mitochondrial integrity. As fluorescence levels
were not different between Sirt7 WT and KO mice this suggests that neither mi-
tochondrial abundance nor mitochondrial integrity were changed upon Sirt7 depletion.

Taken together, in this study and the models used here, Sirt7 did not regulate expres-
sion of genes involved in metabolic pathways and in mitochondrial biogenesis and
homeostasis, did not impact metabolic output in metabolic flux analyses and did not
alter mitochondrial abundance or integrity.

Considering the evidence for Sirt7 mediated regulation of various metabolic pathways
in the literature, these results were unexpected. It has been shown to regulate mito-
chondrial biogenesis by interacting with the transcription factors GABP and NRF1,
both master regulators of mitochondrial biogenesis. These results, however, were not
obtained in VSMCs but in other cell types. In vivo data on mitochondrial dysfunction
and the role of Sirt7 in glucose and lipid metabolism was mostly obtained in mouse
models with global knock-outs whereas in this study only VSMC-specific knock-outs
were analysed. In vitro data was obtained in primary mouse hepatocytes and primary
mouse cardiomyocytes [121]. To the present, the effect of Sirt7 on metabolism has
not been investigated in any other studies.

The utilisation of immortalised VSMCs in some of the in vitro experiments presented
here could possibly explain the discrepancy as the mechanisms might be different in
cells that were artificially immortalised. The natural differentiation and dedifferentia-
tion processes are also altered in these cells, so that they might not depict the in vivo
situation very well. However, all data obtained in vivo in this study also consistently
show no effect of Sirt7 on metabolism.

In summary, these results indicate that Sirt7 does not impact metabolic output and
mitochondrial biogenesis and homeostasis in VSMCs, neither under physiological
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conditions nor in the disease setting.

Sirt7 does not regulate VSMC proliferation in VSMCs In this study, Sirt7 clearly
has a function in VSMCs as depletion of Sirt7 in VSMCs led to significantly increased
neointima formation in the carotid artery ligation model and significantly increased
plague size in the atherosclerosis model. These effects, however, seem to not be
mediated through regulation of metabolism as was previously expected. Besides
cellular metabolism, there are many factors that could cause elevated neointima
formation and increased plaque sizes. A change in apoptotic processes and cell
senescence as well as proliferation characteristics can all lead to changes in
neointima and plaque formation and composition. Furthermore, an interference in
the transition of VSMCs to the different phenotypes they display in atherosclerotic
lesions can also influence plaque formation. If cells transitioned to more inflammatory
cell states, for example, this could be an explanation for altered plaques. Selection
of one phenotype over others could therefore be of great impact in the progression
of the disease. One other major factor of neointima and plaque formation is VSMC
proliferation. VSMC proliferation in plaque formation can have both beneficial as well
as detrimental effects. One possible scenario for the formation of larger neointima as
well as larger plaques found in this study could be that loss of Sirt7 influenced VSMC
proliferation which then resulted in more neointima formation and larger plaques.

Several groups have associated Sirt7 with the regulation of cell proliferation. Fang et
al. showed that Sirt7 knock-down inhibited the proliferation, promoted the apoptosis
and reduced the migration of mouse airways smooth muscle cells by modulating
the expression of TGF-[ receptor | [224]. Consequently, Sirt7 overexpression had
the opposite effects in their study i.e., it increased proliferation, reduced apoptosis
and promoted migration. Along the same lines, overexpression of Sirt7 in colorectal
cancer cell lines increased growth rates and invasiveness in in vitro and in vivo
models [225, 226]. Knock-down of Sirt7 reversed these phenotypes. Although data
on the role of Sirt7 in cancer is controversial, it is mostly perceived as a potential
oncogene due to its effects on proliferation and migration. Several other studies
reported a role of Sirt7 in cancer. Increased levels of Sirt7 have been found in cancer
samples from patients and in cancer cell lines [181, 227]. Furthermore, knock-out of
Sirt7 in hepatocellular cancerous cells and in bladder cancer cell lines resulted in
decreased proliferation and migration [227, 228].

However, there were also reports that contradict these studies. Vakhrusheva et al.
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for example, did not find any effect of Sirt7 on proliferation [183]. These differences
could be due to the different types of tissue and different cell lines that were used in
these studies. Sirt7 might have differential functions in highly proliferative tissue like
cancer versus postmitotic tissue such as the heart as in Vakhrusheva'’s study.

In VSMCs, Zheng et al. reported that knock-down of Sirt7 significantly promoted
cell proliferation and migration while overexpression had reverse results. They
studied the impact of Sirt7 in a cell culture model of atherosclerosis where they
treated human vascular smooth muscle cells (HAVSMCs) with ox-LDL. They
propose that Sirt7 inhibited HAVSMCs proliferation and migration via enhancing
Wnt / (-catenin activation [203]. In the present study however, there was no
difference in proliferation of VSMCs observed after Sirt7 knock-down in vitro
(Figure 40A). There was also no difference in expression of 5-catenin (CtnnB1) or
cyclin D1 (CcnD1), both directly involved in the Wnt / 5-catenin signalling pathway
and down-regulated in the Zheng et al. study upon Sirt7 knock-down (Figure
40B). Expression of the proliferation marker Ki67 (Mki67) was also not signifi-
cantly changed after siRNA mediated knock-down of Sirt7 in the study presented here.

In addition to these in vitro results, the proliferation of VSMCs was investigated in
the atherosclerosis disease model. Therefore, the number of VSMCs within the
plaques of Sirt7 WT and Sirt7 KO animals was determined. However, as described
before, it is difficult to determine whether cells in the plaque originate from VSMCs
or from other cells. To address this difficulty, genetic lineage tracing was employed
again and SM-Sirt7-floxed-ApoE”-mT/mG mice and respective controls were created.
VSMCs were thus permanently labelled with GFP while other cell types continued to
express mTomato. The fraction of cells in the plaque that originated from VSMCs
was determined based on the green fluorescence. The percentage of VSMCs av-
eraged around 20% and was not different in Sirt7-KO animals compared to the control.

These data suggest that Sirt7 does not regulate proliferation in VSMCs. This is
contrary to the data from Zheng et al. who found increased cell proliferation and
migration upon Sirt7 knock-out and the reverse upon Sirt7 overexpression. They
suggest that Sirt7 regulates VSMC proliferation by a Wnt / 5-catenin-dependent
mechanism [203]. Wnt signaling has previously been shown to impact mitochondrial
homeostasis in several ways [134]. Considering the link between mitochondrial
homeostasis and VSMC dedifferentiation and proliferation that was found earlier
in the presented study, this could be a potential mechanism how Wnt signaling
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impacts VSMC proliferation. However, expression of important participants of the
Wnt signaling pathway was not altered in the Sirt7 knock-down setting in the present
study, suggesting that this mechanism is only present in specific conditions.

Also contrary to the data presented here, Kimura et al. reported that Sirt7-deficient
VSMCs showed lower levels of proliferation capacity. They propose a miRNA-
dependent regulation of cell cycle-related protein expression as the underlying
mechanism [222]. In the study presented here, however, Sirt7 knock-out enhanced
neointima formation in the carotid artery ligation model and plaque size in the
atherosclerosis model. These phenotypes did not result from a regulation of cell
metabolism by Sirt7 or by an impact on cell proliferation by Sirt7. The contradictory
nature of these results could be due to the different cell culture models as well
as different in vivo models used in the various studies. In vitro models of VSMC
proliferation have strong limitations as the non-proliferative, quiescent state of the
differentiated VSMC phenotype is difficult to mimic in cell culture. The different
culture conditions chosen may influence the role of Sirt7 in these settings. In vivo
Kimura et al. employed a wire-injury model which uses the injury as a trigger for
VSMC dedifferentiation, while here the carotid artery ligation model was used which
is at least partly hypoxia driven. The genetic background of the mice used in these
studies could also contribute to the contradictory results. The role of Sirt7 knock-out
in atherosclerosis has not yet been investigated in a VSMC specific atherosclerosis
mouse model other than in this study.

Taking into account the results for Sirt7 knock-out and overexpression in cancer
studies, these results indicate that the precise role of Sirt7 might be dependent on
the specific cell type, the cellular context and the surrounding conditions, as well as
on the proliferative characteristics of the respective cells and tissues.

Taken together, Sirt7 did show an atheroprotective effect in this study. The hypothesis
that this effect is mediated by Sirt7 impacting VSMC metabolism, especially mito-
chondrial homeostasis, could not be confirmed however. Sirt7 also did not regulate
VSMC proliferation in this study and therefore probably did not impact neointima or
plaque formation via this pathway. Other studies, however, have shown contradictory
data and indicate a regulation of VSMC proliferation by Sirt7. Therefore, the exact
role of Sirt7 in VSMCs and how it affects neointima and plaque formation still needs
further investigation.
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4.3 Conclusion

The aim of this study was to investigate the metabolic adaptions VSMCs exhibit
during phenotypic switching and identify possible regulators thereof. An experiment
looking at protein expression in differentiated and dedifferentiated VSMCs generated
the hypothesis that VSMC phenotypic transition is accompanied by an adaption of
the metabolism towards the requirements of the respective phenotype.

In the study presented here, this hypothesis was investigated utilising two different in
vitro models and one in vivo model of VSMC dedifferentiation. Results from the two
in vitro models of VSMC dedifferentiation suggested changes in VSMC metabolism
upon induction of phenotypic modulation. An elevated lactate production and indica-
tors for an increased glycolysis were observed with both methods upon phenotypic
transitioning. This indicates that VSMCs undergo similar processes as cancer cells
which have been shown to shift their energy generation from mitochondrial respiration
towards glycolysis and lactate production, a process known as the Warburg effect.
The underlying motivation for this shift is assumed to be the generation of cellular
building blocks for lipids and amino acids and other metabolites necessary for a
highly proliferative phenotype. It stands to reason that VSMCs, in order to adapt to
proliferative and synthetic phenotypes, underly the same mechanism.

Data from the in vivo carotid artery ligation model, matched the data obtained from
the cell culture models, also indicating a metabolic shift in VSMCs during phenotypic
modulation. In addition to an enhanced glycolysis, decreased oxygen consumption,
reduced mtDNA content and lower MitoTracker fluorescence were found in ligated
carotid arteries compared to control. These results indicate a lower abundance of
mitochondria in dedifferentiated cells compared to differentiated cells. Together with
results from electron microscopy and the findings of other groups there is strong
evidence that mitochondria play an important role in VSMC plasticity. The exact
regulation of this connection could not be elucidated in this study, however.

As these results showed a strong link between VSMC plasticity and metabolism in
different settings, the next step was to identify regulators of metabolism and whether
their loss of function would affect VSMC dedifferentiation in the same settings. For
this, Sirté and Sirt7 were chosen for their known regulatory function in glucose and
mitochondrial metabolism, respectively. According to their known functions in other
cell types, especially cancer and their close relationship with Sirt1 which was shown
to exhibit atheroprotective effects before, Sirt6 and Sirt7 were expected to display
similar effects and atheroprotective functions. Therefore, loss-of function of either

of these sirtuins was expected to result in increased neointima formation and larger
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atherosclerotic plaques in the disease models utilised here. This could be shown for
the VSMC-specific knock-out of Sirt7 as it resulted in elevated neointima formation
and increased plaque size but not for VSMC-specific Sirté knock-out which did not
impact both these parameters. The hypothesis that Sirt7 mediates this effect by
impacting VSMC metabolism, especially mitochondrial homeostasis, could not be
confirmed, however. In this study, there was also no evidence that Sirt7 regulated the
mitochondrial target genes it was shown to regulate in other cell types before. Another
possible mechanism of action, namely an impact of Sirt7 on VSMC proliferation in
vascular disease, was also investigated here. However, Sirt7 did not regulate VSMC
proliferation in this study and therefore probably did not impact neointima or plaque
formation via this pathway.

Taken together, this study showed a close association between adaptions in
metabolism and VSMC dedifferentiation and proliferation. Knock-out of the metabolic
regulator Sirt7 resulted in increased neointima and plaque formation which was
neither due to a regulation of mitochondrial homeostasis nor an impact on cell prolif-
eration by Sirt7. Therefore, the role of Sirt7 in VSMCs and how it affects neointima
and plaque formation still needs further investigation.

4.4 Limitations and Outlook

This study has several limitations. As discussed earlier, cell culture models are
not ideal to investigate VSMC dedifferentiation and the processes involved therein.
Upon isolation and transfer of mVSMCs into culture the differentiated phenotype
predominantly displayed in the healthy vessel media already begins to shift towards
more synthetic and proliferative phenotypes. In culture, cells are stimulated to
proliferate in order to gain sufficient cell numbers to conduct experiments. As
increased proliferation, however, is a sign of dedifferentiation it is difficult to obtain and
maintain differentiated cells in culture. Especially when investigating cell metabolism
as in this study, cell culture models have significant drawbacks as culture media and
its components already influence the cells’ metabolism. Moreover, reagents used
to induce VSMC dedifferentiation in culture, like PDGF and cholesterol, have been
shown to directly alter metabolism in the cell.

Due to the limited number of primary cells that can be obtained from mouse vessels,
a VSMC cell line was used for in vitro experiments in the second part of this
study. This poses its own problems as immortalised cells usually display different
characteristics compared to primary cells. Especially regarding their proliferative
potential, immortalised VSMCs do not reflect the differentiated, quiescent phenotype
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anymore. In addition, different VSMC culture models used by different groups may
lead to discrepancies in results as could be seen with the investigation of the Sirt7
knock-out. Despite these drawbacks of the in vitro systems, they are still needed
for investigation and unravelling of underlying mechanisms in simplified settings
compared to the complex in vivo situation. Working towards animal welfare and

conservation of resources it is also desirable to employ in vitro models.

The two in vivo models used in this study both have strengths and weaknesses. The
carotid artery ligation is a very effective means to induce VSMC dedifferentiation
in vivo without provoking inflammation. This makes it a good model to investigate
VSMC specific processes without the possible interference of inflammatory
reactions. However, at the same time, this is also its greatest drawback as it
does not reflect a commonly found vascular injury. The atherosclerosis model
on the other hand depicts the processes of vascular disease development quite
well. It involves, however, cell types other than VSMCs, namely endothelial
cells, macrophages and other cells from the immune system. This impedes the
systematic investigation of VSMCs and their role in this setting. Ultilisation of
VSMC lineage tracing was used here to address this problem but since these
mice had to be crossed and bred during the already ongoing study, not all
experiments could be performed with these mice. It would be advisable to conduct
coming experiments with these reporter mouse lines to forgo the mentioned problems.

Although the BCA is the clinically most relevant site of lesion development other
groups additionally analyse plaque formation in the aortic root or the aorta. This
could be interesting to pursue in the Sirt6 knock-out model where no difference in
plague formation in the BCA was found. Analysing these other parts might render
new results. As was discussed before, the disease progression in this model was
very fast as it was driven by a high amount of cholesterol in the diet. Looking at earlier
stages of plaque formation could reveal differences between knock-out and control
groups that are not distinguishable any more in the later more advanced stages.
This study was limited to male mice as the VSMC-specific cre recombinase is located
on the Y-chromosome in these strains. For thoroughness’ sake these studies should
also be conducted in female mice especially since it is known that cardiovascular
diseases manifest differently in the genders.
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The precise role of mitochondrial abundance and function in VSMC plasticity could
not be fully elucidated here. There is also no concluding answer to whether the
observed changes in metabolism are a consequence of VSMC dedifferentiation or if
they regulate it. These complex interactions need more investigation before they are
fully understood. Manipulating the metabolism, for example by inhibiting glycolysis,
could then become a potential strategy to inhibit VSMC plasticity in vascular disease.
This approach was tried in this study by looking at Sirt6é and Sirt7 which had been
shown to regulate metabolism in different cell types beforehand. However, knock-out
of Sirt6 did not influence neointima or plaque formation in the in vivo models used
here. Since Sirt6 was reported to reduce atherosclerosis by another group, it might
still be worth investigating it further. Looking at earlier stages of atherosclerosis
and other vascular injury models would be interesting in this context. A better
understanding of whether Sirt6 regulates metabolism in VSMCs and in which ways,
is also needed to determine whether it is a good target for medical intervention in
vascular disease.

Although Sirt7 did affect neointima and plaque formation in this study it did not do so
by regulating mitochondrial homeostasis or other metabolic pathways. It also did not
regulate VSMC proliferation directly. This means it is probably not suited as a target
to intervene in vascular disease by manipulating cell metabolism. It is, however, still
an interesting target as it clearly does play an atheroprotective role as knock-out of
Sirt7 led to aggravated neointima and plaque formation. The next steps now need to
shed light on how Sirt7 achieves that.

A very likely possibility is that Sirt7 reduces atherosclerosis by protecting VSMCs
from senescence as was reported for Sirt6 [220]. Sirt7 knock-out mice have a shorter
lifespan compared to control and show an aging phenotype as well as increased
sensitivity to oxidative and genotoxic stress [121, 183]. Sirt7 levels are reduced in
senescent cells and decline with age in mice and rats [121, 185, 229]. These findings
indicate that Sirt7 plays a role in cell senescence. It also maintains genomic stability
by regulating p53 and DNA damage repair. It is recruited to DNA damage sites in a
PARP1-dependent manner and attenuates DNA damage response [182, 230, 231].
It may also regulate aging and senescence by interacting with tripeptidyl peptidase
II (TPPIl) which has regulatory effects on apoptosis and senescence [182, 232].
Sirt7 also plays a critical role in protecting against cellular senescence by stabilising
ribosomal RNA (rRNA) [233].
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These results strongly suggest an essential role for Sirt7 in aging and senescence.
As cell senescence plays a major role in atherosclerosis, it should be investigated
whether Sirt7 functions as atheroprotective by protecting VSMCs from senescence.

Apart from protecting VSMCs from senescence, Sirt7 could also influence neointima
formation and plaque development in other ways. Loss of Sirt7 could redirect VSMC
dedifferentiation towards stronger transdifferentiation towards the macrophage like,
inflammatory phenotype. This would lead to elevated inflammation and a higher
amount of foam cells within the plaque which could explain the increased plaque size
found in this study. To investigate this, the plaque composition should be analysed
with VSMC lineage tracing as well as macrophage lineage tracing models in order to
differentiate between the origins of cells displaying macrophage like characteristics.
Generally, results gathered in this study need to be confirmed by further experiments
and by the work of other groups. It is possible that existing correlations, changes and
effects have been overlooked due to relatively small sample sizes in this study.

This study worked with knock-out models to investigate the role of Sirt6 and Sirt7 in
vascular disease. However, as they are expected to have atheroprotective functions,
a knock-out will likely worsen the disease as was seen in this study for the knock-out
of Sirt7 and the resulting increased neointima formation and larger atherosclerotic
plaque burden compared to wildtype. If the manifestations of the disease are already
very pronounced in the wildtype however, differences could be difficult to detect.
Therefore, it would also be of interest to create gain-of-function models and observe
the effect on neointima formation and atherosclerotic plaque size. If Sirt7 indeed
regulates VSMCs in these settings, overexpressing it should attenuate neointima
and plaque formation. This could also help to shed more light on the underlying
mechanisms.

In addition to a genetic overexpression model, activity of sirtuins can also be increased
by sirtuin-activating compounds (STACs) or NAD* boosters. Known STACs are
resveratrol, SRT1720 and SRT2104. STACs act as allosteric activators of SIRT1 by
increasing the binding affinity for substrates. Clinical trials of resveratrol mostly show
beneficial cardiovascular and metabolic effects, making STACs prominent candidates
for future treatment of cardiovascular and metabolic diseases. It is, however, not
completely understood whether STACs also activate sirtuins other than SIRT1 [165].
As the results from the presented study clearly indicate an atheroprotective effect
of Sirt7 it would be of great interest to find a STAC that would enhance its activity.
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Another means to activate sirtuins is the appliance of NAD* boosters. Since sirtuins
are NAD* dependent, higher levels of NAD* increase their activity. There are several
NAD* boosters known and some have been tested in clinical trials. This approach,
however, is not very specific as NAD levels affect all sirtuins. Nevertheless, enhancing
sirtuin activity may be a promising approach in the treatment of vascular diseases
which should be further explored in the future.
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6 Appendix

6.1 List of mentioned genes, proteins, receptors and

transcription factors

Abcat

Acadm

Ace
Aco2
Acta2
Aldoa
ANT
ApoE
Atp5h

Atp50

CaU

Ccnd1
CCR2
CDe68

Clpp

COXIV
CPT
Cptia
Ctnnb1
Dnmi1l
DRP1
Echs1
Eef2
EGFP
Elk1
Eno1

ATP-binding cassette, sub-family A (ABC1),
member 1

acyl-Coenzyme A dehydrogenase, medium
chain

angiotensin-converting enzyme

aconitase 2, mitochondrial

actin, alpha 2, smooth muscle

aldolase A

adenine nucleotide translocase

apolipoprotein E

ATP synthase, H+ transporting, mitochondrial FO
complex, subunit D

ATP synthase, H+ transporting, mitochondrial F1
complex, O subunit

calcium uniporter

cyclin D1

chemokine receptor 2

CD68 antigen

caseinolytic mitochondrial matrix peptidase pro-
teolytic subunit

cytochrome ¢ oxidase subunit IV

carnitine palmitoyltransferase

carnitine palmitoyltransferase 1a

catenin beta 1

dynamin 1-like

dynamin-related protein 1

enoyl-CoA hydratase, short chain 1

eukaryotic translation elongation factor 2
enhanced green fluorescent protein

ETS Like-1 protein

enolase 1
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Etfa
ETF-Q
ETS-domain
Fh1
FOXO
GABP
GABP«
GABPgS
GFP
Glut1
Got2
h-caldesmon
HIF-1«
HIF-2a
ICAM
ldh2

IL-1
KLF4
I-caldesmon
Ldha
Lgals3
MCP-1
M-CSF
Mfn1
Mfn2
Mki67
Mn-SOD
Mrpl49
Mrps5
Mrps9
mt-Nd1
Myh11
Ndufa13
Ndufs1

NFxB

electron transfer flavoprotein subunit alpha
electron transfer flavoprotein-ubiquinone

E26 transformation-specific

fumarate hydratase 1

forkhead box

GA-binding protein

GA-binding protein alpha

GA-binding protein beta

green fluorescent protein

glucose transporter 1

glutamatic-oxaloacetic transaminase 2

high molecular weight caldesmon

hypoxia inducible factor 1«

hypoxia inducible factor 2«

intercellular adhesion molecule

isocitrate dehydrogenase 2 (NADP)
interleukin 1

Kruppel-like factor 4

low molecular weight caldesmon

lactate dehydrogenase A

galectin 3/ lectin, galactose binding, soluble 3
monocyte chemotactic protein

macrophage colony-stimulating factor
mitofusin 1

mitofusin 2

marker of proliferation Ki-67

manganese superoxide dismutase
mitochondrial ribosomal protein L49
mitochondrial ribosomal protein S5
mitochondrial ribosomal protein S9

NADH dehydrogenase 1, mitochondrial
myosin heavy chain 11, smooth muscle
NADH:ubiquinone oxidoreductase subunit A13
NADH:ubiquinone oxidoreductase core subunit
St

kappa-light-chain-enhancer of activated B cells



NRF1
NRF2
OPA1
PARP1
Pcx
PDH
Pdhat
Pdhb
Pdhx
PDK1
Pdk2
Pdpr

Ptkfb3

Pfkm
PGC-1
PGC-1«
Pgk1
Polrmt
PPAR«
Rpl19
Rps11
Sir2

Sirt1

Sirté

Sirt7

Sirt7 E5-6
Sirt7 E9-10
Slc2at
SMA
SM-MHC/SMMHC
SMTN
Tcf21
Tfam
TFMB

nuclear respiratory factor 1

nuclear respiratory factor 2

optic atrophy 1
poly-ADP-ribose-polymerase 1

pyruvate carboxylase

pyruvate dehydrogenase

pyruvate dehydrogenase E1 subunit alpha 1
pyruvate dehydrogenase E1 subunit beta
pyruvate dehydrogenase complex, component X
pyruvate dehydrogenase kinase 1

pyruvate dehydrogenase kinase 2

pyruvate dehydrogenase phosphatase regulatory
subunit
6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 3

phosphofructokinase, muscle

PPAR~ coactivator 1

PPAR~ coactivator 1 alpha
phosphoglycerate kinase 1

RNA polymerase mitochondrial

peroxisome proliferator-activated receptor alpha
ribosomal protein L19

ribosomal protein S11

silent regulator 2

sirtuin 1

sirtuin 6

sirtuin 7

sirtuin 7 exon 5-6

sirtuin 7 exon 9-10

solute carrier family 2 member 1

smooth muscle actin

smooth muscle myosin heavy chain
smoothelin

transcription factor 21

transcription factor A, mitochondrial
transcription factor B, mitochondrial
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TGF-5
Tigar
TNF-«
Uqgcrh
VCAM-1

transforming growth factor beta

Trp53 induced glycolysis regulatory phosphatase
tumor necrosis factor alpha
ubiquinol-cytochrome c reductase hinge protein
vascular cell adhesion molecule 1
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